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The work presented in this thesis involves the utility of room temperature ionic liquids
(RTILS) as solvents in electrodeposition of Alkali Group | metals (excluding Fr). The first
two chapters present fundamentals of electrochemistry which is the basis of this work
followed by an overview of RTILs and a brief introduction to X-ray photoelectron
spectroscopy. The results of five original studies are then presented as follows:

o The deposition and stripping of Li/Li* couple in several RTILs is studied in detail on
Pt and Ni microelectrodes and the results are simulated using a mathematical model
developed by the Compton Group

o The study is then continued for Na/Na" in several ionic liquids on a Ni microelectrode
and the results are compared to that of Li/Li* couple

. The remaining members down the Group (K/K*, Rb/Rb* and Cs/Cs*) are studied in
ionic liquid N-butyl-N-methyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide
([Campyrr][NTT2]) on a Ni microelectrode allowing comparison of electrode potentials
throughout Group in the IL to be deduced.

o The novel development of in situ electrochemical-X-ray photoelectron spectroscopy
for monitoring the potassium deposition is reported
o Electrochemical-XPS is used for monitoring rubidium deposition in competition with

RTIL solvent breakdown

The results presented show that several RTILs are able to support the electrodeposition of
Alkali Group | metals due to their wide electrochemical windows and electrochemical
stability. The simulation of the results allows thermodynamic and kinetic parameters such as
the electrochemical rate constant (k°), diffusion coefficient (D), and formal potential (E{°) and
transfer coefficient () to be extracted. The trend in electrode potentials of the Group in
[Campyrr][NTT,] is also presented and compared to that of in other solvents. The near zero
vapour pressure property of the RTILs is also exploited for the development of in situ
electrochemical-XPS; a new branch of spectroelectrochemistry.
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Chapter 1

Introduction: Fundamentals of Electrochemistry

In this chapter, fundamentals of electrochemistry, the basis of the work in this thesis are
presented. This chapter discusses the basics of equilibrium electrochemistry, the
processes in dynamic electrochemistry, microelectrodes and overviews of the

simulation of metal deposition and stripping processes.

1.1 Equilibrium Electrochemistry

1.1.1 Electrode Potential

In order to understand the potential developed at the metal/solution interface, consider
the processes happening when a metal (M) is inserted in the solution containing a metal
ion (M"). As the metal functions as an ‘electron source or sink’ the equilibrium below is
established at the metal/solution interface:

M™(s) +e =M(m) (1.1)
At equilibrium, the reactants and products must have identical chemical potentials, so

that
AfA’A + agTMAfa:@:A,A%Aﬁ@ﬁcra,—.AiAfa€§A,A%M + (1.2)
+ AfA&’A + A€™AFAEIA AL ASA Aca, A AfAESA AY,
e
= AfAE'A + A€™AFA€|A AV AfA AcA, - AjAfA€SA AV,
For the electrochemical process, the electrochemical potential of a species i would be

the sum of both chemical and electrical energies:

AfAVA. AVLAfA€3A ATh, (1.3)
= AfE'A. AV,AfA€SA A, + 2 FAfA'AA AfAcAca€3A-AA¢

The chemical energy (potential) can be defined as

AZAv4, = AZA" + RTIna, (1.4)
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so that the electrochemical potential consists of standard chemical potential, activity, %,
and phase potential (electrode-solution interface), ®, according to the following
equation:

W = 1’ + RTlna,+ z,F¢ (1.5)
where R is the universal gas constant (8.314 J mol™* K1), T is temperature in K and F is
Faraday constant (96485 C mol?). For all the species in equation 1.1, the
electrochemical potentials are:

Af&A+ a:@mAfa:@:A,A%I"Afpa'ma,—.AiAfa%A,A%M L = AfA]
+ RTlnaM ++F

s _=14% —Fle
e e

Af&A + A€™AfA€A AV AfA Aca, A AfA€SA, Al = AfAVA 1
At equilibrium, the total electrochemical potential of reactants is equal to that of the

products, therefore:
T14M0+ + RTIn a -+ Fie,+ 114 © — Fie =11} (1.9)
e
Rearrangement of this equation leads to the equation for the difference between the

potential of the metal phase, I°m, and the potential of the solution phase, I'S,

1 RT 1.10
6=y by=o(n b +u L —py)+—lna (1.10)

The first term in the equation is the standard potential difference, T"T‘O, so that the

equation can be rewritten as

Ap = A(f)o + —Inivia
F M +

12
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Equation 1.11 is known as Nernst equation which relates the equilibrium potential to
the activities of the species present. The general Nernst equation uses E for the potential
difference in a cell containing two electrodes rather than A9 because it cannot be
measured directly. So the Nernst equation for the general reaction
0 + e~ AfA’A AcAfAcAca€sA-A AjAfa€lA¢a, —4,¢R would be

RT (ao) (1.12)

where both O and R are solution phase species.
The Nernst equation relates changes in Gibbs energy. For the one electron transfer
reaction above, the associated Gibbs energy change can be expressed as

AG =— nFE (1.13)
and

. ap (1.14)
AG =AG + RTIn—
ap

In practice, the concentration of the electroactive species is often used rather than its

activity because in electrolysis the current is proportional to the concentration and not

0
activity. Therefore the term formal potential, Ey , IS introduced to relate the potential to
the concentration
0
E=E}+ R 100 (1.15)
F |R]

Considering the relation between activity, a, and concentration, c, in equation
a=1I% (1.16)
where Y is activity coefficient, it is seen that the formal potential can be formulated as

o o RT AfARAAS, (1.17)
F AfAAA%,

13
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The formal potential in one medium is different to the others depending upon the
interactions of ions in the solution. However the difference is often insignificant and the

value will approximately the same as standard potential.

1.1.2 Electrical Double Layer

IHP OHP
(bm (b (b.v

(i) ) :
2 ®. = solvated cation

B | Diffuse layer

g

_ solvent molecule

Electrode

: )4 f specifically adsorbed anion

Figure 1. 1 : model for the structure of electrode/solution interface
The structure of electrode/solution interface is depicted in Figure 1. 1. The structure
was first proposed by Helmholtz. When a potential is applied on the electrode, the ions
and the solvent molecules respond to the charge of the electrode surface in order to
achieve electro-neutrality across the interface. The interface solution is thought to be
made up of several layers. The Inner Helmholtz Plane (IHP) consists of solvent
molecules and specifically adsorbed ions. Solvated ions can only approach to the
electrode up to the region near the specifically adsorbed ions through long-range
electrostatic interactions. This region is defined by the Outer Helmhotz Plane (OHP)
which passes through the center of solvated non-specifically adsorbed ions. The non-
adsorbed ions are distributed to bulk solution which is known as the diffuse layer. The

thickness of the diffuse layer depends on the total ionic concentration in the solution

14
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and typically is less than 300 A (for 0.1 M and 10-*M ionic concentration the thickness
of diffusion layer are ~10 A and ~100 A respectively). In addition, the electroactive
active species must enter the interfacial region in order to allow the electron transfer
process via electron tunelling mechanisms which takes place over a distance within 10-
20 A from the electrode surface.! The potential drops between the electrode and the
bulk solution (#n —¢) must occur within the similar distance. In practice, this can be
achieved by adding an excess amount of supporting electrolyte to compress the
potential drop to this distance. Typically, the concentration of the supporting electrolyte
is > 101 M. The chosen supporting electrolyte must be inert chemically and
electrochemically in the range of potential where experiments were performed. In the
case for an experiment which is conducted in poorly conducting media, Frumkin

corrections! should be performed to account for the potential drop over large distances.

1.2 Dynamic Electrochemistry

1.2.1 Faradaic and Non-Faradaic Processes

There are two types of processes take place on the electrode surface; these are Faradaic
and non-Faradaic processes. The Faradaic process which is named after Sir Michael
Faraday relates to the electron transfer process on the electrode surface. The charge
passed during the process is proportional to the amount of material being converted and
the resulting current, If, is given by the equation:

Iy =nFJA (1.18)
where n is the number of electrons transferred per molecule, J is the flux which is the
number of moles of reacting electroactive species passing through a unit area per unit
time, A is the area of the electrode surface and F is the Faraday constant (96486 C mol
1)_

15
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Meanwhile, non-faradaic processes relate to the changes in the structure of the double
layer caused by the adsorption or desorption of ions when a potential is applied to the
electrode. The current produced in this process is capacitive as the electrodes behave
like a capacitor where the charge stored, Q, in the capacitor follows the equation :

Q = C,AAD (1.19)
Cq is the capacitance (Farads), 29 is the potential difference across the double layer and
A is the area. The capacitive charging current when the potential is applied at ¥ constant

scan rate, is given by the equation:

dQ
Io= = CaAv

(1.20)

The non-faradaic current becomes significant at a high scan rate and distortion to

observed faradaic processes may occur.
1.2.2 Mass Transport

The electroactive species are transported to and from electrode surface by means of
three modes of mass transport. These are diffusion, migration and convection.
Knowledge of mass transport is essential in electrochemistry because mass transport

can be a limiting factor in the overall rate of an electrochemical reaction.*

1.2.2.1 Diffusion

Diffusion is a spontaneous movement of species driven by the concentration gradient in
a solution. This process occurs from high to low concentration in order to equilibrate
the system. A concentration gradient is formed when the electroactive species near the
electrode surface is depleted, forcing the fresh material to replenish the exhausted

region. The flux of material diffusing, j, is expressed by Fick’s first Law:

16
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dc (1.21)

= D—
J dx

dc
where D is the diffusion coefficient (m? s*) and /ax is the concentration gradient in
the x direction. Typical values of D in aqueous solution are in the range of 10~ to 10°
cm? sl The negative sign is to emphasize that the concentration gradient is in the
opposite direction to the diffusion.
To understand the variation of concentration with time, we should consider the

diffusion in one dimension as described in the scheme in Figure 1. 2

dx

—— -
===

[

Jx) J(x+dx)

X dx

Figure 1. 2 : Schematic diagram of the flux of species in and out of a zone at thickness dx
The change in concentration with time can be expressed in equation 1.22:

e J(x)-J(x +dx) (1.22)
at dx
considering that
A% (x) A, asc an%c (1.23)
Jix+dx)=]J(x)+ —dx=]J(x)-—D—dx=](x)-D
i x i"x a"x aﬂ’xz

Since D is constant, substituting equation 1.23 leads to Fick’s second law :

a'c éi",zc (1.24)

ant A% x?

In three dimensions this equation can be expressed as equation 1.25 below

dc d%c  9tc o’ (1.25)
o Poat 2t
ot dx* dy° 0z

1.2.2.2 Migration

17
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Migration is the movement of species under the influence of an electric field. The
migratory flux, jm, can be quantified by using the equation:

d¢ (1.26)

where u is ionic mobility, ¢ is concentration and ¢¢/dx s the potential gradient (electric
field). Because of the complexity of the interface, migration is often hard to calculate
accurately. To minimise the effect of migration in voltammetry, in practice a large
excess of supporting electrolyte, which should be inert both chemically and
electrochemically, is introduced in the solution. The concentration of the supporting
electrolyte must at least 30 times higher than the concentration of the electroactive

species if migration is to be neglected compared to diffusion.

1.2.2.3 Convection

Convection can be described as a movement of species because of the mechanical
forces working on the solution and can be divided into two types. The first is natural
convection which results from differences in temperature or density within the solution.
The presence of natural convection is unpredictable and this should be taken into
account when slow voltage scan rate is applied. The second type is forced convection
which occurs under the influence of an external force such as stirring, motion of
electrodes or bubbling of gas through the solution. Compared to natural convection,
forced convection is predictable and bigger by several orders of magnitude. Forced
convection may be introduced to overcome the natural convection to improve the

reliability and reproducibility of experimental results.

1.2.3 Heterogeneous Electron Transfer

18
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To explain the Butler —VVolmer model, a simple one electron transfer reaction where O
iIs reduced to form R should be considered:

kg (1.27)

O+e¢e =R

Ky
where ks and k, are the forward and backward rate constants for the heterogeneous
electrochemical reaction respectively. The current flow in the electrode depends on the
rate constants and the concentrations of species O and R at the electrode surface. At a
given potential, the overall current can be expressed as the sum of the currents for the
forward and reverse processes:

i =iy +if = FAk,[R|, - FAk/[0], (1.28)

where F is Faraday constant, A is the area of electrode and [R]o and [O]o are the

concentrations of species R and O at the electrode surface. The two rate constants, ks

and kb, can be expressed as follows:

- aF 1.29
kp = klexp RT (E —E?)‘ (1.29)
(1-a)F 1.30
k, = k%xp .T(E - E?)J (1.30)

0
where ko is the standard electrochemical rate constant, (E Bl Ef) is the overpotential (the

difference between the potential and the formal potential) and « is the transfer

coefficient (a measure of the symmetry of the energy barrier for electron transfer). The

0
equality ks = kp is reached when no overpotential E-Ey is applied. The value of « lies

between 0 to 1 and is usually close the value of 0.5 which means that the transition state
Is in intermediate between O and R.

If equation (1.29) and (1.30) are substituted in equation (1.28), the resulting equation
(eq. 1.31) describes the dependency of the current on the overpotential for a process
which is controlled by electrode kinetics. This equation is known as the Butler-Volmer

19
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equation and predicts the electrical current variation as a result of variation in electrode
potential.

(1.31)
i = FAk®

[R]gexp

(1-T1+)F(E-EP) I+ F(E - E})
=P

1.3Microelectrodes

Microelectrodes can be defined as electrodes that have dimensions up to tens of
micrometers. The geometry can be disks, hemispheres, bands or rings. As a
consequence, the current measured at microelectrode is very small (usually in the order
of nano amperes or below) compared to that of macroelectrodes. Such a small
dimension also alters the diffusional behaviour of material to the electrode surface. In
macroelectrodes generally, the electroactive species diffuse linearly to the surface of
electrode. As the size of the electrode becomes smaller and smaller, the effect of the
diffusion at the edge of electrode surface becomes greater due to convergent diffusion.
The current density increases as a result of the increase of the rate of mass transport. In
addition, at such small dimensions, only a tiny amount of material is electrolyzed
resulting in a small diffusion layer and high concentration gradients.

(@) (b)

Figure 1. 3: Convergent diffusion in (a) microdisc electode and (b) planar diffusion in macroelectrode
The characteristic of the convergent diffusion in microelectrodes brings many

consequences to its properties. Firstly, a steady state for a faradaic process is reached
very rapidly. This steady state current for a disk microelectrode is independent of scan

rate, n, as described mathematically in the equation:

20
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I =4nFDcy 7y (1.32)
where rq is the radius of the microdisk electrode. Secondly, as the non-faradaic current
is proportional to the area, the non-faradaic current becomes insignificant compared to
the faradaic current resulting in an improved ratio of faradaic to non-faradaic currents.
As such condition, the applied potential can be scanned very rapidly without distorting
the steady state current. For a practical reason, the signal to noise ratio is also improved.
Thirdly, the ohmic drop of potential, IR, is suppressed since only a small amount of

current is measured.

1.4 Voltammetric Methodology

Voltammetry is the electroanalytical method which concerns the measurement of
current as a function of the applied potential. Basically, this technique requires three
electrodes which are the working, reference and auxiliary (counter) electrodes. The
applied potential, E, between the working and reference electrode is mathematically
expressed by the equation:

E=(A a€¢,-A a€¢)+iR+ (A a€¢,-A a€e,,p) (1.33)
where (@ - ('bs) is the potential drop between the working electrode and the solution,

(Ies - I.ref) is the potential drop at reference electrode/solution interface and iR is the
potential drop between the two electrodes. When the current resulting from the faradaic
and non-faradaic processes is very small, the iR drop can be neglected. This is for the

case when a microelectrode is used.

1.4.1 Linear Sweep Voltammetry

21
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Linear sweep voltammetry (LSV) is generally performed in a static solution so that the
mass transport of electroactive species to the electrode surface is controlled by
diffusion. In LSV, the potential is applied from E;1 to E> linearly with time during the
measurement as depicted in Figure 1. 4a. It is clear that the slope of the line is the value
for the scan rate which can vary from a few millivolt per second up to a million volts
per second. However, applying such a low scan rate is restricted by the influence of
natural convection while high scan rate measurement will be distorted by the high

capacitive charging effect.

Time (t) 1 N4
Figure 1. 4: The potential sweep and current-voltage curve in linear sweep voltammetry
Figure 1. 4b displays the current-voltage curve produced in LSV. The starting
potential, Ej, is applied to the working electrode where initially non-faradaic processes
only occur. After this have decreased, the potential is swept at a constant rate to a more
negative potential, the faradaic process becomes favourable once the potential is

negative enough to induce the electron transfer of the reaction O + e = R (k% is

increased). Consequently, the current increases and reaches to its maximum (lp) at the
potential Ep. At potentials more than Ep, the process is controlled by the rate of
diffusion to the electrode where the surface concentration drops effectively to zero. The
current is a balance between the electrode kinetics (k%) and the surface concentration of

O. The flux of fresh material to the electrode surface is eventually compromised by

22
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gradual depletion of avaliable species within the diffusion layer resulting in a decline

the observed current. This explains the appearance of a peak in the voltammogram.

1.4.2 Cyclic Voltammetry

A

A\

»
>

t
Time (t)

Figure 1. 5: The triangular waveform in cyclic voltammetry experiment

Cyclic voltammetry is an extension of the linear sweep technique. In cyclic
voltammetry, after reaching the potential E», the potential is swept back to the original
value, Ei, forming the triangular waveform as shown in Figure 1. 5. The cycle can be
done in more than once depending upon the system under investigation. The current-
voltage plot resulting from this technique gives qualitative and quantitative information
to characterise the system of interest such as thermodynamics, kinetics, the effect of

solvent media, as well as chemical or physical processes occurring.

1.4.2.1 Cyclic Voltammetry at Macroelectrodes

The shape of the forward scan in the current-voltage plot is similar to that of LSV. The
backward scan, where the potential is swept positively from E> to Ei, induces the

reverse reaction (R — O + ¢’) and gives current of opposite sign to the forward scan. In

23
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other words, the product of the reduction, R, is oxidized back to O and the current
related to this process is an anodic current. The initial anodic current is relatively high
due to the high concentration of R in the diffusion layer. As potential is swept
positively, the kinetics for the oxidation reaction increases and the conversion of R to O

becomes favourable resulting in the current increase. After reaching a maximum (at

oxX 00X
Ey, lp) the current starts to decay as concentration of R is depleted creating a diffusion

layer and mass transport process controls the process. The voltammogram produced
depends on the electrochemical rate constant (k°), the formal potential of the redox
couple, the diffusion coefficient of each species O and R as well as the scan rate (v).
The sweep rate controls the time scale of electrolysis and hence determines the
diffusion layer thickness. At higher scan rates, a relatively short time is required for
electrolysis resulting in relatively thin diffusion layer. Consequently, the flux of
material to the electrode surface is higher (Fick’s first law) producing a relatively high
peak current. For a fully reversible one-electron redox reaction (characterized by large
k® value) the peak current flows at a macroelectrode follows the Randles-Sevéik

equation:

JAD®AfA'A + a€™Afa€iA AL AfA Aca, ~AiAfa€sA Asic,
where n is the number of electrons, A is the area of the electrode, D is the diffusion
coefficient, v is the scan rate and coui is the concentration of the electroactive species in

bulk solution. In the case of irreversible reaction, the peak current can be calculated

according to equation 1.35:

1
, 5y 2
L, = (2.99 X 10”)a”AD*vcy, ;.

| —=

(1.35)

[
IZ\J|)—l
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where ¢ is the transfer coefficient and n =1 is assumed.
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Figure 1. 6 The cyclic voltammogram at macroelecrodes for reversible (solid line) quasi-
reversible (dashed line) and irreversible (dotted line)

The voltage-current curve (voltammogram) produced can give information about the
reversibility of the electron transfer reaction. Figure 1. 6 above displays reversible
(solid line), quasi reversible (dashed-line) and irreversible (dotted-line)
voltammograms. A reaction is said to be reversible if it has fast electron kinetics
(characterized by k°), while the irreversible reaction has slow electron kinetics. The
terms of ‘fast” and ‘slow’ are always compared to the rate of mass transport which is
measured by the mass transport coefficient, mr,

DFv (1.36)
" I RT

Using the mathematical notation, therefore:
k® > my For reversible

For irreversible
k' « my
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Matsuda and Ayabe! introduce a dimensionless parameter A, a ratio between standard

rate constant and mass transport coefficient, according to equation

K (1.37)

(D Fv /RT) /2

This parameter is used to differentiate three types of electron transfer reaction at

Ao

stationary macroelectrode measured at 298 K and assuming « value to be 0.5 as

presented in Table 1.1?

