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1. Introduction

Climate change induced by the combination of fossil fuels utilization and greenhouse gases
emission highlights the need to switch from conventional energy production to renewable and
more sustainable sources. As “green” sources, solar and wind plants are becoming extremely
popular, but their intermittent energy outputs rely on the time of the day and local weather
conditions. This emphasizes the need for a compelling development of more efficient energy
storage devices. Among various technologies used to store energy, electrochemical energy
storage (EES) devices, such as supercapacitors and batteries, provide long cycle life, low

maintenance and pollution free operations.'

Amid EESs devices, supercapacitors can store energy by charge accumulation at the
electrode/electrolyte interface forming an electrical double layer (EDL) of charges, in which
the storing mechanism is dominated by electrostatic interactions. Supercapacitors offer energy
in short times (up to few seconds), fast discharge/charge rates and long cycles lifetime.” Alt-
hough supercapacitors provide high power densities, they are not comparable to batteries in
terms of energy densities and therefore improving this parameter would provide a broader
range of application of such devices. The energy density in a supercapacitor is proportional to
the capacitance of the cell multiplied by the square of the operative potential; thus, expanding
the capacitance and the operative potential window of the device can provide higher energy
densities. Given that the capacitance is directly proportional to the area of the electrode, a via-
ble route to increase the capacitance is to use carbonaceous materials characterized by high
surface area.™ * Furthermore, the operative potential at which a supercapacitor can be used is
generally limited by electro-decomposition; therefore, using solvents or electrolytes with high
electrochemical stability allows for operations at higher voltages. In this regard, organic elec-
trolyte-based supercapacitors are broadly used due to their larger operative potential window
(2.5-2.7 V) in comparison with aqueous electrolytes (1.0-1.3 V). However, organic electro-

lytes have some drawbacks such as toxicity flammability and volatility.’

A large class of compounds to which interest is growing is ionic liquids (ILs). These
molten salts offer a broad range of properties that can be tuned through the almost countless

combination of different cations and anions. Furthermore, often low flammability, low melt-



ing points, negligible vapor pressure and large operative potential window (3.5-4.0 V) make

them suitable candidates to overcome few of the challenges related to EES.

In order to optimize the applicability of ILs in EES, it is of primary importance to
study the physicochemical properties of such systems with a specific focus on the nature of
their interfaces at charged electrodes. Although there is already a well-established knowledge
of the liquid/electrode interface for inorganic aqueous electrolyte, it cannot be used for ILs.
The complications arise from the fact that ILs do not have a solvent, they are highly concen-
trated ionic media, and the properties of the constituting ions are often different as compared
to inorganic cations and anions in conventional electrolytes, in terms of asymmetric shapes of
the IL ions or different size of cation and anion. For instance, the high ionic density of ILs
results in unique features of the differential capacitance (Cq) curves in impedance spectrosco-
py measurements such as the bell or camel shape.®'” These distinctive features of the Cy
curves of ILs cannot be simply described with the classical models adopted for aqueous elec-
trolytes, such as the Helmholtz or Gouy-Chapman-Stern models. In this regard, a successful
interpretation was given by Kornyshev'' through a modified mean-field theory approach (an
overview of these models is given in Chapter 2.1). Moreover, the different sizes and shapes of
the counterions lead to an asymmetric shape of the Cq curves, which has been studied by im-
pedance measurements, molecular dynamic simulations, and mean-field calculations.® '* '*
Other characteristic features, such as strong interfacial layering, including oscillation of the
ion concentrations and overscreening of the charged layers, have been found by atomic force

14-17

microscopy and X-ray reflectivity experiments'® of IL/electrode interfaces and also by

computational studies.'”'

Due to the novelty and very specific characteristics of ILs at electrified interfaces, the
aim of this thesis is to provide a new approach to study the interfacial properties of such sys-
tems under the well-defined conditions of ultra-high vacuum (UHV) with X-ray photoelectron
spectroscopy (XPS). XPS has been increasingly used to study surface/interface-related phe-
nomena in ILs, which is possible due to their negligible vapor pressure.”” ** With variable
depth information in the nm range, angle-resolved XPS has been successfully utilized to charac-
terize solid/liquid and liquid/vacuum interfaces including chemical reactions within these

interface regions.**”

In this thesis, it will be demonstrated that monitoring the binding energy
shifts (4BE) at the IL/vacuum interface with XPS provides information on the potential screening
(PS) at the IL/electrode interface. While the relation between ABE and PS is discussed in Chapter

2.1.1, in Chapter 3 it is demonstrated that PS measurements can be indeed used to obtain infor-
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mation on the interfaces of various neat ILs and metal electrodes. In such measurements, the shape
of the PS curves obtained following the ABE at the IL/vacuum interface for various applied voltag-
es is characteristic for the combination of electrode and ions of the ILs. These different PS behav-
1ors are attributed to the nature of the interactions at the IL/electrode interface. For instance, PS
curves of imidazolium-based ILs on Pt electrodes are characterized by strong interactions between
the aromatic imidazolium ring and the d orbitals of the metal. While in the absence of specific
ion/electrode interaction, such as on the more inert Au electrode, the shape of the PS curves is in-
fluenced by the size difference of the cations and anions of the ILs.

In the field of supercapacitors, mixing different ILs has been used to achieve high en-

ergy densities or large operative windows.™

Therefore, the characteristic shape of the PS
curves of [CgCIm][Tf,N] and [CsC,Im]CI on Pt and Au electrodes is used as a fingerprint to
determine the nature of the IL/electrode interfaces of binary mixtures of those two ILs in
Chapter 4. By comparing the fingerprint-type behavior of the PS curves of neat ILs with the
PS curves of binary IL mixtures, a very pronounced enrichment of Cl anions at the IL mix-
ture/Au interface even down to a 0.1 mol% content of [CgC;Im]Cl is deduced while [Tf;N]
anions enrich at the IL mixture/Pt interface down to 10 mol% [CsC;Im][Tf,N]. These mixture

studies demonstrate that even small concentrations of another IL can strongly influence the

situation at charged IL interfaces.

The strong enrichments of minority components observed in binary mixtures of
[CsCiIm][Tf,N] and [CgC;Im]Cl on Pt and Au electrodes raise the question on the role of con-
taminations at the IL/electrode interface. When ILs are used under ambient conditions, they
can take up contaminations from the surrounding atmosphere. Therefore, in Chapter 5, we
investigate the influence of ambient conditions on the PS at the interfaces of Au and Pt elec-
trodes with [CsCIm][Tf;N] and [CsC,Im]Cl. This study is based on a proof-of-principle ex-
periment, which demonstrates that in UHV, PS measurements performed by XPS provide the
same results as measurements recorded using a very characteristic 3-electrode setup. Based on
this result, PS measurements under ultraclean conditions by XPS are compared to PS meas-
urements with a 3-electrode setup in N, and air. Ambient conditions can lead to a pronounced
influence on the PS for both [CgCIm][Tf;N] and [CsC,Im]CI on Pt electrodes, while for Au
electrodes hardly any influence is observed. These results demonstrate that the effect of ambi-
ent contaminants at the interface depends on the joint interplay of electrode material, ions of
the IL and contaminants, and PS measurements can be employed as a reliable tool to detect

these interfacial alterations due to ambient conditions.



As mentioned above, one of the goals of EES IL-based devices is to expand their oper-
ative voltage window. In this framework, using two different electrode materials in an asym-
metric cell showed that the stability of the electrolytes can be extended beyond their decom-
position voltage limit.*> The PS behavior of this so-called asymmetric cell is explored in
Chapter 6 by following the BE shifts with in-situ XPS in UHV for various IL and Au/Pt elec-

trodes.



2. Fundamentals and Techniques

2.1. The Electrode / Liquid Interface

Electrochemical phenomena take place at the interface of an electron conductor, the electrode,
and an ion conductor, the electrolyte. According to the processes happening at the interface
two distinct phenomena can be distinguished. The first is named as faradaic and it occurs
when in response to an applied voltage an electron transfer takes place at the interface. Ac-
cording to the direction of the flow of electrons, the species in the electrolyte can be reduced
or oxidized. Notably, the charge passing through the interface for 1 mole of electrons is equal

to 96485.3 C, which is known as the Faraday constant.

The second type of phenomenon is called non-faradaic and it is characterized by the
absence of electron transfer at the interface. In this case, charges rearrange at the interface in
order to screen the excess charges by the formation of an electrical double layer (EDL). One
of the most common ways to study the properties of the EDL is measuring the differential

capacitance,

dqQ
Cq = @ (1)

which is defined as the dependence of the surface charge (Q) on the electrode potential (¢). In
the following C; is used as a parameter to give an overview of the EDL.

The EDL was first described by Helmholtz, more than a century ago,” **

as a simple
plate dielectric capacitor in which the only interactions at the interface and in the electrolyte
are of electrostatic nature. In this model, the metal is one plate of the capacitor; the second
plate is given by the counter charged ions layering at the interface. The EDL is restricted to
only one layer of the electrolyte at the interface, within this layer the entire potential drop
takes place, which decays linearly with the distance from the plate (Figure 1). In this model

C4 can be described as:

Ca=Chy=— )



where d is the distance between the plates (size of the ions), ¢ is the relative permittivity of the
medium between the two plates, &, is the permittivity of free space (vacuum). Since the dis-
tance between the plates (d) of the capacitor is given by the size of the counterions in the
Helmholtz model, the capacitance itself is inversely proportional to the size of the counteri-
ons. In this model, C4 is independent on the applied potential, that is, C; is independent of

electrode polarization.

Figure 1 Schematic representation of the Helmholtz EDL model and the variation in

potential according to the distance from the electrode.

In the Gouy Chapman model, the counterions are not forming a compact layer at the

35, 36

electrode; on the contrary, they are distributed over a large diffuse layer. The C,; in this

model is given by the following equation:

EEQA

Cqg = Coc = D (3)

in which Ap is the Debye length and gives the size of the diffuse layer following the Boltz-
mann statistics. The potential drop takes place within Ap and decreases exponentially tending

to a bulk solution value (Figure 2).



Figure 2 Schematic representation of the Gouy Chapman EDL model and the varia-
tion in potential according to the distance from the electrode.

In this model, C,; as a function of the voltage applied is described by a “U-shape” curve and is
predicted to grow unlimitedly with increasing electrode polarization. The limitation of this
model is the assumption that the charges are point charges which can approach the electrode
surface arbitrarily close without any limitation. In reality, charges are stopped by approaching
the surface at distances that correspond to their ionic radii, which means that for higher volt-

ages applied, a second layer should be formed and C; should decrease.

In order to overcome the limitation of considering point charges, Stern introduced in
his model a compact layer at the solid-liquid interface, the analog of the Helmholtz model and
a diffuse layer that is from the Gouy-Chapman model.”” In this way, the EDL capacitance is
given by the sum in series of the capacitance of this compact layer (Cy) and of the diffuse
layer (Cgsc)-

1

1
—_— =4
Ca Cy

— )

Cee

In such model, the potential drop goes down linearly within the compact layer and then it de-
cays quasi-exponentially within the diffuse layer (Figure 3). However, the ions outside the
Helmholtz layer are still treated as point charges which occupy no volume and therefore this

model is still only accurate for low concentrations of ions or low potentials applied.



Figure 3 Schematic representation of the Gouy Chapman-Stern EDL model and the

variation in potential according to the distance from the electrode.

In regard to high ionic concentrations, such as in ILs, an important breakthrough was
made by Kornishev, who introduced in his model a mean field theory based on the Poisson-
Boltzmann lattice gas model.'’ In this model, ions are not considered as point charges and
they cannot layer at the interface unlimitedly but they will reach lattice saturation. This be-
havior is described through a lattice saturation parameter () (Figure 4), which is expressed as
the ratio between the total number of cations and anions in the bulk N and the total number of

sites available for them N':

zl=l

Yy = (5)

y=1 means that the ions are densely packed and the counterions will start to accumulate at
the electrodes for increasing Uqppiiea Values giving a thicker EDL and consequently decreasing

C4 values (“bell shape” of C,; curve).

When yis small, the ions are not densely packed, which gives some space to increase
the density of counterions at the EDL with increasing U,pplica. According to this situation, the
C4 curves will have a “U shape” at low voltages (Figure 5a), while at higher voltages the elec-
trode interface is saturated with counterions and C; decreases, resulting in an overall “camel

shape” of the C,4 curves (Figure 5b).
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Figure 4 Schematic representation of the lattice saturation parameter for an IL be-
tween two polarized electrodes. (Adapted with permission from M. V. Fedorov, A. A.
Kornyshev, lonic liquids at electrified interfaces. Chem. Rev. 2014, 114, 2978-3036.
Copyright 2014 American Chemical Society).

Figure 5 a) U-shape capacitance curve predicted by the Gouy-Chapman EDL model;
b) Capacitance curves predicted by the Kornyshev EDL model showing bell and camel
shapes for large and small values of y respectively. (Adapted with permission from M.
V. Fedorov, A. A. Kornyshev, lonic liquids at electrified interfaces. Chem. Rev. 2014,
114, 2978-3036. Copyright 2014 American Chemical Society).



2.1.1. Potential Screening Measurements

In order to study ILs at polarized electrode interfaces, a voltage (Uappiica) 15 applied to the elec-
trolyte through two identical (same materials and contact area) counter and working elec-
trodes (CE and WE), as sketched in Figure 6. The nomenclature of the electrodes is taken

from a potentiostatic arrangement in which the Ugppiica 1s always applied against the CE.

Figure 6 Sketch of the electrochemical cell used for PS measurements.

This means that for negative voltages applied to WE, the CE is positively polarized
and attracts the anions of the IL to the interface, it therefore is termed as anode. Note that the
position of the ground is not particularly relevant in standard electrochemical measurements;
in order to perform PS measurements with XPS, the ground has to be indicated to identify the
interface under study. In the configuration shown in Figure 6, XPS probes the interface at the

CE acting as anode.

XPS is an ultra-high vacuum (UHV) technique that exploits the photoelectric effect,*®
* which occurs, when an electromagnetic radiation (hv) hits a material and photoelectrons

with defined kinetic energy (KE®F) are emitted from this material.

10



Figure 7 Energy diagrams depicting the potential of metallic CE and spectrometer.

In the case of CE grounded, that is, the Fermi levels of spectrometer (E57) and CE (ESE) are
in equilibrium, the kinetic energy of the photoelectrons (KESF) is measured at a spectrometer
with a defined work function (¢S7/¥4¢). Since the energy of the irradiating photons (hv) is

known, the binding energy (BE) of the photoelectrons is given by the following equation:
BE = hv — KESP — ¢SP/vac (6)

When an IL is in contact with the grounded CE in the electrochemical cell, the intrinsic bind-

ing energy (BE;,;) of the IL can be defined as:
BEgn, = hv — KESF — P19 & (Ells, — BEE) + o/ (7)

where ¢¢E/v2¢ is the work function of the CE and EXL. — ECSE, is the vacuum level difference

between the IL and the CE.

Note that, due to the difficulty to define the Fermi level of ILs, we here define the
BE;,; of the IL as the energy difference between the core orbital level of atoms in the IL and

the vacuum level of the IL, similar to the convention of gas phase XPS.
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Figure 8 Energy diagrams depicting the potential of IL, metallic CE and spectrometer.

In this experiment, the BE was defined and reported based on the convention of a me-

tallic sample measured by XPS as in equation (6) and the BE is related to BE;,,; as
BE = BEy, — (Elhe — ESE) — ¢CE/vee ®)

Note that BE;,;, ESE., and ¢pE/¥3¢ are not affected by the applied potential, thus the BE is

shifted as the amount of AEIL ..

In the case of the CE grounded, the potential of the IL is shifted by the amount of the
potential screening of CE (ep®F/™) and the vacuum level difference between the IL and CE,
EIL . — ESE.. is changed by the amount of this screening. This relation can be verified by the
following cycle: (A) an electron is brought from the Fermi level of the electrode to its vacuum
level, this costs the work function ¢ ©€/¥%¢; (B) the electron is taken from the vacuum level of
CE to that of the IL, this costs the difference in vacuum levels, EIL . — ESE.; (C) the electron
is brought from the vacuum level of the IL to inside the IL, this costs the electrolyte surface
potential (or the electric potential difference between the vacuum and the IL) e@¥%/'t; (D)

the electron is brought across the double layer to the metal Fermi level, this costs the electric

12



potential difference between the IL and CE with the negative chemical potential of the elec-

tron in the metal (eg'%/°F + u°F),

From this cycle, we can derive

¢CE/vac + (Eilﬂl&c _ Effc) + e(pvac/IL + e,(pIL/CE + [,lCE =0 (9)

Figure 9 Schematic representation of solid/vacuum, vacuunvliquid, liquid/solid inter-

face and the energies involved to move an electron across them (letters, see text).

Since ¢pCE/vac eqpvac/ll and uCF are not depending on the applied potential, this implies that
changes in the vacuum level difference between the electrode and the IL are equal to changes

in the EDL potential:
A(Eth, — BSE) = et/ (1)

Therefore, the shift of BE of the IL is proportional to the difference of the potential screening

at the CE/IL interface.
ABE = eA@CE/TL (11)
Since in this example the CE was positively polarized and therefore the anode, eA@®E/!L can

be defined as potential screening at the anode or anodic voltage (e 4@ anodic)-
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2.1.2. State of the Art of Studies on ILs at Polarized Interfaces

As discussed in Chapter 2.1, the EDL structure of ILs is typically investigated by measuring

the differential capacitance (Cq) in electrochemical impedance spectroscopy (EIS) and the

7-9, 41-43

unique features of the resulting Cqy curves, such as the bell or camel shape, can be suc-

cessfully interpreted through the Kornyshev model'"* ** as well as by computer simulations.'*

20. 4548 1y addition, the interfacial properties of ILs at electrified interfaces have been addressed by

49, 50 18, 53, 54

sum-frequency generation (SFG),”" > X-ray reflectivity,

- - - 14,15, 57,58 59-
>>37 atomic force microscopy (AFM),"* ' % infrared,

cyclic voltammetry (CV),
scanning tunneling microscopy (STM),
62 Raman,” and nuclear magnetic resonance (NMR) spectroscopy.” Some of these studies
reveal various unique properties of the EDL at the IL/electrode interface, e.g., the slow response of

3461 and layering.”” *® Furthermore, SFG,”" infrared spectroscopy,®

21, 66

ions,42’ 47 hysteresis behavior,
surface-enhanced Raman spectroscopy,” STM,* ® together with computational methods,
have provided information on the adsorption geometry and the reorientation of ILs in re-
sponse to the applied potential. Moreover, the effect of specific adsorption between aromatic
imidazolium-rings and a graphite electrode surface, which causes a shorter adsorption dis-
tance and a high surface charge density has been addressed by EIS* and computational meth-

48
ods.

