
Monchai Jitvisate

INTERFACIAL STRUCTURE AND
DOUBLE LAYER CAPACITANCE OF

IONIC LIQUIDS

IN
T
E
R

FA
C

IA
L S

T
R

U
C

T
U

R
E
 A

N
D

 D
O

U
B

LE
 LA

Y
E
R

 C
A

PA
C

ITA
N

C
E
 O

F IO
N

IC
 LIQ

U
ID

S
M

. Jitvisa
te

INTERFACIAL STRUCTURE
AND

DOUBLE LAYER CAPACITANCE
OF

IONIC LIQUIDS

INVITATION

You are cordially invited
to attend the public defense
of my Ph.D. thesis entitled

on Thursday, 22 March 2018
at 14.45 h

in the Prof. dr. Berkhoff-Zaal,
Waaier building,

University of Twente,
Enschede,

The Netherlands.

A brief introduction to
this thesis will be 
given at 14.30 h.

Paranymphs:
Minmin Zhang
Hataitip Tasena

Monchai Jitvisate
m.jitvisate@utwente.nl

ISBN: 978-90-365-4505-1



INTERFACIAL STRUCTURE AND DOUBLE
LAYER CAPACITANCE OF IONIC LIQUIDS

Monchai Jitvisate



Graduation committee:

Chairman and Secretary

Prof. dr. ir. J. W. M. Hilgenkamp University of Twente, The Netherlands

Supervisor and co-supervisor

Prof. dr. S. G. Lemay University of Twente, The Netherlands
Dr. J. R. T. Seddon University of Twente, The Netherlands

Committee members

Prof. dr. F. G. Mugele University of Twente, The Netherlands
Dr. ir. W. Olthuis University of Twente, The Netherlands
Prof. dr. C. Holm University of Stuttgart, Germany
Prof. dr. R. Bennewitz Saarland University, Germany
Prof. dr. M. Mezger Johannes Gutenberg University Mainz,

Germany

The research described in this thesis was carried out at the Nanoionics (NI)
group of the University of Twente, The Netherlands. The author acknowl-
edges financial support from the Development and Promotion of Science
and Technology Talents Project (DPST) of the Royal Thai Government.

Copyright c© Monchai Jitvisate 2018

All rights reserved. No part of this publication may be reproduced or trans-
mitted, in any form or by any means, without the prior permission of the
author.

Title: Interfacial structure and double layer capacitance of ionic liquids
Author: Monchai Jitvisate
ISBN: 978-90-365-4505-1
DOI: 10.3990/1.9789036545051
Author’s email: mjitvisate@gmail.com
Cover design: Monchai Jitvisate



INTERFACIAL STRUCTURE AND DOUBLE LAYER
CAPACITANCE OF IONIC LIQUIDS

dissertation

to obtain

the degree of doctor at the University of Twente,

on the authority of the rector magnificus,

Prof. dr. T. T. M. Palstra,

on account of the decision of the graduation committee,

to be publicly defended

on Thursday 22nd March 2018 at 14:45

by

Monchai Jitvisate

born on 18th November 1988

in Nakhon Sawan, Thailand



This thesis has been approved by:

Prof. dr. S. G. Lemay (supervisor)

Dr. J. R. T. Seddon (co-supervisor)



For all Thais.





“The first principle is that you must not fool yourself
and you are the easiest person to fool.”

– Richard Feynman





Contents

1 Introduction 1
1.1 Ionic liquids as electrolytes . . . . . . . . . . . . . . . . . . 2
1.2 Electrical double layer (EDL) . . . . . . . . . . . . . . . . . 4

1.2.1 Classical models for EDL . . . . . . . . . . . . . . . 5
1.2.2 EDL in ionic liquids: The mean-field theory . . . . . 7

1.3 Experimental study of EDL in ionic liquids . . . . . . . . . 10
1.3.1 EDL capacitance . . . . . . . . . . . . . . . . . . . . 10
1.3.2 Near-wall molecular structure of ILs . . . . . . . . . 14

1.4 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2 Experimental Techniques 29
2.1 Electrochemical measurements . . . . . . . . . . . . . . . . 30
2.2 Atomic force microscopy (AFM) . . . . . . . . . . . . . . . 32