Table 1.1 Classification limits for reversible, quasi-reversible and irreversible

processes.
A value k? value (cm s™)
Reversible > 15 > 0.3 112
Quasi-reversible  between 10 and 15 between 2 x 105142 and 0.3142
Irreversible <103 <2 x 10542

1.4.2.2 Cyclic Voltammetry at Microelectrodes
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v

E

Figure 1. 7 Typical cyclic voltammogram at microelectrodes
Figure 1. 7 displays the typical voltammogram for microelectrodes. Unlike the
voltammogram for macroelectrode where the appearance of peaks are observed, the
voltammogram for microelectrode is a sigmoidal shape. The sigmoidal shape arrises
from the convergent diffusion and this is called steady-state voltammetry. At enough
slow scan rate, the steady state behaviour occurs since the rate of mass transport to the
electrode surface is fast and this makes the continuous replenishment of electroactive
species to the electrode surface happen over the potential range. The limiting current
which is the characteristic of the voltamogram is proportional to the diffusion
coefficient and can be calculated using the equation 1.32. This equation can be used to
electrochemically calibrate the radius of the electrode as well as to determine the
diffusion coefficient of electroactive species. Another characteristic of the
volatmmogram is the half wave potential, E1>. The formal potential for fast electrode
kinetics process falls close to Ei2, whereas slow electrode kinetics deviate the E1, from

the formal potential.

1.4.3 Chronoamperometry
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(@) (b)

Time (t) Time (1)

Figure 1. 8 The potential versus time plot (a) and the current response in
chronoamperometry experiment

In this technique, initially the working electrode is held at a potential E1 where no
electrolysis occurs and suddenly the potential is stepped to a value of E> where the
conversion of O to R is transport controlled. The waveform for this technique is
depicted in Figure 1. 8a. As a result of this potential step, a rapid increase in the current
is observed followed by decrease steadily over-time. The rapid increase of the current
comes from the fact that at such a rapid change in the potential results in high
concentration gradient. As the electrolysis occurs over time, the diffusion layer
thickness increases and the current gradually decreases (Figure 1. 8b).
At a macroelectrodes, where planar diffusion dominates, the decrease in the current
follows the Cottrell equation

1 (1.38)

2
- NFADyc,
L =

B
B

et
If the area of the electrode (A) and the bulk concentration of species (Cbui) are known,

for a simple electron transfer reaction where the number of electron is known, the
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diffusion coefficient of a species can be determined using this equation from the linear

1

relationship between i vs / NG
In the case where convergent diffusion dominates (at microelectrodes), more complex
processes happen at longer time as current is reaching steady state behaviour. In this
case, two factors must be taken into account. First, at a very short time, the planar
diffusion dominates so that the current is proportional to the square root of diffusion
coefficient and Cottrell equation is followed. However, at longer times, the convergent
diffusion replaces the planar diffusion so that the Cottrell equation is not obeyed. The
current decays to its limiting value and is proportional to the diffusion coefficient. The
full time current-time transient has been calculated as a function of dimensionless time,
Tk

i =4nFcDr, f(7) (1.39)
with t

4Dt (1.40)

”
2
rE

where n is the number of electron transferred, F is the Faraday constant, D is the
diffusion coefficient, c is the initial concentration of the target analyte, re is the radius of

the electrode and t is the time. For short times, when t < 1

1 1 1.41
f(r)=(:T) /2+Z+0.094r /2+..., (L.41)

and at long times, t> 1

5 (1.42)
2 _0.00646T /> + ..,

-1 =%/
f(1)=1+0.71857 "%+ 0.005626T

Shoup and Szabo derived a single expression for an entire time with a maximum error

of less than 0.6% :
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1 (1.43)

f(1) = 0.7854 + 0.88637~ /2 + 0.2146 expii( — 0.78237 ?)

1.4.4 Stripping Voltammetry

Stripping voltammetry is very important in the detection of traces of metal ions in
solution. In this method, the material under investigation is deposited on the electrode
surface followed by stripping off the deposit from the surface. The deposition can be
performed through faradaic (reductive or oxidative deposition) or non-faradaic
(adsorptive) processes. The stripping off process employs the linear sweep method and
this can also be done either in oxidative or reductive direction. Depending upon the
stripping process, this technique can be categorised as anodic stripping voltammetry
(ASV) and cathodic stripping voltammetry (CSV).

Anodic stripping voltammetry (ASV) commonly employs mercury electrodes which
can be in the form of static drop, hanging drop or thin layer film.# This technique is
powerful to determine traces amount (sub-ppb level) of heavy metals such as copper,>®
lead,” cadmium® and zinc®. The scheme below illustrates the process in ASV :
Accumulation (preconcentration step): M"(aq) + ne" — M (electrode)

Stripping (determination step): M (electrode) — M" + ne-

Cathodic stripping voltammetry (CSV) is the inverse of ASV. The material under
determination is oxidised at the electrode surface in the preconcentration step prior to
reduction in the determination step. Metal ions that can form oxides on the electrode
surface such as Pb?* ion'® or Mn?* ion!! are commonly determined using CSV. The
scheme below illustrates the processes in CSV:

Preconcentration: aM""(aq) + bH20 + (an-2b)e” — MOy (electrode) + 2bH*

Stripping: MaOy (electrode) + 2bH™ — aM""(aq) + bH20 + (an-2b)e
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1.5 Simulation for deposition and stripping processes

A large part of this thesis concerns the simulation of deposition and stripping process
for the Group I Alkali Metals on microelectrode studies. The mathematical model to run
the simulation is developed by Dr. Sarah E Ward-Jones*? and has been applied first to
study the Li/Li* couple in THF® and for the study of the Ag/Ag* couple in ionic
liquid'*. This model and the associated computer programs were developed from the
“thick layer” model for stripping voltammetry reported in reference®®. This model is
designed to simulate the stripping of bulk metal from a surface of bulk metal and has a
characteristic sharp drop at the end of the stripping peak. A summary of the
mathematical model is provided below.
The electrode reaction of interest for the deposition and stripping of metal (M) under
cyclic voltammetry conditions is assumed to follow a one-electron transfer mechanism:
K, (1.44)
M T (sol) + e~ =M(electrode)
kq
where the M* ions are in solution and M is a bulk solid on the electrode surface. The
process is assumed to display Butler-Volmer Kinetics®® according to the equations

below. ki is the rate constant for addition to the surface and kq is the rate constant for

dissolution:
0 —-aF 0

kq

Vo AFAACA, -

=k'[M*]"e
where k° is rate constant (units of cm s*) for the M*/M couple, a is the transfer

coefficient and E? is the formal potential. [M*]" is the standard concentration equal to

1 x 10 mol cm™ and is included to reflect the different standard states of M and M*. R
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is the ideal gas constant (8.314 J K'* mol™?), F is Faraday constant (96485 C mol™) and

T is the absolute temperature in K.

.............................

inert material microdisc

Figure 1. 9: The cylindrical coordinate system used in the simulation for a microdisc electrode
The electrode is modelled as a microdisk with radius rq which gives cylindrical
symmetry to the system (Figure 1. 9). The problem can therefore be considered as two
dimensional with the r coordinate axis running parallel to the electrode surface from the
centre of the electrode out into the solution and the z coordinate axis being

perpendicular to the electrode surface, with z = 0 being the electrode surface. The
maximum distance simulated is set to be 6+/Dt from the electrode surface. The height

of any metal deposit formed is ignored and as such the microdisk and the metal deposit

are always approximately modeled as a flat disk.

The diffusion behaviour of M* within the solution is given by Fick’s second law using

cylindrical coordinates?:

+ 2 + 2
a[M ]:D 94[M ]+16[M+]+6 [M+]) (1.47)
at ar: r or 92z

The position dependent surface coverage, “f4&A-AV2ATACACAESA-A..a€wy,

described by the following rate equation:
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ey (1.48)

This model assumes that the rate of dissolution of metal from the electrode surface is
independent of the coverage of metal, I'm, whereas the rate of deposition is dependent

on the solution concentration of M*. The value of I' is not permitted to go below zero,

therefore kq is set equal to zero once ' = 0, |f Atk T a€SAZA€0ey < —kqdl g4 oy

time step, dt, in the simulation, the value of kq is adjusted so that kqdt =—dl"ydt
Initially, it is assumed that there are only M* species in the solution, therefore the initial

condition (t=0) for the species taking part in the reaction are:

+ + ~ L .
[M ] - [M ]bulk for OACA€°AnTACa€°ARACE T A% and
0<z<m (1.49)
l—‘MZO for OSTSTd and z=0

The following equations relates to the boundary condition at t > 0 considering a bulk
concentration of M* at the semi-infinite boundaries and a non-flux boundary condition

on the symmetry axis and on the inert material surrounding the microdisc.

[M+] = [M+]bulk for O=sr=r

=0
for 7=0 and 0AfA’A ACAfACACAE€SA—A A°AfA€SA AnzAf A A ACAfAGCAGEESA-A A
0AfA'A L
T A€™AfA€SA ACAAE'A
S g
4 A€MAFAESA ACAfA A A
a% M ]/a =0 for 7= Tmax and 2 max
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r AfAEA
T A€™AfAESA, ACAfA A ACAfACACA, —AjA A—AFAESA A°Af £ AcA, -
A€™AFAESA ACAfA A AcAfAcAca, —AjA A-AFAESA A°Af A Aca,—A

for rmax

At the electrode surface, where
0AfA’A L L S
T A€™AFA€SA ACAfA A ACAfACACE, - AjA A-AfA€SA APAf £ Aca, - AjAfAESA
anéTMAfa:@§A,A¢Afpa’A,A¢AfA¢A¢a,—.AiA,A—.Afa:@§A,A°AfEA¢a,—.AiAfagé”,A
Td
and Z = 0, the boundary conditions are given by equations below:
AfE A AcAfa€' Aca,-A AfAcAcacsA—A Ay AfEA. AvAfACACAEEAA. 46 |,

AfA’AACAfa€ Ata, A AfACAcCa€sSA-A. At
_ (ﬁfmﬁmﬁfaﬁlﬁm,—.ﬁ AfAtAcaesA-A. A M1

k, (151)

Af/E' R ACAfA€ ACA,—A AJACATACSA—A..Ajz surf

)=ka[M+]

tor OAFACAGA, ~A°A ArrAfACAG,~AA ARy 1/

an,

’iu
kgt == 0T, + ko [M*¥],_ 0t (oip > KoM T, — g~ kg

The system of partial differential equations that define this model are solved using a
fully implicit finite difference scheme!’ combined with Newton’s method and an
extended version of the Thomas algorithm?®%°, The simulation space is covered with a
grid that expands exponentially from the singularity (the electrode/inert material
boundary) and the electrode surface 2°. Once the system of equations has been solve the
current flowing at the electrode surface can be calculated using the following equation:

rg@l 1.52
= Zan d,—Mrdr ( )
o Ot

1.6 Thesis Overview

The work in thesis is a fundamental study of deposition and stripping Group | Alkali

metals in room temperature ionic liquids. The works includes the extracting kinetic and

: ES K DT+ . o
thermodynamic parameters such as ~f for M/M™ redox couple (M = Li, Na,
K, Rb, and Cs) from the experimental data by means of mathematical modelling

developed previously by the group. In addition, this thesis also includes a novel work
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on in situ electrochemical-X-ray photoelectron spectroscopy to study the
electrodeposition process of K and Rb.

In Chapter 4, the study of Li/Li" redox couple in several room temperature ionic liquids
is described. The cyclic voltammetry of the system using platinum and nickel electrodes
also discussed. From this, we then move on to study the Na/Na" couple in several ionic
liquids using only the nickel electrode (since it shows no alloy formation with Lithium
metals from the previous study) which is described in Chapter 5. The result from this
chapter is compared to that with in Chapter 4. The rest of the alkali metal redox couples
(K/K*, Rb/Rb* and Cs/Cs™) and the general trend in formal potential down the Group |
in selected ionic liquid [Casmpyrr][NTf2] is discussed in Chapter 6. Chapter 7 and
Chapter 8 discuss the novel work on in situ electrochemical-X-ray photoelectron
spectroscopy to study the electrodeposition process of K and Rb. This Chapter also
includes the description of novel electrochemical cell which enables such a combined
technique to be performed.

In this Chapter, the fundamentals of electrochemistry which is the basis of this work
was presented. The next Chapter, an overview of the room temperature ionic liquids

and a brief introduction to X-ray photoelectron spectroscopy are presented.
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Chapter 2

Introduction to Room Temperature lonic Liquids and X-Ray
Photoelectron Spectroscopy

The work described in this thesis employs room temperature ionic liquids (RTILS) as
solvents for studying the deposition and stripping process of Alkali Group | metals.
RTILs are a group of solvent which are composed entirely with ions. They possess both
distinctive physical and chemical properties compared to traditional molecular solvents.
These properties include intrinsic conductivity, electrochemical stability, thermal
stability, non-volatility as well as often high viscosity. Such properties offer advantages
for their use as solvents in electrochemical measurements. Numerous publications in
this area have been reported since their discovery with increasing numbers every year.
Moreover, this class of solvent has been utilised in a wide range of research namely
energy storage and devices, catalysis, organic synthesis as well as for medical

purposes.t

This chapter aims to introduce briefly room temperature ionic liquids and their physical
properties which relate to their use as electrochemical solvents, particularly in
electrodeposition as well as the possibility of their use in ultra-high vacuum conditions.
A short section in this chapter describes the fundamentals of X-ray photoelectron

spectroscopy.
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2.1 Introduction

Room temperature ionic liquids can be defined as liquids which are composed entirely
of ions and exist in the liquid form at room temperature. One may also say that RTILs
are ‘ambient temperature molten salts’. These liquids are composed of large
unsymmetrical organic cations and weakly-coordinated inorganic anions. This
combination makes the Coulombic interaction between the cations and anions low, so
decreasing the lattice energy of the salts. Since they are composed entirely of ions,
theoretically they possess intrinsic conductivities which remove the need for supporting
electrolyte. It is reported that in 1914 Walden? is the first one to synthesise an ionic
liquid namely ethylammonium nitrate which has a melting point of 12.5°C.

The first generation ionic liquid was based on the haloaluminate such as [AICI4]".> It
was first reported by Hurley and Wier® that mixtures of ethylpyridinium chloride and
aluminium chloride are molten at room temperature. Aluminium electrodeposition was
conducted using this ionic liquid. Haloaluminate based ionic liquids are not stable in air
since they undergo hydrolysis in the presence of water. Therefore they have to be
contained in an inert atmosphere environment such as a glove box. The second
generation involves the usage of the anions tertrafluoroborate [BF4]” and
hexafluorophosphate [PFs]” which are more stable in air and moisture.%’ However, at
high temperature, in the presence of water, both anions are hydrolysed releasing the
toxic gas HF. The third generation ionic liquids utilise the hydrophobic anions such as
bis(trifluoromethylsulfonyl)imide ([NTf2]) and perfluoroalkylphosphate ([FAP])
which are yet more stable in air and moisture. Recent developments in chemical
synthesis have introduced the so called ‘task-specific ionic liquids’ which have the

capability to act as catalysts or reagents for specific reactions.®
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2.1.1 Properties of RTILs
Understanding the properties of RTILs is of importance if we want to exploit them as

electrochemical solvents. Generally, RTILs have higher viscosity compared to
molecular solvents, good conductivities, negligible vapour pressures and wide
electrochemical windows.

Table 2. 1 presents some commonly used room temperature ionic liquids and molecular
solvents together with their electrochemical-related properties such as viscosity (7),

density (o), conductivity (x) and electrochemical window (EW).

Table 2. 1 A list of commonly used room temperature ionic liquids and organic solvents together with
their properties for electrochemical solvents

lonic Liquid or nat293 K/ | pat293 K/ | xat293 K/ | EWat298/
Molecular Solvent cP gcm? mS cm? \
[Comim][NTT] 349 1.53%° 8.8° 4.3%
Camim][NTF,] 529 1.4415 3.9° 4.8%
[

Cadmim][NTF] 10510 1.4215 2.0 5,221
[

[Cemim][FAP] 741 1.56%° 1.341 5.3%
Campyrr][NTF, 8910 1.40% 2.219 5.2%
[Campyrr][

Camim][OTf] 90° 1.30° 3.7° 4,97
[

Camim][BF4] 11210 1.21%8 1.720 4.7%
[

[N6,2.2,2][NTT2] 16712 1.27%2 0.67% 5.4%
Camim][PFe 3718 1.37%8 1.5% 4.7%
[ 1[PFe]

[P14666][NTF2] 4501 1.07% - 5.0
[P14,6.6.6][FAP] 4641° 1.18% - 5.6
Camim]I 1110 1.49%° - 2.1%1
[ ]

Acetonitrile 0.34% 0.79% 7.6Y 5.0%2*
Dichloromethane 0.44% 1.33Y 1.33Y7 3.5%%*
N,N-Dimethylformamide | 0.92 0.94%7 4.0Y 4,322%
Dimethylsulfoxide 1.99% 1.10% 2.7Y 4.422%
Propylene Carbonate 2.5 1.21%7 1.21%7 4,7%2%

* Containing 0.1 M TBAP at 295 K

2.1.1.1 Viscosity
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Viscosity can be defined as a measure of liquid’s resistance to flow. This property is
essential in an electrochemistry experiment since it indirectly effects the mass-transport
of electroactive species to and from electrode surface. High viscosities slow down the
rate of diffusion contolled chemical reactions and limit some applications.® Generally,
the viscosities of ionic liquids are higher than the viscosity of other molecular solvents
by a factor of 10 to 100 times. At room temperature, the viscosities of ionic liquids
typcally fall in the range between 10 to 500 cP.% Table 2.1 lists the viscosities of some
ionic liquids and aprotic solvents.

The structure of the constituent cations and anions determine the viscosity of the ionic
liquids.’®?1:2* This is because the difference in the chemical structures results in the
difference of intra-molecular as well as inter-molecular forces such as van der Waals
forces, coulombic interaction and hydrogen bonding.'® The stronger the forces, the less
mobile the ionic liquid becomes. In general, low molecular mass, small size and
symmetrical cations produce more viscous ionic liquids.>?® The addition of alkyl side
chains in immidazolium rings increases the viscosity of the ionic liquids. This is
because longer alkyl chains increase the dispersion forces. This is evident if we
compare the viscosity of C4mimNTf, and ComimNTf. which have viscosities of 52 and
34 cP respectively at 293 K respectively.®

The characteristics of the anions also impacts on the viscosity of the ionic liquids in
respect to the relative basicity and hydrogen bonding. Symmetrical anions such as
[PFe] and [BF4]" form more viscous ionic liquids due to the symmetrical charge
distribution which in turn increases the coulombic interactions with the cations.® In
contrast, weak coordinating base anion such as [NTf.]" produce less viscous ionic

liquids because of the delocalisation of negative charge electron through S-N-S bonds.

26,27
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The viscosity of ionic liquids is temperature dependent. Generally, with increasing
temperature, the viscosity decreases. Okoturo and vanderNoot® investigated the
viscosities of 23 room temperature ionic liquids over the temperature range 283 to 343
K. It was reported that the RTILs with asymmetrical cations without functional groups
on the alkyl chain (for example [Csmim][BF4], [C4dmim][NTf,], [Campyrr][NTf.] and
[Camim][OTH]) follow the Arrhenius relationship (Equation 2.1) :

E (2.1)

where M. IS the viscosity at infinite temperature, and Ey s the activation energy for
viscous flow, R is the universal gas constant and T is temperature.
Other RTILs, in general those with small, symmetrical and low molecular mass cations,

more closely follow the Vogel-Tammann-Fulcher (VTF)1°282% relationship, shown in

equation
AT — (AggT)exp - &
— \FAZAN
(P T
where 4 and ¥i- are constans, T is the temperature and Tq4 is the glass transition

temperature. Generally, RTILs with small, symmetrical and low molecular mass cations

give higher T4 values than RTILs with larger and higher molecular mass.