2.1.3. State of the Art of Electrochemical XPS

XPS can be used as an excellent tool to characterize the electrolyte/electrode interface
due to its ability to gain information on the chemical composition and the potential drop at
electrified interfaces. Electrochemical studies and XPS were combined for the first time by

Hansen et al.®” %

In these studies, the authors demonstrated that a polarized electrode can be
removed from the electrolyte solution in non-faradaic conditions keeping the EDL intact. This
so-called “emersed EDL” can be subsequently studied by XPS analyzing signal intensities and
BE shifts. Although the emersion procedure was performed in ambient atmosphere (ex-situ),
these pioneering experiments showed that the properties of the EDL at different external volt-
ages applied can be successfully studied by means of XPS. Furthermore, this ex-situ emersed
electrode technique was successfully employed to study anodic oxidation of iridium elec-

trodes,” EDL formation of aqueous electrolytes containing Cs”,”” specific adsorption of chlo-

. : 71
ride anions on Ag electrodes.
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Later, Hecht and Strehblow studied the EDL formation on emersed Ag electrodes in
acidic and alkaline aqueous solutions by XPS.” " In both studies, the emersion procedure of
the electrodes under potential control was performed under argon atmosphere in a chamber
attached to the UHV system. This methodology avoided intermediate exposition of the sample
to ambient atmosphere and can be defined as quas in-situ. Additionally, quasi in-situ XPS
studies provided information on the structure and electrochemistry of self-assembled-

74,75

monolayers on Au(111), electrochemically formed oxide layers on metallic electrodes,’®

7 interfacial structures and reactions of Li-ion battery materials,*® intercalation processes and

stability of HOPG electrodes in an IL electrolyte.®"

In contrast to the volatile nature of aqueous electrolytes used in these early studies, ILs
have a negligible vapor pressure, which unlocks the possibility to study them by UHV tech-
niques as XPS.”*? In this regard, an electrochemical cell, comprised of electrodes and elec-
trolyte (IL), can be introduced in UHV system and electrochemical phenomena caused by
electrical stimuli can be studied in-situ with XPS. With in-situ XPS, faradaic phenomena in
ILs were successfully studied such as reduction of Fe(III) to Fe(Il)** electrochemical dissolu-

8. % and electro-

tion of copper,** electrodeposition of potassium and rubidium at electrodes
degradation of ILs induced by the applied voltage.®” In-situ XPS also provided information on
charged IL/electrodes interfaces in non-faradaic conditions, monitoring the charging shifts at
the IL/vacuum interface. This approach can visualize the potential screening (PS) across the

electrode/IL interface with the slow dynamic response of ILs to an applied voltage.®™ *
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2.2. Experimental Apparatus

Figures 10 and 11 show the UHV system used in this thesis to measure PS of ILs at polarized
electrode interfaces with XPS. This so-called Dual Analyzer System for Surface Analysis
(DASSA) was developed in cooperation with Omicron NanoTechnology to study macroscop-
ic amount of liquid samples in UHV. The chamber is composed of an analysis chamber, a
preparation chamber and a load lock. The preparation chamber is equipped with a sputter gun,
a quadrupole mass spectrometer (QMS) and low energy electron diffraction (LEED). Two
identical hemispherical ARGUS electron analyzers are mounted in the analysis chamber with
an emission angle of 0° and 80° relative to the surface normal. This geometry allows to record
XP spectra in normal (0°) and grazing (80°) emission simultaneously keeping the sample in

horizontal position, which avoids dripping of macroscopic liquid samples.

Figure 10 Photo of the UHV-based XPS chamber (DASSA) used in this thesis.

16



- B
Q Analyzer
= 1
—
+. P, o
a | e 2 K
~ Y, 7 W I
% 3
LEED o QMs ¥
0°
Sputter | —
ams %un / Analyzer
Manipulator y
Sample Stage %
& & "%o RO
2y S & 7
2 3
v
Preparation Chamber Analysis Chamber

Figure 11 Schematic representation of DASSA.

A monochromated Al K, source is mounted to the analysis chamber in a “magic angle config-
uration” with respect to the 0° and 80° analyzer. Furthermore, a non-monochromated dual
anode X-ray gun, generating either Al K, or Mg K, radiation, an electron source, an ion
source, an ultraviolet source (UV source) and a QMS are mounted to the analysis chamber.
More details about the general setup of the chamber can be found in Ref. 90, while the follow-
ing part of this section will focus on the features of the chamber used to perform the electro-

chemical XPS measurements presented in this work.

The electrochemical cell used for the measurements described in the following (Fig-
ure 12) was developed during this thesis and consists of a molybdenum sample holder (3)
mounted to a standard Omicron tantalum sample plate (2) through four conic tantalum screws
(1); two metal wires (5) are used as WE and CE electrodes mounted to a ceramic block (4) via
two molybdenum screws; polytetrafluoroethylene spacers (6) are used to avoid contact be-
tween the molybdenum sample holder and electrodes and are fixed through four cylindrical
molybdenum screws (7). The metal wires are flame annealed prior to mounting and paced in
the molybdenum sample holder (3) in such a way that their contact areas with the ILs are
identical. The electrochemical cell after assembling is filled with ~ 0.2 mL of IL and intro-

duced in the load lock of the chamber where it can be degassed for at least 12 hours.
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Figure 12 (left) Photo of the electrochemical cell used in this thesis; (right) Explosion

drawing of the electrochemical cell showing all its components (numbers, see text).

After degassing, the cell is transferred to the preparation chamber of the DASSA sys-
tem and slid in the sample stage (Figure 13 left) so that the molybdenum screws mounted on
the ceramic block (5) are connected to the potentiostat (Keithley 2450) through two electrical
contact springs (Figure 13 right).

TC typeC

electrical A
contacts

riT1

springs

Figure 13 (left) Sketch of the sample stage of DASSA instrument with its four contact
springs; (right) sketch of electrical contacts and thermocouples springs.
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Subsequently, the electrochemical cell is transferred to the analysis chamber where the
purity of the IL is checked with wide scan spectra (pass energy: 150 eV; dwell time: 0.5 s)
and region spectra (pass energy: 35 eV; dwell time: 1.5 s) with the above mentioned mono-
chromated Al K, source and 0° ARGUS electron analyzer (spectra and quantitative analysis
for all the ILs used in this thesis are reported in Chapter 2.3). The PS measurements are per-
formed recording the BE shift of a core level of the IL while voltage steps are applied with the
potentiostat. The voltage steps have duration of 139 s; simultaneously, the current flow be-
tween WE and CE is recorded. After applying a certain voltage and waiting for 60 s to ensure
stable conditions, region spectra of one of the core levels of the IL are acquired with a pass

energy of 35 eV (spectra vs Uyppiica and experimental aspect can be found in Chapter 3).
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2.3. Ionic Liquids

An overview of the ILs used in this work is given in Table 1 including the abbreviations used

throughout this thesis, the IUPAC names and the molecular structures.

1,3-dimethylimidazolium bis[(trifluoromethyl)sulfonyl]imide, [C;C;Im][Tf;N], 1-
methyl-3-octylimidazolium bis[(trifluoromethyl)sulfonyl]imide, [CgCiIm][Tf,N], and 1-
methyl-3-octylimidazolium chloride, [CgC;Im]Cl, were synthesized under ultrapure condi-

. . . . . 91 92
tions according to previous publications;

1-butyl-1-methylpyrrolidinium
bis[(trifluoromethyl)sulfonyl]imide, [C4C;Pyrr][Tf,N], was purchased from IoLitech with a

purity >99%.

Table 1 Cations and anions of ILs investigated in this study.

Abbreviation Structure Name

[C,CiIm]

1,3-dimethylimidazolium

N
N
1-methyl-3-octylimidazolium
~
CgHi7

[C4CiPyrr]” 1-butyl-1-methylpyrrolidinium

)
N
[CsCyIm]" =
k)
N
()
VAR

CuHo CHs

[THN] bis[(trifluoromethyl)sulfonyl]imide

Cl chloride

In the following, the XP spectra of the neat ILs will be discussed. Wide scan spectra of
the different ILs are shown in Figures 14-17 with only the expected signals observed, which

reveals the absence of major IL contaminations. In particular, no Si signals at BE
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(Si2p) ~ 100 eV are visible, which indicates a common surface-active contamination of ILs

with polysiloxanes.”

Figure 14 XP wide spectrum of [ C,Cy1Im] [ Tf2N] .

Figure 15 XP wide spectrum of [ CgCylm] [ Tf2N] .
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Figure 16 XP wide spectrum of [ CgCylm]| Cl.

Figure 17 XP wide spectrum of [ C4C1Pyrr] [ Tf2N] .



In a detailed and quantitative analysis, region spectra of the C Is, N 1s, F Is, O Is,
S 2p and Cl 2p are shown in Figures 18-21 along with the corresponding XP peaks fitting. In
Tables 2-5, the experimental atomic composition of each IL derived from XPS is then com-
pared with the nominal one expected from the molecular structures (note that all binding en-
ergy values in the tables are given as measured without any BE corrections; hence, values for

identical species may vary by £+ 0.35 eV).

The XP spectra of [C,C;Im][Tf,N] in Figure 18 show single peaks in the O Is and F 1s
regions of the four oxygen atoms and six fluorine atoms, respectively, of the [Tf,N] anion.
The two peaks in the N 1s region are attributed to the two nitrogen atoms of the cation
(401.8 eV) and to the nitrogen atom of the anion (399.2 eV). The 2:1 intensity is in accord-
ance with the stoichiometry of [C;C;Im][Tf,N] (see molecular structure in Figure 18 and Ta-
ble 2). The C 1s region is more complicated due to the presence of several chemically in-
equivalent species. The component at highest BE (292.6 eV) results from the two chemically
equivalent carbon atoms of [Tf;N] . The larger peak at lower BE can be deconvoluted in two
components: C, at 287.3 eV and Cy at 286.4 eV. The intensity ratio between the C, and the
Chet components is 1:4 in accordance with the stoichiometry of the [C;C;Im]" (see molecular
structure in Figure 18). The S 2p region shows an asymmetric peak which stems from the two
chemically equivalent sulfur atoms of [Tf,N] . The asymmetry of the S 2p peak is related to
spin-orbit-splitting into the 2p;» and 2ps,» components, which have a ratio of 1:2 and are sepa-

rated by 1.21 eV to each other.

The XP region spectra of [CgCiIm][Tf,N] in Figure 19 can be described as for
[CiCiIm][TH,N] except for the C 1s region. In the C 1s region, a fourth component (Cay1) has
to be added at lower BE (284.8 e¢V) to take into account the seven carbon atoms of the alkyl

side chain (see molecular structure in Figure 19).

Figure 20 shows the XP region spectra of [CsC;Im]Cl with similar cation signals as for
[CsCiIm][TE,N]. The Cl anion leads to a Cl 2p signal at around 197.4 eV BE with two spin-

orbit-split components 2p;,, and 2ps/; (intensity ratio 1:2 and 1.60 eV separation).

The XP region spectra of [C4CPyrr][Tf;N] are shown in Figure 21. All signals related
to [TE,N] are as for [CgCiIm][Tf,N] and [C,C,Im][Tf,N]. The N 1s peak at higher BE
(402.6 eV) is due to the [C4C Pyrr]” cation and shows an intensity ratio of ~1:1 with the N Is
peak of the [Tf;N] ™ as expected (see molecular structure in Figure 21). The C 1s region shows

three distinguishable components. The one at highest BE (292.9 eV) originates from the CF;-
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groups of [TH,N] as observed for [CgCiIm][Tf,N] and [C;C;Im][Tf,N]. The main peak at
lower BE values can be consistently deconvoluted with two components related to five alkyl
carbon atoms (C,iy1) and the four carbon atoms directly bound to the nitrogen atom (Cye) (see

molecular structure in Figure 21).
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Figure 18 F 1s, O 1s, N 1s, C 1s and S 2p spectra of [C,CiIm|[Tf2N] recorded in

normal emission. The peak fitting used for quantitative analysisis also shown.

Table 2 Quantitative analysis of the XP spectra of [ C,C,Im|[Tf2N] .

[C,C,Im][Tf,N]

Tons [C:CiIm]" [TE;N]”

Nils |C1s |[C1s |C1s | F1s | Ol1s | N1s | C1s | S2p
XPS regions
Nim | Ci | Chet | Cak | Frion | Oreon | Ntion | Cron | Stien

BE / eV 401.8 | 287.3 | 286.4 -/- 688.6 | 532.4 | 399.2 | 292.6 | 168.7
Nominal ratio 2.0 1.0 4.0 -/- 6.0 4.0 1.0 2.0 2.0
Exp. ratio 2.0 0.9 3.7 -/- 6.1 4.1 1.0 1.9 2.1
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Figure 19 F 1s, O 1s, N 1s, C 1s and S 2p spectra of [CgCylm|[Tf2N] recorded in

normal emission. The peak fitting used for quantitative analysisis also shown.

Table 3 Quantitative analysis of the XP spectra of [ CgC,Im]| [ Tf2N] .

[CsCiIm][Tf,N]
Ions [CsCiIm]" [T,N]”
Ni1s |C1s |[C1s |[C1s | F1s | Ol1s | N1s | C1s | S2p
XPS regions

Nim | C | Chet | Ca | Fron | Oron | Nr2n | Cran | Sten
BE / eV 402.0 | 287.5 | 286.6 | 284.8 | 688.7 532.5 399.3 292.8 168.9

Nominal ratio 2.0 1.0 4.0 7.0 6.0 4.0 1.0 2.0 2.0

Exp. ratio 2.0 1.0 4.0 6.8 6.1 4.1 1.0 2.0 2.1
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Figure 20 N 1s, C 1s and Cl 2p spectra of [ CgC1Im]| Cl recorded in normal emission.

The peak fitting used for quantitative analysisis also shown.

Table 4 Quantitative analysis of the XP spectra of [ CsC;1m| Cl.

[CgC]Im]Cl
Tons [CsCiIm]" Ccr
Ni1s | C1s | C1s | C1s | Cl2p
XPS regions
N]m Cz Chet Calk
BE / eV 402.0 | 287.5 | 286.6 | 285.3 | 197.4
Nominal ratio | 2.0 1.0 4.0 7.0 1.0
Exp. ratio 1.9 1.0 4.0 7.1 1.0
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Figure 21 F 1s, O 1s, N 1s, C 1s and S 2p spectra of [C,C,Pyrr][TfoN] recorded in

normal emission. The peak fitting used for quantitative analysisis also shown.

Table 5 Quantitative analysis of the XP spectra of [C,C,Pyrr][Tf;N].

[C4CPyrr][THN]

Tons [C4C1Pyrr]" [T£;N]”

N1s |C1s |[C1ls |C1s | F1s | Ol1s | N1s | C1s | S2p
XPS regions
Neyr | C2 | Chet | Cak | Fron | Omen | Nten | Cren | Ston

BE / eV 402.6 -/- 286.7 | 285.4 | 6889 | 532.6 | 399.6 | 2929 | 168.8

Nominal ratio 1.0 -/- 4.0 5.0 6.0 4.0 1.0 2.0 2.0

Exp. ratio 0.9 -/- 4.2 4.7 6.3 4.2 0.9 1.8 2.0




3. Electrode / Neat Ionic Liquid Interfaces

The content of this chapter is based and adapted from the following publication:**

Potential Screening at Electrode/Ionic Liquid Interfaces from In Situ X-ray Photoelec-

tron Spectroscopy
F. Greco, S. Shin, F. J. Williams, B. S. J. Heller, F. Maier and H.-P. Steinriick

ChemistryOpen, 2019, 8, 1365-1368

3.1. Introduction

As mentioned in the introductory Chapter 1, ILs have drawn significant interest in electro-
chemistry due to their enormous potential as solvent-free electrolytes.” ILs can be successful-
ly used for applications in batteries,”® supercapacitors,” and electrodeposition.”® Understand-
ing their properties at charged interfaces is crucial for applications because many physico-

chemical phenomena occur at the interface like capacitance charging and redox reactions.

The electrical double layer (EDL) structure and properties at charged IL/electrode inter-
faces are influenced by properties of cations and anions, such as size, shape, dipole moments,
and specific interactions with the electrode. In addition, the polarity of the electrode can affect
the EDL, due to different counterions at anode and cathode. Recently, the reliability of exper-
imental observations of charged IL interfaces by electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) has been discussed. These techniques often yield incon-
sistent/irreproducible results due to impurities, neglect of the slow kinetic response, and ques-

tionable data analysis in EIS.*!#%4%%

In this chapter, the properties of the EDLs are systemically studied with in situ XPS
measurements, which provide complementary and reliable information on the potential
screening (PS) at various IL/electrode interfaces (ILs studied, see Table 1 in Chapter 2.3). Our
approach has various advantages: (1) we measure PS in an equilibrium state after the for-
mation of the EDL, thus slow kinetics of ion displacement is not affecting our results. (2) We

measure under ultra-high vacuum (UHV) condition with very clean ILs, as was carefully
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checked by XPS.”" %1% (3) XPS provides direct access to the PS under DC conditions, with-
out having to assume an equivalent circuit in EIS, which has been questioned in literature.”
The properties of the EDLs can be directly studied by comparing the PS on anode and cathode
via binding energy shifts of IL signals in XPS. We believe that these advantages open a new

route to address IL/electrode interfaces by systemically studying various ILs and electrodes.

3.2. Methods and Materials

The PS measurements were performed using the UHV system and the electrochemical cell
described in Chapter 2.2. The Pt (99.99 %) and Au (99.995 %) electrodes with a diameter of
0.30 and 0.25 mm, respectively, were purchased from MaTeck and flame annealed prior to
use. The electrodes were connected to the potentiostat (Keithley 2450) through two contact
springs located at the head of the manipulator of the UHV system (see Chapter 2.2 for more
details). [C,C;Im][Tf,N], [CsCIm][Tf,N] and [CsC,Im]Cl were synthesized according to pre-

: e 91,92
vious publications;

[C4CPyrr][Tf,N] was purchased from IoLitech with a purity >99%.
The purities of the ILs were carefully checked by XPS (see Chapter 2.3). For each combina-
tion of IL and metal, the electrodes were carefully mounted on the electrochemical cell in
such a way that their contact areas with the ILs were identical (£5%) to avoid geometry ef-
fects on the PS (see Appendix, Figure A3). XPS was carried out using a monochromated
Al Ka source and a hemispherical ARGUS analyzer (See Chapter 2.2). High-resolution scans
were recorded with a pass energy of 35 eV and a dwell time of 0.5 s with an overall energy
resolution of 0.4 eV (see Chapter 2.2). Potential sweep measurements and chronoamperome-

try were performed using the Keithley 2450 source meter. The potential sweep measurement

scan rate was 50 mV/s.

3.3. Experimental Aspects

Figure 22a shows the electrochemical setup used to measure PS in XPS at the
IL/vacuum interface. The external voltages (Ugppiica) are applied to the ILs through identical
(same material and contact area) working and counter electrodes (WE and CE), of which one
was connected to ground together with the electron analyzer (see also Chapter 2.1.1). The

applied voltage is screened by the counterions of the IL through the formation of EDLs at
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both IL/electrode interfaces. Hence, the potential of the IL, that is, all core levels and the vac-

uum level, shifts by the amount of PS at the grounded electrode; see Figure 22b.

Figure 22 a) Schematic figure of our experimental setup and the charged interfaces
with the CE grounded. b) Potential diagram of IL and electrodes with an applied posi-
tive (red) or negative (green) potential. The potential drops at the WE/IL and CE/IL
interfaces are indicated as 4¢ anodic and 4@ cathodic, F€SPECtively, according to the polar-

ity of the electrodes.

In the following, we first discuss a typical measurement using the example of
[CsCiIm][T:N] with Pt electrodes, to explain our experimental approach in more detail.
Thereafter, in Chapter 3.4 we present the data for all systems studied along with a detailed

discussion.

The XP spectra were measured once the PS reached a steady-state, as verified by
chronoamperometry (CA) measurements. As shown in Figure 23 for constant Ugppiica steps of
0V, -1V and -2V, the charging currents decrease rapidly to zero within the first second,
which indicates that already after this time, the EDL is formed under non-faradaic conditions
to screen the potential in a steady state. For larger applied voltages (-3 V and -4V in
Figure 23), the current change mainly takes place within the first minute. XP spectra were
thus recorded after at least one minute waiting time. Note that the remaining currents even

after 140 s indicate a faradaic situation for the voltage values of —3 and —4V in Figure 23.

The measured binding energy (BE) of the IL XPS peaks is defined based on the usual

convention as:
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BE = hv — KESP — ¢5F

where hv is the photon energy and KE™ is the electron kinetic energy at the spectrometer with
the work function (¢°F). With the CE grounded, BE is affected by the vacuum level of the IL
and thus the amount of PS AgoCE/'L between CE and IL can be determined by the BE shift
(4BE):

ABE = eA@CE/L

Detailed relations are described in Chapter 2.1.1.