3 Direct Measurement of the Differential Capacitance of Solvent-
Free and Dilute Ionic Liquids 43
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Experimental methods . . . . . . . . . . . . . . . . . . . . . 45
3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . 46
3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.5 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.5.1 Data analysis . . . . . . . . . . . . . . . . . . . . . . 54
3.5.2 Supporting tables and figures . . . . . . . . . . . . . 54

4 Local Structure and Flow Properties of Ionic Liquids on
Charged and Inert Substrates 65
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.2 Experimental methods . . . . . . . . . . . . . . . . . . . . . 67
4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . 68

4.3.1 Force–distance spectroscopy . . . . . . . . . . . . . . 68
4.3.2 Small-amplitude modulation . . . . . . . . . . . . . 71

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

i



ii Contents

5 Near-Wall Molecular Ordering of Dilute Ionic Liquids 83
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.2 Experimental methods . . . . . . . . . . . . . . . . . . . . . 85
5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . 87
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.5 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.5.1 Force–distance curves measured in different ionic liq-
uids at varied ion compositions . . . . . . . . . . . . 92

5.5.2 Molecular dimensions of ionic liquids . . . . . . . . . 93

6 Ion Dissociation in Ionic Liquid Mixtures 99
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
6.2 Experimental methods . . . . . . . . . . . . . . . . . . . . . 101
6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . 102
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.5 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.5.1 Force–distance curve of [Emim]+ [BF4]– on silicon diox-
ide surface . . . . . . . . . . . . . . . . . . . . . . . . 109

6.5.2 Effect of temperature on the dielectric constant of
ethylene glycol . . . . . . . . . . . . . . . . . . . . . 109

7 Conclusions and Future Work 115
7.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

Summary 120

Samenvatting 124

Acknowledgements 128







1
Introduction

Tip-sample separation (nm)

Fo
rc

e 
(n

N
)

V (V vs. Pt pseudo reference) 

C
 (μ

F/
cm

2 ) 

Force—distance 
spectroscopy Differential capacitance

Electrochemical 
measurementForce measurement

A

Ionic Liquids

+

-

+-
+

-
+

-

+
-

+-

+
-

+-

+
-

+

-
+

-

+

-

+-+ -
+ -

+

-

+
-

+
-

+ -

+

-

+

-

-
+

- +
-

+
+ +- +-

+ -+
-

+

This chapter gives a general description of ionic liquids and a brief in-
troduction to the importance of studying ionic liquids at interfaces. A short
summary of electrical double layer theories is presented as well as a brief
review on the experimental studies of ionic liquids’ interfacial behaviors.

1



2 Chapter 1

1.1 Ionic liquids as electrolytes

Electrolytes are abundant in nature and can be found everywhere, from
inside the cells of organisms to the oceans. Humans know electrolytes as
salts and have used them in everyday life for thousands of years. Salts
impact all lives because all living things evolve to depend on them. Some
electrolytes, for example, sodium chloride (NaCl) or commonly known as
table salt, had brought civilization to mankind and had been regarded for
its value in historical time. In modern days, electrolytes play a key role in
technologies, for example, most electronic devices, such as smart phones,
are powered by the batteries that directly rely on the electrolytes inside
them.

From a scientific aspect, electrolytes have been intensively studied both
in physics and chemistry for centuries. Common electrolytes, e.g., NaCl,
KCl, LiCl, CaCl2, etc., are in solid state (usually have crystalline struc-
ture) at ambient conditions. Their molecules are composed of oppositely
charged ions that are held together by ionic bonds, which are fundamen-
tally the Coulomb interactions. These ions can dissociate into positive ions
(so called cations) and negative ions (so called anions) when dissolved in
polar solvents, such as water. As a result, dissolved ions are able to move
in the media, leading to many key properties, such as, electrical conductiv-
ity and osmotic pressure, which have many implications on several natural
phenomena. Pure salts can also “melt” into liquid phase when given suffi-
cient amount of heat, rather than dissolving in polar solvents. This process
typically happens at very high temperature (e.g., NaCl has a melting point
of 800 ◦C) because electrostatic interactions are strong in such systems.1

These liquid electrolytes at high temperature are particularly known as
molten salts, and their properties are interesting and beneficial for many
high temperature applications and technologies.1–3 However, they are less
relevant to life because of their extremely high temperature.