2.1.1.2 Conductivity

In electrochemistry experiments, the conductivity of the solvent is important as this
property relates to the ability of the solvent to conduct electricity. Judging from their
definition alone, ionic liquids that consist entirely of ions should have high

conductivity. However their conductivities which depend on the availability of charge
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carriers and their mobility are less than the conductivities of concentrated aqueous
electrolyte solutions.?® This may be due to the reduction of the number of the charge
carriers as result of ion-pairing and ion aggregration.®® In addition, the large size of the
constituent ions and especially the high viscosities in ILs may also reduce their
mobilties.® Fortunately, compared to organic solvents, ionic liquids possess advantages
since their conductivities are intrinsic so that the need for supporting electrolyte in
electrochemical practice is removed. As can be seen from

Table 2. 1, the trend in conductivity for a given anion decreases in the order of
imidazolium > pyrrolidinium > ammonium and has been correlated to the decrease in
the planarity of the cationic core.?! The planarity of the imidazolium seems to allow
higher conductivity compared to that of the bulky tetrahedral shape of the ammonium
salt, while the pyrrolidinium resembles the intermediate geometry. 2° It is also noted
that the viscosity plays a very important role in the conductivity as conductivity is
inversely proportional to the viscosity.®! As a result, a less viscous ionic liquids such as
ComimNTf, has a significantly high conductivity of 8.8 mS cm™ as compared to more
viscous CampyrrNTf, having the conductivity of 2.9 mS cm™. Remarkebly, the
conductivity of ComimNTf is also higher than the conductivity of electrolyte solution
of 0.1 M TBAP in acetonitrile (7.6 mS cm™).

Since the viscosity is influenced by temperature, the conductivity of ionic liquids is also
temperature dependent. Generally, at increased temperature the conductivity of ionic
liquids increases because of the increased mobility as a result of a decrease in viscosity.
The tempearture dependency of the ionic liquids viscosity theoretically follows the
Vogel-Tamman-Fulcher?®? relationship given below:

e

= Ayfre (T -T,) (2:3)
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where « is conductivity, A and B are empirically derived constants, and Tg is the ideal

glass temperature at which the conductivity drops to zero.

2.1.1.3 Vapour Pressure

One of the important and most exploited properties of ionic liquids is the near zero
vapour pressure at ambient temperature. This makes the ionic liquids possible to be
used in liquid-liquids extractions with theortically 100% recyclability as well as being
free from volatile organic compound pollutants.®?23 The very low vapour pressure up to
the decomposition temperature arises from the strong coulombic interactions between
ions in the liquids.>** Therefore, it is often noted that ionic liquids do not evaporate in
the reaction vessel at room temperature. However, Robelo and co-workers®® reported
that long alkyl chain imidazolium based ionic liquids ([Ciomim][NTf;] and
[C1omim][NTT,]) can be distilled at 70 °C and extremely low pressure without any sign
of decomposition. Long alkyl chain cation and quite bulky with electron delocalisation
anion result in low coulombic interactions hence lower the boiling point and increased
vapour pressure. Meanwhile, MacFarlane and co-workers® also reported that certain
ionic liquids such as [Pes6,14]Cl behave as intermediate between molecular solvent and
true ionic liquids. Such behaviour leads to high vapour pressures so that experimentally

it is possible to evaporate the ionic liquid at 0.1 Torr and 353 K.3¢

2.1.1.4 Density

Generally, ionic liquids are denser than many organic solvents and water. The
magnitude of the density usually lies between 1.00 to 1.6 g cm™ depending upon the
structure.®” The side alkyl chain length on cations contributes to the difference in the

densities. Generally, increasing the length of alkyl chain on immidazolium cations

35



Chapter 2 : Room Temperature lonic Liquids and XPS

decreases the density.'®3” The decrease is also observed for ammonium and sulfonium
salts. Aromatic onium based ionic liquids usually have densities higher than that of
aliphatic ammonium salts and the trend in density usually follows the sequence:
pyridinium salts > imidazolium salts > aliphatic ammonium salts = piperidinium salts.*®
Anions also affect the density of the RTILs. Similar to cations, the density decreases
with increasing alkyl chain length. Addition of fluorine atoms in the anion structures
which results in the increased molecular weight increases the density. For example, for
the density of 1-ethyl-3-methylimidazolium salts increases with the following anion
species: CH3SOs™ < BF4 and CF3COO™ < CF3S03™ < (CF3S02)2N" < (C2F5S02),N".%¥

As with many other materials, the density of ionic liquids decreases with increasing

i oan 1
I 4
temperature ( / T)“O.

2.1.1.5 Electrochemical Window

One important property of RTILs to be used as electrochemical media is their
electrochemical windows. Electrochemical windows of RTILs are usually wider than
the electrochemical windows of molecular solvent but exceedingly larger than that for
the aqueous electrolytes.® It has been reported that the typical electrochemical windows
for some RTILs are in the range of 45t0 5 V.%

The electrochemical windows can be described as the potential ranges over which the
RTILs are stable toward electrochemical oxidation and reduction. Usually, cyclic
voltammetry is applied to determine the potential range. The working electrode is

scanned in both directions anodic and cathodic. A large increase in oxidation and

36



Chapter 2 : Room Temperature lonic Liquids and XPS

reduction currents implies a signal for their decomposition. Typically, a current density
of 1 mA cm™ or 5 mA cm2 is high enough to be used as a limit.?! However, comparing
the electrochemical windows for RTILs is rather difficult because many factors
influence the determination such as purity and the electrode used.®> As explained in the
next section, the presence of impurities shrinks the electrochemical windows.
Moreover, the material used for working electrode may alter the decomposition of the
RTILs. It is reported that due to the catalytic activity of platinum electrode, the
electrochemical window of [Csmim][CFsCOQ] is shorter with platinum than that of
with glassy carbon.** A recent study by Rogers et al.*? also suggests that it is also
important to consider the oxidation of the working electrode which may narrow the
anodic limit.

The electrochemical window is dictated by the nature of the cations and anions
comprising the RTILs. Quartenary ammonium and pyrrolidinium salts are found to be
quite stable towards reduction as compared to imidazolium salts.>%!° For example the
electrochemical windows for [Ne2,22][NTf2] and [Csmpyrr][NTf2] are 5.4 and 5.2 V
respectively which are wider than that for [Csmim][NTf2] (4.8 V). It is suggested that
the C2-H proton is vulnerable to reduction to form a carbine due to its acidity.**® This
was confirmed by the observation that when one of the C»-H protons is substituted with
an alkyl chain, it becomes weaker and less prone to reduction resulting in a wider
electrochemical window; for example the potential window for [Csdmim][NTf] is 5.2
V. A wider potential window is also reported by Buzzeo et. al** for the phosphonium
class of RTILs. For a given anion, the general trend in increasing the electrochemical
window follows the order [Cxmim]* < [Compyrr]* < [Napcd]® < [Papcd]*.*

For the oxidative limit, the identity of anions plays an important role. Halide anions are

easily oxidised at relatively less positive potential releasing halogen gas. This fact
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makes the halide based RTILs possess narrow electrochemical windows. Fluorinated
anions on the other hand such as [PFe]", [BF4]", [NTf2]" and [FAP] stabilise the RTILs
towards oxidation. The [FAP] anion is found to be the very stable and enhancing the
anodic limit.** The widely used anion [NTf.] is also known to be stable to oxidation.
Recent study® suggests that it could undergo reduction involving the S-N bond
cleavage which can limit the reductive window according to the reaction below:
(CF3S02)2N" + € — *NSO2CF3™ + SO2CFs°

Finally, [PFe]” and [BF4] are susceptible to undergo hydrolysis releasing toxic HF gas.*®
The approximate trend in decreasing the anodic limit follows the order: [FAP] >

[NTf.]" > [BF4]" > [PFe] > X (where X = halide) . ®

2.1.2 The Effect of Impurities

The purity of RTILs should be considered when they are used as electrochemical
solvents. Any presence of impurities in the RTILs affects the physical properties and
has significant influence to the electrochemical signal of a system under investigation.
Three main impurities that usually present in RTILs are water, dissolved gases and
residues from the synthesis such as halide.**

The RTILs used for the work in this thesis are considered to be air and water stable.
This means that they do not undergo hydrolysis with water unlike their haloaluminate
relatives which make them difficult to handle. However, moisture from air still can be
absorbed by even hydrophobic RTILs such as [Pise66][FAP] and [Campyrr][NTT2].
214748 The presence of water in the RTILs is found to decrease the viscosity?**°, to

increase the conductivity and to reduce electrochemical windows quite significantly.
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Widegreen et. al.*® studied the effect of dissolved water on the viscosities of three
hydrophobic RTILs. The viscosities of all RTILs decrease dramatically with increasing
water content. [Csmim][PFs] experiences a large change with a 17% decrease in its
viscosity when 0.19% water is added. The change in viscosity in turn leads to a change
in other properties such as conductivity and diffusivity of dissolved species under
investigation. Schréder et. al®® have investigated the effect of water content on ion
diffusivity in RTILs. The diffusion coefficient of N,N,N’ N -tetramethyl-
paraphenylenediamine (TMPD) and methylviologen were investigated under water-
saturated RTILs. The results show that the diffusion coefficient of TMPD is doubled in
RTILs containing approximately 5% water. Dramatic changes in diffusion coefficient
are also reported with an order of magnitude increase for methylviologen.>

The effect of water on the electrochemical window of RTILs was also studied.?24%0 |t
is reported that the addition of more than 3% of water to both [Csmim][PFs] and
[Camim][BF4] shrinks their electrochemical windows up to 2 V. An in depth study
regarding this topic was conducted by O’Mahony et. al.?* Current densities of 1 mA cm’
2 and 5 mA cm2 were applied to define the limit for the electrochemical window. For
all twelve RTILs under investigation, the presence of water narrowed their cathodic and
anodic limits. The variation of water uptake determined by Karl-Fisher titration was
influenced by the identity of anions and the hydrophobicity following the trend: [FAP]
> [NTf]” > [PFe]” > [BFs]" > [OTf]" > halides.?> This report also suggests the
importance of purging the ionic liquids under vacuum prior to electrochemical use to
remove the water content.

Together with water, oxygen gas can also be absorbed by RTILs from air. Oxygen is
electrochemically active and can be reduced to superoxide at -1.5 V (vs Ag).>% Its

presence obviously will distort the electrochemical signal*** of systems that appear
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at relatively more negative potentials such as deposition and stripping processes of
alkali metal redox couples. Therefore it is necessary to remove the gas prior to
electrochemical measurements. Methods of oxygen removal include inert gas bubbling
or blanketing (N2 or Ar)*® as well as purging under vacuum.>®>® However, recent
studies also conducted by the Compton Group suggest that the presence of 1 atm argon
increases the diffusion coefficient of ferrocene due to the decrease in the viscosity of
RTILs.>” Therefore, purging under vacuum prior to electrochemical measurement is
effective in removing oxygen and water from RTILs whilst maintaining the
electrochemical properties of RTILs. This method of removing water and oxygen
impurities applies a novel specially designed T-Cell which requires only a small amount
of RTILs allowing purification in a reasonable time.>%*

The other major impurities which can be present are halide impurities. They arise in
RTILs from the preparation which involves halide precursors. Often organic chlorides
or bromides salts (alkyl halides) are used in alkylation to form the precursor. The
presence of halide impurities is found to increase the viscosity*’ as well as narrowing
the electrochemical window of RTILs. A report suggests that chloride impurities can
decrease the anodic limit of RTILs up to 0.9 V.8 In addition, chloride and bromide are
easily oxidised at low potential a process which could interfere the electrochemical
signal of system under investigation. The ease of chloride and bromide oxidation

becomes a potential method to remove them from the RTILs. 46:59.60

2.1.3 Electrodeposition in lonic Liquids

2.1.3.1 Reactive Metals

Reactive metals such as Alkali Group | metals cannot be electrodeposited from aqueous

solution. These metals have very negative electrode potentials, for example -3.04 V ©!
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and -2.71 V% versus SHE for lithium and sodium respectively. Lithium and sodium
industrially are produced through electrolysis of their molten salts. This method of
production requires a lot of energy since it is performed at high temperature. It also
produces harmful by products such as chlorine gas.

In order to reduce the cost of production, scientists have proposed methods to
electrodeposit the reactive metals by using haloaluminate based ionic liquids and
relatively mild conditions. Haloaluminate based ionic liquids are the first generation of
ionic liquids.? They are easy to synthesize, usually by addition of the Lewis acid AICl;
to an organic salt such 1,3-dialkyl imidazolium, alkyl-pyrridinium or quaternary
ammonium salt under an inert atmosphere.®? The acidity of this ionic liquid can be
adjusted according to the molar ratio of AIClz and the organic salt (Lewis base).
Moreover, addition of neutral salt (NaCl) to the composition buffers the liquids.
Lipsztajn and Osteryoung first demonstrated the electrodeposition of lithium from
[C2mim][CI]J/AICI; ionic liquid.®? They used LiCl as a source of lithium and dissolved it
in slightly neutral acidic [Comim][CI]J/AICIs to form LiAICls in a neutral melt. These
neutral ionic liquids provide a wider electrochemical window compared to the acidic
one so that lithium metal could be electrodeposited on tungsten, glassy carbon and
aluminium electrodes. It is also reported that the diffusion coefficient of Li* in
[Comim][CI]/AICI3 ionic liquid was determined using a W-rotating disk electrode with
the value of 8.6 + 0.3 x 107 cm? s. The ability of the haloaluminate system as a
medium to electrodeposit Li metal was also exploited by other researchers.5%* Carlin
and Scordilis-Kelly®® showed that the addition of protons (HCI) to the
[Comim][CI]/AICI3 system widened the electrochemical window allowing lithium
electrodeposition with stripping efficiency reaching 80%. However, the stability of the

medium is limited by the rapid loss of HCI gas. Then, Piersma et al.%* replaced the use
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of HCI with triethanolamine.hydrogen chloride in the system. The new proton source
was found to widen the electrochemical window thus allowing the deposition of both
sodium and lithium. It is also reported that the new system was stable for months.

The study of sodium electrodeposition in this type of ionic liquid has been reported.®>-8
Instead of using LiCl to control the acidity of the ionic liquids, NaCl was added to
system not only to neutralise the ComimCI/AICIz but also as a source of sodium.
Additives such as gaseous HCI®, triethanolamine hydrochloric® or SOCI%® were
introduced into the system in order for Na/Na* redox couple to be observed. It is
thought that the additives act as a Lewis acid and weaken the interaction between Na*

and AICl4 ions. The scheme below display the proposed interactions.®®

(A)

i I o > N ¢ o - Cl ~ . c

| gomntT v I" 2 T
// :\:\ A.l .\ a - ‘n:kl -.‘ \ a
a a a” T a” e o gy
(B) . . .
o & o- o- o= &
HCl--------Cl—AICl; Na —_— HCl-----=- Cl--------AICl; Na

Figure 2. 1: Proposed interaction between additives and NaAICI,%

Although chloroaluminate based ionic liquids provide alternatives as media for
electrodeposition for some reactive metals as explained before, they also have
disadvantages. The main disadvantages are their corrosiveness as well as instability
against air and moisture. The development in chemical synthesis has led to the
preparation of air- and water-stable ionic liquids which can be applied as media for
electrodeposition of some reactive metals. Howlett et. al.?® reported that

[Chmpyrr][NTT2] ionic liquids (where n = 3 and 4) allow the lithium to be cycled with a
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high degree of reversibility and high (99%) stripping efficiency was achieved. The
morphology of the deposit was also found to be uniform at moderate current densities.
Various phosphonium ionic liquids with [NTf.]™ anion also have been demonstrated to
allow the deposition and stripping of lithium metal on a nickel electrode.” The cathodic
and anodic peaks for Li/Li* couple were observed at approximately -3.1 V versus
Fc/Fc*. The results were compared when corresponding tertiary ammonium ionic
liquids were used. It is found that the stripping efficiency of lithium deposition
dissolution process in phosphonium based ionic liquids is higher than that in
corresponding ammonium ionic liquids. More recent and similar work has also been
reported by another group.”* Meanwhile, new family members of air and water stable
ionic liquids which can support lithium deposition-stripping processes have been

prepared in various laboratories.’?"3

2.1.3.2 Unreactive Metals

Unlike reactive metals, less reactive metals can be electrodeposited from aqueous
solutions. Electrodeposition of these metals can also be performed in RTILs. There are
several advantages of using RTILs as media for electrodeposition over the agqueous
media. RTILs is considered to be less toxic solvent compared to aqueous media for
plating which usually contains poisonous additives such as cyanide. The fact that RTILs
have near zero vapour pressure meaning the electrodeposition can be performed in open
electrodeposition baths without releasing harmful vapours. Moreover, since the RTILs
are relatively stable at high temperature, subsequent annealing can be avoided and
electrodeposition process can be conducted directly. Another advantage of using RTILs

is the absence hydrogen evolution which causes embrittlement on the electrodeposit.
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Many publications have reported the use of RTILs in the electrodeposition of less

reactive metals such as zinc’4"®, copper’”’8, chromium’® silver883 and tin®,

2.2 Introduction to X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy involves irradiating usually solid samples in vacuo
with X-ray photons and measuring the kinetic energy of the electrons emitted. This
technique is very sensitive to determine both qualitatively and quantitatively the
elements at surfaces under ultra high vacuum conditions. For the development of this
technique, Kai Siegbahn has awarded the Noble Price for Physics in 1981.%¢ Currently,
XPS is a widely utilised technique both in research as well as in industry in the areas of
catalysis, microelectronics, corrosion, metallurgy as well as in polymer technology.
Since ionic liquid has nearly zero vapour pressure, it is possible to conduct XPS
experiments.®-%! The combination of zero vapour pressure and wide electrochemical
windows of the RTILs, makes the combined XPS-electrochemistry technique

potentially powerful 92-%

2.2.1 Principle of X-ray Photoelectron Spectroscopy

The basic principle of XPS relies on the photoelectric effect elaborated firstly by
Einstein in 1905.* The sample is bombarded by photons so that electrons at the core
levels are ejected. Then the energy of the photoemitted electrons is analysed by the
electron spectrometer. The ingoing photons penetrate the sample in the order of

micrometers; the ejected electrons have a much shorter inelastic mean free path. This
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makes XPS a surface sensitive technique. The emitted electrons from the uppermost
few nanometres of the sample can escape the surface without energy loss. These
electrons contribute the characteristic peaks in the spectrum. Meanwhile, the electrons
that experience inelastic scattering and therefore lose their energy contribute to the

background of the spectrum. The photoemission process is presented in Figure 2. 2

Ejected K electron
{1 s electron)

Vacuum level \

\

Fermi level TTTT T IR 7T T T AT

Incident X-ray

valence band (h)

- Oxﬂ
K Oan®

Figure 2. 2 Schematic diagram of XPS process, showing photoionisation of an atom by the ejection of a
1s electron

The emitted electrons that do not undergo inelastic scattering have characteristic kinetic
energy (KE) which is defined by Einstein according to equation:

KE = hv-BE (2.4)
where " s the energy of the incident photon and BE is the binding energy of the
atomic orbital from which the excited electron originated. The kinetic energy of the
electron is the experimental quantity measured by the spectrometer, but this is
dependent on the photon energy of the X-rays used so that this is not specific to the
material property. On the other hand, the binding energy is the parameter that identifies
electron specifically, both the element from which it originates and the atomic energy

level. Therefore the binding energy can be used for qualitative analysis of the sample.
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The binding energy can also be defined as the energy difference between the initial and
final state after the photoelectron has left the atom.

The technique employs X-ray for the incident irradiating photons. X-rays are produced
through the bombardment of an anode material with high energy electrons which are
emitted from thermal source (electrically heated tungsten filament). The most
commonly used anode material for XPS are Mg and Al which yield the corresponding
Mg Ka and Al Ka radiations with energy 1253.6 eV and 1486.6 eV respectively. Prior
to irradiation, the x-ray must go through an appropriate monochromator to reduce the
line width of the x-ray source. Radiation from synchrotron is also commonly used.
Synchrotron provides a wide range of photon energies, from ultra-violet to hard X-rays.
The synchrotron based XPS offers a lot of advantages such as higher energy resolution,
well-defined polarisation, higher photon flux and a higher photoemission cross section.
In order for the ejected electron to be analysed, an ultra-high vacuum (UHV)
environment is required. Generally, the pressure in the XPS chamber is in the range
between 10® and 101° mbar. There are three reasons why an UHV environment is
required. First, the ejected electron from the surface should travel to the analyser
without any interference from gas phase collisions to maintain its energy. Collisions
with gas phase scatter the electrons and change their energy. This is very important
when analysing the low-energy electrons which are easily scattered by gas molecules
leading to a decreased spectral intensity and increasing the noise. Secondly, under the
UHV environment, the adsorption rate of molecules on the surface from the residual gas
is very low. Consequently, a freshly cleaned surface remains at a low contamination
level for a sufficient time to analyse the photoemitted electrons. Finally, under UHV

conditions, dissolved impurities such as gases and water can be evacuated to a large

46



Chapter 2 : Room Temperature lonic Liquids and XPS

extent. This is very relevant in the case of RTILs where such impurities are easily

removed under vacuum.