Figure 23 Current between Pt electrodes in [CgCylm][Tf2N] with a constant applied
potential.

Figure 24 (top) shows the F Is spectra of [CgC,Im][Tf,N] for different voltages applied
between two Pt electrodes with the CE grounded. For 0 V, the F 1s peak is observed at 688.85
(£0.05)eV. When +2V is applied to the WE, the F 1s signal shifts to larger BE by
ABE = 0.55 eV. This shift is due to the fact that for a positive Ugppiica at the WE, the CE is

charged negatively, and the potential of the IL decreases by the amount of screening, which is

induced at the CE/IL (cathode) interface.
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Consequently, ABE indicates the amount of PS at the cathode/IL interface. At —2 V, the
F 1s peak is shifted to lower BE by ABE =-1.45¢eV. With a negative Ugppiica, the CE 1is
charged positively and the BE shifts by the amount of PS at the CE/IL (anode) interface,
defined as “anodic voltage” (A@anodgic). Notably, charging effects due to X-ray irradiation were

negligible (< 0.05 eV for 3000 s), as expected from a previous study.'"'

Figure 24 F 1s XP spectra of [ CgC,Im] [ Tf,N] with two identical Pt electrodes.

Within the electrochemical window of the IL, the applied voltage is completely
screened at the two IL/electrode interfaces: no voltage drop occurs in the bulk of the IL, which
was verified by chronoamperometry, potential sweep measurements, and BE measurements at
different XPS probing positions and with electrodes of different sizes (Figure 23 and Figures
A2-A1l in Appendix). Furthermore, no shifts or broadening of IL XPS core levels caused by

an ohmic potential drop were found. Therefore, A@anogic can be directly converted to A@cathodic
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and vice versa because the applied voltage is identical to the sum of the two
(Uapptied = A@eathodic + APanodic)-

When the WE is grounded instead of the CE, the F 1s peak shifts as the amount of the
PS at the WE, not at the CE; see Figure 24 (bottom). Therefore, ABE indicates A@snodic for a

positive Uapplicd and A@eamodic for a negative Ugpplicd.

Figure 25 shows ABE vs Ugypiieq With counter (black) and working (red) Pt electrodes

grounded.

Figure 25 4ABE of the F 1s peak of [CgCiIm|[Tf.N] vs applied potential with CE
grounded (black) and WE grounded (red). The ideal lines for equal potential screen-
ing at the anode/cathode interfaces are indicated as dashed straight lines (+0.5 eV/V).

For identical PS at both electrodes, defined as “ideal case”, the voltage drop at each
electrode/IL interface would be half of Ugppiicq and the F 1s peak would shift by half of Ugppiicd.
This ideal shift is plotted as dashed straight lines with 0.5 eV/V slopes. From -3 to +3 V,

ABE shows considerable deviations from the ideal line towards lower BEs, which indicates
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that for the IL/Pt interface A@anogic 1S larger than A@camodic. We attribute this asymmetric PS to

the asymmetric structure/interaction of the EDL at the anode and cathode.

3.4. Results and Discussion

To elucidate the PS behavior in ILs, we systemically studied the interfaces of imidazolium-
based ILs and [C4C,Pyrr][Tf,N] with Pt and Au electrodes (see Table 1 in Chapter 2.3). Fig-
ures 26-33 show the XP spectra of one of the core level of the ILs (F 1s XP region for
[CiCiIm][TE,N], [CsCiIm][TE,N] and [C4CPyrr][T,N]; N 1Is XP region for [CsCIm]Cl) for
Uapplica =0V, 0.5V, £0.7V, £1.0 V £1.2 V, £1.5 V and £2.0 V. On the left panels, the XP
peaks are shown with the CE is grounded while on the right panels with the WE grounded.

A@cathodic and A@anodic are indicated in each figure too.

As already emphasized in Chapter 3.3, Ugpplica 1 equal to the sum of A@camhodic and
A@anodic; therefore, A@anodgic Obtained from the BE shifts observed in Figures 26-33 can be con-

Verted to A?cathodic (A(Dc:athodic = Uapplied - A@modic)o

Figure 26 F 1s XP spectra of [C,CiIm|[Tf,N] with two identical Pt electrodes for
Uappliecd = 0V, 205V, £0.7V,£10V, £ 1.2V, + 1.5V and £ 2.0 V with CE (left) and
WE (right) grounded.
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Figure 27 F 1s XP spectra of [CgCiIm]|[TfoN] with two identical Pt electrodes for
Uapplied = 0V, 205V, 20.7V,£10V, £ 1.2V, £ 1.5V and = 2.0 V with CE (left) and
WE (right) grounded.

Figure 28 N1s XP spectra of [CgCilm|Cl with two identical Pt electrodes for
Uapplied = 0V, 205V, 207V, £10V,+ 1.2V, + 1.5V and + 2.0 V with CE (left) and
WE (right) grounded.



Figure 29 F 1s XP spectra of [ C4C1Pyrr] [Tf.N] with two identical Pt electrodes for
Uagplied = 0V, 205V, 207V, 210V, + 1.2V, £ 15V and = 2.0 V with CE (left) and
WE (right) grounded.

Figure 30 F 1s XP spectra of [C1CiIm]|[TfoN] with two identical Au electrodes for
Uapplied = 0V, 205V, £0.7V,£10V, £ 1.2V, + 1.5V and £+ 2.0 V with CE (left) and
WE (right) grounded.
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Figure 31 F 1s XP spectra of [CgCyilm|[TfoN] with two identical Au electrodes for
Uagplied = 0V, 205V, 207V, 210V, + 1.2V, £ 15V and = 2.0 V with CE (left) and
WE (right) grounded.

Figure 32 N1s XP spectra of [CgCiim|Cl with two identical Au electrodes for
Uagplied = 0V, 205V, 207V, 210V, + 1.2V, £ 15V and = 2.0 V with CE (left) and
WE (right) grounded.



Figure 33 F 1s XP spectra of [ C4C,Pyrr][Tf.N] with two identical Au electrodes for
Uagplied = 0V, 205V, 207V, 210V, + 1.2V, £ 15V and = 2.0 V with CE (left) and
WE (right) grounded.

In the following, the averages of A@camodic Obtained from this conversion are shown in Fig-
ure 34 for a clearer presentation; the error bars indicate the standard errors. Note that all
measurements were performed within the electrochemical windows of the ILs; see residual
currents recorded during XPS and potential sweep measurements in Figures A4-Al1l in Ap-

pendix.

For Au (Figure 34a), the imidazolium-based ILs with the large [Tf,N] anions and
[C4CPyrr][Tf2N] show within the applied cell voltage range a symmetric behavior, that is, the
data for A@eamodic closely follow the dashed line, with a slope of 0.5 V/V. This indicates similar
anodic and cathodic PS for applied voltages from 0 to 2 V. In contrast, [CgC;Im]CI shows a
much larger A@cathodic than A@anodic, as is deduced from a slope of 0.92 V/V. This behavior in-
dicates a highly asymmetric situation, with most of the PS occurring at the cathode while at
the anode nearly no changes in PS occur upon applying the voltage. This asymmetry for
[CsCiIm]Cl can be assigned to the different sizes of anion and cation: in the Helmholtz model,
the EDL capacitance is treated as a macroscopic capacitance, which is inversely proportional

to the distance between two charged plates. For ILs, the distance between the charged plates
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can be assumed as the size of the counterions.** Upon charging the anode more positively by
increasing the applied voltage, the additional smaller CI counterions in the EDLs reside in a
smaller distance d at the anode compared to the situation at the cathode, where the larger

[CsCIm]" counterions compensate the increasing negative charge.

Figure 34 Cathodic voltage of various ILs vS Ugypiied. The ideal lines for equal poten-
tial drops at the anode/cathode interfaces are indicated as dashed straight lines
(+0.5V/V). a) Au/Au electrodes. b) Pt/Pt electrodes.
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Hence, considering the identical contact area A of both electrodes and assuming an identical
DC permittivity &, the corresponding capacitance (C= g&A/d) of the EDL at the anode
(Canodic) 1s larger than that of the EDL at the cathode (Ceatodic)-

Note that in this simple Helmholtz approximation, effects related to differences in &,
multilayer formation (“crowding”), excess charge overcompensation in the next layers (“over-
screening”), diffusive layer profiles, charge transfer reactions between metal and adsorbed
ions, ion polarization effects at the interface, etc.* are neglected.51 The resulting small A@anodic
(~1/Cynodic) consequently leads to a larger value for A@eamodic (= Uappiicd — A@anodic)- Note again
that the simplified relation A¢ ~ d only holds because the contact areas of anode and cathode
are identical in our cell setup. For [C,C,Im][Tf;N], [CsCiIm][Tf,N], and [C4C,Pyrr][Tf,N],
the size of [Tf,N]  is similar to that of [C,C;Im]" and [C4C Pyrr]", and therefore the PS at the

cathode and anode side are similar for these ILs.

The situation is very different for Pt electrodes as shown in Figure 34b by the A@catmodic
values of all imidazolium-based ILs and [C4C,;Pyrr][Tf,N]. For applied cell voltages up to
2V, the A@camodic curves for all imidazolium-based ILs are located below the ideal line, with
initial slopes of 0.27, 0.35 and 0.12 V/V for [CgCiIm][Tf,N], [C,CiIm][Tf,N] and
[CsCiIm]Cl, respectively. While for [CgCiIm][Tf,N] and [C;C;Im][Tf,N] the slope remains
unchanged up to 2V, it strongly increases for [CgC;Im]Cl above ~ 1.2V to a value of
0.81 V/V. The small initial slopes below 0.5 V/V imply that the EDL capacitances at the plati-
num cathode Cahodgic are larger than C,podic for imidazolium-based ILs. We tentatively attrib-
ute this behavior to the strong chemical interaction of the imidazolium cation with the plati-
num surface, most likely between the imidazolium ring 7 orbital and the Pt 5d orbital, which
1s much weaker on gold.]02 In the case of [CsCiIm][Tf;N] and [C,C,Im][Tf,N], the slopes of
0.27 and 0.35 V/V thus reflect the smaller distance Qcathodgic (and thus larger Ceahogic) of the flat-
lying imidazolium rings of the additional [C,C;Im]" counterions at the charged cathode com-
pared to the more bulky [Tf;N] counterions at the anode. In the case of neat [CgC;Im]CI with
its very small anion, the observed A@camodic slope of 0.12 V/V (that is, Ceatodic >> Canodic) can-
not be simply explained by differences in d, since the size of ClI counterions and the vertical
extension of a flat-lying imidazolium ring are quite comparable. The situation is complicated
by the fact that at applied cell voltages above 1.2V, the slope of the A@camodic curve of
[C3CiIm]Cl considerably changes from 0.12 V/V close to 0.81 V/V, similar to the case for

[CsCiIm]Cl on gold over the whole cell voltage window. Thus, our simplified description is
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not sufficient anymore to explain the observed effects. A detailed understanding requires den-
sity functional theory calculations describing the chemical interactions of the IL with the met-
al surface accurately. These are, however, out of the scope of this work. For [C4C,Pyrr][ Tf,N],
the A@eamodic Values nearly coincide with the ideal line (slope of 0.5 V/V), and thus are similar
to A@anodic, Which is in line with the absence of specific m orbital interactions of the non-

aromatic [C4C Pyrr]” cation with the Pt electrodes.

It is important to emphasize here that the observed large asymmetric PS effects de-
scribed above cannot be related to our choice of offset (that is, the subtraction of the measured
IL BE at zero applied voltage to obtain the cathodic voltage curves shown in Figure 34),
which was carefully checked by measuring BE positions with respect to each other with zero
applied voltage between the Pt and Au electrodes. Notably, the very similar F 1s and N 1s BE
values within + 0.08 eV indicate for all ILs very similar initial charging and consequently PS

at zero applied voltage (see Table 6).

Table 6 F 1s (or N 1s) peak position of various ILsat 0 V applied.

IL BE with Pt electrodes (eV) BE with Au electrodes (eV)
[C,CIm][TE:N] 688.76 688.77
[C3CIm][THN] 688.81 688.66

[C3CiIm]Cl 402.12 401.83
[C4C Pyrr][T,N] 688.91 688.83

Though a considerable number of experimental and modeling studies on the structures
at the IL/solid interface already exist, the thickness of the EDL at the IL/electrode interface is
still debated.** Recent sum-frequency generation '* and nuclear magnetic resonance * results
suggest that the counterions are localized in the first monolayer in contact with the charged
surface. Within the IL electrochemical window, we found that the magnitude of PS strongly
depends on the electrode material and the nature of the IL counterion, which strongly supports
our interpretation that the observed PS is mainly governed by a single monolayer of counteri-

ons close to the electrode and not by counterions in multilayers.
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For voltages around +2.5 V and above, the deviation of ABE from the ideal line behav-
ior starts to decrease for all studied ILs (Figure 25 and Figures A4-A11 in Appendix) indicat-
ing equivalent PS on anode and cathode at high U,pplica. One possible explanation is that
around +£2.5 V, the amount of counterions in the EDL starts to exceed the coverage of one
monolayer and thus PS at higher voltage is then achieved by the counterions in multilayers.
Likely, these further layers are not strongly influenced by the specific IL/electrode interaction,
and thus the PS on anode and cathode becomes similar. With a simple estimation based on a
plate capacitor model, the amount of excess counterions at the IL/electrode interface can be
roughly estimated as follow:

n Q CxV exggxA V V*ex*g
—_— = = * =
p A Axe A=xe d Axe exd

where p is the number density of excess charges (cm 2), V is the PS on the electrode, e is the
charge of an electron, d is the distance between two charged plates, ¢ is the dielectric constant
of the IL at the IL/electrode interface, and &; is the vacuum permittivity. Here we assume the
distance between plates as the size of ions (0.5 nm) and the dielectric constant of the IL as 5.*
According to this simple estimation, 5.5x10" cm > excess counterions are needed to screen
1 V. This estimated value in comparison with a surface density of 8.6x10" ion pairs cm > of

194 This estimation

[CsCiIm][Tf,N] reported in literature, constitutes 0.6 monolayer of IL.
shows that at 3 V the number of excess ions on the electrode roughly corresponds to 2 ML of

IL, which supports our argument about the multilayer contribution at higher voltages.

While experimental studies of the PS under equilibrium conditions are scarce, asymmet-
ric PS for the IL/electrode interfaces has been reported by molecular dynamics simulations.'”
% For example, the simulation for [C,C;Im][SCN] on a graphene electrode shows a smaller ca-

thodic voltage, as is observed here.”

3.5. Conclusions

In this chapter, we introduced a new approach to investigate the PS at various IL/electrode
interfaces using BE shifts in in situ XPS measurements. We studied a variety of different ILs
using a two-electrode electrochemical cell with either identical Pt or Au electrodes. In the case
of imidazolium-based ILs and Pt electrodes, the PS at the anode is larger than at the cathode,

which is attributed to strong interactions via specific adsorption of the imidazolium cations at
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Pt. In contrast, for Au electrodes in the absence of specific adsorption, no significant asym-
metry is observed. Furthermore, the PS is affected by the thicknesses of the EDLs, as is de-
duced from pronounced differences for small and large anions. Our results imply that at volt-
ages up to ~2 V the PS in ILs mainly occurs by counterions in the monolayer range on the
electrode; only at higher voltages multilayers contribute. We are convinced that our approach
provides a new route towards studying chemical interactions between ILs and electrodes as it

will be demonstrated in the next chapter.
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4. Electrode / Binary Ionic Liquid Mixtures Interfaces

The content of this chapter is based and adapted from the following publication:'®

Enrichment effects of ionic liquid mixtures at polarized electrode interfaces monitored

by potential screening
S. Shin, F. Greco, F. Maier and H.-P. Steinriick

Phys. Chem. Chem. Phys., 2021, 23, 10756-10762

4.1. Introduction

As pointed out in Chapter 1, the interest in ILs as solvent-free electrolytes has grown
over time due to their large electrochemical window (3.5 - 4.0 V), thermal stability, low vapor
pressure, and the tunability of their physicochemical properties by choosing certain anion-
cation combinations. Recently, IL mixtures have received considerable attention as an addi-
tional route to tune the properties of ILs for various applications. For example, the employ-
ment of mixtures of [BF;] and [Tf;N] with 1-ethyl-3-methylimidazolium ([C,C,Im]") as
common cation led to symmetric charge storage at the two identical electrodes of a capacitor,
which resulted in an expanded operating potential window.”” An IL mixture of tetrame-
thylammonium ([TMA]") and [C,C;Im]" with [BF4]” as common anion on mesoporous car-
bon electrodes exhibited enhanced power and energy densities. These enhancements were
attributed to strong cation-cation interactions between [TMA]" and [C,C,Im]".>! Another ap-
plication field is fuel cells where binary mixtures of protic ILs exhibited higher activity for
hydrogen oxidation and oxygen reduction at the electrodes compared to the neat ILs and this

. . . 1
improvement was attributed to an enhanced proton transfer reaction.'*

The behavior of IL mixtures at charged interfaces is thus relevant to design and develop
devices for various electrochemical applications. In this context, experimental and theoretical
studies have been employed to achieve a better understanding of the electrical double layer

(EDL) at IL mixtures-electrode interfaces. '
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The identification of chemical species at the IL mixtures/electrode interface is, however,
difficult to assess directly. A very powerful method in this context is ultra-high vacuum
(UHV)-based angle-resolved XPS, which however can be applied only for ultrathin IL films,
due to the limited escape depth of the emitted photoelectrons on the order of a few nm.'"” Us-

d."'% "7 1t was found that

ing this method, ultrathin layers of IL mixtures have been investigate
typically specific cations or anions of the mixture are arranged in a checkerboard structure.
Upon successive deposition of individual layers of two different ILs, exchange processes take
place which are driven by the interaction strength of the specific ILs with the substrate, yield-
ing interface enrichment effects. The question arises, whether such effects are only occurring
in ultrathin films or also in a thicker IL film (larger than 10 nm) on the electrode of an electro-

chemical cell. Under the latter conditions, angle resolved XPS cannot be directly used to study

the chemical composition of the interface, due to limited electron escape depth.

Based on our potential screening (PS) experiments in the case of neat ILs using in Situ
XPS (Chapter 3), we now propose a new approach to indirectly deduce which IL ions are
preferentially present at the interface in IL mixtures at applied potentials within the electro-
chemical stability window (again, as confirmed by chronoamperometry, see Figure A12 in
Appendix). As already described in Chapter 3, the measurements were also performed with a
symmetric two-electrode electrochemical cell setup comprising two wires of identical metal as
electrodes with identical contact areas to the electrolyte. At a specific applied cell voltage,
Uappiica, the PS at the anode and cathode is determined by the properties of the IL ions at the
electrode interfaces. As demonstrated in Chapter 3 and summarized in Figure 35, the change
in PS at anode/cathode can be measured through the binding energy shift (4BE) of IL-related
core level signals at the IL/vacuum interface by XPS. This allows us to assess the PS response
at anode/cathode in equilibrium under ultraclean conditions in UHV. Again, we denote the

amount of PS relative to Uyppiica = 0 V at the anode (plus pole) as A@unodic and that at the cath-

ode (minus pole) as A@.athodic-

The very characteristic behavior of A@eamodic curves as a function of Ugppiiea for the neat
ILs in contact with different electrodes as discussed in Chapter 3 will now be considered as a
“fingerprint” signature for certain IL/electrode combinations. The observed characteristics of
the curves, that is, symmetric or asymmetric PS at cathode and anode, along with intermediate
behavior, reflect the ionic moieties in contact with the respective electrode and therefore the

composition and structure of the EDL.
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Figure 35 (a) Schematic sketches of the potentials at the IL electrode interfaces and the
structure of the EDL, for the electrochemical cell with two Pt electrodes in contact with
neat [ CgC,Im] [ Tf2N] . The capacitances at the cathode and anode interfaces are indicated
as Ccathode aNd Canode, respectively (note that for zero applied cell voltage (center), the
number of anions and cations at the interface may not be exactly equal). (b) XPS spectra
of the F 1s region according to Ugppiied. The XPS spectrum at O V is shown in gray as a
reference in the +2 V and —2 V spectra. The potential of the IL (E'*) and the binding en-
ergy of F 1s at each applied voltage are indicated by dashed lines.
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Notably, our method does not allow for determining the specific adsorption geometry of
the ions. The idea of the present study rather is to use this fingerprint-type behavior to deter-
mine the nature of the IL/electrode interface in mixtures of two ILs A and B, with the same
cation. If the mixture shows the identical behavior as IL A, then one can conclude that the
interface is dominated by the respective ions of IL A, and if the mixture shows the identical
behavior as IL B, the one can conclude that the interface is dominated by the respective ions
of IL B. A behavior between that of A and B reflects that the interface contains a mixture of

the ions of both ILs.