There is another class of electrolytes which can be in liquid state at room
temperature (usually refers to the temperature range below 100 ◦C), and it
is not necessarily to be dissolved in solvents nor to be given a huge amount
of heat. This class of electrolytes is known as ionic liquids (ILs) or room
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CATIONS

ANIONS

Figure 1.1: Examples of some IL cations and anions that are popular in literature.
Adapted and reprinted with permission from R. Hayes et al., Chem. Rev., 2015,
115, 6357–6424, Copyright c© 2015 American Chemical Society.

temperature ionic liquids (RTILs).4–8† Unlike traditional electrolytes that
are composed mainly of monatomic or diatomic inorganic ions, most ILs
are polyatomic organic ions that have substantially large size (5–10 times
larger ionic radii than ions like Li+ or K+). IL ions usually have anisotropic
and asymmetric structure with non-uniform molecular charge density.9–14

These geometric constraints are the main causes that restrict ILs’ crystal-
lization at low temperature that occurs in traditional salts, leading to their
wide liquidus range.15 These characters, therefore, lead to a collection of
unique properties, such as, high ionic strength, extremely low vapor pres-
sure, wide electrochemical window (ECW), and high thermal and chemical
stabilities, which are of technological interest.4,7, 9, 16,17

There is a large number of known IL cations and anions (some well known
examples are shown in Figure 1.1), from which different ions can be mixed
with each other and form several combinations of ILs, making them to
be regarded as a “designer” electrolytes.5–7,9, 18 Applications follow as a
consequence of ILs’ promising properties. They have much potential in
various disciplines to be used as, for example, lubricants in micro and nano
devices,19–24 electrolytes for electrochemical energy storage devices,25–32

media for electrochemical reactions or electrodepositions,33–36 solvents for

†These two terms are used interchangeably in this thesis.
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surface catalysis and synthesis,6,7 media for nano particle synthesis and self
assembly,37,38 etc. Among these examples, using ILs in the energy-related
applications, such as batteries and supercapacitors, is a mainstream goal.
The major reason is because the amount of energy stored in such devices
depends on the electrochemical stability of the materials, which is very
high in ILs as they have significantly wide ECW (up to 5–6 V but typically
about 2–3 V, while water has an ECW about 1.2 V).9,39 Another advantage
is their low vapor pressure and high thermal stability, which will allow more
flexible use and increase the life time of the devices as compared to normal
solvents.

The arrangements and properties at surfaces are of key importance
for many applications, and have thus been a main research in the past
decade.5,9 The study of the interfacial behaviors of ILs (and other elec-
trolytes or charged particles) is done within the framework of an electrical
double layer (EDL) theory,40,41 which describe the responses of charge par-
ticles to an electric field at the interfaces. The classical picture is based on
the Poisson-Boltzmann theory and dilute electrolytes are well understood
in the limit of the Debye-Hückel approximation.42 However, ILs do not
seem to fall into such case due to their complexity. Can we use this clas-
sical theory to understand ILs? What should we improve to have a better
understanding of this material? What is the true interfacial character of
ILs? These questions are challenging scientists to explore the fundamental
nature of ILs and the answers to these questions are still open, which will
lead to a better understanding of these materials, as well as improvements
in applications.

1.2 Electrical double layer (EDL)

An EDL is a key factor for understanding interfacial behaviors of materials.
Many models were proposed, some of them are simple and some of them
are quite complicated, depending on the complexity of the systems. It is
worthwhile to take a brief looking back to the knowledge that we have
from the past, which will provide a background for understanding recent
advanced theories.
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1.2.1 Classical models for EDL

The concepts of the EDL were developed about a century ago. The earliest
model was proposed in 1853 by Helmholtz.43 In this model the counter-ions
in electrolytes form a plane of opposite charge next to the original charged
surface (the electrode). This two charged planes resemble a parallel-plate
capacitor, and the model predicts constant capacitance per unit area for a
given EDL thickness, written as