2.2.2 Qualitative Analysis

Since the binding energy parameter is an intrinsic property of the material studied, the
XPS spectrum provides information for the identification of elements present at
surfaces. In order the get this information, a survey scan spectrum is recorded over a
region that provides strong peaks for the elements. A binding energy region between 0
and 1000 eV*® is usually enough for this purpose. Then the binding energy of the
individual peak is compared to the data in tabular form to identify the elements present

in the sample.

2.2.3 Quantitative Analysis

Based on the fact that the intensity of the photoemitted electron peaks relates to the
concentration of the elements present at surface, XPS spectra can also provide
quantitative information regarding the surface composition. Mathematically, the
intensity (1) of a photoelectron peak is given by®8-:

I =]poKA (2.5)
where J is the photon flux, p is the concentration of atom or ion in the sample, o is the
cross section for photoelectron production, K is a term which covers all the instrumental
factors and A is the electron attenuation length. In order to simplify and to use directly
the equation 2.5 for quantification, a term sensitivity factor (SF) for different elements
is introduced. This term includes o, K, and A as an approach. Actually the SF is

determined empirically through experiment as developed by Wagner et. al.*’ If the X-
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ray flux remains constant during the experiment the atomic concentration (in
percentage) can be determined by dividing the intensity (in the form of peak area) by
the SF. The atomic concentration is expressed as a fraction of the summation of all
normalised intensities according to equation:

Iy (2.6)

/SF;
[Alatomic % = ———x100%

é(f/ sF)
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Chapter 3
General Experimental Methods

This Chapter presents the general experimental methods used in the thesis which
includes chemicals, instrumentations and experimental procedures employed.

3.1 Chemicals

Table 3. 1 lists the chemical used in the thesis which are used as received without any
further purifications.

Table 3. 1: List of chemical reagents for experiments

Name Formula/ Supplier Purity
Abreviation
Ferrocene Fe(CsHs):2 Aldrich 98%
Tetra-n-butyl ammonium perchlorate TBAP Aldrich >99%
Acetonitrile MeCN Fisher Sci. ~ >99.99%
Lithium hexafluoroarsenate LiAsFs Aldrich 98%
Bis(trifluoromethylsulfonyl)imide acid  HNTH Sigma 95%
Sodium hydroxide NaOH Aldrich >97%
Potassium hydroxide KOH Aldrich >95%
Rubidium hydroxide hydrate RbOH.H.0 Aldrich >99%
Caesium hydroxide monohydrate CsOH.H>O Aldrich >99.5%

The room temperature ionic liquids used in this thesis are listed in Table 3. land the
structure of the cations and the anions are shown in Figure 3. 1. [Csamim][OTf],
[Camim][PFe] and [Pi46,66][FAP] where kindly donated by Merck KGaA while all
other ionic liquids used were obtained from Queens University lonic Liquid Laboratry

(QUILL), Belfast having been prepared using standard literature procedures.*

Table 3. 2 Room Temperature lonic Liquids used in this thesis

Name Abreviation Supplier
N-Butyl-N-methylpyrrolidinium [Campyrr][NTT2] QUILL
bis(trifluoromethylsulfonyl)imide

1-Butyl-2,3-dimethylimidazolium [Cadmim][NTT,] QUILL
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bis(trifluoromethylsulfonyl)imide

N-Ethyldimethylpropylammonium
bis(trifluoromethylsulfonyl)imide

N-Hexyltriethylammonium
bis(trifluoromethylsulfonyl)imide

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

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

N-Butylpyridinium
bis(trifluoromethylsulfonyl)imide

N-Butyl-N-methylpyrrolidinium
dicynamide

1-Butyl-3-methylimidazolium
trifluomethylsulfonate

N-methyltrioctyl trifluomethylsulfonate

1-Butyl-3-methylimidazolium
hexafluorophosphate

1-Butyl-3-methylimidazolium
tetrafluoroborate

Tris(P-hexyl)tetradecylphosphonium
tris(pentafluoroethyl)trifluorophosphate

[N2,1,1,3][NTf2]

[Ne,22,2][NTT]

[Camim][NTf]
[Comim][NTf]

[Capyr][NTf;]

[Campyrr][N(CN)2]

[Camim][OTH]

[N18gg][OTf]

[Csmim][PFe]

[Camim][BF4]

[P14,6.6,6][FAP]

QUILL

QUILL

QUILL

QUILL

QUILL

QUILL

Merck KGaA

QUILL

Merck KGaA

Merck KGaA

Merck KGaA
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Figure 3. 1: The structure of the cations and anions of RTILs used in this thesis.

3.2 Sample preparation

The salts of alkali metal bis(trifluoromethylsulfonyl)imide (M[NTf,] where M = Na, K,
Rb and Cs) were prepared by the reaction of aqueous solutions of the appropriate metal
hydroxide salt with the 5% molar excess of H[NTf.]. After the reaction was complete,
the resulting solutions were dried using a rotary evaporator and the residues were
further dried under vacuum for 24 hours. In order to reach pH neutral, repeated
dissolution in water then drying under vacuum treatment were performed. The resulting

salts were ready to be dissolved in ionic liquids.

58



Chapter 3: General Experimental Methods

3.3 Instrumentations and Procedures
3.3.1 Electrochemistry

All electrochemical measurements were carried out using a computer-controlled p-
Autolab potentiostat (Eco-Chemie, Netherlands). Voltammetric measurements were
conducted by applying a conventional two-electrode arrangement with either a platinum
(10 um diameter, Cypress Systems, Kansas) or a nickel (50 um diameter, fabricated in
house) microelectrode used as a working electrode. A silver wire (Advent Research
Materials Ltd., UK, 99.99%) served as a quasi-reference electrode. A section of a
disposable micropipette tip (Eppendorf, Germany) was placed on the top of the working
electrode, into which 20uL of an ionic liquid solution containing 10 mM ferrocene and
0.1 M LiAsFs or 0.1 M M[NTf;] (where M = Na, K, Rb, Cs) was inserted. The
electrodes were confined in a T-shaped cell (Figure 3. 2) as described previously.?®
Oxygen and water content in the RTILs were removed by purging the cell under
vacuum for ca. 6 hours prior to and during experiments. This is done since the
electrochemical reduction of oxygen*® would alter the voltammetry recorded and the
existence of water in RTILs limits their potential windows.®° The experiments were
carried out in a temperature controlled box, which also functioned as a Faraday cage
(Figure 3. 3). In all electrochemical measurements, the ferrocene | ferrocenium couple,
which is considered to be an almost-‘ideal’ reference material’'™*® was applied as an
internal reference standard.

The nickel microelectrode was prepared by inserting 50 um diameter Ni wire (Advent
Research Materials Ltd., UK, 99.7%) in to thermometer glass tubing followed by
melting one end of the tube in a Bunsen burner flame to seal the wire. The end of the

electrode was then ground down with sandpaper so that a 50 um diameter cross-section
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of the Ni wire was reached (observed using an optical microscope). The microelectrode
was then polished in turn with 1.0 um, 0.3 um and 0.05 um alumina slurries (Buehler,
Illinois) on a microcloth polishing pad (Buehler, Illinois) and was then further cleaned
by placing the electrode in an ultrasonic bath to ensure a shiny surface was achieved
before each experiment. The platinum microelectrode was polished using 3 um, 1 um
and 0.1 um diamond spray (Kemet Ltd, UK) on a TexMet© polishing pad (Buehler,
Illinois) and then rinsed with ultrapure water (Millipore UHQ, Vivendi, UK).

reference
electrode

L]

)
reference 3:4
electrode PR
plastic AN\
collar ; \ T
\
: -7 j\ : \TV
. . . . ] ," //
ionic liquid | \ K
droplet
working
electrode

working
electrode

Figure 3. 2 : T- cell for electrochemical experiments
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Figure 3. 3: Temperature controlled Faraday cage for electrochemical experiments
3.3.2 In situ Electrochemical-X-ray Photoelectron Spectroscopy

XPS measurements were performed using a VG ESCALAB MkIl spectrometer
equipped with a monochromatic Al Ko X-ray source (photon energy of 1486.6 eV). All
XPS experiments were recorded with a constant analyser pass energy of 100 eV for
survey scans and 20 eV for detailed scans. All XPS spectra were referenced to the
cations C 1s peak, using a binding energy of 285.0 eV. The cell was covered with a
specially fashioned lid to prevent ionic liquid loss during degassing, placed upright in a
desiccator and put under high vacuum overnight before use. The cell was then rapidly
transferred to the entry chamber and evacuated for a further 2 hours before being moved
into the holder in sample chamber.

All electrochemical measurements were carried out using a computer-controlled
PGSTAT-12 p-Autolab potentiostat (Eco-Chemie, Netherlands). The cell and the cell

holder for in-situ electrochemical-XPS experiment was fabricated in house by the aid of
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Mr. Charlie Jones of Chemistry Department’s Student Workshop and are described in

detail in Chapter 7.

3.4 Double Potential Step Chronoamperometry

The diffusion coefficients of ferrocene and ferrocenium were determined using the
technique of double potential step chronoamperometry employing a platinum
microelectrode (10 um) as a working electrode and a silver wire as a quasi reference
electrode. The experimental transients were achieved using a sample time of 0.01 s. The
RTILs solution containing 10 mM ferrocene and 0.1M Na[NTf,] was pre-treated for 20
s, after which the potential was stepped to a potential after the occurrence of the
oxidative wave and the current measured for 5 s, after which the potential was stepped
back to the initial value and the current measured again for a further 5 s.

The time-dependent current response obtained was analysed using the following
equations, as proposed by Shoup and Szabo4, which suffciently describe the current

response, i, over the entire time domain, with a maximum error of less than 0.6 %.

i=—4nFDcrgf(r) (3.1)
f(r) = 0.7854 + 0.8863 7 2 + 0.2146 exp(-0.7823 r 12 (3.2)
t=4Dt/rd (3.3)

where n is the number of electrons, F is the Faraday constant, D is the diffusion
coefficient, c is the initial concentration, rq is the radius of the microdisk and t is the
time. Theoretical transients were generated using a nonlinear curve fitting function
available in OriginPro 8 (Microcal Software Inc.). The fit between experimental and
theoretical data was optimised by inputting a value for rq (determined previously from

calibration) and instructing the software to iterate through various D, allow for the
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diffusion coefficient of ferrocene to be deduced. To model the second potential step, a
computer simulation (described by Klymenko et al.)*® was employed. Having deduced
the best-fit values of D and nc from Shoup and Szabo'* analysis of the experimental
data, the potential steps were analysed by the simulation procedure described
previously®® and the value of D for the species formed during the electrochemical

process, ferrocenium, was obtained.
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Chapter 4

The Li/Li" Couple in Room Temperature lonic Liquids

In this Chapter, the Li/Li* couple is investigated in the room temperature ionic liquid
(RTILS), N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide,
[Campyrr][NTT,], at a range of temperatures varying from 298 to 318 K. Experiments
are conducted using both nickel and platinum microelectrodes. On nickel a single
stripping peak is observed for the stripping of bulk lithium that allowed thermodynamic
and kinetic parameters to be extracted via computational simulation. At 298 K the
electrochemical rate constant (k%) = 1.2 x 10 cm s, the diffusion coefficient (D) = 4.5
x 108 cm? s, the formal potential (E°) = —3.250 V versus the Fc/Fc* reference couple
and the transfer coefficient () = 0.63. On platinum multiple stripping peaks are
observed due to the stripping of Li-Pt alloys in addition to the stripping of bulk lithium.
The ratio of the different stripping peaks is found to change with temperature indicating
that Li-Pt alloys are more thermodynamically stable than pure bulk lithium and
platinum. Further experiments were conducted in other RTILS, [Csdmim][NTf2],
[N2113][NTf2], [Ne222][NTf2], [Camim][OTf], [Campyrr][N(CN)2], [Comim][NTf],
[P14.6.66][FAP], [Capy][NTF2], [Camim][PFe], [Camim][NTf2] and [N1sss][OTf], using
only Ni microelectrode. [Campyrr][N(CN)2], [Comim][NTf2], [Pi4s6s66][FAP],
[Capy][NTF2], [Camim][PFs], [Camim][NTf2] and [N18gg][OTf] did not have a wide
enough potential window to observe the deposition and stripping of bulk lithium. In the
experimental data recorded for [Campyrr][NTf2], [Cadmim][NTf2], [N2113][NTF],
[Ne62.22][NTf.] and [Camim][OTf] a single stripping peak for bulk lithium is seen and
kinetic data for the Li/Li* couple extracted by comparison with computational

simulations. The electrochemical rate constant, k°, is found to have values ranging from
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1.3 x 10%t0 1.2 x 10° cm-s™L. Diffusion coefficients for the Li* ion in these five RTILs

are also reported.

4.1 Introduction

Room temperature ionic liquids (RTILs) are typically composed of a bulk unsymmetric
cation and an inorganic anion and exist in a liquid state at around 298 K.1* They
possess a number of attractive properties as solvents for electrochemical applications
including low volatility, high thermal stability, wider potential windows and intrinsic
conductivity that removes the need for a supporting electrolyte to be added. RTILs are
typically 1-2 orders of magnitude more viscous than traditional solvents leading to the
slower diffusion of species in the solvent which has a significant effect on the
appearance of the voltammetry recorded. The Li/Li* couple cannot be studied in
aqueous solutions as the potential window is not wide enough and traditional organic
solvents have therefore been used instead.>’ There are however safety concerns when
using organic solvents in such technology due to their high volatility and
combustibility. Moreover there is currently much interest in the study of the Li/Li*
couple in RTILs due to the importance of the Li/Li* couple in applications such as
batteries, solar cells and fuel cells.2*2 Much work has already been carried out in the
study of the Li/Li* couple in ionic liquids®**® and more traditional solvent!’*°, however
very limited research has been carried out to look at the kinetics over a range of
temperatures®®?! and the extraction of electrochemical parameters via the use of

computer simulation has only been reported for the Li/Li* couple in THF.Y
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In the present Chapter we discuss the results of a study of the Li/Li* couple in the
RTILs using Ni and Pt microelectrodes. The aim of this Chapter is to study the kinetics
and thermodynamics of the Li/Li* couple by considering the deposition and stripping of
bulk lithium using both experimental and computer simulation data. We also report the
differences in the voltammetry caused by changing the working electrode between

nickel and platinum microelectrodes.

4.2 Results and Discussion

4.2.1 Experimental results

4.2.1.1 Deposition on a Ni microelectrode at different temperatures

Figure 4. 1 shows the cyclic voltammetry (base line corrected) run between 0 and -3.65
V versus the Fc/Fc* reference couple for 0.1 M LiAsFs in [Campyrr][NTf2] recorded on
the first scan on a clean 50 um diameter Ni electrode at 298 K. The voltammetry shows
two noticeable underpotential deposition (UPD) peaks due to the energetically stable
formation of lithium monolayers on the nickel surface before the main bulk deposition
process begins at ca. -3.45 V. The bulk deposition region shows a characteristic
“nucleation loop” where the forward and backwards current cross over. This is due to
the delay in the onset and rate of deposition on the forwards scan due to the need for
lithium to first nucleate on the electrode surface. On the reverse scan there is a sharp
peak at ca. -3.2 V which corresponds to the stripping of bulk lithium from the electrode.
The other small peaks observed on the reverse scan are due to the dissolution of the
UPD layers. The UPD results in multiple peaks due to the different phases of lithium on

the polycrystalline electrode. This pattern of UPD peaks of lithium on a nickel electrode
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has previously been studied and reported using a nickel electrode in a lithium-based
solid polymer electrolyte.?? This system also showed the same characteristic sharp
stripping peak for bulk lithium. The voltammetry in Figure 4. 1 shows the same general
characteristic as shown by a previous study of the Li/Li* couple in the solvent THF on a

Pt microelectrode.’
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Figure 4. 1: Cyclic voltammogram of 0.1 M LiAsFg in [Campyrr][NTf2] on a 50 um diameter Ni electrode at 298 K.
Scan rate =10 mV s%.

The charge passed during the stripping process is 2.8 x 107 C which corresponds to
approximately 63 + 5 layers of lithium, showing that the system is depositing and
stripping bulk lithium. The distribution of lithium on the electrode surface will be
uneven due to the presence of radial diffusion, most prominent near the microelectrode
edge. 3.95 x 107 C of charge is passed during the deposition stage giving the first
deposition/stripping cycle a stripping efficiency of 70 % meaning less material was
stripped off than deposited. It is believed that the possible formation of dendritic
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deposits which could prevent the lithium from being in contact with the electrode as
well as the reactivity of the lithium might responsible for this behaviour.? Reactions
between the deposited lithium and breakdown products of the ionic liquid may also lead
to the formation of surface films that passivate parts of the electrode surface. On
successive cycles the current sharply drops indicating that the electrode becomes
passivated. However, extracting the kinetics and thermodynamic parameters for the
Li/Li* couple by modelling the voltammogram from the first lithium deposition and

dissolution cycle is feasible.
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Figure 4. 2: Cyclic voltammogram (baseline corrected) of 0.1 M LiAsFe in [Campyrr][NTf2] on a 50 pm
diameter Ni electrode at (a) 303 K, (b) 308 K, (c) 313 K, and (d) 318 K. Scan rate =10 mV s

Figure 4. 2 shows the effects of varying the temperature between 303 and 318 K for the

experiment on the voltammetry of LiAsFs in [Csmpyrr][NTf2] on the Ni microelectrode.
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At all temperatures the same general characteristics are observed including a UPD
region, a single sharp bulk stripping peak and a nucleation loop as where seen in Figure
4. 1 for the experiment at 298 K. However, there are subtle differences including the
maximum deposition current increasing with temperature which is due to the increase in
the diffusion coefficient of Li* in [Campyrr][NTf.]. The stripping peak height also
increases indicating that the increased temperature leads to an increase in the amount of
lithium deposited and stripped from the electrode. The stripping efficiency varied
between 55 and 80%. The simplicity of this system means that analysis by simulation
using the model described in section 1.5 in Chapter 1 is possible and is presented below

in section 4.2.2.1.

4.2.1.2 Deposition on a Pt microelectrode at different temperatures

The behaviour of the Li/Li* couple at a platinum electrode was also studied. An
interesting voltammogram for the lithium deposition/dissolution process on a platinum
microelectrode (10 pum diameter) is shown in Figure 4. 3 Similar features, which
include UPD peaks and the nucleation process, as observed on nickel can also be
observed in this voltammogram. However, multiple peaks can clearly be seen on the
reverse scan in addition. Peak | observed at -3.05 V versus Fc/Fc* is considered to be
the stripping peak for the dissolution of bulk lithium as seen on nickel while peaks II,

Il 'and IV correspond to the stripping of Li-Pt alloys.
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Figure 4. 3: Cyclic voltammogram of 0.1 M LiAsFs in [Campyrr][NTf2] on a 10 um diameter Pt electrode at 298 K.
Scan rate = 10 mV s%.

The dissolution of bulk lithium on platinum is slightly shifted to a more positive
potential compared to that observed on the nickel electrode. Evidence that lithium is
able to form various different alloys with platinum can be seen from the phase diagram
for Li-Pt shown in Figure 4. 4% Similar multiple peaks for the dissolution of lithium on
a platinum electrode have also been reported by another group?® and similar behaviour

is expected when using a gold electrode due to lithium ability to form Li-Au alloys.?*?
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Figure 4. 4: Phase diagram of the Li-Pt system adapted from ref 23.
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Figure 4. 5 shows a cyclic voltammogram for 0.1 M LiAsFs in [Campyrr][NTf2] on a Pt
microelectrode at 10 mV s? confined to the potential region where underpotential
deposition occurs. Three peaks are observed and these are assigned to UPD deposition
on the different crystal faces of Pt as is the case for a Pt electrode in THF.?® The peaks
are spread over a similar potential range and it is therefore expected that the deposition
peaks at —1.75, -2.60 and —2.85 V correspond to monolayer formation on the (111),

(110) and (100) crystal faces of platinum respectively.?
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Figure 4. 5: A cyclic voltammogram of the underpotential deposition region for 0.1 M LiAsFes in [Campyrr][NTf2]
on a 10 um diameter Pt electrode at 298 K. Scan rate = 10 mV s,

Next, the effect of temperature on the electrochemistry of lithium on a Pt
microelectrode was studied. Figure 4. 6 shows the cyclic voltammogram of 0.1 M
LiAsFs in [Campyrr][NTT,] at five different temperatures. At 298 K, peak 1 is relatively
high compared to the other peaks. As the temperature was increased, peak | decreases
and disappears at 313 K. In contrast, the height of peak Il increases and starts to level
off at 308 K. The height of peaks Il and IV show significant increment from 298 to 313

K. Another feature that can be observed as the temperature increases is that the limiting
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current on the forward scans increases. This can be understood since the diffusion of
material to the surface of electrode increases as the ionic liquid become less viscous at
higher temperature. As a consequence, more lithium will be deposited. However at
higher temperature, the lithium deposits have a chance to rearrange, interacting with the
platinum electrode to form Li-Pt alloys. This could explain why peak I, which
corresponds to the dissolution of lithium off lithium, diminishes. Moreover the
increment of other peaks at higher temperature gives an insight that the formation of Li-

Pt alloys is thermodynamically favourable than pure bulk lithium and platinum.