As already emphasized in Chapter 3, the structure of EDLs is determined by the interac-
tions of the IL cations and anions with the metal surface, which depend on their size, orienta-
tion, chemical structure as well as the chemical nature of the electrode. For different IL mix-
tures, it has been shown by XPS studies of ultrathin layers that typically the ions with the
stronger bond to the metal surface preferentially are in direct contact with the substrate while
the less-interacting ions of the same polarity are less present at the interface. While the situa-
tion for a specific IL at the IL/electrode interface in an electrochemical cell is not necessarily
the same due to ions in the second and further layers, the general conclusion should also hold

qualitatively at least.

4.2. Methods and Materials

The PS measurements were performed in the UHV-compatible electrochemical cell developed
by our group.” The cell consists of two identical metallic electrode wires (electrically isolated
by polytetrafluoroethylene spacers) and a molybdenum sample holder, in which the IL is
filled (see Chapter 2.2). The distance between the wires was 5 mm. The electrodes are con-
nected to the potentiostat (Keithley 2450) through two contact springs located at the head of
the manipulator. The pure Pt (99.99 %) and Au (99.995 %) wires with a diameter of 0.30 and
0.25 mm, respectively, were cleaned by flame-annealing. The synthesis of ultraclean
[CsCiIm][T£,N] and [CgC;Im]Cl was carried out as described in a previous publication.91 All
the IL mixtures were prepared by mixing two ILs with the required mass ratio to achieve the
reported molar concentration without the use of co-solvents. The mixtures were sonicated for
1 hour at around 60 °C for homogenous mixing. The molar ratio of the two components of the

mixtures was confirmed by XPS quantitative analysis (Tables A1-A15 in Appendix). All the
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electrodes were carefully placed in the electrochemical cells in order to have identical contact

areas (+5 %) with the IL mixtures.

To determine the potential screening at the electrodes, XPS spectra were measured in
our DASSA setup using the monochromatic Al K, source and a hemispherical analyzer (de-
tection of photoelectrons in normal emission) with an overall energy resolution of 0.4 ev.”
Data were collected in the F 1s or N s regions, due to the strong signal intensities of the cor-
responding peaks. During XPS, one of the electrodes was grounded through a corresponding
connector at the front panel of the source meter. All XPS measurements were performed at
non-faradaic conditions, which was confirmed by chronoamperometry (Figure A12 in Appen-
dix) using the Keithley 2450 source meter. In addition, we can rule out the production of vola-
tile species such as Cl, formed by Cl oxidation at the anode side in our two-electrode electro-
chemical cell within the applied voltage window from 0 - 2 V since the resulting formation of
Cl, should lead to a measurable pressure increase in the UHV chamber (base pressure of 5 x

107'" mbar), which was not observed.

4.3. Results and Discussion

4.3.1. Binary Ionic Liquid Mixtures on Au Electrodes

To study the competition of two different anions in the PS at the IL/electrode interface, we
prepared various IL mixtures with [CsC;Im]" as a common cation, and [Tf;N] and CI™ as
anions, namely [CgCIm][Tf;N]Cl,—«. Figure 36 shows a comparison of the PS curves of neat
[CsCiIm][T£,N] and neat [CgCIm]CI (presented in Chapter 3) with their mixtures on Au elec-

trodes.

As already discussed in Chapter 3, neat [CsCIm][Tf;N] (x = 1, red squares) shows from
0 V to 2 V a symmetric behavior (A@cathodic = A@anodic) With a slope of 0.5 V/V. In contrast, the
PS curve of neat [C3C;Im]Cl (x =0, blue squares) exhibits a highly asymmetric situation
(A@eathodic >> APanodic) With a slope of 0.92 V/V. In Chapter 3, we have assigned this asym-
metry for [C3CIm]Cl mainly to the different sizes of anion and cation. The smaller Cl coun-
terions in EDL reside in a smaller distance (dnoqe) at the anode compared to the larger dis-
tance (dcathode) OF [CgCIIm]+ at the cathode. Hence, in a simple Helmholtz approximation, as-

suming an identical DC permittivity & and considering the identical contact area A of both
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electrodes, the corresponding capacitance (C = &&A/d) of the EDL at the anode (Cinogic) 1S
larger than that of the EDL at the cathode (Ceathodgic).- The resulting small A@anodic
(~ danode) consequently leads to a larger value for A@eamodic (= Uapplied — APanodic). For neat
[CsCiIm][T£:N], the sizes of [TH;N] and [CsC Im]" are similar (danode = Ueathode), and therefore

the PS at the cathode and anode side are similar for this IL.

Figure 36 Cathodic voltage of various [CgCilm|[Tf,N]Cl;—x mixtures versus applied
voltage with x = 1, 0.999, 0.99, 0.9, 0.5, 0.1, 0.01 and O, for Au electrodes. The ideal line
for equal potential drops at the anode and cathode interfaces is indicated as dashed
straight lines with a slope of +0.5 V/V. The error bars show standard deviations of the

measur ements.

To investigate which ions are adsorbed on the electrode in IL mixtures, we selected a
number of different [CgCiIm][Tf,N]xCl;—x mixtures, with x =0.01, 0.1, 0.5, 0.9, 0.99 and
0.999. Interestingly, up to +1.5 V applied voltage, the A@camodgic curves (and consequently, the

A@anodic curves) of all mixtures are virtually identical to that of neat [CgC;Im]Cl (Figure 36),
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even down to only 0.1 mol% content of [CsC,Im]CI. This implies that the compositions of the
IL/cathode and IL/anode interfaces in the mixtures are the same as for neat [CgC{Im]CI. In
other words, the Cl anions are extremely interface-active and thus, in all
[CsCiIm][TH,N]xCl;—x mixtures studied here, [Tf,N] obviously is completely replaced from
the electrode interfaces by CI at zero applied voltage and up to an applied voltage of 1.5 V.
Since the electrode-electrolyte interface region is only a very small fraction (about 107°) of the
total electrolyte volume, even a 0.1 mol% bulk content of [CsC;Im]CI is enough to replace all
[Tf;N] anions by Cl at the electrodes. This anion replacement initially occurs without volt-
age and is maintained up to 1.5V applied cell voltage. We attribute the replacement of
[TE;N] by Cl at the Au electrode to a strong attraction (specific adsorption) of Cl to the Au
surface. Preferential enrichment of Cl anions on Au has previously been reported in electro-
chemical experiments.''® ''* Our arguments imply that up to an applied voltage of 1.5 V the
PS at the Au anode occurs mainly within the first monolayer in contact with the electrode,
where the [C5CIm]" is replaced by CI™ at the anode, and the CI  is replaced by [C3C;Im]" at
the cathode.

The pronounced dominance of the [CgC;Im]Cl-like behavior even for x =0.99 and
0.999 further indicates a very strong energetic driving force for the enrichment of the Cl at
the electrodes. The fact that for x = 0.999 the behavior starts to deviate for applied voltages
above 1.5 V is tentatively attributed to the very low concentration of CI (x =0.001) in the IL
mixture, as compared to [Tf;N] , which starts to play a role at higher voltages, where more

anions are required to screen the positive electrode charge.

4.3.2. Binary lIonic Liquid Mixtures on Pt Electrodes

To study the role of the chemical nature of the electrodes, we compare the PS curves of the
same neat ILs as above, [CsCiIm][Tf,N] and [CsC,Im]Cl, with the PS curves of their mixtures
[CsCiIm][TH,N]xCl,—x on Pt electrodes; see Figure 37. As already reported in Chapter 3, the
A@eathodic curve for [CsCiIm][TH,N] (x = 1; red squares) is located below the ideal line, with a
slope of 0.27 V/V. Notably the slope remains unchanged up to 2 V. The A@cathodic curve for
[CsCiIm]Cl (x = 0, blue squares) is located below the ideal line too, with an initial slope of

0.12 V/V which strongly increases to a value of 0.81 V/V above ~ 1.2 V.
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In Chapter 3, this behavior was attributed to the strong chemical interaction of the imid-
azolium ring 7w orbital and the Pt 5d orbital. In this regard, the observed slope of 0.27 V/V for
neat [CsCiIm][T,N] reflects the smaller distance eahogic (and thus larger Ceymogic) of the flat-
lying imidazolium rings at the charged cathode compared to the larger [Tf,N] at the anode. In
the case of neat [CsC;Im]CI (see Chapter 3 for more details), the interpretation is complicated
by the fact that (1) the size of Cl counterions and the vertical extension of a flat-lying imid-
azolium ring are quite comparable (Qunode = Ueathode), therefore the observed A@eathodic Slope of
0.12 V/V (that is, Ceamodic >> Canodic) cannot be simply explained by differences in d and (2) at
applied cell voltages above 1.2V, the slope of the A@camodgic curve of [CsCiIm]CI considerably
changes from 0.12 close to 0.81 V/V, similar to the case for [CgC;Im]CI on gold over the
whole cell voltage window. Thus, the simplified description adopted for the other IL/electrode
combinations is not sufficient anymore to explain the observed effects. Nevertheless and most
importantly, the very characteristic and different behavior for the two ILs again can serve as

fingerprint for characterizing the IL/electrode composition of the corresponding IL mixtures.

Figure 37 Cathodic voltage of various [CgCilm][TfoN]Cl;—x mixtures versus applied
voltage with x = 1, 0.99, 0.9, 0.5, 0.1, 0.01 and O, for Pt/Pt electrodes. The ideal lines for
equal potential drops at the anode and cathode interfaces are indicated as dashed straight
lines with a slope of +0.5 V/V. The error bars show standard deviations of the measure-

ments.
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For the Pt electrode, A@camodic curves were measured for [CgCiIm][Tf,N]xCl;, mixtures
with molar fractions of x =0.99, 0.9, 0.5, 0.1 and 0.01. Interestingly, from x =1 down to
x =0.1 (90 mol% Cl ), the behavior at low voltages (up to 1.2 V) shows similar A@casmodic val-
ues as neat [CgCIm][Tf,N], which reflects that from zero applied potential up to 1.2 'V, the
[TE,N] ion is selectively enriched at the Pt electrode, as compared to Cl . The reason for the
behavior could be a chemical interaction of the SO, groups of the [Tf,N] with the platinum
electrode which results in specific adsorption of this anion. Only at x = 0.01, a behavior simi-
lar to that of [C3C;Im]Cl is observed, indicating that at very high Cl concentrations, Cl starts

to dominate the interface behavior.

Again for applied voltages above 1.2 V, the PS behaviors of the mixtures with x = 0.5
and 0.1 divert from that of the neat [CsC\Im][Tf;N] and increase with a similar slope
(0.78 V/V) as the A@catmodgic curve of the neat [CsCIm]Cl in this applied voltage range. One
possible explanation here is that more negative counterions are needed to screen the applied
voltage and the packing of the smaller Cl anions at the IL-anode interface is apparently easier
in this applied voltage range: again, electrostatics seems to win over specific chemical interac-
tions, and thus a similar PS behavior as for the neat [C3C;Im]Cl is observed. An alternative
explanation for the behavior of the [CsCiIm][Tf,N]<Cl; x mixtures would be a multilayer EDL
model. Up to an applied potential of 1.2 V, also in the mixtures (x = 0.5 and 0.1) only [Tf,N]
accumulate in the proximate layer at the IL/Pt interface, due to the strong chemical interaction
between [TH:N]™ and the Pt electrode.’ ' 12122 Above 1.2 V, the first layer of the EDL at
the cathode may be saturated and no more [Tf,N] ions can approach it. At this point, a multi-
layer EDL can be required to screen higher voltages. In this multilayer, no specific chemical
interaction of electrode and counterion is possible; therefore the Cl can contribute to the PS
on the cathode, and thus the A@modgic increases with a similar slope as for the neat
[C3CiIm]CI. In contrast to the Pt electrodes setup, the [CsCIm][Tf;N]xCl;—x mixtures on the
Au do not show the transition behavior in PS at 1.2 V as reported in Figure 36). On Au, the
Cl is a dominant counterion and the surface number density of Cl , required to saturate the
first layer, is larger than that of [Tf;N] on Pt due to the smaller ion size of Cl . Therefore, the
PS occurs within the first layer at the anode EDL solely by CI till 2 V and a contribution

from multilayers to PS apparently does not play a role on Au.
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4.4. Conclusions

In this Chapter, we have demonstrated the interfacial enrichment of specific anions in ILs
mixtures through a fingerprint-type behavior of potential screening at polarized IL/electrode
interfaces by using in situ XPS. We investigated mixtures of [CgC;Im][Tf;N] and [CsC1Im]Cl
and compared their behavior on gold and platinum electrodes. For the Au electrodes, the
IL/electrode interface is dominated by the Cl anions even at the very low concentration of 0.1
mol% [CgC,Im]CI. This selective enrichment occurs at zero applied voltage and is maintained
up to 2 V. In contrast, for the Pt electrode, the IL/electrode interface is enriched with the
[TH,N] anions up to 90 mol% [CsCiIm]Cl, for applied voltage from zero to ~1.5 V. These
examples demonstrate that the interfacial concentration of counterions at the IL mix-
ture/electrode interfaces is determined by the interaction between IL and electrode, not by the

bulk ratio of IL mixture.

Our results of the enrichment of minority species at the electrode interfaces imply that
the small concentrations of an added IL or contaminations, e.g., a remains from the synthesis
process, can dominate the entire situation at charged interfaces. This effect applies to various
interfacial or electrochemical systems. For example, when tuning the properties of super-
capacitors by adapting the stoichiometry of the ILs mixture, small concentrations of an added
IL can be sufficient to modulate the entire interface, if the added one has a stronger interaction
with the electrode. Also, the very small amount of impurities can be remarkably enriched at
the electrode interface and change the structures and properties of EDL. We expect the conse-
quences to be of similar importance as the known surface-enrichment effects at the gas/IL or

116, 117

vacuum IL interfaces. Therefore, the purity of IL should be of higher concern in electro-

chemical applications than in the bulk IL applications.
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5. Electrode / Ionic Liquid Interfaces in N, and Air Atmosphere

The content of this chapter is based and adapted from the following publication:'*’

The Effect of Ambient Conditions on the Potential Screening at Ionic Liquid — Electrode

Interfaces
F. Greco, D. Hemmeter, S. Shin, H.-P. Steinriick and F. Maier

Journal of lonic Liquids, 2022, 2, 100019

5.1. Introduction

As outlined above, ILs represent a significant innovation for electrochemical applications.*”

31.83.96.98, 114, 124. 125 e to the great tunability of their physicochemical properties, these mol-

85,98, 124 30,31, 114

ten salts can be well adapted for electrodeposition, and battery”®

125

supercapacitor
technologies. Since ILs often have wider electrochemical windows compared to aqueous or
organic electrolytes, they are particularly suitable to achieve higher energy densities in elec-
trochemical devices. However, impurities can drastically affect their physicochemical proper-
ties and electrochemical performance. When working under ambient conditions, water is ex-
pected to be the main contamination, since ILs are typically hygroscopic; even hydrophobic
ILs can rapidly absorb water if exposed to ambient humidity.'** Already small mole fractions
of water can cause a decrease in viscosity and weaken the electrostatic interactions between
cations and anions.'*” '** In electrochemistry, cyclic voltammetry (CV) studies of various ILs
have shown a pronounced reduction of the electrochemical window with the increase of rela-
tive humidity.'® Dissolved water in ILs can induce additional features in CVs, which can
have comparable intensity to those of the electroactive species under study.'** Moreover, de-
composition reactions of IL ions, such as [Tf;N] , can be catalyzed by the presence of water

and OH ."!

While the effect of residual water in ILs has been extensively studied for faradaic reac-
tions, its influence at the liquid-solid interface and in particular on the structure of the electri-

cal double layer (EDL) in non-faradaic situations such as in supercapacitors has been investi-
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gated much less. Molecular dynamics simulations showed that impurity water molecules ac-
cumulate within a subnanometer thick layer at the charged electrodes, and that the accumulat-
ed amount increases with increasing voltage.'*” Hence, the electrical properties of the EDL
can be strongly affected even by a small bulk concentration of water molecules, because small
changes in local ion density can considerably change the potential drop across the IL/electrode
interface.'” Force curve studies at the Au(111)/[C4CPyrr][T£;N] interface performed with
atomic force microscopy (AFM) showed a decreasing stiffness of the interfacial layering of
the IL with increasing water concentration.'*® These findings were attributed either to adsorp-
tion of water molecules at the electrode, or to weakening the attraction between IL cations and
anions, thereby modifying the layered structure close to the electrodes. Another AFM force
curve study revealed alterations on the layering at the liquid/solid interface given by water
also for an imidazolium-based IL ([C,C,Im][Tf;N]) on Au electrodes; these changes were
mainly attributed to the interaction of water with the ionic moieties of the IL while pro-
nounced adsorption effects of water at the polarized Au electrodes were not observed.'** From
the mentioned studies, it is evident that different interactions between the components of the
system involved (ions, contaminants, electrode surface, applied potential) contribute to the
observed behavior. Thus, it is of great importance to compare the interaction of various ILs
with different electrode materials under ultraclean conditions and ambient conditions. More-
over, since purifying and degassing of ILs might be costly and not always a feasible choice
for large-scale applications, the characterization of the influence of contaminations on such
systems is of great interest in order to find out the best operation condition when using ILs

under ambient conditions without additional processing.

In this study, we focus on the effect of ambient conditions on the interface of ILs and
different metal electrodes. We do this by investigating the potential screening (PS) behavior in
air and also in a N, atmosphere (as model system with a low water content) in comparison to
reference measurements under ultraclean (contamination-free) conditions. For the latter, we
use XPS under ultra-high vacuum (UHV) conditions in a symmetric 2-electrode setup as de-
tailed in Chapter 3. In these experiments, the binding energy shift (ABE) as a function of the
applied voltage (Ugpplica) Was found to be characteristic for a particular IL/electrode combina-
tion. Thus, the ABE vs Ugypiica curves can be used as fingerprints, which, as detailed in Chap-
ter 4, proved to be particularly valuable to deduce information on the PS and EDL composi-
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tion at the polarized electrode interfaces of IL mixtures. ~ In this Chapter, we now extend this

approach to compare PS curves recorded in UHV by XPS with PS curves in 1 bar N, gas or in
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1 bar air using a 3-electrode setup (for details, see below). Notably, XPS cannot be performed
at 1 bar, and thus only 3-electrode PS measurements can be realized under these conditions.
From the comparison, conclusions on the influence of contaminations on the PS can be de-
rived: On the one hand, if the PS curves recorded in N, or air show the same behavior as in
UHV, we can assume that contaminants do not have any significant effect on the PS. On the
other hand, different PS curves arising from different measuring environments indicate an
alteration of the PS by contaminations. The comparison of measurements in N, and air pro-
vides some indication on the sensitivity of the PS and thus also the EDL to contaminations

introduced by the surrounding gas atmosphere.