CH =
ε0ε

d
(1.1)

where ε0 is the permittivity of free space, ε is the dielectric constant of
the medium, and d is the distance of molecular order between the charged
planes. However, Helmholtz’s model fails to explain real experimental data,
which show variation of capacitance with electrode potential and electrolyte
concentration, suggesting that either ε or d depends on these quantities and
more complex model is required.41

Around 1910–1913, Gouy and Chapman introduced the idea of “diffuse
layer” of ions to improve the EDL model.44,45 In the Gouy–Chapman (GC)
model, the ions form a distance-dependent distribution that smear within
the “Gouy length”, λG, from the surface due to thermal excitation rather
than a “compact layer” as in Helmholtz’s model. The Gouy length for 1:1
elctrolytes can be expressed as

λG =
λD

cosh (u/2)
(1.2)

In this expression, u = eV/kBT is a nondimensionalized potential, where
e is the elementary charge, V is the potential drop across the EDL, kB

is the Boltzmann’s constant, and T is the absolute temperature. Here,
λD = (8πLBc0)−1/2, is the “Debye length”42 expressed through the Bjer-
rum length, LB = e2/4πε0εkBT (the separation at which the Coulomb
interaction between two elementary charges is equal to the thermal energy
kBT in the medium of dielectric constant ε), and c0 is the bulk electrolyte
concentration. Therefore, the capacitance of Gouy–Chapman model can
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u/2

C
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C
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0

Figure 1.2: U-shape capacitance curve as predicted by the GC model of eq 1.3.

be written as
CGC =

ε0ε

λG
= C0 cosh (u/2) (1.3)

where C0 = ε0ε/λD is called the Debye capacitance. The value of GC
capacitance depends on electrode potential, having a “U-like” shape that
grows infinitely with increasing electrode polarization as shown in Figure
1.2. The potential at minimum capacitance value is regarded as the poten-
tial of zero charge (PZC), which is the potential at which the magnitude of
the charge on the electrode and electrolyte sides is equal.

This model can explain the measured capacitance but only within a small
potential range (not too far from the PZC) and in very low concentration
electrolytes. The breaking down of the GC model at high potential is
mainly because it allows the Gouy length, λG, to decrease unlimitedly,
which means the approximation that ions do not have a finite size in this
model breaks down.

It was Stern who attempted to solve the discrepancies between the mea-
sured capacitance and the theoretically predicted value at high potential
and concentration. He modified the GC model by introducing a “cut-off” by
adding a compact layer capacitance—the picture adopted from Helmholtz’s
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model. In the Gouy–Chapman–Stern (GCS) model,46 the EDL is thought
to have both compact layer (now called Stern layer) and diffuse layer. The
differential capacitance is then the combination of two components and can
be depicted as

1

CGCS
=

1

CH
+

1

CGC
(1.4)

Following the GCS model, it is the diffuse layer capacitance that determines
the capacitance at low electrode polarization and electrolyte concentration,
while the constant compact layer capacitance contributes more to the mea-
sured capacitance at large potential and concentrated ion concentration.
This model has become a classical picture for describing the EDL in con-
ventional electrolytes. Note that the model does not cover the effect of
specific adsorption, either from ions or solvent molecules, which is usually
measured in real experiments.41

1.2.2 EDL in ionic liquids: The mean-field theory

The capacitance of ILs at electrodes was measured and found to have little
in common with GC theory, which brought attention to the development
of a new theoretical model. Note that one of the weaknesses of the GC
model is the neglect of the finite size of ions, which is one of the important
characters that makes ILs distinct from conventional salt solutions. In 2007,
Kornyshev proposed a lattice gas model for spherical ionic liquids on flat
electrodes, based on the mean-field theory, suggesting that the differential
capacitance of ILs should look different from CG theory.47 In this lattice
gas model approach, spherical N+ cations and N− anions, with the total
fixed number N = N+ + N−, are randomly distributed over N available
lattice sites (except under an influence of the external electric field). The
system’s free energy can be written as

F = eV (N+ −N−) + a+N
2
+ + a−N

2
− + bN+N−

− kBT ln
N !