The behaviour of the Li/Li" couple on a Pt electrode in [Campyrr][NTf2] varies from
that observed on the same electrode when THF is used as the solvent where no alloy
formation is seen.!” One suggested explanation for this is that the higher rate of
diffusion of Li* in THF results in faster formation of a thick stable bulk lithium layer
that restricts the access of additional Li* ions to the Pt electrode whereas the slower
diffusion coefficient in [Csmpyrr][NTf,] means that layers of Li are built up more
slowly allowing some of the Li to become incorporated within the Pt electrode and to

form alloys with it.
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Figure 4. 6: Cyclic voltammograms of 0.1 M LiAsFs in [Campyrr][NTf2] on a 10 um diameter Pt electrode at

(a) 298 K, (b) 303 K, (c) 308 K, (d) 313 K and (e) 318 K. Scan rate = 10 mV s,
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4.2.2 Theoretical results

4.2.2.1 Simulation results from deposition on a Ni electrode
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Figure 4. 7: The fit of experimental (-) and simulation (o) data for the cyclic voltammetry experiment using 0.1 M
LiAsFs in [Campyrr][NTf2] on a 50 um diameter Ni electrode at 298 K. Scan rate = 10 mV s

The experimental data presented in Section 4.2.1 for the investigation of Li/Li* on a
nickel microelectrode at a range of temperatures was simulated using the mathematical
model presented in Chapter 1. Figure 4. 7 shows an example of the fit of experimental
and simulation data for the voltammogram recorded at 298 K as shown in Figure 4. 1.
The mathematical model is designed to simulate the bulk deposition and stripping,
however it does not incorporate the process for the initial nucleation of lithium on top
of the Li UPD layers. As a result the model does not cover the start of the bulk
deposition process and it is therefore necessary to start the simulation after this point in

order to not overestimate the amount of lithium deposited. From Figure 4. 7 it can be
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seen that there is a good fit for the rest of the deposition process and for the left hand
side of the stripping peak. However, the simulation stripping process continues for
longer than the experimental peak and this is due to the presence of incomplete
stripping in the experiment that means the stripping peak is not as big as that expected
from the deposition current, while the mathematical model assumes a 100% stripping
efficiency. Accurate electrochemical parameters can still be extracted as all the
experimental information needed is contained in the range between the start of the

reverse scan and the top of the stripping peak.

The electrochemical parameters extracted from the five different temperature
experiments (shown in Figure 4. 1 and Figure 4. 2) are given in Table 4.1. From the
Table it can be seen that the diffusion coefficient (D) and electrochemical rate constant
(k% for the Li/Li* couple increase as the temperature increases from 298 to 318 K.
Changes in D are due to the changes in the viscosity of the liquid as lithium ions can

diffuse more easily as the liquid becomes less viscous at higher temperatures.

Table 4. 1: The electrochemical parameters for the Li/Li* couple in [Camyprr][NTf2] determined from the simulation
for experimental data at various temperatures recorded on a Ni microelectrode.

Temperature | Diffusion Rate constant | Formal potential | Transfer

T/K coefficient | k°/cms? E®X / V vs. | coefficient
D/cm?s? Corrected Fc/Fc* | o
+0.5 10% | +£0.05x10° | +0.01

298 45x 108 1.2 x 10° -3.250 0.63

303 7.0x10°% 1.5x10° -3.200 0.63

308 9.4x 108 1.8 x 10° -3.240 0.63

313 1.1x 107 2.1x10° -3.190 0.63

318 1.2x107 2.2x10° -3.240 0.63
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Figure 4. 8 shows a plot of In(D) versus T and gives an approximate linear relationship
and that suggests the diffusion coefficient of lithium in [Csmpyrr][NTf2] follows an
Arrhenius-type temperature dependency.?’ The diffusional activation energy (Eap) of
Li* in the ionic liquid calculated from the plot gives the value of 37.5 kJ mol™. This
value is slightly higher than the viscocity activation energy (Ea, = 25.1 kJ molt)?®
measured for [Csmpyrr][NTf2] with the difference likely being the result of the very
small size of the lithium ions and hence deviates from classical Stoke-Einstein

behaviour.?
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Figure 4. 8: A plot of In(D) versus 1/T. From the line of best fit, d(In(D)/d(1/T) = 4510 K (R?=
0.93).

A linear relationship is also observed in Figure 4. 9 for In(k%) versus T which then
gives the value of 23.7 kJ mol? for the activation energy for the Li/Li* couple in

[Campyrr][NTT2]. This value is lower than that observed for the same couple with THF
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as the solvent.!” The formal potential does not vary in a consistent way suggesting that
experimental error is larger than any difference due to temperature. In all cases the

transfer coefficient was found to be 0.63.
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Figure 4. 9: A plot of In(k% versus 1/T. From the line of best fit, d(In(k%)/d(1/T) = 2851 K (R? = 0.97).

4.2.2.2 Simulating the deposition on a Pt microelectrode

It is not possible to accurately simulate the data for the bulk deposition and stripping of
lithium when recorded using a Pt electrode as the signal for deposition is due to both the
formation of bulk lithium and the formation of Li-Pt alloys. It is therefore not possible
to gain accurate details about the surface area of bulk lithium exposed to the solution
for stripping or the amount of bulk lithium deposited. It is also difficult the separate out
the process of bulk lithium stripping from the alloy stripping that occurs at only a
slightly higher potential (peak Il in Figure 4. 3). Attempts to model the experimental
data recorded using a platinum electrode would lead to an underestimation of the

electrochemical rate constant and also a difference in the transfer coefficient.
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4.2.3 The Li/Li* couple in a wide range of RTILs at 296 K on Ni

microelectrode

I/ nA

E / V vs Corrected Fe/Fe

Figure 4. 10: The cyclic voltammogram recorded for a 0.1 M LiAsFg in [Cadmim][NTf;] solution on a 50
um diameter Ni electrode. Scan rate = 10 mV-s™.

From the previous results described in Section 4.2.1 and 4.2.2, the nickel electrode is
found to be a suitable electrode to study the electrodeposition and stripping processes
for lithium in the ionic liquid [Campyrr][NTf2]. We then expand our investigation of
Li/Li* couple in a wide range of RTILs. Figure 4. 10 shows an example of the
voltammetry recorded on a clean electrode on the first cycle when the potential window
of the RTIL is wide enough. This cyclic voltammetry was recorded by sweeping the
potential from —-0.2 V to —-3.65 V versus Fc/Fc* and back with a 0.1 M LiAsFs solution
in the RTIL [C4dmim][NTf,] at a scan rate of 10 mV-s™. The small peaks observed on
the forward scan between —2 and —3 V as due to the underpotential deposition (UPD) of

lithium whereas the current recorded below —3.4 V is due to bulk lithium deposition. On
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the reverse scan a sharp stripping peak for bulk lithium is observed at ca. -3.2 V and the

small peaks above this are due to the stripping of the UPD layers.

The potential window of a clean Ni electrode in a blank RTIL solution is smaller than
that when lithium ions are present. This is due to the underpotential deposition of a
lithium monolayer onto the nickel surface which changes the character of the working
electrode. It is therefore not possible to judge whether the potential window of an ionic
liquid is wide enough to study bulk lithium deposition without running a full cyclic

voltammogram with lithium ions present.

Eleven different ionic liquids in addition to [Casmpyrr][NTf.] were used as supporting
electrolytes to perform lithium electrochemistry and a summary of the results is
provided in Table 4. 2. Five different ionic liquids (Table 4. 2) were found to be stable
enough to reach the potential of the bulk Li/Li* process and showed voltammetry with
the same characteristics as shown in Figure 4. 10, however the magnitude of the current
recorded and amount of lithium deposited and stripped varied. Seven other ionic liquids
(Table 4. 2 f-1) seem to be too unsuitable to support lithium electrochemistry as they
tend to breakdown before reaching the deposition and dissolution process of bulk

lithium. Therefore no observable bulk stripping signals can be seen in the voltammetry.
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Table 4. 2: Experimental observations and parameters extracted by simulation for the Li/Li* couple in a range of RTILs at 298 K.

No. | RTIL Viscosity Bulk lithium stripping | Diffusion Rate Formal potential | Transfer
1/(cP) observed? coefficient constant coefficient
D/cmzsl) | K(cm-s?) EFI(V) vs o
£ 01 x 10% +0.05 x 10 corrected Fc/Fc*
+0.01
a | [Campyrr][NTF.] 892 | Yes 45x 1078 1.2x10° -3.250 0.63
b | [Cadmim][NTf] 105% | Yes 5.0 x 108 5.5 x 10° -3.130 0.50
¢ | [N2113][NTF2] - Yes 2.8x 10 1.0 x 10° -3.234 0.50
d | [Ne222][NTF2] 167% | Yes 1.9 x 108 5.0 x 100 -3.158 0.50
e | [Camim][OTf 903! Yes 3.1x10° 1.3 x10° -3.390 0.70
f | [Campyrr][N(CN): - No — UPD only - - - -
]
[Camim][NTH] 3431 No — UPD only - - - -
[P14,6,6,6][FAP] 464323 | No - - _ 3
I | [Capy][NTT] 60 3 No - - - -
j | [Camim][PFe] 371% | No - - - -
K | [Camim][NTf] 52 3t No — UPD only - - - -
|| [N18ss][OTT] - No — UPD only - - - -
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It is noticed however that the underpotential deposition signals can still be observed in
[Campyrr][N(CN)2], [Comim][NTf2], [Camim][NTf] and [N1ggg][OTf]. The ionic
liquids [Camim][PFe] and [P14,66,6][FAP] seem to react with LiAsFs as suggested by the

observation of a color change of the solutions to blue and green respectively.

Table 4. 2 presents the electrochemical parameters for Li/Li* couple at room
temperature in five different ionic liquids extracted from the experimental data using
the mathematical model described in Chapter 1. [Campyrr][NTf2], [Cadmim][NTf],
[N2.113][NTf2], [Ne222][NTf] and [Camim][OTf] all show good electrochemical
responses for Li/Li* and the kinetics are all within a narrow range. The combination of
the [NTf.]" anion with the butylmethylpyrrolidinium cation ([Csmpyrr]™) provides both
a relatively fast rate constant and diffusion coefficient for the Li/Li" couple compared to
other ionic liquids. Other [NTf2] salt families that indicate good performance to support
lithium electrochemistry are quaternary ammonium ([N2113]" and [Ne222]") and
immidazolium ([Csdmim]¥). These types of ionic liquid have been used to study the
lithium system due to their stability upon application of extreme cathodic potentials.*
The differences in the diffusion coefficients may result from the differences in the
viscosities, which have an impact on the transport property of lithium ions to the
electrode surface. However the diffusion coefficient for Li* did not scale with n* as
would be expected from Stokes-Einstein behavior.?® [Csmim][OTf] shows a slightly
slower rate constant and a higher transfer coefficient than any of the [NTf;]" salts
indicating that changing the anion of the ionic liquid can make a difference to the

voltammetry. However, the electrochemical rate constant, k° does not vary over a
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significant range and the slight difference between the various RTILs probably reflects

the slightly altered solvation of the Li".

4.3 Conclusions

The deposition and dissolution of lithium has been investigated using [Campyrr][NTf]
as a supporting electrolyte on nickel and platinum microelectrodes at various
temperatures ranging from 298 to 318 K. A single stripping peak for the Li/Li* couple
was observed on the nickel electrode showing that the bulk deposition of lithium onto
lithium occurs. Thermodynamic and kinetic parameters such as the electrochemical rate
constant (k°), diffusion coefficient (D), formal potential (E«°) and transfer coefficient (o)
have been extracted using computer simulation. When platinum was used as the
working electrode multiple stripping peaks were observed due to the stripping of Li-Pt
alloys. From the various temperature experiments, it is seen that the Li-Pt alloys are
more thermodynamically stable than pure bulk lithium and platinum. In addition, the
Li/Li* couple has been investigated in a range of RTILs. A number of these RTILs
([Campyrr][N(CN)z2], [Comim][NTF2], [Pisee6][FAP], [Capyl[NTF2], [Camim][PFe],
[Csmim][NTf2], [N1ssg][OTf]) were found to break down before the onset of the
deposition and stripping of bulk Li and were therefore not investigated further. For the
RTILs that have potential windows wide enough to observe the bulk deposition and
stripping of lithium ([Campyrr][NTf2], [Cadmim][NTT2], [N2,1,13][NTF2], [Ne2.22][NTF2],
[Camim][OT{f]), mathematical modelling and numerical simulation has been used to
extract kinetic data for the Li/Li* couple. The rate constant, k% for the Li/Li* couple did

not vary significantly when the [NTf.]™ anion was used with a range of cations to form
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the ionic liquid however, a slight changing was observed in the voltammetry when the
anion was changed to [OTf]". The slight differences in the rate constant and transfer
coefficient probably reflect the different solvation of the Li* ions in the different RTILs.

Formal potentials for the Li/Li* couple are also reported.

In the next chapter, the Na/Na" couple in some temperature ionic liquids will be

studied and the result is compared to that Li/Li* couple.
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Chapter 5

The Na/Na* Couple in Room Temperature lonic Liquids

This Chapter focuses on the deposition and stripping processes of sodium in RTILs.
Cyclic voltammetry experiments were conducted using solutions of Na* ions in twelve
different ionic liquids (RTILs) on a nickel microelectrode in order to observe the
deposition and stripping of metallic sodium. In most of the liquids the potential window
was insufficient to observe the formation and removal of bulk sodium, despite the
enlargement of some potential windows in the presence of sodium. However, in the
ionic  liquids  N-butyl-N-methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide
([Campyrr][NTF2]), N-ethyldimethylpropyl-ammonium bis(trifluoromethylsulfonyl)-
imide ([N2,1,13][NTf2]) and N-hexyltriethylammonium bis(trifluoromethylsulfonyl)-
imide ([Ne2,22][NTf2]) the deposition and stripping peaks for the bulk sodium were
observed, allowing simulation of the current-voltage curves and extraction of Kinetic
and thermodynamic data, notably the electrochemical rate constant, k° and the formal
potential, E{, for the Na/Na* couple. Variable temperature measurements also gave
quantitative information on the temperature dependence of Ef, dE®/dT. Diffusion
coefficients for Na* ions in the three RTILs are also reported. All parameters are
compared and contrasted with that of the Li/Li* couple described in Chapter 4,
demonstrating that sodium possesses a more positive Ef° than lithium in the investigated
RTILs, although the difference is markedly less than in solvents such as water or

ammonia.



Chapter 5: The Na/Na* Couple in Room Temperature lonic Liquids

5.1 Introduction

A knowledge of the electrode potentials for redox couples is essential in order to rank
their relative oxidising and reducing behaviour in various solvents.! The alkali metals
are strong reducing agents, and for the majority of systems lithium is seen to be a
significantly more powerful reducing agent than sodium. The values of the standard

electrode potential, E°, in aqueous solution are detailed below.

Li*(aq) + & S Li(s) E°=-3.04 V vs SHE? (5.1)

Na*(aq) + e S Na(s) E°=-2.71V vs SHE® (5.2)

A smaller difference has been observed in the solvent propylene carbonate* and

dimethyl sulfoxide®, whilst in liquid ammonia the difference increases to ca. 0.45 V.5

Room temperature ionic liquids (RTILs), which are comprised mainly of ions, are
promising media for the deposition and stripping process for active metals such as
lithium and sodium. Their intrinsic electrical conductivity means that no supporting
electrolytes are needed in the system and less molecules involved in the solvation
process of the species of interest. In addition, their chemical stability as well as their
relatively wide potential windows makes the electrodeposition of many active metals
possible.” The deposition and stripping process of lithium and sodium in
chloroaluminate-based ionic liquids has been reported.2 Interestingly, in these
solvents the Na/Na* couple has been observed to have a slightly more negative E° value

than the Li/Li* couple.®©
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In Chapter 4 the Li/Li* couple in various room temperature ionic liquids and shown that
cyclic voltammetry can be used to observe the deposition and stripping of bulk
lithium.*+*2 Simulation of the measured current-voltage curves allows the extraction of
the formal potential (E) of the couple as well as the electrode kinetic parameters,

namely the electrochemical rate constant (k°) and the transfer coefficient (o) (1.2

In haloaluminate melts,®° the formal potential of sodium has been reported to be
slightly more negative than that of lithium. We are unaware of any previous reports of
the observation of E° or Ef for sodium in non-haloaluminate ionic liquids. Given the
lack of previous investigation into such fundamental parameters in RTILs, it is of
interest to investigate how the difference in thermodynamic reducing power between
sodium and lithium in RTILs compares to that seen in water, haloaluminates and other
solvents. Accordingly in this chapter we examine the voltammetry of dissolved Na*
cations in a variety of RTILs, some of which allow observation of the deposition and
stripping of bulk sodium. Nickel was chosen was the electrode material, as unlike
conventional metals such as platinum, extensive alloy formation with Group 1 metals in
not expected thus facilitating thorough analysis of the Na/Na* electrochemical

parameters.

Analysis of the voltammetry has allowed us to reference the formal potential (E°) of the
Na/Na" couple to the formal potential of the ferrocene | ferrocenium, added as an
internal reference. Comparison with our previous results demonstrates that sodium
approaches lithium in its thermodynamic reducing power in RTILS, decreasing the gap
observed between the two in aqueous solution, although sodium still possesses a

relatively more positive formal potential than that of lithium. Temperature studies are
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also described. Data relating to the electrode kinetics of the Na/Na" couple and the

diffusion coefficient of Na* in various RTILs are reported in this Chapter.

5.2 Results and Discussion

5.2.1 Qualitative experiments

Cyclic voltammetry experiments were carried out by comparing the scans for four ILs
([Camim][NTf2], [Camim][OTf], [Cadmim][NTf,] and [Csmpyrr][NTf2]) containing
only 10 mM ferrocene as an internal reference, versus the same solutions containing 0.1
M Na[NTf,]. These results are displayed in Figure 5. 1. The reversible signal due to the
deposition and stripping processes of sodium can clearly be observed in the aprotic
ionic liquid [Campyrr][NTf,] (Figure 5. 1a), which also has a significantly wider
potential window than the other ionic liquids. This ionic liquid is also found to be

suitable enough to support the Li/Li* couple as described previously.!?

The imidazolium-based IL [C4dmim][NTf,] has the second widest cathodic limit, due to
the absence of the relatively acidic C-2 imidazolium proton, while [Csmim][NTf.] and
[Csmim][OTf] possess the smallest cathodic limits, presumably due to preferential
reduction of the C-2 proton.’* The reduction of sodium can be observed in the ILs
[Camim][NTf2] and [C4dmim][NTT,], although it overlaps with reduction of the IL such

that the reversible stripping of sodium cannot be observed in these ILs.
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Figure 5. 1: Cyclic voltammograms of the sodium-free ionic liquid (dotted line) and the ionic liquid
containing 0.1 M Na[NTf_] (solid line) for (a) [Campyrr][NTf], (b) [Cadmim][NTf], (c) [Camim][NTf,]
and (d) [Camim][OTH]. All recorded at a 50 um diameter Ni electrode at 296 K. Scan rate = 10 mV s™.