In the following, we first verify that PS measurements performed by XPS in UHV
yield the same results as measurements using a very specific 3-electrode sample holder in
UHV. Based on this proof-of-principle experiment, we then compare PS measurements by
XPS in UHV with PS measurements with a 3-electrode setup performed in N and in air, and
simultaneously record the cell current between working and counter electrode (WE and CE).
With these measurements, we demonstrate that there is indeed an influence of the gas atmos-
phere, which depends on applied voltage and the combination of IL and electrode material. By
adding an excess of water in a 1:1 water-IL solution, we will demonstrate that the contamina-
tion effect on PS is mainly due to water. In the course of our studies, we also observed that for
certain IL/electrode combinations reaction products formed under faradaic conditions lead to a
contamination of the 3" reference electrode, yielding time-dependent deviations from the true

behavior

5.2. Methods and Materials

Ultrapure [CgCiIm][Tf,N] and [CsCIm]Cl were synthesized as reported in a previous publi-
cation.”’ The Pt (@ 0.30 mm) and Au(@ 0.25 mm) electrodes with a purity of 99.99% and

99.995% and flame annealed before use, as in the previous chapters.

The PS measurements recorded with XPS in UHV are taken from Chapter 3. The PS
measurements recorded in N, atmosphere and air were performed in an air-tight box (see
Figure 38 and Appendix for more details) with an electrochemical cell developed by our
group. The inlet and outlet pipes (1 and 2 in Figure 38) of the air-tight box allowed for a

constant flow of high purity N, during the measurements performed in N, atmosphere. The
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sample stage (3) is equipped with three spring contacts with which the electrodes are
connected to the potentiostat and the multimeter through a feedthrough (4). To perform the
measurements in air, the air-tight box was opened and exposed to atmospheric air before

applying the voltage steps.

Figure 38 Air-tight box used to perform the measurements in N, atmosphere and air
(numbers, seetext).

The cell consists of a PEEK reservoir in which the IL is filled and WE and CE are im-
mersed with great care to have the same contact area with the IL (= 5%). The distance be-
tween WE and CE was 5 mm and the Pt 3™ reference electrode was placed in between them at
a distance of 2.5 mm from each. WE and CE were connected to a Keithley 2450 used as po-
tentiostat. The voltage profiles were recorded with a Keithley DMM6500 used as high re-

sistance multimeter.

5.3. Results and Discussion

5.3.1. Experimental Concept and Comparison of PS Measurements Using

XPS in UHV and Using a 3" Reference Electrode in UHV

In the following, the link between the 2-electrode XPS and 3-electrode PS measurements will

be detailed in Figure 39 for non-faradaic conditions, both in UHV. As described in Chapter 3
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for our 2-electrode setup, an external voltage U,ypiica 1s applied between two identical elec-
trodes (that is, same metal and same electrolyte/electrode contact area); the grounded elec-
trode is the CE and the non-grounded one is the WE. Due to Ugppiicd, the ions of the IL rear-
range at the liquid/metal interfaces to compensate for the electrode charges forming EDLs,
yielding corresponding potential drops A¢g at the two electrodes (remember that due to the
high ion density in ILs, the potential drops for moderate applied voltages predominantly occur
within the first IL interface layer by accumulation of the corresponding counter ions,** '®*

while no potential drop takes place in the bulk between the two electrodes, when faradaic cur-

rents are absent (see Chapter 3).

Figure 39 Schematic representation of the EDL structure and the potential at the in-
terface for the electrochemical cell comprised of [CgCilm| Cl and two identical Pt
electrodes. The respective XPS spectra of the N 1s region are reported on the right,
indicating the BE and the ABE for OV and —2V applied. The e4@anodic indicates the po-
tential drop measured against the CE for —2V applied and is equal to ABE and AV
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Consequently, the potential of the IL bulk shifts (Figure 39) relative to CE, which can be
measured with XPS by recording one of the IL core levels: at a certain applied voltage,
Uapplicd, the binding energy difference (ABE) relative to the BE at Ugpplica = 0 V gives access to
the potential drop changes at the interfaces (e4¢). In the example illustrated in Figure 39, ABE
is equal to the potential drop at the anode (€4@anodic), sSince the grounded CE is positively po-
larized and attracts the anions of the IL while A@cathodic = Uapplicd = A@anodic 18 the potential

drop at the WE (cathode).

Since XPS requires UHV conditions, the measurements in N, and air must be carried out
in a different way, which we realize by recording the potential change (AVyp) of a 3 inert
reference electrode that is connected to CE via a high resistance multimeter (>10 GQ) (See

Figure 40 and Appendix for further details).

Figure 40 Sketch of the electrochemical cell used for the potential screening meas-

urementsin N, and air.

As shown in Figure 39, AV,es recorded at Ugypplica = —2 V relative to Ugpplica = 0 V 1s equal

to A@anodic- T0 test the suitability of both methods, we performed proof-of-principle PS meas-
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urements in UHV with both types of setup (2-electrode configuration with XPS (yielding
ABE), 3-electrode setup (yielding AV.f) by using the molybdenum support sample holder as
3" reference electrode). For these experiments, we used an IL/electrode combination with a
very characteristic ABE vs Ugpplica behavior, namely [CsCiIm]Cl/Pt. As shown in Figure 41,

ABE and AV,r show exactly the same variation with Ugppiicd, that 1s, ABE is equal to €4V..r.

Figure 41 Relation between the 4BE (N 1s) and the AV, measured with a 3™ refer-
ence electrode for the electrochemical cell comprised of [ CgC1Im] Cl and two identical
Pt electrodes vs an applied voltage. The black symbols correspond to the curves
measured in UHV with XPS, the red symbols to the curves measured in UHV with a 3™
reference electrode. The dashed straight (+0.5 €V/V) lines indicate equal potential
drop at the cathode and anode interface.

Since both methods agree well under UHV conditions, we can assert that our use of a 3™
reference electrode is suitable to measure PS also in N, atmosphere and air. All the AV,e¢
measurements are recorded for negative and positive polarization relative to both the WE and

CE over time (See Appendix, Figures A30 to A33) and both A@unedic and A@eathodic are ob-
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tained. This is particularly useful to detect modifications at the electrodes and in the electro-
chemical cell during the measurements. As demonstrated in Chapter 3, A@nodic T A@Pcathodic 1S
always equal to Ugpiiea and A@uodsic can  be always converted to  A@atmodic
(A@cathodic = Uapplicd — A¢anodic)- In the next sections, the averages of the absolute values in the
four quadrants (Figure 41) are shown as the A@.modgic curves for a clearer presentation; the

error bars indicate the standard errors.

As a final remark, our 3-electrode PS method can of course be related to a typical 3-
electrode setup consisting also of WE, CE and reference electrode (RE). In such a standard
potentiostatic configuration, however, the WE is the electrode at which the potential relative
to a high-ohmic RE is controlled via a potentiostat, that is, the applied voltage Uqppiica between
WE and CE is continuously adapted such to achieve a certain desired potential drop AV, be-
tween WE and RE. In our setup, a constant potential difference Ugppiica 0f choice is applied
between WE and CE employing a potential source (as it is done e.g. in a supercapacitor appli-
cation), and AV,r is only read through the high resistance circuit via a high resistance multi-

meter.

5.3.2. [CsCIm]Cl in N, and Air at the Au Electrode Interface

Figure 42a compares the A@camodic curves of [CsCiIm]Cl for two identical Au electrodes
measured in UHV (presented in Chapter 3), and in N, and air using a Pt wire as 3" reference
electrode. The data determined in UHV by XPS (black squares) are reproduced from Chap-
ter 3. They exhibit a linear behavior with a slope of 0.92 V/V that is nearly twice the slope of
0.50 V/V (dashed line) of an ideal symmetric behavior, where half of the applied voltage is
screened on the cathodic and the anodic sides. The observed highly asymmetric behavior of
A@eathodic Indicates that most of the PS takes place at the cathodic side while at the anodic side
the PS is small. As discussed in Chapter 3 this behavior is due to the large size difference be-
tween the [CgC;Im]" cation and the CI” anion. Remember that, in a simple Helmholtz approx-
imation for ILs under non-faradaic conditions, A¢ at an electrode is inverse proportional to the
corresponding EDL capacitance and — due to the identical contact areas in our setup — directly
proportional to the size of the counterions. Hence, at the cathode, the large imidazolium cati-
ons lead to a large A@catmodic, Which is considerably larger than the small A@y,o4ic at the anode

resulting from the smaller chloride anions (see Chapter 3).
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Figure 42 a) Cathodic voltage of [ CsC1Im]| Cl vs Uappiied between two identical Au elec-
trodes. The black line refers to the measurements performed in UHV with XPS red
and blue lines refer to the measurements performed with a 3" reference electrode in
N, and Air atmosphere, respectively. The dashed straight line (= 0.5 V/V) indicates
equal PS at the cathode and the anode. b) Averaged current recorded during the
measurements.
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To investigate the influence of ambient conditions on the PS characteristics, we per-
formed PS measurements in N, and air (red and blue symbols in Figure 42) using a Pt wire as
a 3" reference electrode. Surprisingly, the cathodic voltage curves are virtually identical to the
measurements performed in UHV. Following our fingerprint approach, the N, and air atmos-
pheres lead to the same asymmetric PS behavior as in UHV (the small differences at 2 V are

within the experimental uncertainty).

At first sight, this unchanged asymmetric behavior directly indicates an unchanged
composition of the EDL which is solely given by the dissimilar sizes of cations and anions of
the IL. However, considering the fact that the behavior is dominated by the large cations,
yielding a slope of 0.92 V/V, small changes at the anodic side (e.g. via adsorption of other
small ions such as OH ) would also leave the behavior unchanged. Figure 42b depicts the
measured steady-state currents between cathode and anode recorded during the PS measure-
ments under the three different conditions. In UHV, the current is negligible up to the highest
voltage of 2 V, indicating that faradaic phenomena at the electrode interface are absent under
the ultra-clean conditions of UHV. On the contrary, in N, and air (red and blue symbols, re-
spectively), the current rises above 0.5 V applied voltage, indicating that faradaic reactions
start to take place at these voltages; notably, this current increase is much more pronounced in
air than N, while it does not have an impact on the PS behavior. Therefore, for this particular
IL/electrode combination, faradaic reactions do not seem to affect the observed PS, which is
an indication that the composition of the corresponding EDLs does not change significantly
due to the presence of N, or air. We propose that the residence time of formed redox products
at the electrodes that are generated at voltages above 0.5 V is small compared to the time scale
of our averaging PS measurements, which “see” predominantly Cl~ and [CsC;Im]" as counter-
ions at the interfaces. At the anode, the dominant presence of CI on Au at the expense of oth-
er species formed in course of the oxidation is not surprising: pronounced adsorption of hal-
ides at the Au surface in contact with IL mixtures was found even in cases where these halide
anions were only present in traces (see Chapter 4)."'® As final comment, one should note that
despite the fact that the PS curves and therefore the EDLs are not significantly affected by
contaminations, the observed faradaic currents occurring in N, atmosphere and air could lead

to issues such as discharging effects in IL-based supercapacitor applications.
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5.3.3. [CsCiIm]Cl in N, and Air at the Pt Electrode Interface

The electrode material plays a crucial role in the structure of the EDL. In contrast to the pre-
vious example of [CgCiIm]Cl and Au electrodes, where A@camodic 18 found to be always larger
than A@anodic Within the applied voltage range, the situation is very different for Pt electrodes.
As it is evident from Figure 43a, A@cathodic under UHV conditions initially increases only very
moderately in a linear trend (slope 0.12 V/V) up to 1.2 V applied voltage and then strongly
increases with a slope of 0.81 V/V (black symbols); its absolute value stays always below the

dashed line in the studied voltage range, that is, it is always smaller than A@,nodic.

In Chapter 3, this larger A@camodic for different imidazolium ILs in UHV conditions
was attributed to the specific attractive interaction of the m ring orbital of the aromatic cation

with the d orbitals of the Pt electrode.

To study the impact of ambient environment, we also measured A@casmodgic curves in Np
and air; the data are also shown in Figure 43a (red and blue symbols, respectively). Up to
0.7 V, a similar PS behavior as in UHV is observed. In contrast, the transition to the steeper
slope already occurs at 0.7 V in N; and air. This transition coincides with the onset of a signif-
icant current in Figure 43b, which is absent in UHV under the otherwise same conditions. Due
to the similarity of the PS curves, we propose that the ambient conditions hardly affect the
EDLs up to 0.7 V. The deviations observed at higher voltages are attributed to a change in the
composition of the EDLs, such that the electrode/liquid interfaces are not exclusively com-
posed of the counterions of the IL, but also by additional species formed in the redox reac-
tions at the electrodes, which change the composition of the EDL. It is tempting to speculate
about the nature of the formed redox species: since atomic hydrogen is known to be strongly

135, 136
bound on Pt, ™

a possible candidate is hydrogen formed by reduction of residual water at
the cathode, which weakens the specific attractive interaction of the imidazolium ring with the
Pt electrode. As a consequence, the slope of the corresponding cathodic voltage curves chang-
es more to the situation where the EDL capacitances are dominated by the different sizes of
cation and anion without specific ion-electrode interactions in a similar way such as measured

in the previous example of [CsCiIm]Cl in contact with Au electrodes even for values of

Uappiicd close to zero.
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Figure 43 a) Cathodic voltage of [ CsC1Im]| Cl vs Ugppiied bEtWeen two identical Pt elec-
trodes. The black line refers to the measurements performed in UHV with XPS red
and blue lines refer to the measurements performed with a 3" reference electrode in
N, and Air atmosphere, respectively. The green line represents PSdata of a1 : 1 mo-
lar solution of water and [CgCylm Cl recorded with a 3 reference electrode in No.
The dashed straight line (£ 0.5 V/V) indicates equal PS at the cathode and the anode.

b) Averaged current recorded during the measurements.

In order to verify that the observed effects under ambient conditions are indeed due to
water (as already suggested above) we performed an additional measurement with high water
content. The green symbols in Figures 43a and b show A@.amodic and current values of a 1:1

molar mixture of [CsC;Im]Cl and H,O, that is, one water molecule per ion pair measured with
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Pt electrodes in 1 bar N,. While the PS is identical to the measurements of the pure IL in N,
and air, the observed currents have significantly increased as compared to air and even more
as compared to Ny. This behavior strongly suggests that it is most likely water that leads to the
observed deviations from ultraclean conditions. The fact that the changes in PS already oc-
curred for N, that is, with only minor water content, indicates that already small amounts of

water are sufficient to change the EDL.

The comparison of Au and Pt as electrode materials with the same IL shows how the
interactions between ions, contaminants and electrodes strongly influence the observed PS,
which is attributed to changes of EDL composition. These deviations observed above 0.7 V
applied in N and air, compared to UHV, can be relevant to electrochemical studies with a 3-
electrode setup, such as CV and chronoamperometry. As mentioned above for a standard po-
tentiostatic arrangement, the desired AV, is set between WE and RE and it is achieved by
applying a voltage with a potential source between WE and CE. In this regard, different biases
have to be applied between WE and CE in N, atmosphere and air than under ultraclean condi-

tions.

5.3.4. [CgCIm][Tf,N] in N, and Air at the Au Electrode Interface

While in the previous examples, cation and anion were very different in size, the sizes and
thus also the expected EDL dimensions are very similar for [CsCIm][Tf;N] as electrolyte.
Figure 44a depicts A@camodic @s function of applied voltage between two identical Au elec-
trodes. The XPS-derived data in UHV (black symbols) reveal a linear behavior with a slope of
0.45 V/V, that is, they lie approximately on the ideal line for symmetric PS with
A@cathodic = APanodic- In Chapter 3, we attributed this behavior to the absence of pronounced
specific chemical interactions between the Au electrode and the anions and cations of the IL;
the EDL capacitances are thus given by the similar size of the counterions at the correspond-
ing interfaces. The experiments performed in N, and air (red and blue symbols, respectively)
show the same PS behavior as in UHV, which indicates that ambient conditions do not signif-

icantly affect the structure of the EDL.
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5.3.5. [CsCIm][Tf,N] in N, and Air at the Pt Electrode Interface

The cathodic voltage curve of [CgCiIm][Tf;N] measured for two identical Pt electrodes in
UHV is depicted in Figure 45a (black symbols). We observe the typical asymmetric behavior
of imidazolium-based ILs on Pt electrodes described above and in Chapter 3, with A@cathodic
being smaller than A@,ndic; the initial slope of the curve is 0.27 V/V. The PS curves recorded
in N; and air (red and blue symbols, respectively), however, show a steeper increase with a
slope of 0.44 V/V and 0.42 V/V respectively, which is closer to the ideal line. Similar to our
observation on Au for this IL, the observed currents between WE and CE are very low for this
electrolyte in UHV and also under non-UHV conditions up to 1.5 V applied, which rules out
pronounced redox reactions being responsible for the observed changes. Hence, we attribute
the different PS curves for Pt to the fact that residual contaminants being present in the IL
(most likely traces of water) adsorb on Pt and weaken the interaction of the IL with the elec-

trode; this in turn leads to different liquid/metal EDLs than in UHV.

Interestingly, the comparison of the observed behavior for Pt and Au electrodes shows a
pronounced influence of the ambient conditions on the PS behavior for both [CsCIm][Tf,N]
and [CsCIm]CI in the case of Pt electrodes, while for Au electrodes hardly any influence is
seen. This difference can possibly be attributed to the hydrophobicity and ionophilicity of the
Au electrode,®* at which the interaction with the IL counterions is favorable over other spe-
cies. In contrast, the interactions between Pt electrodes and the imidazolium cations dominate
for pure ILs, but under ambient conditions, the affinity of certain contaminants or redox prod-

ucts might be even stronger and drastically alter the interfacial composition.
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Figure 44 a) Cathodic voltage of [ CgC1lm] [ Tf2N] vs Uappiiea betWeen two identical Au
electrodes. The black line refers to the measurements performed in UHV with XPS
red and blue lines refer to the measurements performed with a 3" reference electrode
in N2 and Air atmosphere, respectively. The dashed straight line (+ 0.5 V/V) indicates
equal PS at the cathode and the anode. b) Averaged current recorded during the

measurements.
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Figure 45 a) Cathodic voltage of [ CsCiIm|[Tf2N] Vs Ugppiied bEtWeen two identical Pt
electrodes. The black line refers to the measurements performed in UHV with XPS
red and blue lines refer to the measurements performed with a 3" reference electrode
in N2 and Air atmosphere, respectively. The dashed straight line (£ 0.5 V/V) indicates
equal PS at the cathode and the anode. b) Averaged current recorded during the PS

measurements.



5.3.6. Contamination of the 3™ Reference Electrode

In this section, we want to address an interesting observation in some of the studies reported
in this Chapter. Typically, we perform four PS measurements with positive and negative
Uapplica Voltage steps and either the WE or CE grounded. The four quadrants as shown in Fig-
ure 41 are then averaged yielding the data shown in Figures 42 to 45. The detailed measure-
ments as a function of time are shown in Figures A30 to A33 in Appendix. After a voltage
ramp from 0 to £ 2 V, the applied voltage was set back to 0 V to start the next experiment. In
all UHV experiments (black data), the ABE values and also in all experiments in N, the AV,¢
values (red data) dropped back to zero, as is to be expected. This is also the case for the exper-
iments in air (blue data), with the exception of the experiments for [CgC;Im][Tf,N] with Pt
and Au electrodes, where we observe a strong change on the AV s at Ugpplica = 0 V (Figures
A32 and A33, blue data). This deviation was observed after the first voltage ramp in air and it
was persistent for all the following measurements. These deviations were not observed in
UHV and N, and with all the other electrode/IL combinations in all the different measuring

conditions.