Interestingly, both  cyclic voltammograms for sodium-free [C4dmim][NTf,] and
sodium-free [Camim][NTf2] suggest that the electrochemical window is insufficient to
support the reduction of sodium, reduction of the IL occurring several hundreds of
millivolts in the sodium-free ILs prior to reduction observed in the presence of 0.1 M
Na[NTfz]. This is clearly observed for [C4sdmim][NTf.] (Figure 5. 1b), and can be
observed at the low current density regions of [Camim][NTf.] (Figure 5. 1c). While the
figures appear to show a more significant difference between sodium-free and sodium-

containing solutions for [C4sdmim][NTf2], this is solely due to the displayed current

91



Chapter 5: The Na/Na* Couple in Room Temperature lonic Liquids

(please note y-axis). If the current density was increased, [Cadmim][NTf2] displayed a
larger electrochemical window, and the displayed figures are a consequence of
[C4dmim][NTf,] depositing significantly less sodium than [Camim][NTf]. It should be
noted that all values have been referenced to the formal potential of the Fc/Fc* couple,
as described in the experimental section. Therefore these observations are not due to

shifting in the reference electrode.

Similar behaviour has been previously observed by Johnson et al. for solutions of
[C2mim]Cl in acetonitrile.”® Addition of LiCl extended the reductive electrochemical
window, with deposition of a layer of lithium being attributed to the stretch of the

solvent electrochemical window.*®

In the presence of sodium, [Csmim][OTf] displays a reduction starting at a more
positive potential than that of the breakdown of the IL itself. However, the
voltammogram implies that in the presence of sodium a complicated process occurs at
the electrode surface, encompassing sodium reduction overlapped with concurrent
electrochemical reduction or chemical oxidation of the IL. It is quite interesting that the
reversible signal for Na/Na™ is not observed in [C4dmim][NTf;] and [Csmim][OTf]. In
our previous report,*? both ionic liquids were found to be stable enough to support the
clear, reversible deposition and stripping of bulk lithium. These results suggest that the
ionic liquids [C4admim][NTf2], [Camim][NTf.] and [Csmim][OTf] are less suitable for

the reduction of sodium, relative to the reduction of lithium.
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5.2.2 The Na/Na* couple in a wide range of room temperature ionic

liquids at 296 K

The deposition and dissolution of the Na/Na® couple was investigated in twelve
different ionic liquids using a Ni microelectrode (50 um diameter). The twelve ionic
liquids are listed and the observations are summarised in Table 5. 1. Three aprotic ionic
liquids [Campyrr][NTf2], [N2,113][NTf2] and [Ne222][NTf2] were found to support bulk
deposition of sodium as indicated by reversible deposition/stripping signals for sodium
in the voltammogram, as shown in Figure 5. 2a-c. In contrast, these signals were not
seen in the nine other ionic liquids as they underwent breakdown before the bulk
deposition of sodium. In the case of [Cadmim][NTf] and [Csmim][NTf] the
breakdown of the ionic liquid overlapped with the deposition of sodium. However, in
several ionic liquids such as [Csdmim][NTf2], [Comim][NTf;], [Casmim][BF4],
[Campyrr][N(CN)2] and [N1ggg][OTf] the underpotential deposition of sodium was
observed (discussed later). In addition [Pses6,14][FAP], which is known to have an
extremely large electrochemical window,'® could not be investigated due to the

extremely low solubility of the Na[NTf] salt in this ionic liquid.

Figure 5.2 shows the cyclic voltammograms for 0.1 M Na[NTf2] in [Campyrr][NTf.],
[N2,1,13][NTf2] and [Ne222][NTf2] on a clean Ni microelectrode. The CVs are shown
from 0 to -3.4 V (versus the corrected Fc/Fc* internal reference couple) and recorded at
a scan rate of 10 mV s and 296 K. All voltammograms show similar characteristics
which include underpotential as well as bulk sodium deposition/stripping processes.

The primary differences were in the magnitude of the current recorded, which correlates
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to different amounts of sodium being deposited and stripped on the timescale of the

scan.

Table 5. 1: Experimental observations for the Na/Na* couple in a range of room temperature ionic liquids
(RTILS) at 296 K.

No. | RTIL Viscosity Bulk sodium
1/(mPa-s) stripping
(T=298 K) observed?

a [Campyrr][NTF] 89%’ Yes

b [N2,1.13][NTF] - Yes

c [N6222][NTf2] 167 Yes

d [Cadmim][NTf] 105%7 No — UPD® only

e [Camim][OTf] 90%° No

f [Campyrf][N(CN)2] | - No — UPDP only

g [Comim][NTf] 3419 No — UPD® only

h [P14.6.66][FAP] 4646 No

i [Capy][NTT] 6020 No

j [Camim][BF4] - No — UPD® only

K [Camim][NTT] 5219 No

[ [N1ggg][OTf] - No — UPDP® only

On the forward scan in all three RTILs displayed clear underpotential deposition (UPD)
peaks before the main bulk deposition of sodium occurred. Two clear UPD peaks (at -
2.10 and -2.19 V) and one broad feature (at ca. -2.65 V) were observed in
[Campyrr][NTT]. In the ionic liquids [N2,1,1,3][NTf2] and [Ne222][NTf2] only two UPD
peaks were observed at relatively the same potential at -2.30 and ca. -2.60 V, the latter

being a broad feature.
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Figure 5. 2: Cyclic voltammograms of 0.1 M Na[NTf,] in (a) [Campyrr][NTf2], (b) [N21,13][NTf2] and
(€) [Ne,2.22][NTF] on a 50 um diameter Ni electrode at 296 K Scan rate = 10 mV s,

In all three ionic liquids, bulk sodium deposition was observed as a peak at ca. -3.2 V.
As the scan was reversed to the positive direction, a characteristic ‘nucleation loop’
(where backward and forward currents cross over) was observed in the bulk deposition
region before the stripping of bulk sodium took place. This is consistent with sodium on
sodium deposition continuing even after the scan is reversed. The sharp oxidation peak
at ca. -3.0 V corresponds to the stripping of sodium from the electrode surface while the
appearance of the other three small peaks at ca. -1.9, -1.5 and -1.2 V are attributed to
electrochemical dissolution of the UPD layers. The reversible deposition and
dissolution of sodium has also been observed in the buffered haloaluminate system 1-

methyl-3-ethylimidazolium chloride/aluminium chloride ([C2mim][CI]/AICI3) on
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platinum and tungsten electrodes. However, the UPD signals were not observed in these

systems.?

Integrating the charge passed during the stripping process for the voltamograms in
Figure 5. 2a-c gives the value of 2.8 x 107 C, 2.4 x 107 C, and 1.7 x 107 C for
[Campyrr][NTF2], [N2113][NTf] and [Ne222][NTF2], respectively. These values
correspond to approximately 96, 81 and 57 layers of sodium, demonstrating that all
systems deposit and strip bulk sodium. In addition, the stripping efficiency, calculated
from the ratio between the charge passed during deposition and stripping in Figure 5. 2,
are less than a hundred percent in all cases. The highest first cycle stripping efficiency
Is given by the system in [Csmpyrr][NTf2] with a value of 75%, with the more viscous
ionic liquid [Ne222][NTf2] depositing the least and showing the least stripping
efficiency at 57%. Incomplete stripping of bulk sodium has also been observed in
buffered  1-methyl-3-ethylimidazolium  chloride and  aluminium  chloride

([C2mim][CIJ/AICI3) systems.?%23

Various mechanisms have been proposed for incomplete stripping processes at reactive
metal deposits.?® One possibility is the electrochemical or chemical reaction of trace
contaminants that are not observed on the Ni surface but can occur at Na. Another
concerns the overpotential required to nucleate Na on the Ni surface, which shifts the
deposition peak towards the RTIL breakdown potential (c.f. complete lack of
reversibility for [Camim][NTf,] and [C4dmim][NTf.] due to encroachment of the
electrochemical window in Figure 5. 1) This results in additional reduction processes
occurring, with the effect of this on the stripping efficiency being proportional to the

applied charge density, scan rate and cathodic vertex potential, and as such can be
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optimised. The three RTILs are similar in terms of chemical functionality, although the
stripping results demonstrate that [Csmpyrr][NTf,] gave the highest stripping
efficiency, which coincides with [Campyrr][NTf.] also possessing the largest cathodic

electrochemical window.®

5.2.3 Simulation of the Na/Na® couple in a wide range of room

temperature ionic liquids at 296 K

The CVs for 0.1 M Na[NTf2] in the three suitable ionic liquids shown in Figure 5. 2
depict similar characteristics to CVs recorded for 0.1 M Li[AsFs] in the same ionic
liquids.'>'? This opens the possibility for the Na/Na* couple to be simulated using the
same mathematical model previously used to simulate the Li/Li*.** Figure 5.3 displays
overlays for experimental and simulation data for all voltammograms shown in Figure
5.2. The simulation starts from a region after the initial bulk deposition occurred
onwards, because the model incorporates neither the UPD nor the initial nucleation
processes. This results in an overestimation of the amount of sodium deposited at peak
potential. It also results in larger stripping peaks as the model assumes 100 % stripping
efficiency. However, electrochemical parameters can still be extracted from the
voltammograms since all the desired information in the voltammogram is contained in
the range between the start of the reverse scan (the most anodic data point) and the start
of the stripping peak. It can be observed that for all voltammograms very good fits were

observed between the experimental and simulation results in this critical region.
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Figure 5. 3: The fit of experimental (-) and simulation (0) data for the cyclic voltammetry experiment
using 0.1 M Na[NTTf] in (a) [Campyrr][NTf.], (b) [N2,113][NTF.] and (c) [Ne222][NTf2] ona 50 um
diameter Ni electrode at 296 K Scan rate = 10 mV s™.

5.2.4 Comparison of kinetic and thermodynamic paremeters with that

a Li/Li" couple

The electrochemical parameters such as diffusion coefficient (D), electrochemical rate
constant (k%), formal potential (E«°) and transfer coefficient () of the Na/Na* couple in
[Campyrr][NTT2], [N2,1,1,3][NTf2] and [Ne222][NTF2] extracted from the experimental
data using the mathematical model are presented in Table 5. 2. The table also displayed

the parameters for the Li/Li* as previously reported.!
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The E{ values are in the range between ca. -3.04 V and -3.09 V. Comparison with the
E«° values for the Li/Li* couple in [Campyrr][NTf,] (ca. -3.26 V),!! which indicates that
in the investigated RTILs sodium approaches lithium in terms of oxidising power. This
contrasts with the larger difference observed in aqueous solution, and approaches the
trends observed in conventional aprotic media. The shift of the E{ of the Na/Na* couple
to a value more negative than that of the Li/Li* couple, as reported in haloaluminate

ILs,31% was not observed in the investigated RTILS.

Table 5. 2: The electrochemical parameters for the Na/Na* and Li/Li* couples in [Camyprr][NTf],
[N2113][NTf;] and [Ne222][NTf,] determined from the simulation for experimental data at 296 K
recorded on a Ni microelectrode.

System | RTIL Diffusion Rate Formal Transfer
coefficient | constant potential coefficient
8 51,0 ol
%)(3 - 10° k”/(cm-s™) EQ/(V vs | @l
(cm®-s7) Corrected
Fc/Fc*)
[Campyrr][NTF,] | 7.8+ 0.4 1.15+£0.06 -3.066 + 0.003 | 0.63 +0.02
Na/Na* | [N2113][NTF2] 7.3+£0.2 1.12£0.05 -3.044 £ 0.002 | 0.57 +0.03
[Ne.2,22][NTT2] 50£0.2 0.69 + 0.04 -3.093 £ 0.005 | 0.47 +0.02
[Campyrr][NTF2] | 45+0.1 1.20£0.05 -3.250 £ 0.010 | 0.63 +0.01
Li/Li* | [N2113][NTF2] 28+0.1 1.00 £ 0.05 -3.234 +0.010 | 0.50+0.01
[Ne.2,22][NTT2] 1.9+0.1 5.00 £ 0.05 -3.158 + 0.010 | 0.50 +0.01

The trend in the diffusion coefficients is consistent with the trend in viscosities of the
pure RTILs. Since the same concentration of Na[NTf2] was applied to all systems, it is
assumed that the trend in viscosity of the ionic liquids containing 0.1 M Na[NTf;]
would match the trend in viscosities of the pure ionic liquids as reported at room
temperature in Table 5. 1. This means that the viscosity of [N 222][NTf.] containing
0.1 M Na[NTf;] is still relatively higher than that of [Campyrr][NTf.] containing 0.1 M

Na[NTf.]. At higher viscosity, the sodium ions diffuse more slowly and this results in
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less material being deposited on the electrode surface. From the calculation, it is found
that approximately 21 % more material was deposited on the time scale of the scan in
[Campyrr][NTf2] compared to that in [Ne222][NTf2]. The diffusion coefficient of
sodium ions are also found to be higher compared to the diffusion coefficient of lithium
ion in all three ionic liquids.'? This is consistent with the fact that the sodium ion might
be expected to have less electrostatic interaction with the [NTf,] anion compared to
that for the lithium ion, due to sodium’s relatively larger radius. As a consequence, the
sodium ions are less solvated and more readily move from one [NTf.]-solvated form to
another in order to reach the electrode surface. Higher diffusivity of sodium ions
compared to that of lithium ions has also been observed in chloroaluminate-based ionic

liquid?* as well as in aqueous solution.?

5.2.5 The Na/Na* couple in [Campyrr][NTT;] at different temperatures

Based on the fact that the Na/Na® couple performed well in the ionic liquid
[Campyrr][NTT2] in terms of relatively higher stripping efficiency, we then focused on
this ionic liquid to further study the sodium electrochemistry at different temperatures.
Figure 5. 4 shows the voltammograms of 0.1 M Na[NTf;] in [Campyrr][NTf,] at a Ni
microelectrode recorded between 296 and 318 K and at 10 mV s™. All voltammograms
show the same general characteristic, including the UPD processes, a bulk deposition, a
single sharp stripping peak, and a nucleation loop. The deposition current maximum as
well as stripping currents increased as the temperature increased. This is attributed to
the corresponding change in the viscosity of the solution, which decreases at higher
temperatures lead to an increase in the diffusivity of Na* in [Campyrr][NTf]. The

stripping efficiency varied between 56% and 75%.
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Figure 5. 4: Cyclic voltammograms of 0.1 M Na[NTf;] in [Campyrr][NTf,] on a 50 um diameter Ni
electrode at (a) 300 K, (b) 303 K, (c) 308 K, (d) 313 K and (e) 318 K. Scan rate = 10 mV s,
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5.2.6 Simulation of the Na/Na* couple in [Campyrr][NTf.] at different

temperatures
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Figure 5. 5: A plot of In(D) versus 1/T. From the line of best fit, d(In(D)/d(1/T) = 3210 K (R = 0.965).

All voltammograms shown in Figure 5. 4 were simulated using the mathematical model

described in the theory section. The experimental and simulation results display good

fits, barring the typical discrepancies already discussed in Section 5.2.3. The extracted

parameters are presented in Table 5. 3.

Table 5. 3: The electrochemical parameters for the Na/Na* couple in [Camyprr][NTf.] determined from
the simulation for experimental data at various temperatures recorded on a Ni microelectrode.

Temperature | Diffusion Rate constant | Formal potential Transfer
T/K coefficient 10%°/emst |E®  / V  vs. | coefficient
10’'D/ cm? st Corrected Fc/Fc* | o

296 0.78 + 0.04 1.15+0.06 -3.066 + 0.004 0.635 + 0.024
300 0.96 + 0.03 1.48 £0.09 -3.034 £ 0.003 0.572 £ 0.019
303 1.10+0.04 1.66 + 0.05 -3.037 £ 0.005 0.640 £ 0.016
308 1.49 £0.03 2.18 £ 0.06 -3.043 £ 0.002 0.615 £ 0.019
313 1.59+£0.02 2.45 +0.08 -3.051 + 0.004 0.590 + 0.016
318 1.79 £ 0.02 2.53 £ 0.07 -3.068 + 0.004 0.637 £ 0.022
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From the table it can be seen that the diffusion coefficient (D) and electrochemical rate
constant (k°) of the Na/Na* couple increase as the temperature increases from 298 to
318 K. The increase in D is due to the decrease in the viscosity of the ionic liquids. The
plot of In(D) against T in Figure 5. 5 gives an approximate linearity, suggesting that an
Arrhenius-type temperature dependency is followed. From the plot, the diffusional
activation energy of Na" in [Csmpyrr][NTf2] can be calculated and gives the value of
26.7 + 1.6 kJ mol™. This value is close to the viscosity activation energy (Ea, = 25.1
kJ mol™*0" measured for [Csmpyrr][NTf2] and suggests that classical Stoke-Einstein

behaviour is obeyed.?®
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Figure 5. 6: A plot of In(k% versus 1/T. From the line of best fit, d(In(k®/d(1/T) = 3320 K (R = 0.960).

A linear relationship is also observed in Figure 5. 6 for In(k% versus T, which gives
the value of 27.6 + 3.2 kJ mol™ for the activation energy for the Na/Na* couple in
[Campyrr][NTf.]. This value is slighty higher compared to that for Li/Li* (23.7 kJ mol’

112 in the same ionic liquid. Figure 5.7 shows the formal potential, E{° (versus Fc/Fc*),
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extracted from the simulation against temperature. It can be seen that there is an
approximate linear relationship between Ef and T which gives the temperature
dependency of E?, dE//dT, as -1.7 (+ 0.3) mV K. This temperature dependence is
almost double than that for the Li*/Li couple in THF.?” The change in entropy for the
deposition of solid sodium metal from solvated sodium ions (Equation 5.2) relative to

the Fc/Fc* couple can then be calculated using Equation 5.3 which gives a value of -164

+29 J moltK?,
. dE?
AS® =F—" (5.3)
dT

The transfer coefficient () for the Li/Li* couple was previously found to be ca. 0.63

over a range of temperatures, while the average for the Na/Na* couple gave an a close

3.024 -
30314
3,038 ) '
2045 ] —

-3.052- i, +

-3.059

E’/V vs Fe/Fc'

/

-3.066

-3.073 -

295 300 305 310 315 320
1/K
to ca. 0.61.

Figure 5. 7: A plot of E€ versus T . From the line of best fit, dE/dT = -1.7 x 10 V K (R = 0.969).
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5.3 Conclusions

The deposition and dissolution of sodium has been investigated in a wide range of ionic
liquids using a Ni microelectrode. Three different ionic liquids ([Campyrr][NTf],
[N21.13][NTf2] and [Ne222][NTf.]) were found to support observation of a reversible
Na/Na* couple, as indicated by a single stripping peak following bulk deposition of
sodium. The electrochemical parameters such as diffusion coefficient (D),
electrochemical rate constant (k°), formal potential (E«°) and transfer coefficient (o) for
the Na/Na® couple observed in those ionic liquids have been extracted following
computer simulation of the experimental results. The deposition and dissolution of
sodium has been further studied in [Campyrr][NTf] to reveal the diffusional activation

energy (Eap), activation energy (Ea), dE*/dT and AS° for the Na/Na* couple.

In the next chapter, the deposition and stripping processes of rest members of the Alkali
Group | metals (excluding Fr) in an ionic liquid N-butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([Csmpyrr][NTf2]) are discussed. The electrode
potential of The Group in the ionic liquid is also presented and compared to that in

other solvents.
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Chapter 6

The K/K*, Rb/Rb* and Cs/Cs"™ Couples in N-butyl-N-methyl-
pyrrolidinium bis(trifluoromethylsulfonyl)imide

([Campyrr][NTT,])

This Chapter presents a continuation study of the redox couples M/M* (K/K* , Rb/Rb* and
Cs/Cs") of the Group | alkali metals in ionic liquid. Cyclic voltammetric experiments in
the ionic liquid N-butyl-N-methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide
([Campyrr][NTf2]) and subsequent simulation of the data has allowed the determination of
the formal potential (E% vs. ferrocene/ferrocenium), standard electrochemical rate constant
(k% and transfer coefficient (o) for each couple in the Group. The diffusion coefficients
(D) of the M* cation have also been estimated. The observed trends in Ef in
[Campyrr][NTT.] are remarkably similar to the established trends in the common battery

electrolyte, propylene carbonate.
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6.1 Introduction

The Group | alkali metals, consisting of Lithium (Li), Sodium (Na), Potassium (K),
Rubidium (Rb), Caesium (Cs) and Francium (Fr) are all extremely strong reducing agents,
although their relative reducing ability depends upon which solvents they are in contact
with. Their electrochemistry is of importance to a number of areas, most notably with

respect to batteries and energy storage.'-2

lonic liquids (ILs) generally possess extremely low volatility and inherent conductivity,
and can possess good chemical robustness, non-flammability (with respect to common
organic solvents) and wide electrochemical windows, amongst other desirable
properties.®>* The IL N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
([Campyrr][NTf2]), possessing the above said properties, has allowed us the investigate the
electrochemical redox properties of the first five Group | metals in a non-haloaluminate IL
for the first time; by necessity the radioactive and extremely rare Francium had to be

excluded.

In the previous chapters, we have discussed in-depth studies on the behaviour of the Li/Li*
(Chapter 4) >® and Na/Na*(Chapter 5) ‘redox couple in a range of ILs at Platinum (Pt) and
Nickel (Ni) microelectrodes. No evidence of alloy formation between the Group | metals
and Ni was observed, while [Campyrr][NTf.] gave the most defined metal deposition and

stripping processes, allowing accurate determination of fundamental parameters such as

0
Ef, k® and «. In this Chapter we complete the Group | series by investigating the K/K*,
Rb/Rb* and Cs/Cs" redox couples in [Campyrr][NTf2] at a Ni microelectrode. By focussing
attention upon the reverse sweep of the CV, when the microelectrode has been

electrodeposited with the Group | metal, the system behaves as an M/M™ half-cell, yielding
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fundamental values that have been accurately referenced with respect to

ferrocene/ferrocenium.

6.2 Results and Discussion

6.2.1 Voltammetric Results

12() nA

)
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| ] | ] |
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Figure 6. 1: Cyclic voltammograms recorded for a 0.1 M solution of the relevant metal-[NTf.] salt in
[Campyrr][NTf,] at a 50 um diameter Ni electrode. Scan rate = 10 mV s,

Figure 6. 1 displays a comparison of CVs for all five Group | Alkali metals, recorded for
0.1 M of the relevant metals [NTf,]-salt dissolved in [Campyrr][NTf,] and recorded at 10
mV s at a Ni microelectrode. Underpotential deposition (UPD) processes®’ were

observed for all five Group | metals in the region of -2.0 to -3.0 V, and can be observed
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most clearly in Figure 6. 1 for Li*. Relatively sharp reduction profiles were observed for
all metals at potentials more negative than -3.0 V, consistent with an overpotential being
required for the initial nucleation of the Group | metal to occur on Ni, followed by the
rapid deposition of metal-on-metal. The local concentration of the metal ion is therefore
depleted, and in the case of Li*, Na" and K" this leads to a characteristic peak shape
corresponding to a mass transport controlled region.® All scans also possess characteristic
nucleation loops (where backward and forward currents cross over), as on the reverse scan
Group | metal is still being deposited on Group | metal at potentials positive to that
required for the initial nucleation of the metal on Ni. In the case of Rb™ and Cs*, the
reduction potentials for these metals were significantly more negative than that of Li*, Na*
and K™, such that nucleation occurred only a few millivolts prior the reduction process of
[Campyrr][NTT2]. Therefore the scan had to be reversed shortly after nucleation, and a
considerable amount of metal was instead deposited on the reverse scan (direction of the
scan indicated by arrows in the Figure). The charge passed under the reduction process can
be used to quantify the amount of alkali metal reduced at the electrode surface. Assuming
the metal is deposited as layers with the same geometric area as that of the Ni
microelectrode, the reduction charge calculated for the bulk reduction peak in the
voltammograms in Figure 6. 1 indicates that approximately 63, 96, 34, 33 and 68 layers of
Li, Na, K, Rb and Cs were deposited, demonstrating that all systems deposit bulk metal on

the Ni electrode.

All systems also display sharp oxidation peaks which correspond to the stripping off of
metal from the electrode surface. Therefore, the CV response after the bulk deposition
peak and prior to the bulk stripping peak (e.g. where the CV crosses over the x-axis,

corresponding to zero net current being passed) corresponds to the system behaving as an
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M/M™ interface, as opposed to Ni/M*. The response of the system in this region is
therefore a feature of the fundamental parameters of the M/M* couple in the IL. The CVs

were simulated as described below in order to quantify the parameters.

6.2.2 Simulation Results
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Figure 6. 2: The best fit of experimental (-) and simulation (O) data for the CV of 0.1 M (a) K[NTf_], (b)
Rb[NTf;], and (c) CS[NTf,] in [Campyrr][NTf.] on 50 um diameter Ni electrode. Scan rate = 10 mV-s™.

The details of the simulation were explained in Chapter 1. Full details of the development
of the simulation model,® as well as its application to experimental results have been
previously demonstrated.> "% The simulation model was applied to the K/K*, Rb/Rb*

and Cs/Cs* systems in order to extract the fundamental electrochemical parameters of the
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couples. Figure 6. 2 (a-c) display overlays of the experimental results as well as best fits
for the simulations for K/K*, Rb/Rb* and Cs/Cs", respectively. The simulation of the

Li/Li* ® and Na/Na* 7 systems has been reported in Chapter 4 and Chapter 5 respectively.

The simulation can be split into three areas; the Alkali metal deposition peak, the Alkali
metal stripping peak, and the region of zero current in between the two processes. The
simulated alkali metal ion deposition peaks do not precisely match the experimental
results, as shown in Figure 6. 2 (a-c). This is because the simulated results do not take into
account the nucleation process, replication of which is not required for an investigation of
solely M/M* parameters. The simulation was started in the region where initial nucleation
was observed to occur in the experimental results. The physical parameters were put into
the simulations, and the amount of metal deposited was solved. By varying the parameters
a good fit could be achieved on the reverse scan, which also resulted in the simulation
generating the appropriate concentration gradient for M* extending out from the electrode
surface required for a good fit during the zero current cross-over region (occurring ca. 30 s

after deposition is started).

As the shape of the reduction peak after the initial nucleation process is mass transfer
controlled, it is also extremely sensitive to the diffusion coefficient, D, of the ion M*.
Fitting to the experimental reduction process for K* (as shown in Figure 6. 2a) was used
to accurately determine D. The D for Li* ® and Na* 7 have been previously reported.
However, since clear mass transfer controlled regions could not be observed in the case of
Rb/Rb* and Cs/Cs*, the diffusion coefficient could not be independently determined. The
D values for Li*, Na* and K* were found to be linear with respect to 1/r, where r is the

radius of the ion. This allowed us to extrapolate the trend and estimate D values for Rb*

113



Chapter 6: The K/K*, Rb/Rb* and Cs/Cs* Couples In [Campyrr][NTf;]

and Cs* based upon their known r values. These estimated D values were found to work

well in the subsequent simulations.

For all of the metals the simulation displays stripping peaks significantly higher than that
of the experimental result, as the simulation assumes 100 % stripping efficiency. However,
the foot of the stripping peak fitted well in all cases, indicating that during the reverse scan
bulk Alkali metal was present on the surface of the electrode. Therefore, in the potentials
between bulk deposition and bulk stripping, the electrode is behaving as an Alkali metal
electrode, M, in contact with a precisely defined local concentration of its ion, M*. The
current in the crossover region area (ca. £100 mV from the x-axis crossover potential) is a
function of both oxidation and reduction processes occurring appreciably at the M/M*
interface, as defined by Butler-Volmer kinetics and is therefore sufficiently sensitive to
Ef°, a and k° for these values to be determined accurately by focussing on the simulation of
this region. The values of E?, « and k° were therefore varied until the best fit was obtained
between simulation and experimental results for the tail end of metal deposition, the
crossover region and the foot of the oxidation peak. The good fit obtained between

experimental and simulation data is clearly observed in Figure 6. 2 (a-c).

Table 6. 1 presents the electrochemical parameters which include diffusion coefficient (D),
electrochemical rate constant (k%), formal potential (Er °), and transfer coefficient (o)
required for the best fits shown in Figure 6. 2. The data for the Li/Li* > and Na/Na* ’ redox

couples are those reported previously.

From the Table the increase in diffusion coefficient (D) down the group can clearly be

observed for Li*, Na*, and K*. It should be recalled that D was estimated for Rb* and Cs*.
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Similar trends down Group | have previously been observed in aqueous*?*® and methanol
solutions.’* The electrochemical rate constant (k% was also found to decrease slightly
down the Group. The transfer coefficients are all above 0.5 implying a late transition state,
presumably due to the M* ion being largely desolvated. The formal potential (Ef°) displays
a similar trend to that reported for a variety of other solvents (discussed below). In this
Table E{ is reported vs. Fc/Fc*, where the formal potential of Fc/Fc* has been carefully
corrected with respect to the discrepancies in diffusion coefficients that can arise between

redox couples in ILs,*® and this correction method has been described previously.’

Table 6. 1: The electrochemical parameters for the Alkali metal redox couples in [Csmyprr][NTf;], extracted
by simulation of the experimental data, where D is the Diffusion coefficient, k° is the standard
electrochemical rate constants, E{ is the formal potential,  is the transfer coefficient and AGP%y is the Gibbs
energy of solvation in H2O or [Camyprr][NTT;].

10°k°/ Ef/ (V vs. AG oiv(H O)/ AG 1L VS
M/M* | 108D/ (cm?-s?) (cm-s?) Corrected o S /FC+7O(\12J )moi'l)
Fc/Fc?) (kJ mol™)
Li/Li*# 45x0.1 1.20£0.05 | -3.250 £0.010 0.63+0.01 -509 -336 £ 10
Na/Na** 78+£04 1.15+£0.06 | -3.066 +0.003 0.63+£0.02 -409 -278 £ 10
K/K* 10.2+£05 0.3+0.05 -3.359 + 0.005 0.80 £ 0.05 -335 -157 £ 10
Rb/Rb* 109+058 0.3+0.04 -3.367 £ 0.003 0.75+0.05 -314 -132+£10
Cs/Cs* 11.5+058 0.2 +0.05 -3.472 £ 0.003 0.75+0.05 -283 -86 £ 10

¥ The data for Li/Li* and Na/Na* are taken from references [5] and [7], respectively

§ D values estimated from a plot of Li*, Na* and K* D values vs. 1/r. where r is the ionic radii
® AGolv,0) Values from reference [21]

The trend in formal potential of the metal redox couples has been reported for a number of
solvents.'® However, quantitative comparison is made difficult by the lack of a rigorous
reference potential for ILs.***>! While extensive work aimed primarily at Lithium and
energy storage applications has been reported in ILs*®%°, few quantitative values have been
published that can be compared with. Wilkes et al. carried out a study aimed at the

reduction potentials of the Alkali metals in a neutral, buffered [Comim]CI:AlICIz melt,
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although this was limited to the reduction potentials for amalgam formation at a Hg-film
electrode, due to the electrochemical window of the melt not supporting deposition of the

pure metal.?
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Figure 6. 3: The plot of alkali metal redox couple formal potential relative to the Li/Li* couple in (A) 60%
DMSO0/40% H,0 (V) DMSO, (O) H20, (X) DMF, (<) propylene carbonate, (®) [Campyrr][NTf,] (this
work) and ( A) neutral, buffered [Csmim]Cl:AICI3 melt, at a Hg film electrode (from reference [?%]). All
values with hollow symbols taken from reference [€].

Figure 6. 3 displays a comparison of the trends in E{ for the Group | metals relative to the
E: ? of the Li/Li* couple in the same medium. It can be observed that the trend in formal
potential in H,O, DMSO and DMF,*® going from most positive to negative, is Na > K >
Rb > Cs > Li. In the case of amalgam formation potentials in [Comim]CI:AICI3,? the
trend goes down the group, such that Li > Na > K > Rb > Cs. In [Campyrr][NTf;] the
trend in Ef displays a remarkable similarity to propylene carbonate, with Na > Li > K =

Rb > Cs.

The trend in solvation energy can be estimated by using the obtained Ef values. A Born-

Haber cycle can be used to calculate the Gibbs energy of solvation, AG%q, by comparison
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with the known values for the Gibbs energy of ionisation and sublimation, as well as the
single-electrode reduction potential.?* Lacking a reliable single-electrode reference
potential for [Casmpyrr][NTf,], as well as knowledge of activity coefficients in the IL
environment, the relative solvation energies can nevertheless be estimated vs. Fc/Fc*™ by
using the obtained Ef° vs. Fc/Fc* values for the Alkali metals and assuming Ef = E°. Table
6. 1 displays the calculated AGoiv) vs. Fc/Fc* for the metals in [Campyrr][NTf2], as well

as the literature values for AG%on,0) @s comparison. Figure 6. 4 displays a plot of
AG%oiv(i) Vs. FC/Fc™ against AGCsolvH,0), Which indicates that the smaller ions are the most

strongly solvated in both systems. A line of best linear fit has been included in order to
guide the eye. However, it should be noted that a perfect linear fit would not be expected

unless solvation behaviour is identical for the Group 1 ions in both H>O and

[Campyrr][NTF].
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Figure 6. 4: The plot of the estimated Gibbs energy of solvation of the Alkali metal ions in [Campyrr][NTf;]
against the known Gibbs energy of solvation for the ions in aqueous solution.
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6.3 Conclusions

In summary, the deposition and dissolution of all five Group | Alkali metal redox couples
(M/M*) have been investigated in the ionic liquid N-butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([Campyrr][NTf2]) using a Ni microelectrode. All
systems displayed chemically reversible behaviour which was successfully simulated using
a mathematical model and the electrochemical rate constant (k%), formal potential (E%)
transfer coefficient (o) and diffusion coefficient (D) have been extracted by simulation of
the CV. This constitutes the first electrochemical investigation of an entire Group in an
ionic liquid. The reducing powers of the alkali metals in [Csmpyrr][NTT.] follow the trend

previously observed for propylene carbonate, with Na > Li > K =~ Rb > Cs.

The next Chapter will discuss the in situ electrochemical-X-ray photoelectron

spectroscopy in monitoring the electrodeposition process of potassium in an ionic liquid.
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Chapter 7

In situ Electrochemical-X-Ray Photoelectron Spectroscopy:

Potassium Electrodeposition from an lonic Liquid

In this Chapter, the use of simultaneous electrochemistry and X-ray photoelectron
spectroscopy to monitor the electrodeposition of potassium is developed. The real time
electrodeposition of potassium has been monitored for the first time in an ionic liquid
using in situ electrodeposition-X-ray Photoelectron Spectroscopy (XPS); this advance
exploits the near zero volatility of some ionic liquids so enabling voltammetry to be
carried out in these solvents in vacuo. The ionic liquid used was N-butyl-N-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide  ([Campyrr][NTf.]), and
electrodeposition occurred at a nickel mesh electrode.

The work presented in this chapter has been published in Chemical Physics Letters.?
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7.1 Introduction

lonic liquids (ILs) generally possess extremely low vapour pressures,? as well as
inherent conductivity and the ability to support relatively reactive metal deposits.®
These characteristics have facilitated their application in a number of unique in vacuo
techniques,*® including in situ X-Ray Photoelectron spectroscopy (XPS) of ionic
liquids and various solutes.*®?® This has recently been expanded to in situ
electrochemical-XPS measurements, a form of in vacuo spectroelectrochemical

measurement,10:23-25

Foelske-Schmitz et al. investigated the electrochemistry of Highly Orientated Pyrolytic
Graphite (HOPG) in the ionic liquid [Csmim][BF4], which was performed in the XPS
chamber, the excess liquid removed from the carbon surface, the carbon transferred to
the sample holder and XPS performed.’® Silvester performed XPS measurements in
conjunction with ex situ electrochemical measurements in order to probe the bromide

content of [Campyrr][NTf].2

Licence et al. have carried out in situ electrochemical-XPS measurements using two-
electrode systems containing IL droplets, and monitored the oxidation of a copper wire
to Cu(l)?, reduction of Fe(lll) to Fe(11)? and the XPS induced charging of the IL

itself.23

Weingarth et al. have also recently accomplished in situ electrochemical-XPS
measurements, whereby the X-ray beam was focussed on the interface between the IL
and a Pt electrode, a potential difference applied and spectra recorded at the polarised
interface; this represented the first, and to the authors knowledge only reported
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application to date of a three-electrode electrochemical set-up for in situ

electrochemical-XPS measurements on ILs.%®

In previous chapters, the electrodeposition of the Alkali Group | metals at Pt and Ni
electrodes in the IL N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)-imide
([Campyrr][NTF2]) has been discussed, allowing determination of a range of
fundamental kinetic and thermodynamic properties.?’3° These metals are of particular
interest with regards to energy storage devices such as batteries, and our work
highlighted strong similarity in the trends within the Alkali metal group between
[Campyrr][NTT2] and the common battery electrolyte propylene carbonate. The
tendency of these metals to form dendritic electrodeposits is of both interest and

concern, as it can result in harmful short-circuiting of battery devices.?!

In this Chapter we discuss for the first time in situ potassium electrodeposition-XPS
measurements in an ionic liquid, achieved with a unique cell design which allowed real
time measurement of potassium metal electrodeposition from [Csmpyrr][NTf2] in

vacuo.
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7.2 Results and Discussion

7.2.1 Experimental set-up

RN

Figure 7. 1: In situ XPS-electrochemical cell and associated holder

A custom electrochemistry-XPS cell and cell holder were fabricated in house with the
aid of Mr. C. Jones, and are depicted in Figure 7. 1. The cell consisted of two hollow
cylinders of PEEK, as well as a modified stainless steel XPS stub. These pieces were
precisely machined and then firmly pressed together. A shallow well ca. 1 mm deep
was made across the surface of the top cylinder of PEEK, and the hollow cylinder and
shallow well filled with IL (ca. 150 ul). Two pieces of copper foil were sandwiched
between the two cylinders of PEEK, and two tapered holes drilled into the bottom
cylinder of PEEK. One piece of foil was joined to a Pt wire, which was brought into
contact with the IL to act as a quasi-reference electrode (depicted as ‘a’ in Figure 1).
The second piece of foil was joined to a Ni mesh via a Pt wire to act as working
electrode (b). This mesh was allowed to float on the surface of the IL, forming a three-
phase boundary between the IL, Ni and vacuum. The stainless steel stub (c) was used as

counter electrode. A removable lid was fashioned to prevent loss of the IL during its
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vigorous bubbling when initially in vacuo. Electrical connection from the potentiostat to
the cell was provided by a removable cell holder. This cell holder was moved around
and anchored in place in a traditional cell holder by a modified XPS stub on the
underside (g), allowing electrochemical measurements to be performed in addition to
traditional samples. The cell was lowered from above onto two pogo spring pins (d and
e), which entered the tapered holes and made electrical contact with the working and
reference electrodes, respectively, via the copper foil. Much of the counter electrode (c)
passed through a hole in the holder before coming to rest on a copper o-ring set in the
holder (f). Three shielded wires (from d, e and f) ran from the holder to the potentiostat,

via an electrical feed-through in the XPS housing.

7.2.2 XPS Measurements

XPS spectra of the electrochemical set-up was recorded, and Figure 7. 2 displays a wide
scan for both 0.1 M and 0.5 M K[NTf,] dissolved in [Csmpyrr][NTf,]. Clear signals
were observed for the IL, corresponding to C, N, O, F and S. The stoichiometric ratios
agreed well (within ca. 5 %) of those expected for the pure IL. Signals for K 2p and K
2s at 295 and 377 eV were not observed for solutions containing 0.1 M K[NTf.], but

could be observed for 0.5 M K[NTf].
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Figure 7. 2: X-ray photoelectron spectra recorded for the in situ electrochemistry-XPS cell when filled
with (2) 0.1 M K[NTf;] and (b) 0.5 M K[NTf;] in [Campyrr][NTf].