To further investigate this phenomenon, we measured AV,.s for [CsC,Im][Tf,N] with two
identical Au electrodes at Ugpplica = 0 V for 10 minutes before and after positive and negative
voltage steps (Figure 46). For all Ugpplica values up to £1.5 V, the AVyr value measured at
Uappiica = 0 V after the voltage steps approached zero after a certain relaxation time, indicative
of the reorganization of the EDL after the potential change: For instance, for Uyppiica = —1.5 V,
we observe a positive AV,r during the step and after changing back to Ugppiica = 0 V, a small
remaining positive AV.r value slowly decays to zero. Accordingly, for Ugpplica = +1.5 V, AV et
is negative, and after changing back to U,ppiica = 0 V, a small remaining negative AV, value
slowly decays to zero. Surprisingly, the behavior is different when applying £2.0 V, where the
AVer values recorded at Ugppiica = 0 V after the steps are always negative, independent of the

sign of the voltage steps.

We attribute the expected behavior up to £1.5 V to the slow transport kinetics of the IL
ions in the highly viscous media, leading to a slow reorganization of the counterions at the
EDL after the potential step and an excess of cations at the cathode and anions at the anode
remaining when no voltage is applied (Ugpplica = 0 V). It has been reported in differential ca-

pacitance (Cy) measurements that slow transport kinetic can lead to hysteresis of the Cgy
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curves, which requires to wait until the system is back to equilibrium before starting a new

measurement.41

Figure 46 AV, recorded with a Pt 3" reference electrode in air for positive (a) and
negative (b) voltages applied. The voltage is held at U apied = 0 V for 600 s before and
after the voltage steps. The voltage steps have a duration of 139 s.
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In contrast, the always negative AV s values observed at Ugyypiica = 0 V after £2.0 V steps
in Figure 46 have a different origin. We attribute them to redox products in the IL phase that
adsorb on the 3™ reference electrode and thereby change the reference potential. As our setup
is symmetric with respect to WE and CE, positive or negative applied voltages lead to the
same redox products and thus the same effect on the 3™ reference electrode. A possible origin
of this effect could be electrodegradation of the [Tf;N] anion in presence of OH and water,
that is, when not operating in dry conditions."*' This reaction produces anionic and radicalic
fragments of the [Tf;N] , such as -‘NSO,CF; and SO,CF; , which can be highly surface-

active at the 3 reference electrode.

As mentioned above, the 3" reference electrode used in our study is related to the RE
electrode of a standard 3-electrode setup. In this regard, our study shows the possibility to use
the ABE recorded through XPS as a stable and reliable reading of the potential difference be-
tween the electrolyte and the electrodes. This is particularly interesting for all the in-situ stud-
ies in which all the three electrodes (WE, CE and RE) are located in the same cell compart-

ment and therefore the influence of redox species on the stability of the RE cannot be avoided.

Finally, the observed sensitivity of the potential measured by the 3™ reference electrode
towards contaminations could also be a hint towards explaining uncertainties/differences of
several tenths of eV that are frequently observed in reported XPS binding energy values of
nominally identical ILs.'”" *” These can possibly be traced back to changes of the potential
drop at the interface of the IL with the grounded support due to residual contaminations ad-
sorbing at this interface, and thus, changing the related EDL. Moreover, this interpretation
could explain long-term changes of XPS binding energy values quite commonly observed
during the course of XPS measurements, due to adsorption of species created by X-ray-

induced beam damage of the ILs.

5.4. Conclusions

We investigated the effect of ambient conditions on the PS at the interface of [CsCIm][Tf,N]
and [CgC;Im]Cl with polarized Au and Pt electrodes. For this purpose, data collected in 1 bar
air and also in 1 bar N, using a 3 electrode setup are compared to reference measurements
under ultraclean (contamination-free) conditions by XPS in a symmetric 2-electrode setup.

The observed binding energy shifts as a function of the applied voltage U,ppiica mirror the PS
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and EDL composition at the polarized electrode/IL interfaces. From the comparison, conclu-
sions on the influence of contaminations on the PS can be derived: On the one hand, if the PS
curves recorded in N, (that is, moderate clean conditions) or air (full ambient conditions)
show the same behavior as in UHV, we can assume that contaminants from ambience do not
have a significant effect on the PS. On the other hand, different PS curves arising from differ-
ent measuring environments indicate an alteration of the PS by contaminations. In the course
of our study, we first confirmed that PS measurements performed by XPS in UHV yield the
same results as measurements using a very specific 3-electrode sample holder in UHV. This
proof-of-principle experiment is the basis for comparing PS measurements by XPS in UHV
with PS measurements with a 3-electrode setup performed in N, and in air. Additional infor-
mation is obtained from simultaneously recording the cell current between working and coun-

ter electrodes.

With our PS and current measurements, we demonstrate that there is indeed an influence
of the gas atmosphere, which depends on applied voltage and the combination of IL and elec-
trode material. For Pt electrodes, we find a pronounced influence of the ambient conditions on
the PS for both [CgCiIm][Tf,N] and [CsC,Im]Cl, while for Au electrodes hardly any influence
is seen even under faradaic conditions. The latter indicates that due to overall attractive inter-
actions between Au and IL ions, the EDLs are dominated by the IL counterions whereas other
possible co-adsorbed species that are e.g. produced in a faradaic process have a short life-time
at the metal-IL interface. In contrast, the very specific interactions between Pt electrodes and
the imidazolium cations that dominate for pure ILs, are significantly altered under ambient
conditions due to the affinity of certain contaminants or redox products adsorbing on Pt.
These findings indicate that the interplay between contaminations, IL ions and the electrode
material determine the composition of the EDL in which the strongest interactions lead to the
final interfacial behavior. By adding an excess of water in a 1:1 water-IL solution, we demon-
strated that the contamination effect on PS observed under ambient conditions is most likely
due to water. In the course of our studies, we also observed that for certain IL/electrode com-
binations reaction products formed under faradaic conditions lead to a contamination of the 3™

reference electrode, yielding time-dependent deviations from the true behavior.

To conclude, our findings demonstrate that in electrochemical studies and applications of
ILs in ambient conditions several factors can compromise the results and the performances of
such devices. In this regard, the comparison between the PS behaviors obtained with in-situ

XPS under ultraclean conditions and with the 3™ reference electrode in ambient conditions
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can be employed as a reliable tool to detect and subsequently avoid undesirable effects arising

from species other than solely the ions of the ILs.
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6. Two Different Materials Electrode / Ionic Liquid

Interfaces

6.1. Introduction

As already mentioned in the introductory Chapter 1, one of the biggest challenges in superca-
pacitors is to increase the energy densities. The energy density (E) in a supercapacitor is given

by the following equation:

where C and U are the capacitance and the total operative voltage window of the device, re-
spectively. In this context, higher values of E can be achieved by increasing C, e.g. through
high-surface-area carbonaceous materials,” * or by using electrolytes which can withstand

high U without incurring in electrodegradation, such as organic electrolytes or ILs.

In a supercapacitor, the total operative voltage window depends on the electrochemical
stability of the electrolyte at both cathode and anode. In a device comprised of two identical
electrodes (symmetric), the electrochemical stability can be limited by irreversible electro-
chemical processes occurring at only one of the two electrodes. Replacing such a “limiting”
electrode by an electrode, which provides higher electrochemical stability is therefore a suita-
ble way to expand the maximum operational window of a supercapacitor. Electrochemical
cells consisting of two different electrodes are referred in literature as asymmetric devices.'*®
The two electrodes can be different in charge storage mechanism (faradaic, non-faradaic,
pseudocapacitive), thickness, weight, surface area, and material. Asymmetric devices have
been mainly investigated in aqueous and organic electrolytes and showed (i) high capacitance,
high operative voltage range and high energy densities by combining one activated carbon
electrode and one graphite electrode;"” (ii) high operative voltage window and good cycling

performance by combining RuO,/TiO, nanotube composite and activated carbon
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electrodes;'*" (iii) enhanced energy densities by changing the mass loading of the active mate-

rial between negative and positive electrode.'*!

In Chapter 3, it was demonstrated that potential screening (PS) measurements through
in-situ XPS under the ultra-clean condition of ultra-high vacuum (UHV) are a reliable tool to
study the electrical double layer (EDL) at the IL/electrode interface in a symmetric two-
electrode electrochemical cell. In such symmetric cell, we observed a very characteristic be-
havior of the potential drop at the cathode (A@cathodic) and the anode (A@anodic) as a function of
the applied potential. According to the specific combination of the IL and the electrode mate-
rial, the potential drop ranged from symmetric to asymmetric, that is, A@cathodic = A@Panodic and
A@eathodic 7 A@Panodic- In this regard, strong asymmetric behaviors (A@cathodic >> A@Panodic OF
A@eathodic << A@anodic) could lead to the occurrence of irreversible faradaic reactions at one of
the two electrodes earlier than at the other. Therefore, in this Chapter, we explore with in-situ
XPS in UHV a possible route to tune and equalize the potential drop at both electrode inter-
faces, by combining an Au and a Pt electrode in a two-electrode asymmetric cell. In the fol-
lowing explorative approach, we will compare the A@camodic curves obtained with a symmetric

cell (data from Chapter 3) and an asymmetric cell.

6.2. Methods and Materials

Ultrapure [CgCiIm][Tf,N] and [CsC,Im]Cl were synthesized as reported in a previous publi-
cation,”’ [C4C,Pyrr][Tf,N] was purchased from IoLitech with a purity >99%. The Pt and Au
electrodes used for the measurements shown in this chapter have both a diameter of 0.30 mm,

a purity 0f 99.99% and 99.9% and were flame-annealed before use.

The PS measurements of the cell with two electrodes composed of the same material (Au
or Pt) are taken from Chapter 3. The PS measurements of the cell comprising two different
material electrodes were performed in an identical way as those as described in Chapter 3. For
each combination of IL and metal, the Pt and the Au clectrodes were mounted in the electro-
chemical cell in such a way that their contact areas with the ILs were identical (£5%); this is
important in order to avoid geometry effects on the PS. XPS was carried out using a
monochromated Al Ka source and a hemispherical ARGUS analyzer (see Chapter 2.2). High-
resolution scans were recorded with a pass energy of 35 eV and a dwell time of 0.5 s with an

overall energy resolution of 0.4 eV (see Chapter 2.2).
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6.3. Results and Discussion

As already described in Chapter 3, when an external voltage (Uappiica) 1s applied in a two-
electrode electrochemical cell, the ions of the IL form an EDL at the liquid/metal interfaces to
compensate for the electrode charges, and a potential drop (4¢) occurs within the first IL in-
terface layer at the two electrodes. The resulting shift of the potential of the IL in the bulk
(Figure 47) relative to the grounded electrode can be measured with XPS by following the
binding energy (BE) of one of the IL core levels at a certain value of Ugppiica (Figure 48 top).

Figure 47 Schematic representation of the IL/electrodes interfaces for negative (a and
b) and positive (c and d) polarization with the Pt WE grounded (a and c¢) and the Au
CE grounded (b and d); cations and anions at the electrodes are represented as green

and orange circles respectively.
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The binding energy difference relative to the BE at U,pp1i.a = 0 V allows us to obtain the poten-
tial drop changes at the interfaces (edq). Again, we denote the amount of PS relative to

Uapptica = 0 V at the anode (plus pole) as A@anoaic and that at the cathode (minus pole) as

A ¢cathodic .

Figure 48 (Top) BE of the F 1sand N 1s peak for [ C4C1Pyrr] [Tf,N] and [ CgCqIm]| Cl,
with Pt WE grounded (black) and Au CE grounded (blue). (Bottom) Corresponding
cathodic voltages at the different electrodes of [ C4C1Pyrr][Tf.N] and [ CsCylm]| Cl for
negative (A@cathodic @t Pt electrode, green) and positive (A@cathodic @t Au electrode, ma-
genta) polarization of the Pt WE.

In comparison to the measurements reported in Chapters 3 to 5, here we are using two
electrodes composed of different materials; therefore, some more remarks have to be added.
In the set-up used in the following experiments, the Au electrode is always connected to the
counter electrode (CE) plug of the potentiostat, which means that for negative polarization

(Figures 47a and b) the Au electrode will be always positively polarized and therefore act as
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anode; vice versa, the Pt working electrode (WE) will act as cathode. As shown in Figures 47¢
and d for positive Ugppiicd, the Au and Pt electrodes will always be cathode and anode, respec-
tively. Thus, in this specific example, the A@camodic and A@anogic Obtained for negative polariza-

tion stem from cations and anions at the Pt and Au electrodes, respectively.

In contrast, A@anodic and A@eamodic for positive polarization come from cations at the Au
electrode and anions at the Pt electrode, respectively. This leads again to very characteristic
BE shifts depending on polarization and grounding as demonstrated for the two ILs
[C4CPyrr][T£oN] and [CsCiIm]Cl (see Figure 48, Top). In the following, the results will be
shown only as function of A@camedgic (see Figure 48, Bottom) for both negative and positive
polarization of the WE, in order to give a clearer presentation; remember that A@ynegic can al-

ways be directly converted to A@cathodic and Vice versa because Ugppiied = A@eathodic + A@Panodic-

Figure 49 Cathodic voltage of [ C,C1Pyrr] [ Tf2N] versus applied voltage, for two iden-
tical Au WE and CE (red); for two identical Pt WE and CE (blue); for Pt WE and Au
CE at negative (green) and positive (magenta) polarizations. Equal potential drops at
the anode and cathode interfaces are indicated as dashed straight line with a slope of

+0.5V/V. The error bars show standard deviations of the measurements.
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In Figure 49, the A@camogic curves presented in Chapter 3 for [C4CPyrr][Tf,N] in a
symmetric two-electrode cell (red line for two identical Au electrodes; blue lines for two iden-
tical Pt electrodes) are compared with the behavior obtained from an asymmetric cell for neg-
ative (green line) and positive (magenta line) polarizations. In Chapter 3, the slope of 0.5 V/V
observed for [C4C,Pyrr][Tf,N] with both two identical Au or Pt electrodes was attributed to
the absence of strong interactions of the IL counterions with the electrode material. Therefore,
the equal values for A@camodic and A@anogic Were attributed to the comparable sizes of anion and
cation, following a simple Helmholtz approximation. The A@camoegic curves observed for the
asymmetric cell at negative and positive polarizations show the same behavior as for the
symmetric cell. This behavior confirms that the electrode material does not play a role for this
system and that the PS is solely dominated by the sizes of the counterions. Furthermore, the
almost identical behavior of the cathodic voltage at negative and positive polarizations indi-
cates that the roughness of the two different materials used as electrodes is comparable. Nota-
bly, a different roughness would lead to different contact areas between the electrolyte and the
two electrodes and consequently to different PS curves for negative and positive polarizations
(see Figure A3 in the Appendix for more details on the effect of different contact areas be-
tween electrode and electrolyte on the PS curves). The latter observations can be considered
as a proof-of-principle experiment demonstrating that PS experiments in an asymmetric cell
with two different material electrodes can be applied to more complex systems, where specific
interactions between the counterions and the electrodes can occur and the size of cations and

anions of the IL is different.

The next investigated IL is [CsCiIm][Tf;N]. The corresponding cathodic voltage
curves measured in both a symmetric and an asymmetric two-electrode electrochemical cell
are depicted in Figure 50. As already reported in Chapter 3, the PS curve recorded with two
identical Pt electrodes shows a smaller A@cathodic than A@anegic With a slope of 0.27 V/V (see
Figure 50, blue line). This characteristic behavior was attributed to the smaller distance
Oeathodic Of the flat-lying imidazolium rings at the cathode compared to the larger [Tf;N] at the
anode due to strong specific interactions between the m orbitals of the [C3CiIm]” with the d
orbitals of the Pt electrodes (see Chapter 3). With two identical Au electrodes (see Figure 50,
red line), the PS curve shows a A@cathodic almost equal to A@anodic With a slope 0.45 V/V. In
Chapter 3, this behavior was attributed to the absence of strong interactions between the Au

electrode and the IL and to the comparable size of cation and anions at the interface.
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Figure 50 Cathodic voltage of [ CgCy1Im|[Tf2N] versus applied voltage, for two identi-
cal Au WE and CE (red); for two identical Pt WE and CE (blue); for Pt WE and Au
CE at negative (green) and positive polarizations (magenta). Equal potential drops at
the anode and cathode interfaces are indicated as dashed straight line with a slope of
+0.5 V/V. The error bars show standard deviations of the measurements.

In the asymmetric cell setup (WE =Pt; CE = Au), the PS curve shows a slope of
0.40 V/V for negative polarization (see Figure 50 green line), that is, A@cathodic < A@Panodic- This
behavior is tentatively assigned to strong interactions between the Pt electrode and the imid-
azolium ring leading to a smaller distance Qcatmodgic Of the [CgCIIm]+ at the Pt cathode than the
larger [Tf,N]  at the Au anode, similar to the case of the symmetric cell with two identical Pt
electrodes. For positive polarization (see Figure 50 magenta line), the PS curve exhibits a
slightly larger A@athodic than A@anedic With a slope of 0.55 V/V. Here, the interpretation is com-
plicated by the fact that in absence of specific adsorption, the size of [CsC;Im]" on Au and
[Tf;N] on Pt would be expected to be similar. Therefore, the explanation used for the sym-
metric cell with two identical electrodes is not sufficient anymore to fully explain the behavior

of PS at positive polarizations. However, for the exploratory scope of this chapter, these first
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experiments show that combining electrodes of different materials can be used to successfully
tune the potential drop at the EDL in IL electrolytes, e.g., from a slope of 0.27 V/V for two Pt

electrodes to a nearly symmetric behavior (0.55 V/V) for mixed Pt/Au electrodes.

To further explore how the properties of an IL are affecting the PS behavior in an
asymmetric cell, we performed the same set of measurements as above with [CsC;Im]Cl. As
already presented in Chapter 3 and shown in Figure 51, [C3CiIm]Cl with two identical Pt
electrodes (blue line) is characterized by a slope of 0.12 V/V which changes to a value of
0.81 V/V above Ugppiica = 1.2 V; overall, we always find A@camodic < A¢@anodic. This behavior
was again attributed to typical strong interactions between the aromatic imidazolium ring and
the Pt electrode. The PS of the same IL measured with two identical Au electrodes (see Chap-
ter 3 and Figure 51 red line) show again a highly asymmetric behavior with a slope of
0.92 V/V and a A@cathodic >> A@anodic- This strong asymmetry was attributed in Chapter 3 to the

small size of the C1” compared to the larger [CsC;Im]".

The PS curve measured in the asymmetric cell at negative polarization shows a
A@eathodic > A@Panodic behavior with a slope of 0.89 V/V (Figure 51, green line). This behavior
is virtually identical to the one observed with [CsC;Im]Cl with two identical Au electrodes. It
indicates that for negative polarization of the asymmetrical cell, the EDL formed of CI on Au
dominates the overall PS. Such a strong effect on the PS behavior of Cl on Au is not surpris-
ing and was already observed for IL mixtures and in measurements performed in atmosphere
(see Chapters 4 and 5). For positive polarizations (Figure 51, magenta line), that is [CgC;Im]"
on Au and Cl on Pt, the PS curve shows an initial slope of 0.52 V/V, which changes to a
slope of 0.71 V/V above Ugpplica = 1.2 V. This virtually symmetric behavior of the PS curve,
that 1s, A@cathodic = APanodic, cannot be simply attributed to the different size or to specific ad-
sorption of the counterions at the electrodes and more studies are needed to fully understand
the nature of the EDL at both interfaces. However, this experiment clearly demonstrates that
at negative polarizations the potential drop at the IL/electrode interface can be tuned from

highly asymmetric to symmetric simply by changing the material of one of the electrodes.

In the following, some more considerations will be added on the equalization of the

potential drop at cathode and anode using the example of [CsCIm]CI.
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Figure 51 Cathodic voltage of [CgC1Im| Cl versus applied voltage, for two identical
Au WE and CE (red); for two identical Pt WE and CE (blue); for Pt WE and Au CE at
negative (green) and positive (magenta) polarizations. Equal potential drops at the
anode and cathode interfaces are indicated as dashed straight line with a slope of

+0.5 V/V. The error bars show standard deviations of the measurements.