In both spectra only weak signals were observed for Ni 2p at 855 eV, despite the
presence of a significant quantity of Ni in the form of the Ni mesh. The weak signal was
found to be related to the angle of the sample with respect to the detector. The sample
was kept horizontal when the cell contained IL, with a corresponding take off angle of
75°. This resulted in strong signals for the surface of the IL, but could only detect the
top surface of the Ni mesh, emission from the side of the Ni mesh being largely unable
to reach the detector. Tilting the sample to change the take off angle to 90° (e.g. with
the mesh adhered to a carbon tab) resulted in a significant increase in the Ni signal.
However, measurement at this angle was not possible when IL was present in the cell,
and it is also noted that analysis of the Ni mesh was not required, interest instead being

focussed on the surface of the IL in the vicinity of the Ni mesh.
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7.2.3 Cyclic voltammetry performed in the XPS chamber
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Figure 7. 3: Cyclic voltammogram recorded for 0.5 M K[NTf] in [Campyrr][NTf,] at a Ni mesh
electrode inside the XPS chamber. Scan rate = 10 mV s,

Figure 7. 3 displays cyclic voltammetry recorded for 0.5 M K[NTf,] in [Campyrr][NTf]
in the in situ electrochemical-XPS cell, scanning at 10 mV s* between 0 and -3.6 V
versus Pt wire. The observed response bears strong resemblance to the previously
reported data recorded under similar conditions at a Ni microdisk electrode,?” namely K
underpotential deposition features occurring in the region of ca. -1.5 to -2.5 V with bulk
electrodeposition of K metal from ca. -3.0 V onwards. Stripping of the bulk metal
deposit is observed on the reverse scan. Stripping efficiency was less that 100 % on the
Ni mesh (ca. 33 % efficiency in Figure 7. 3), which has been previous noted for K on
Ni microdisk electrodes,?” as well as for a range of other metals on a range of
substrates. If this low stripping efficiency was due to reaction of K metal with trace

impurities present in the IL, stripping efficiency would decrease as the concentration of
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K[NTf,] decreased (due to a higher ratio of possible reactants to K electrodeposited).
However, experiments at a Ni microdisk electrode demonstrated that a maximum
stripping efficiency was observed at ca. 0.1 M K|[NTf.] and stripping efficiency
decreased with increasing K[NTf.] concentration, therefore this trend can tentatively be
assigned to dendritic metal deposits forming. During oxidation the material in contact
with the electrode is oxidised first, and the remainder loses good electrical contact with

the electrode resulting in less than 100 % stripping efficiency.®?

7.2.4 In situ electrodeposition-XPS measurements

Electrodeposition of K metal at the Ni mesh was performed by holding the potential at -
3.2 V vs. the Pt wire quasi-reference. XPS measurements were performed periodically,
both in wide scan mode and by performing detailed scans in the K 2s region; attention
was focussed on the K 2s region as the K 2p partially overlapped with the C 1s signal

from the [NTf.]" anion.

For the first ca. 12 hours, the K 2s region was essentially featureless (Figure 7. 4),
although with extended electrolysis time (up to 36 hrs) increasing quantities of K were
detected at the surface of the IL, corresponding to electrodeposited K metal. From 15
hrs onwards the quantity of K detected was found to be in an approximately linear

manner with time (Figure 7. 5).
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Figure 7. 4: XPS high resolution scans (pass energy of 20 eV, 10 scans) for the K 2s region taken during
electrolysis at -3.2 V vs. Pt quasi-reference at a Ni mesh electrode floating on 0.1 M K[NTf,] in
[Campyrr][NTf2]. The scan were recorded after 12, 15, 20, 25, 32 and 36 hours of electolysis.

The preceding 15 hrs appeared to correspond to an induction period, likely
corresponding to the formation of K electrodeposits growing on and close to the Ni
surface which due to the take off angle could not be detected. After 36 hrs a total charge
of 4.5 C was passed, corresponding to approximately 2 mg of K metal deposited
(assuming 100 % columbic efficiency). An electrolysis extending 36 hrs is expected
when dealing with IL systems, due to the relatively high viscosity and low diffusion

coefficients typically experienced in IL systems. For example, the diffusion coefficient
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of K* in [Campyrr][NTf,] (D = 1.02 x 10 m? s1)?" is two orders of magnitude slower

than that observed in aqueous media (D = ca. 3 x 10° m2s?).3
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Figure 7. 5: Plot of the absolute XPS peak area recorded under the K 2s peak as a function of electrolysis
time

After 36 hrs the electrolysis was ceased and all connections running from the
potentiostat to the XPS unplugged. The system was allowed to remain like that for 1 hr
before another XPS measurement recorded. The measurement demonstrated no
significant change in the various peaks relative to that recorded before electrolysis was
ceased, showing that the system was stable for this period. After this the cell was
reconnected, and the K deposit oxidised at an applied potential of 0 V vs. Pt wire quasi-
reference for 30 min. Figure 6 displays the XPS spectra recorded (a) after holding -3.2
V for 36 hrs and (b) after the subsequent application of 0 V for 30 min. There is clearly
a significant decrease in the size of the K peak, corresponding to oxidation of K (in
contact with the Ni) to K*, with much of the resulting K*, as well as K metal no longer

adhered to the Ni surface diffusing away.
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Figure 7. 6: XPS high resolution scan for K 2s taken (a) after 36 hours of electrodeposition at -3.2 V and
(b) after the oxidation of the deposit for 30 min at 0 V.

7.25 Is it possible to distinguish between potassium metal and

potassium ions?

During this work, it was observed that when the electrochemical cell was polarised
between applied potentials of -2.0 V to +0.5 V vs. Pt quasi-reference (no Faradaic
current passed), the binding energy of all elements shifted by -0.82 eV V* (R? = 0.99
for linear fit, n = 5) implying minor distortion of the IL-vacuum interface due to the
polarised Ni mesh. This shift is distinct from the recently highlighted -1.0 eV V1
‘electrochemical shift’ experienced by IL molecules in the electrochemical double
layer,?® as our focus was extended over an area considerably larger than the double
layer. However, this was accounted for by referencing all spectra to the ionic liquid C

1s peak.
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It is feasible to distinguish between K* ions and K bulk metal using XPS as they
possess distinct binding energies, e.g. 1.2 eV difference for the K 2ps» peaks,
respectively.3* However, at the start of electrolysis the K* ions XPS peak could not be
observed. During electrolysis a potassium peak developed in the XPS spectra, although
the precise binding energy determined by fitting of the peak was found to shift by up to
0.8 eV. This was largely a feature of instrumental noise resulting in some ambiguity
regarding the precise position of the peak. Additionally, Villar-Garcia et al. have
recently highlighted that the charging of the ionic liquid surfaces during X-ray
irradiation, as well as day-to-day variations can lead to binding energy values shifting
by at least 0.8 eV unless internal referencing to unaffected moieties is performed (e.g.
long-chain aliphatic carbon peaks),?® which was not possible in this current work.
Therefore given the minor uncertainties present, elements can be accurately identified
and quantified but detailed speciation information (such as differentiation between K

and K*) cannot be accurately assigned to the system.

7.3. Conclusions

A novel cell design designed for application in conventional XPS chambers has been
presented. Using this design it has been clearly been demonstrated that the growth of
(reactive) metal deposits can be monitored at the three-phase ionic liquid-electrode-
vacuum boundary using in situ XPS measurements. Next Chapter, we discuss the
extension of this work for monitoring rubidium electrodeposition in competition with

the ionic liquid breakdown.
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Chapter 8

In situ Electrochemical-X-Ray Photoelectron Spectroscopy:
Rubidium Metal Deposition from an lonic Liquid in

Competition with Solvent Breakdown

Having been successfully demonstrated monitoring potassium electrodeposition from
an ionic liquid by using in situ electrochemical-X-ray Photoelectron Spectroscopy
(XPS) as described in Chapter 7, the experiments are now extended for another Group |
metal using the same approach. This Chapter discusses the electrodeposition of
rubidium from an ionic liquid (IL) N-butyl-N-methylpyrrolidium
bis(trifluoromethylsulfonyl)imide ([Csmpyrr][NTf2]) performed and monitored at a
Nickel mesh electrode by using in situ electrochemical-X-ray Photoelectron
Spectroscopy (XPS) measurements. At extremely high current values during the
deposition of the metal, XPS signals revealing the solvent breakdown were also
observed. By choosing suitable low current values, electrodeposition of Rb can occur
without IL degradation. IL degradation was characterised by carbonisation of the
electrode-1L-vacuum interface, with the loss of fluorine being relatively pronounced,
consistent with reduction of the [NTf2]" anion.

The work presented in this chapter has been submitted to Chemical Physics Letters.
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8.1 Introduction

Rubidium is one of the Group | alkali metals, which are characteristically strong
: . EY . -
reducing agents. The formal potential (~f) of the Rb/Rb* couple in aqueous solution is -

2.94 V (vs. SHE)!, while the E}‘l for Rb/Rb™ in the ionic liquid [CamPyrr][NTf.] has
recently been measured as -3.37 V (vs. Fc/Fc*)?. This property makes Rb a potential
candidate for use in solid batteries® as well as energy storage devices*. Rubidium cannot
be electrodeposited from aqueous solution or many organic solvents as their potential

windows are not wide enough.

Room temperature ionic liquids (RTILs or ILs), which are typically comprised entirely
of ions, are promising media for the deposition for active metals such as Rubidium.?®
Their intrinsic ionic conductivity, chemical stability as well as wide electrochemical
windows makes the electrodeposition of many active metals possible.® Moreover,
another important property of ILs is that they possess near zero vapour pressure. The
combination of these properties has facilitated novel spectroelectrochemical techniques
under high vacuum conditions, including in situ electrochemical-X-ray spectroscopy. A
number of publications are available regarding the use of in situ electrochemical-XPS
measurements in conjunction with ILs, probing the oxidation of Cu to Cu(l)’, reduction
of Fe(lll) to Fe(l1)8, the intercalation of [Comim][BF4] into HOPG,® and the XPS
induced charging 1° and electrochemical shift in binding energy ** of ionic liquids. The
diverse range of other (non-electrochemical) studies relating to combined IL-XPS

studies has recently been reviewed.*?
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In Chapter 4 to 6, we have discussed the electrodeposition of Group | alkali metals from
the ionic liquid N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
([Campyrr][NTf2]) on Pt and Ni electrodes.>** The fundamental Kinetic and
thermodynamic properties have been determined by means of simulation.?!3*® In
addition, in Chapter 7 we discussed the in situ electrochemical-XPS measurements to
monitor the electrodeposition of potassium in the ionic liquid of [Campyrr][NTf2] using
in situ electrochemical-XPS measurements.!® Unlike potassium, rubidium
electrodeposition is close to the reductive breakdown of [Casmpyrr][NTf2]. In this
Chapter, we discuss the use of in situ electrochemical-XPS to explore the breakdown of

the solvent in competition with the electrodeposition of rubidium.

8.2 Results and Discussion

8.2.1 Experimental set-up

Figure 8. 1 In situ electrochemical-XPS cell (a) and associated holder inside the XPS chamber (b).

The in situ electrochemical-XPS cell (Figure 8. 1(a)) and holder (Figure 8. 1(b)) used in
this study were fabricated in-house and are modifications of the electrochemical setup

reported in the previous chapter.'® Briefly, the cell holder was a previously described
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mobile cell holder *© that had been fixed permanently onto the end of an extendable and
retractable manipulator arm which was inserted into the XPS chamber through a high
vacuum flange. The sample-holding cell consisted of two parts, namely two hollow
cylinders of PEEK with the bottom of one sealed by a modified copper XPS stub, which
were manufactured and joined as previously detailed elsewhere.’® An arm was placed
on the side of the cell in order to allow movement of the cell with a standard
manipulator arm. The cell was lowered from above onto two pogo spring pins emerging
from the holder which entered tapered holes in the cell and made electrical contact with
the working and reference electrodes, respectively, via copper foil. Much of the counter
electrode passed through a hole in the holder before coming to rest on a copper o-ring
set in the holder. Three shielded wires ran from the holder to the potentiostat via an
electrical feed-through in the XPS housing. Once the cell was secured on top of the
holder, the standard XPS holder was retracted and the entire assembly extended until

the sample was in line with the X-ray source.

8.2.2 XPS Spectrum of the ionic liquid

Figure 8. 2 depicts the XPS survey scan of 0.1 M Rb[NTfz] in [Campyrr][NTf2]
recorded in the XPS-electrochemistry cell but prior to any electrochemical experiments.
No Rb signals were observed, although this is easily explained by the relatively dilute
nature of the solution (in terms of atomic % values). Signals were observed
corresponding to C, N, O, F and S. Analysis of these signals were similar to those
expected based upon the stoichiometric ratio for the pure ionic liquid (deviation less

than 5%), using the widely available and frequently used standard atomic sensitivity
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factors by Wagner et al.}” Minor differences between measured and known atomic
ratios during XPS measurements of ILs have been reported before, and have been
attributed to system-dependant deviations which require the development of system-
specific atomic sensitivity factors using ‘ultrapure’ ILs.*2!® In this work the sensitivity
factors of Wagner et al.'” were found to provide a sufficient degree of accuracy. No

impurities were detected in the [Campyrr][NTf.], either by XPS or cyclic voltammetry.
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Figure 8. 2 The XPS measurement of [Campyrr][NTf,] containing 0.1 M RDb[NTf;] in the in situ
electrochemistry-XPS cell

Weak signals were also observed corresponding to the Ni mesh electrode (Ni 2p3/2 at
855 eV). This relatively weak signal (compared to the quantity of Ni present) was due
to the take-off angle of 75 ° employed on the curved Ni wires of the mesh, e.g. if the
sample was rotated to give a take-off angle of 90 ° a significantly stronger Ni peak was
observed, although measurements could not be performed at this angle when the cell

contained a liquid sample.
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8.2.3 In situ electrodeposition-XPS measurements

Galvanostatic electrolysis was performed by passing a constant current at a Ni mesh
electrode in the electrochemistry-XPS cell containing 0.1 M RDb[NTf] in
[Campyrr][NTf2].! The progress of the electrolysis was monitored periodically by XPS,

using both wide survey scans as well as detailed scans in the Rb 3d region.

Figure 8. 3 displays the survey scans recorded before and during electrolysis at a fixed
current of -5 x 10* A. It can be clearly observed that after 1 h of electrolysis a
significant Rb 3d signal was present, due to accumulation of Rb by its electrodeposition
at the Ni-IL-vacuum three-phase boundary. The signal increased when the electrolysis
was extended to 6 h, indicating increasing quantities of Rb metal. In addition to the
growth of the Rb features, it was also observed that the stoichiometric ratio of the
constituent IL elements (C, N, O, F and S) gradually changed with the atomic
percentage of C increasing from ca. 44 % to ca. 69 % after 1 h electrolysis, indicating
significant carbonisation of the ionic liquid was occurring in conjunction to Rb
electrodeposition. After 6 h the N features were also observed to merge to form one
single feature, rather than the two features expected for the different N present in the
anion and cation.'? Weingarth have previously monitored the reductive decomposition
of [Comim][BF4] at a Pt electrode by XPS, where as an increasingly negative potential
was applied a minor N feature (shifted by 2.5 eV relative to the imidazolium N) was

observed and was attributed to a decomposition product of the cation.!!
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Figure 8. 3 XPS survey scans (pass energy 100 eV, 5 scans) recorded during electrolysis at -5x10* A at a

Ni mesh electrode floating on a [Campyrr][NTf.] containing 0.1 M Rb[NTT_]. The scan were recorded

after 0, 1 and 6 h of electolysis.

A furthur experiment was performed by decreasing the current by a factor of 50, to -1 x

10° A. Figure 8. 4 shows detailed scans recorded in the Rb 3d region during

electrolysis. From the figure it can clearly be seen that a Rb signal was observed after 1

hour of electrolysis, and that the Rb signal increased as the electrolysis time was

extended. The quantity of Rb detected was found to increase in an approximately linear

manner with time (Figure 8. 5), and after 26 hour a total of 0.94 C was passed,

corresponding to approximately 0.8 mg of Rb metal deposited (assuming 100%

columbic efficiency).
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8. 4 XPS high resolution scans (pass energy 20 eV, 30

scans) for the Rb 3d region taken during electrolysis at - Figure 8. 5 Plot of Rb peak area detected at the Ni-IL-
1x10° A at a Ni mesh electrode floating on Vvacuum interface as a function of electrolysis time, as

[Campyrr][NTf,] containing 0.1 M Rb[NTf,]. The scan Mmeasured by XPS.
were recorded after 1, 3, 5, 16, 22 and 26 h of electolysis.

After 26 hrs the electrolysis was ceased and all connections running from the
potentiostat to the XPS unplugged. The system was allowed to remain like that for 1 h
before another XPS measurement recorded. There were no significant differences
before and after the system was allowed to rest for 1 h, indicating that the Rb
electrodeposit was stable. After this the cell was reconnected, and the Rb deposit
oxidised at an applied potential of 0 V vs. Pt wire quasi-reference for 30 min. Figure 8.
6 displays the detailed XPS scans for Rb 3d taken (a) after 26 hours of electrodeposition
and (b) after the subsequent application of 0 V for 30 min. The decrease in the size of
the Rb peak corresponds to the oxidation of Rb to Rb[NTf;], some of which diffused

away on the timescale of the oxidation.
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Figure 8. 6 XPS high resolution scans for Rb 3d recorded (a) after 26 hours of electrodeposition and (b)
after oxidation of the deposit for 30 minat 0 V.

Detailed analysis of the composition of the IL at the Ni-lIL-vacuum interface was
performed by examining the IL signals from a range of survey scans (Figure 8. 7). The
corresponding atomic % of each IL element obtained from the survey scans as a
function of electrolysis time has been displayed in Figure 8. 8, as well as solid lines
representing the expected values for the IL based upon stoichiometric calculations.
Minor discrepancies between measured and expected elemental compositions at short
times are associated with non-optimised atomic sensitivity factors, as described by
Kolbeck et al.!® The IL composition was observed to stay essentially constant within
the first three hours of electrolysis. However, from 5 hours onwards deviation
consistent with the carbonisation of the ionic liquid was observed, likely due to the
exhaustion of Rb* near the electrode surface after extended electrolysis. The C signal

was observed in increase from ca. 44 % to ca. 58 % over 22 h, while the N signal was
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observed to remain constant, S and O decreased slightly and the F signal decreased

significantly.
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Figure 8. 7 XPS survey scans (pass energy 100 eV, 5 scans) recorded during electrolysis at -1x10° A at a
Ni mesh electrode floating on [Csmpyrr][NTf,] containing 0.1 M Rb[NTf;]. The scans were recorded
after 0, 1, 3, 5, 16, 22 and 26 h of electolysis.

This could be consistent with the reduction of the pyrrolidinium cation at the Ni
electrode (likely through cleavage of an N-C bond to form methylpyrrolidine and a
butyl radical or ring opening to a dibutylmethylamine radical, based upon quantum
chemical calculations,?® followed by subsequent reduction and/or polymerisation of the
reduced tertiary amine), and concurrent lost of the [NTf.]" anion at the counter
electrode. Alternatively, findings by other researchers have pointed towards the
possibility of electrochemical reduction of the [NTf.]  anion,?*"% with the major gaseous

product having been identified as trifluoromethane.’? The reductive loss of
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trifluoromethane appears to agree with the XPS monitored degradation of the

[Campyrr][NTT.], namely the rapid loss of F in comparison with the other elements.
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Figure 8. 8The atomic percentages of C, N, O, F and S calculated from the XPS high resolution scan
(excluding Rb and Ni signals) recorded during electrolysis at -1x10-° A. The solid line represents the
theoretical value of the atomic percentage. Error bars are associated with the peak fitting and instrumental
error.

8.3 Conclusions

The electrodeposition of rubidium has been performed by in situ electrodeposition-XPS
employing a novel cell design. The in situ electrochemical-XPS technique allows
monitoring of the progress of Rb electrodeposition as well as the competing
decomposition of the ionic liquid during the electrodeposition. Passing a high cathodic
current for the electrodeposition resulted in rapid decomposition of the ionic liquid in
addition to Rb electrodeposition. On the other hand, lowering the current for

electrodeposition slows down the decomposition during the electrodeposition process.
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Chapter 9

Overall Conclusions

The work in this thesis has generated fundamental understanding of the electrodeposition of
Alkali Group I metals from room temperature ionic liquids. RTILs that have a wide enough
potential window as well as electrochemical stability have been shown to support the
deposition and stripping of the metals. Experimental data have been simulated using a
computer programme developed by the Group allowing fundamental Kkinetics and
thermodynamic parameters such as the electrochemical rate constant (k%, diffusion
coefficient (D), formal potential (E°) and transfer coefficient () to be extracted. This has
lead to deducing the trend in the electrode potential down the Group in one RTIL solvent; this
information that is valuable in respect of energy storage as well as in battery application.
Specifically, the trend in electrode potentials for Alkali Group | metals (excluding Fransium
due to its reactivity) in the ionic liquid [Csmpyrr][NTf2] is similar to that in propylene
carbonate which is commonly used as an electrolyte in batteries.

In addition, the near zero vapour pressure property of this group of solvent has been exploited
to enable the development of a novel spectroelectrochemical technique noatably in situ
electrochemical-X-ray photoelectron spectroscopy; a powerful technigque that can be applied
to monitor the electrodeposition of metals in real time. In situ electrochemical-XPS also
shows the ability to observe changes in the chemical composition of the solvent during the

electrodeposition process among from decomposition of the RTIL.
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