As already emphasized, the sum of the potential drop at the cathode and the anode is always
equal to the applied voltage (Uapplicd = A@Peathodic T APanodic). Consequently, the low A@cathodic at
the negative electrode, observed with two identical Pt electrodes, implies a corresponding
high A@anedic at the positive electrode for the same U,ppiica values. This means that applying
higher U,ppiica might lead to irreversible faradaic reactions much earlier at the anode than at
the cathode. The situation with two identical Au electrodes in contact with [CsC;Im]Cl is in-
verted: the much larger A@catmodic than Aganedic can lead to irreversible faradaic reactions much
earlier at the negative than at the positive electrode. In contrast, the approximately equal
A@cathodic and A@anodic values observed with the asymmetric cell at negative polarizations might

indicate that a larger electrochemical window can be achieved in this configuration.
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6.4. Conclusions

In this chapter, we explored the effect of combining two different material electrodes on the
cathodic and anodic voltage following the BE shift with in-situ XPS. Three different ILs were
studied in an asymmetric two-electrode electrochemical cell comprised of a Pt and an Au
electrode with identical size and diameter. The measurements performed with
[C4CPyrr][Tf,N] are considered as a proof-of-principle experiment to rule out a different
roughness of the Au and Pt electrodes, which would lead to different IL/electrode contact are-
as and consequently different cathodic voltage at positive and negative polarizations. The ca-
thodic voltage curves obtained with [CgCiIm][Tf,N] in the asymmetric cell at negative and
positive polarizations exhibit an almost symmetric behavior (A@cathodic = A@Panodic) compared to
the symmetric cell with two identical Pt electrodes. In contrast, the extremely asymmetric
behaviors of [CsCiIm]Cl (A@cathodic # APanodic) Observed in the symmetric cell with both two
identical Pt or Au electrodes remarkably change to highly symmetric in the cell with two dif-

ferent material electrodes at negative polarizations.

In the context of supercapacitors, these findings are important as a symmetric potential
drop at both interfaces allows one to take advantage of the full potential windows of the two
electrodes and this might result in an expanded operational voltage of the cell and consequent-

ly higher energy densities of the device.
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7. Summary

Understanding the behavior of ionic liquids (ILs) at electrified interfaces in the context of
supercapacitor applications is pivotal to improve performance and stability of such systems.
In this context, the studies reported in this thesis aim to provide a molecular-level understand-
ing of various ILs at polarized metal electrodes, mainly by using in-situ XPS under ultra-high

vacuum (UHV) conditions.

As a first step, we developed a new approach to investigate the interfaces of ILs with
charged electrodes in a symmetric two-electrode electrochemical cell setup. The core level
binding energy shifts for different IL/electrode combinations measured with in-situ XPS gave
access to the potential screening (PS) at the solid/liquid interface as a function of applied volt-
age. For all imidazolium-based ILs studied in contact with Pt electrodes, the PS was found to
be significantly larger at the anode than at the cathode, which was attributed to strong attrac-
tive interactions between Pt and the imidazolium cation and, thus, to a larger electrical double
layer (EDL) capacitance at the cathode than at the anode. For Au electrodes, where no specific
ion/electrode interactions occur, we found that the PS behavior is predominantly determined
by the different size of cations and anions, which leads to different thicknesses of the formed
EDLs: While for ILs with similar size of anion and cation (such as [C4C,;Pyrr][Tf,N]), PS at
both electrodes is of similar magnitude, it becomes asymmetric for different ion sizes (such as

[CsCIm]Cl, where most of the PS takes place at the cathode).

The very characteristic behavior of the PS curves arising from the specific combina-
tion of IL and electrode was then used to characterize the nature of the IL/electrode interfaces
for IL mixtures of [CgCiIm][Tf;N] and [CsC{Im]CI on Au and Pt electrodes. In-situ XPS
measurements in UHV performed in a two-electrode electrochemical cell showed that the PS
at the IL-mixture/Au interfaces was dominated by Cl anions even down to 0.1 mol%
[C3C{Im]CI content. On the other hand, [Tf;N] anions enrich at the IL-mixture/Pt interfaces
down to 10 mol% [CgCiIm][Tf,N]; only at lower concentrations, a transition to a Cl enrich-
ment occurred. These results demonstrated that even small concentrations of another IL or

contaminations can strongly influence the composition of ILs at charged interfaces.

To further investigate the role of contaminations at the IL/electrode interface, we stud-

1ed the influence of ambient conditions on the PS at the interfaces of Au and Pt electrodes
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with the ionic liquids [CsCIm][Tf,N] and [CgC;Im]CI. These studies were based on a proof-
of-principle experiment, which showed that PS measurements performed by XPS yield the
same results as measurements using a specific 3-electrode sample holder setup, both in UHV.
Based on this control experiment, we were able to compare the PS measurements obtained
under the ultraclean conditions of UHV by XPS with PS measurements with a 3-electrode
setup in N, and in air. We found for Pt electrodes a more pronounced influence of the ambient
conditions on the PS for both [CgCiIm][Tf,N] and [CgC;Im]Cl in comparison to Au elec-
trodes. We attributed the observed effects mainly to water affecting the EDLs at the
[L/electrode interfaces. In addition, we observed that products of faradaic reactions occurring
in air can lead to a consecutive contamination of the 3™ electrode (reference electrode), yield-

ing time-dependent deviations from the true PS behavior.

Finally, the combination of two different material electrodes on PS behavior was ex-
plored following the binding energy shift with in-situ XPS in UHV. [C4C,Pyrr][Tf;N],
[CsCiIm][TE,N] and [CsCIm]Cl were studied in an asymmetric two-electrode electrochemi-
cal cell comprised of a Pt and an Au electrode. The measurements performed with
[C4CPyrr][TfoN] in such asymmetric cell were used as proof-of-principle experiment; more-
over, a different IL/electrode contact area originating from a possible different roughness of
the Au and Pt electrodes could be excluded. For [CsCIm][Tf,N] and [CsC;Im]ClI, the PS be-
havior measured with the asymmetric cell was found to be dependent on the polarization of
the electrodes. The PS curves obtained with [CsCIm][Tf,N] in the asymmetric cell at nega-
tive and positive polarizations exhibit an almost symmetric behavior compared to the symmet-
ric cell with two identical Pt electrodes. In contrast, the extremely asymmetric behaviors of
[CsCiIm]Cl observed in the symmetric cell with both two identical Pt or Au electrodes re-
markably change to highly symmetric in the cell with two different material electrodes at neg-
ative polarizations. The obtained results show that tuning the PS at the IL/electrode interface
by combining two electrodes of different materials in an asymmetric electrochemical cell
might be a route towards improving the performance of electrochemical devices such as su-

percapacitors.
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8. Zusammenfassung

Das Verstidndnis des Verhaltens ionischer Fliissigkeiten (engl. ionic liquids, ILs) an elektrifi-
zierten Grenzflachen im Zusammenhang mit Superkondensatoranwendungen ist entscheidend
fiir die Verbesserung der Leistung und Stabilitéit solcher Systeme. In diesem Zusammenhang
zielen die hier vorgestellten Untersuchungen darauf ab, ein Verstdndnis auf molekularer Ebe-
ne fiir das Verhalten verschiedener ILs an polarisierten Metallelektroden zu erlangen. Als ex-
perimentelle Methode kam hauptséchlich in-situ XPS unter Ultrahochvakuum (UHV) Bedin-

gungen zum Einsatz.

In einem ersten Schritt haben wir einen neuen Ansatz entwickelt, um die Grenzflichen
von ILs mit geladenen Elektroden in einer symmetrischen elektrochemischen Zelle mit zwei
Elektroden zu untersuchen. Die Verschiebungen der Rumpfniveau-Bindungsenergien (engl.
chemical shifts) fiir verschiedene IL/Elektroden-Kombinationen, die mit in-Situ-XPS gemes-
sen wurden, geben Aufschluss iiber die Potenzialabschirmung (engl. potential screening, PS)
an der fest/fliissig-Grenzflache in Abhingigkeit von der angelegten Spannung. Alle hier un-
tersuchten Imidazolium-basierten ILs in Kontakt mit Pt-Elektroden zeigen an der Anode ein
deutlich groBeres PS als an der Kathode. Dies wird auf starke anziehende Wechselwirkungen
zwischen Pt und dem Imidazoliumkation und somit auf eine grofere elektrische Doppel-
schichtkapazitit (engl. electrical double layer, EDL) an der Kathode als an der Anode zuriick-
gefiihrt.  Fir  Au-Elektroden, bei denen keine spezifischen Ionen/Elektroden-
Wechselwirkungen auftreten, wird das PS-Verhalten hauptsdchlich durch die unterschiedliche
GroBe der Kationen und Anionen bestimmt, was zu unterschiedlichen Dicken der gebildeten
EDLs fiihrt: Wéhrend bei ILs mit dhnlicher Anionen- und Kationengrofle (wie z. B.
[C4C Pyrr][T£,N]) das PS an beiden Elektroden dhnlich grof ist, wird es bei unterschiedlichen
Ionengrofen stark asymmetrisch, so etwa bei [CsCIm]Cl, wo der Haupteil des PS an der Au-

Kathode beobachtet wird.

Das sehr charakteristische Verhalten der PS-Kurven, das sich aus der spezifischen
Kombination von IL und Elektrode ergibt, wurde dann genutzt, um die Beschaffenheit der
IL/Elektroden-Grenzflichen fiir Mischungen der ILs [CsCiIm][Tf;N] und [CgCiIm]CIl im
Kontakt mit Au- und Pt-Elektroden zu charakterisieren. In-situ-XPS-Messungen im UHV, die

in einer elektrochemischen Zelle mit zwei Elektroden durchgefiihrt wurden, zeigen, dass das
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PS an den IL-Mischungen/Au-Grenzflichen selbst bei einem [CsC;Im]CI-Gehalt von nur 0,1
mol% von Cl Anionen dominiert wird. Andererseits reichern sich [Tf;N] Anionen im Fall
der IL-Mischungen an der Pt-Grenzfliche bis hinunter zu 10 mol% Anteil von
[CsCiIm][Tf,N] an; erst bei noch niedrigeren Konzentrationen erfolgt ein Ubergang zu einer
verstiarkten Prdsenz von CI Anionen an dieser Grenzfliche. Diese Ergebnisse zeigen, dass
selbst geringe Konzentrationen einer anderen IL oder Verunreinigungen im Volumen die Zu-

sammensetzung der IL an geladenen Grenzfldchen stark beeinflussen konnen.

Um die Rolle von Verunreinigungen an der IL/Elektroden-Grenzfliche weiter zu er-
mitteln, untersuchten wir den Einfluss der Umgebungsbedingungen auf das PS an den Grenz-
flichen von Au- und Pt-Elektroden mit den ionischen Fliissigkeiten [CgC;Im][Tf,N] und
[CsCiIm]Cl. Diese Untersuchungen basierten auf einem Proof-of-Principle-Experiment, das
zeigt, dass PS-Messungen mittels XPS die gleichen Ergebnisse liefern wie Messungen mit
einem speziellen 3-Elektroden-Probenhalter; die Experimente wurden dabei jeweils im UHV
durchgefiihrt. Auf Grundlage dieses Kontrollexperiments konnten wir die PS-Messungen, die
unter den ultrasauberen Bedingungen des UHV mittels XPS durchgefiihrt wurden, mit PS-
Messungen mittels dieses 3-Elektroden-Setups unter Stickstoff-Atmosphére und an Luft ver-
gleichen. Wir fanden fiir Pt-Elektroden einen stirkeren Einfluss der Umgebungsbedingungen
auf das PS, sowohl fiir [CgCiIm][Tf;N] als auch fiir [CgCi;Im]Cl, im Vergleich zu Au-
Elektroden. Wir fithren die beobachteten Effekte hauptsdchlich auf die Beeinflussung der
EDLs an den IL/Elektroden-Grenzfldchen durch Wasser zuriick. Dariiber hinaus beobachteten
wir, dass Produkte von elektrochemischen Reaktionen (engl. faradaic reactions), die unter
Laborluft-Bedingungen auftraten, zu einer Verunreinigung der dritten Elektrode (Referen-
zelektrode) fiihrten, wodurch sich zeitabhéngige Abweichungen zum ,,echten* PS-Verhalten

(d.h. gemessen zu Beginn der Messserie) ergaben.

SchlieBlich wurde das PS-Verhalten fiir zwei Elektroden aus unterschiedlichen Mate-
rialien mittels in-situ XPS im UHV charakterisiert. [C4CPyrr][Tf,N], [CsCiIm][Tf,N] und
[C3CiIm]Cl wurden in einer asymmetrischen elektrochemischen Zelle mit zwei Elektroden
untersucht, die aus je einer Pt- und einer Au-Elektrode bestand. Die mit [C4C,Pyrr][Tf,N] in
einer solchen asymmetrischen Zelle durchgefiihrten Messungen dienten als Proof-of-
Principle-Experiment; auflerdem konnte damit eine unterschiedliche IL/Elektroden-
Kontaktfliche aufgrund einer moglichen unterschiedlichen Rauheit der Au- und Pt-Elektroden
ausgeschlossen werden. Das mit der asymmetrischen Zelle gemessene PS-Verhalten erwies

sich im Fall von [CgC;Im][Tf;N] und von [CsC;Im]Cl abhingig von der Polarisierung der
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Elektroden. Die mit [CsCiIm][Tf;N] in der asymmetrischen Zelle bei negativer und positiver
Polarisation erhaltenen PS-Kurven zeigen im Vergleich zur symmetrischen Zelle mit zwei
identischen Pt-Elektroden ein nahezu symmetrisches Verhalten. Im Gegensatz dazu dndert
sich das extrem asymmetrische Verhalten von [C3C;Im]Cl, das in der symmetrischen Zelle
mit zwei identischen Pt- oder Au-Elektroden beobachtet wurde, in der Zelle mit zwei unter-
schiedlichen Elektroden bei negativer Polarisation der Pt-Elektrode in ein hochsymmetrisches
Verhalten. Die erzielten Ergebnisse zeigen, dass die Anpassung des PS an der IL/Elektroden-
Grenzfliche durch die Kombination von zwei Elektroden aus unterschiedlichen Materialien in
einer asymmetrischen elektrochemischen Zelle ein Weg zur Verbesserung der Leistung von

elektrochemischen Superkondensatoren sein konnte.
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11. Appendix

11.1. Appendix to Chapter 3

Figure A1 Electrochemical cell used for the potential screening measurements before fill-
ing IL (left) and after filling IL (right).

Figure A2 (Left) Cathodic voltage of [C,CiIm|[Tf,N] at different probing positions be-
tween Pt electrodes. (Right) Schematic sketch of XPS probing positions. In case of an
ohmic drop between the electrodes, the potential of the IL should change depending on
the position, with the XPS peak shifting accordingly. Our data show that the XP peaks did
not change depending on the probing positions, which implies that no ohmic drop exists
between the electrodes.



Figure A3 BE of F 1sin [C,C,Im|[Tf,N] with different size Au electrodes. CE: 0.25 mm
diameter, WE: 0.5 mm diameter. The linear fittings are indicated as dashed lines with a
0.64 eV/V dlope for CE grounded and a —0.36 eV/V for WE grounded. According to a
parallel plate capacitor model, the capacitance of the EDL is proportional to the surface
area of the electrode and the potential screening is inversely proportional to the surface
area of the electrodes. The expected slopes from this model are 0.67 eéV/V and —0.33 eV/V,
respectively. Our results coincide with the predicted values within less than 10% error

A-2



Figure A4 (a) BE of F 1sin [C.C.Im]|[TfoN] XP spectra according to Ugppiied iN the cases
of a Pt WE-grounded (d=0.3 mm) (black square) and a Pt CE-grounded (d=0.3 mm) (blue
triangle) setups. The ideal lines are indicated as dashed lines. (b) Residual current at a
constant Uggpiiea during the XPS measurement. (c) Potential sweep measurement. The

ramping rate is 50 mv/s.
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Figure AS (a) BE of F 1sin [CgCiIm]|[TfoN] XP spectra according to Uappiied iN the cases
of a Pt WE-grounded (d=0.3 mm) (black square) and a Pt CE-grounded (d=0.3 mm) (blue
triangle) setups. The ideal lines are indicated as dashed lines. (b) Residual current at a
constant Uggpiiea during the XPS measurement. (c) Potential sweep measurement. The

ramping rate is 50 mv/s.
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Figure A6 a) BE of N 1sin [CgCylm] Cl XP spectra according to Ugagpiied iN the cases of a
Pt WE-grounded (d=0.3 mm) (black square) and a Pt CE-grounded (d=0.3 mm) (blue tri-
angle) setups. The ideal lines are indicated as dashed lines. (b) Residual current at a con-
stant Uagpiied during the XPS measurement. (c) Potential sweep measurement. The ramp-

ing rateis 50 mvV/s.
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Figure A7 BE of F 1sin [C4CiPyrr][Tf.N] XP spectra according to Ugppiied iN the cases
of a Pt WE-grounded (d=0.3 mm) (black square) and a Pt CE-grounded (d=0.3 mm) (blue
triangle) setups. The ideal lines are indicated as dashed lines. (b) Residual current at a
constant Uggpiiea during the XPS measurement. (c) Potential sweep measurement. The

ramping rate is 50 mv/s.
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Figure A8 (a) BE of F 1sin [C.C.Im]|[TfoN] XP spectra according to Uappiied iN the cases
of an Au WE-grounded (d=0.25mm) (black sguare) and an Au CE-grounded
(d=0.25 mm) (blue triangle) setups. The ideal lines are indicated as dashed lines. (b) Re-
sidual current at a constant Uggpied during the XPS measurement. (c) Potential sweep

measurement. The ramping rate is 50 mV/s.
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Figure A9 (a) BE of F 1sin [CgCiIm]|[TfoN] XP spectra according to Uappiied iN the cases
of an Au WE-grounded (d=0.25mm) (black sguare) and an Au CE-grounded
(d=0.25 mm) (blue triangle) setups. The ideal lines are indicated as dashed lines. (b) Re-
sidual current at a constant Uggpies during the XPS measurement. (c) Potential sweep

measurement. The ramping rate is 50 mV/s.
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Figure A10 (a) BE of N 1sin [CgCylm] Cl XP spectra according to Ugpiied iN the cases of
an Au WE-grounded (d=0.25 mm) (black square) and an Au CE-grounded (d=0.25 mm)
(blue triangle) setups. The ideal lines are indicated as dashed lines. (b) Residual current
at a constant Ugappiied during the XPS measurement. (c) Potential sweep measurement. The

ramping rate is 50 mv/s.
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Figure A1l (a) BE of F 1sin [C4CiPyrr][TfoN] XP spectra according to Ugpiied N the
cases of an Au WE-grounded (d=0.25mm) (black square) and an Au CE-grounded
(d=0.25 mm) (blue triangle) setups. The ideal lines are indicated as dashed lines. (b) Re-
sidual current at a constant Ugpiies during the XPS measurement. (c) Potential sweep

measurement. The ramping rate is 50 mV/s.



11.2. Appendix to Chapter 4

In the following, we show the experimental data collected during the potential screening
measurements. The data were obtained with a symmetric two-electrode electrochemical cell
setup comprising two wires of identical metal (¢= 0.25 mm for Au, and $=0.30 mm for Pt) as
electrodes with identical contact area to the electrolyte. At a specific applied cell voltage,
Uapplicds the potential screening at the anode and cathode is determined through the binding
energy shift of IL-related core level signals at the IL/vacuum interface by XPS (that is, F Is
for all systems containing more than 10 mol% [CsC;Im][Tf;N], N 1s for the rest).
Measurements were performed for different mixtures of [CgCiIm][Tf,N] and
[CsCiIm]Cl, denoted as [CgC;Im][Tf,N]xCl;—x, with Au and Pt electrodes; see Figures A13-
A27. In each case, the binding energy of the F 1s (or N 1s) core level vs applied potential is
shown in (a) for applied cell voltages of —2 V to +2 V, with the working electrode (WE)
grounded (black squares) and the counter-electrode (CE) grounded (blue triangles). The
dashed lines indicate the ideal behavior, that is, equal potential drops at the anode/cathode
interfaces (£0.5 eV/V). Also shown is the corresponding residual current during the XPS
measurements (b), as measured at constant external voltages applied. The residual currents are
estimated by averaging the current of each chronoamperogramm after 60 s at a constant volt-
age applied. The chronoamperometric measurements of [CgC;Im][Tf;N]Cl;« (x = 0.01) with
Au electrodes are shown in Figure A12. A rapid decrease of current is observed within 1 s,
which originates from the capacitive charging process during the EDL formation. After apply-
ing the voltage, we waited for 60 s before starting the XPS measurement. The negligible re-
sidual currents of typically well below 0.2 pA confirm the absence of faradaic processes and
an equilibrium state during XPS (note that the remaining +0.4 pA current of the £2 V curves
shown in Figure A12 is due to leakage or parasitic currents in some of our electrochemical

cells. Notably, for pure [CgC;Im]Cl no such current is present (see Figure A20)).

For each studied mixture, the quantitative analysis of all IL-related core levels is
shown in a separate Table (Tables A1-A15). Thereby, the experimental mol% is determined
by the weighted amount of the two ILs in the mixtures, and the XPS mol% is obtained by the
ratio of the areas of the Cl 2p and F Is peaks. The nominal and experimental ratios are given

in number of atoms of the various elements in the IL mixture.



Figure A12. Current between Au electrodes in [CgCilm|[Tf2N]xCl1x (x = 0.01) with a
constant applied potential. The charging current for an EDL formation decreased rapidly
within 1 s. All XPS measurements were started after the EDL formation and the residual
current during the measurement was less than 0.2 ©A; note that for this specific cell are-

sidual leakage current of #0.4 A was present at the highest voltage of #2V.
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Figure A13 (a) Data for [CgCailm][TfoN]xCl1—x (x= 1) on Au. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table Al Quantitative analysis of the XP spectra of [ CgCylm| [ Tf2N] xCl1 -« (x = 1) on Au.

[CsCIm][T£;N],Cli_, (x = 1.0)

Tons [CsCiIm]" [TH,N]” Ccr
Exp. mol % 100 0
XPS mol %

N1s [C1ls |C1ls |[C1s | F1s | O1s | N1s | C1s | S2p | Cl2p
XPS regions
Nim | C2 | Chet | Cak | Fron | Orean | Nteon | Cren | Stian
Nominal ratio | 2.0 1.0 4.0 7.0 6.0 4.0 1.0 2.0 2.0 -/-
Exp. ratio 1.9 1.0 4.0 6.8 6.1 4.0 1.0 2.1 1.9 -/-
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Figure A14 (a) Data for [ CgCylm] [ TfoN] «Cl1—x (X = 0.999) on Au. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A2. Quantitative analysis of the XP spectra of [ CgCalm] [ TfoN] xCl1—x (X = 0.999) on Au.

[CyC,Im][T£;N],Cl,_, (x = 0.999)

Tons [CsCiIm]" [Tf;N]” Cl
Exp. mol % 99.91 0.09
XPS mol % /- -/-

N1s [C1ls |[C1s |[C1s | F1s | O1s | N1s | C1s | S2p | CI2p
XPS regions

Nim | C2 | Chet | Ca | Fron | Oteen | Nroon | Crien | Stien

Nominal ratio | 20 | 1.0 | 40 | 7.0 6.0 4.0 1.0 2.0 2.0 | 0.001

Exp. ratio 20 | 1.0 | 40 | 6.8 6.1 4.1 1.0 1.9 2.0 -/-
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[CsCIm][T£,N]Cli—, (x =0.99) on Au electrodes
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Figure A15 (a) Data for [CgCylm|[TF2N] «Cl1—x (X = 0.99) on Au. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A3. Quantitative analysis of the XP spectra of [ CgCqlm] [ Tf2N] xCl1-x (X = 0.99) on Au.

[CsC;Im][T£,N],Cl,_, (x = 0.99)

TIons [CsCiIm]" [Tf,N]” Ccr
Exp. mol % 99.0 1.0
XPS mol % -/- -/-

N1s [C1ls |[C1ls |[C1s | F1s | O1s | N1s | C1s | S2p | Cl2p
XPS regions
Nim | C2 | Chet | Cak | Fron | Orean | Nteon | Cren | Stian
Nominal ratio | 2.0 1.0 4.0 7.0 6.0 4.0 1.0 2.0 2.0 0.01
Exp. ratio 2.0 1.0 4.0 6.9 6.1 4.1 1.0 2.0 2.0 -/-
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[CsCIm][T£,N]Cl;— (x =0.9) on Au electrodes
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Figure A16 (a) Data for [CgCilm] [ TfoN] xCli—x (X = 0.9) on Au. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A4. Quantitative analysis of the XP spectra of [ CgCylm] [ TF2N] xCl1-x (X = 0.9) on Au.

[CsCIm][T£;N],Cl._, (x = 0.9)

TIons [CsCiIm]" [TH;N] Ccr
Exp. mol % 90.1 9.9
XPS mol % 90.3 9.7

N1s [C1ls |C1ls |[C1s | F1s | O1s | N1s | C1s | S2p | CI2p
XPS regions
Nim | C2 | Chet | Ca | Fron | Omeon | Nron | Cron | Stin
Nominal ratio | 2.0 1.0 | 40 | 7.0 5.4 3.6 0.9 1.8 1.8 0.1
Exp. ratio 2.0 1.0 | 40 | 69 5.3 3.8 1.0 1.8 1.8 0.1
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[CsCIm][T£,N]Cl;—, (x =0.5) on Au electrodes
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Figure A17 (a) Data for [CgCylm]|[TfaN]«Cl1—x (X = 0.5) on Au. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A5. Quantitative analysis of the XP spectra of [ CgCylm] [ TfoN] xCl1—x (X = 0.5) on Au.

[CsCIm][T£;N],Cli_, (x = 0.5)

TIons [CsCiIm]" [Tf;N]” Cr
Exp. mol % 49.2 50.8
XPS mol % 51.4 48.6

N1s |C1ls [C1s |[C1s | F1s | O1ls | N1s | C1s | S2p | CI2p
XPS regions
Nim | C2 | Chet | Cak | Fron | Oreen | Nroon | Creon | SteN
Nominal ratio | 2.0 1.0 4.0 7.0 3.0 2.0 0.5 1.0 1.0 0.5
Exp. ratio 2.0 1.0 39 7.1 2.9 2.3 0.6 1.1 1.0 0.5
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[CsCIm][T£,N]Cl;— (x =0.1) on Au electrodes
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Figure A18 (a) Data for [CgCyilm] [ TfoN] xCl1—x (X = 0.1) on Au. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A6. Quantitative analysis of the XP spectra of [ CgCqlm] [ TF2N] xCl1-x (x = 0.1) on Au.

[CsCIm][T£;N],Cli, (x = 0.1)

TIons [CsCiIm]" [TH;N] Ccr
Exp. mol % 11.0 89
XPS mol % 14.7 85.3

N1ls |Cl1s [C1s |[C1s | F1s | Ol1s | N1s | C1s | S2p
XPS regions Cl2p

Nim | C2 | Chet | Cak | Fron | Oreen | Ntion | Crian | Stien

Nominal ratio | 2.0 1.0 | 40 | 7.0 0.6 0.4 0.1 0.2 0.2 0.9

Exp. ratio 1.8 | 09 | 3.6 | 6.8 0.8 1.0 0.2 0.3 0.3 0.8
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[CsCIm][T£,N]Cl;—, (x =0.01) on Au electrodes
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Figure A19 (a) Data for [CgCylm][Tf2N] xCl1—x (x = 0.01) on Au. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A7. Quantitative analysis of the XP spectra of [ CsCylm] [ TfaN] xCli—x (X = 0.01) on Au.

[CsCyIm][T£,N],Cl;— (x =0.01)

TIons [CsCiIm]" [Tf;N]” Cr
Exp. mol % 1.3 98.7.
XPS mol % 3.3 96.7

N1s |C1ls |C1s |C1s | F1s | Ol1ls | N1s | C1s | S2p | ClI2p
XPS regions
Nim | C2 | Chet | Cak | Fron | Oreen | Ntoon | Cron | StoN
Nominal ratio | 2.0 1.0 | 40 | 7.0 | 0.06 | 0.04 -/- -/- 0.02 0.99
Exp. ratio 2.0 1.0 | 3.9 7.0 | 0.19 | 0.16 -/- -/- 0.05 0.95

A-19




[CsCIm][T£,N],Cl;— (x =0) on Au electrodes
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Figure A20 (a) Data for [CgCyilm][TfN]«Cl1—x (x= 0) on Au. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A8. Quantitative analysis of the XP spectra of [ CsCylm] [ TfaN] xCli—x (X = 0) on Au.

[CsCiIm][T£,N],Cl;— (x =0)

TIons [CsCiIm]" [TH;N] Ccr
Exp. mol % 0 100
XPS mol %

N1s [C1s |C1ls |[C1s | F1s | O1s | N1s | C1s | S2p | Cl2p
XPS regions
Nim | C2 | Chet | Cak | Frion | Oreen | Nrion | Crian | Stien
Nominal ratio | 2.0 1.0 4.0 7.0 -/- -/- -/- -/- -/- 1.0
Exp. ratio 1.9 1.0 4.0 7.1 -/- -/- -/- -/- -/- 1.0
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[CsCIm][T£,N](Cl;—, (x =1.0) on Pt electrodes
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Figure A21 (a) Data for [CgCylm]|[TfoN]«Cl1—x (x= 1.0) on Pt. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A9. Quantitative analysis of the XP spectra of [ CsCylm] [ TfoN] xCl1—x (X = 1.0) on Pt.

[CgC]Im] [szN]xCll_x (X = 1.0)

TIons [CsCiIm]" [TH;N] Ccr
Exp. mol % 100 0
XPS mol %

N1s [C1s |C1ls |[C1s | F1s | O1s | N1s | C1s | S2p | Cl2p
XPS regions
Nim | C2 | Chet | Cax | Fron | Oty | Ntoon | Creon | Stin
Nominal ratio | 2.0 1.0 | 40 | 7.0 6.0 4.0 1.0 2.0 2.0 -/-
Exp. ratio 1.0 1.0 | 40 | 6.8 6.1 4.1 1.0 2.0 2.1 -/-
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Figure A22 (a) Data for [ CgCylm]| [ Tf.N] «Cl1—x (x = 0.99) on Pt. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A10. Quantitative analysis of the XP spectra of [ CsCqlm] [ TfaN] xCl1—x (X = 0.99) on Pt.

[CsC;Im][T£,N],Cl,_, (x = 0.99)

TIons [CsCiIm]" [TH;N] Ccr
Exp. mol % 99.0 1.0
XPS mol % /- /-

N1s [C1s |[C1ls |[C1s | F1s | O1ls | N1s | C1s | S2p | CI2p
XPS regions

Nim | C2 | Chet | Cak | Fron | Oreen | Ntion | Crian | Stien

Nominal ratio | 2.0 1.0 | 40 | 7.0 6.0 4.0 1.0 2.0 2.0 0.01

Exp. ratio 2.0 1.0 | 40 | 69 6.1 4.1 1.0 2.0 2.0 -/-
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[CsCIm][T£,N]Cl—, (x =0.9) on Pt electrodes
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Figure A23 (a) Data for [CgCiIm][TfoN] xCli—x (x= 0.9) on Pt. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A11. Quantitative analysis of the XP spectra of [ CgC1lm]| [ TfoN] «Cl1—x (x = 0.9) on Pt.

[CsCIm][T£;N],Cli_, (x = 0.9)

TIons [CsCiIm]" [TE;N]” Ccr
Exp. mol % 90.1 9.9
XPS mol % 88.0 12.0

N1s [C1s |[C1ls |[C1s | F1s | O1ls | N1s | C1s | S2p | CI2p
XPS regions
Nim | C2 | Chet | Cak | Fron | Oreen | Ntion | Crian | Stien
Nominal ratio | 2.0 1.0 4.0 7.0 5.4 3.6 0.9 1.8 1.8 0.1
Exp. ratio 1.9 1.0 4.1 6.9 5.1 4.0 0.9 1.7 1.8 0.1
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[CsCIm][T£,N](Cl;—, (x = 0.5) on Pt electrodes
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Figure A24 (a) Data for [CgCiIm][TfoN] xCli—x (x= 0.5) on Pt. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A12. Quantitative analysis of the XP spectra of [ CgC11m]| [ Tf2N] «Cl1—x (x = 0.5) on Pt.

[CsCIm][T£;N],Cl,_, (x = 0.5)

TIons [CsCiIm]" [TH;N] Ccr
Exp. mol % 50.0 50.0
XPS mol % 44.1 55.9

N1s [C1s |[C1ls |[C1s | F1s | O1ls | N1s | C1s | S2p | CI2p
XPS regions
Nim | C | Chet | Cax | Fron | Omon | Nron | Cron | Siw
Nominal ratio | 2.0 1.0 | 40 | 7.0 3.0 2.0 0.5 1.0 1.0 0.5
Exp. ratio 2.0 1.0 | 4.1 7.1 2.3 2.9 0.5 0.9 0.9 0.5
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[CsCIm][T£,N],Cl;— (x = 0.1) on Pt electrodes
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Figure A25 (a) Data for [CgCqlm]|[TfoN]«Cli—x (x= 0.1) on Pt. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A13. Quantitative analysis of the XP spectra of [ CsC1I1m| [ Tf2N] «Cl1—x (x = 0.1) on Pt.

[CsCIm][T£;N],Cli, (x = 0.1)

TIons [CsCiIm]" [TH;N] Ccr
Exp. mol % 11.0 89.0
XPS mol % 10.2 89.8

N1s [C1s |C1ls |[C1s | F1s | O1s | N1s | C1s | S2p | Cl2p
XPS regions
Nim | G | Chet | Cak | Fron | Oreon | N1ion | Crion | Stin
Nominal ratio | 2.0 1.0 4.0 7.0 0.6 0.4 0.1 0.2 0.2 0.9
Exp. ratio 1.9 1.0 4.0 6.9 0.6 0.5 0.1 0.4 0.2 0.9

A-25




[CsCIm][T£,N]Cl;— (x =0.01) on Pt electrodes
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Figure A26 (a) Data for [CgCyIm][Tf2N] xCl1—x (x = 0.01) on Pt. (b) Residual current
during the XPS measurements at constant external voltages applied.

Table A14. Quantitative analysis of the XP spectra of [ CgC1Im]| [ Tf2N] xCl1—x (x = 0.01) on Pt.

[CsCyIm][T£,N],Cl;— (x =0.01)

TIons [CsCiIm]" [TH;N] Ccr
Exp. mol % 1.3 98.7
XPS mol % 2.5 97.5

N1s [C1s |C1ls |[C1s | F1s | O1s | N1s | C1s | S2p | Cl2p
XPS regions

Nim | C2 | Chet | Cak | Frion | Oreen | Nrion | Crian | Stien

Nominal ratio | 2.0 1.0 | 40 | 7.0 | 0.06 | 0.04 -/- -/- 0.02 | 0.99

Exp. ratio 2.0 1.0 | 40 | 69 | 0.15 | 0.11 -/- -/- 0.05 | 0.96
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[CsCIm][Tf£,N]Cl;—, (x = 0), on Pt electrodes
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Figure A27 (a) Data for [ CgCylm]| [ TfoN] «Cl1—x (x = 0) on Pt. (b) Residual current dur-
ing the XPS measurements at constant external voltages applied.

Table A15. Quantitative analysis of the XP spectra of [ CgC1Im]| [ Tf2N] xCl1—x (x = 0) on Pt.

[CsCiIm][T£,N],Cl;— (x =0)

TIons [CsCiIm]" [TH;N] Ccr
Exp. mol % 0 100
XPS mol %

N1s [C1s |C1ls |[C1s | F1s | O1s | N1s | C1s | S2p | Cl2p
XPS regions
Nim | C2 | Chet | Cak | Frion | Oreen | Nrion | Crian | Stien
Nominal ratio | 2.0 1.0 4.0 7.0 -/- -/- -/- -/- -/- 1.0
Exp. ratio 2.0 1.0 4.0 7.0 -/- -/- -/- -/- -/- 1.0
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11.3. Appendix to Chapter 5

11.3.1. Setup

The potential screening measurements in N, atmosphere and air were performed with the set-
up shown in Figure A28. A constant voltage Ugppica Was applied to two identical electrodes
(Pt or Au, same length and diameter), which were connected to the counter electrode (CE) and
working electrode (WE) plugs of the potentiostat. A high resistance multimeter (V; ~10 GQ)
was used to measure the voltage Vi between a 3" reference electrode (Pt) and the CE (or

WE).

Figure A28 Sketch of the electrochemical cell used for the potential screening meas-

urementsin No and air.
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11.3.2. Time-Dependent PS Measurements

Figure A29 shows the air-tight box used to perform the measurements in N, atmosphere and
air. The inlet and outlet pipes (1 and 2) allow for a constant flow of high purity N, during the
measurements performed in N, atmosphere. The sample stage (3) is equipped with three
spring contacts with which the electrodes are connected to the potentiostat and the multimeter

through a feedthrough (4).

A constant N, flow was kept for 10 minutes before starting the measurements in N,
atmosphere. The voltage steps (grey trace in Figures A30 to A33) had a duration of 139 s each
and upon completion, a voltage of 0 V was applied for 10 minutes before starting with the
next voltage steps. To perform the measurements in air, the air-tight box was opened and ex-
posed to atmospheric air before applying the voltage steps. In all measuring environments (N,
and air, and also for XPS in UHV), the voltage steps were always applied following the same
order: 1) WE grounded (or COM) positive steps; WE grounded (or COM) negative steps; CE
grounded (or COM) positive steps; CE grounded (or COM) negative steps. All the AV s
curves in Figures A30 to A33 show fast changes after the voltage step, which then flatten over
time at constant values. Therefore, all the cathodic voltage values reported in the main manu-

script are taken after ~130 s to ensure that equilibrium at the interface is reached.

Figure A29 Air-tight box used to perform the measurements in N2 atmosphere and air

(numbers, seetext).
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[CsC1Im]Cl with 2 Au electrodes

Figure A30 Top: Time-dependent measurement of PS curves of [CgCyIm|Cl with Au
electrodes recorded in UHV by XPS (black), N, atmosphere (red) and air (blue). The
applied voltage profiles are shown as grey traces. Bottom: Averaged current recorded

during the measurements for [ CgC1Im] Cl with Au electrodes.

[CsC1Im]Cl with 2 Pt electrodes

Figure A31 Top: Time-dependent measurement of PS curves of [CgCilm| Cl with Pt
electrodes recorded in UHV by XPS (black), N, atmosphere (red) and air (blue). The
applied voltage profiles are shown as grey traces. Bottom: Averaged current recorded

during the measurements for [ CgC1Im] Cl with Pt electrodes.
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[CsC1Im][Tf,N] with 2 Au electrodes

Figure A32 Top: Time-dependent measurement of PS curves of [ CgCalm] [ TfoN] with
Au electrodes recorded in UHV by XPS (black), N, atmosphere (red) and air (blue).
The applied voltage profiles are shown as grey traces. Bottom: Averaged current rec-
orded during the measurements for [ CsC,Im] [ TfoN] with Au electrodes.

[CsC1Im][T£,N] with 2 Pt electrodes

Figure A33 Top: Time-dependent measurement of PS curves of [ CgCqlm] [ TfoN] with
Pt electrodes recorded in UHV by XPS (black), N, atmosphere (red) and air (blue).
The applied voltage profiles are shown as grey traces. Bottom: Averaged current rec-
orded during the measurements for [ CsC,Im] [ TfoN] with Pt electrodes.
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