(N −N+ −N−)N+!N−!
(1.5)
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The first term of eq 1.5 represents electrostatic interaction. The second,
third, and forth terms are accounted for the short-range ion correlations
(cation–cation, anion–anion, and cation–anion, respectively). The last term
is an entropic term accounting for the size of the ions. The first attempt
to obtain an analytical expression for the differential capacitance was done
by considering the ions to behave as an ideal gas, that is, there is no in-
teraction between them and a+, a−, and b are then equal to zero. The
ion distributions can be calculated by minimizing the free energy with re-
spect to the number of ions. These distributions are then inserted into the
Poisson equation, which can be solved, thus establishing the relationship
between the surface charge, σ, and electrode potential, V . The differential
capacitance can be obtained following the definition C = (dσ/dV ), which
yield the result for this lattice gas model as

C = C0
cosh(u/2)

1 + 2γ sinh2(u/2)

√
2γ sinh2(u/2)

ln
[
1 + 2γ sinh2(u/2)

] (1.6)

The parameter γ that appears in eq 1.6 is a key of the model, representing
the compacity, defined as the ratio of of the ion concentration in bulk region,
c0, to the maximum possible local concentration, cmax,

γ =
N

N
=

2c0

cmax
(1.7)

The compacity, γ, has values between 1 and 0, where the limit of γ → 1

corresponds to the ultra dense system and γ → 0 is the limit of dilute or
classical electrolyte (the model reduces to GC model). A cartoon represen-
tation is shown in Figure 1.3 to describe the physical meaning of γ.

The differential capacitance obtained from eq 1.6 is plotted as in Fig-
ure 1.4. The capacitance curves show clear differences from the GC theory
by having either a bell-shape (for γ > 1/3) or a camel-shape (for γ < 1/3)
rather than the traditional U-like shape. The differential capacitance falls
down at high electrode potential, as a result of the effect called lattice sat-
uration or crowding. The physical meaning of this phenomenon can be
explained in the way that the ions are lined up on the electrode and oc-
cupy almost all available sites at high electrode potential, retarding charge
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+ -+ -

� ! 0 � ! 1

Figure 1.3: A cartoon showing ILs between two planar electrodes describing the
meaning of compacity parameter, γ, with the red and the blue spheres depicting
anions and cations, respectively. The space area represents the voids in the system.

storage at the interface. This effect is mainly caused by the finite volume
of the ions that is introduced into the model.

The mean-field model can be phenomenologically modified to account for
an asymmetry of ion sizes by assuming that cmax is different for cations and
anions having different sizes, and therefore, distinct ion compacity. This
results in the compacity to be parameterized as

γ(u) = γ− +
(γ+ − γ−)

1 + exp (u)
(1.8)

where γ+ and γ− are the compacity of cations and anions, respectively.
This introduces asymmetry into the model, resulting in higher capacitance
peak for ions having higher compacity.

A decade later, the original model of Kornyshev was extended by Good-
win et al. to account for short-range ion correlations, which means a+, a−,
and b in eq 1.5 are not zero.48,49 The motivation behind the improvement
is because the original model can only explain the experimental findings in
a qualitative way. Fitting experimental data to the model cannot be done
successfully. In the extended model, a scaling parameter, α, arises from the
existence of ion correlations, which allows the model to be more flexible to
fit with experimental data. The resultant differential capacitance can be
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Bell-shape

Camel-shape

U-like

u/2

C
/C

0

Figure 1.4: Potential-dependent capacitance curves as predicted by the mean-
field theory, eq 1.6, for different values of γ. The graphs show the crossover from
pure IL to dilute regime, where the crossover from “bell” to “camel” takes place
at γ = 1

3 .

written as

C = C̃0
cosh (αu/2)

1 + 2γ sinh2 (αu/2)

√
2γ sinh2 (αu/2)

ln
[
1 + 2γ sinh2 (αu/2)

] (1.9)

where C̃0 = C0/
√
α is a scaled Debye capacitance. The compacity of the

asymmetric case can also be modified similarly as γ(u) = γ− + (γ+ −
γ−)/(1 + exp (αu)). Further reading for complete derivation can be found
in literature.48,49

1.3 Experimental study of EDL in ionic liquids

1.3.1 EDL capacitance

An EDL is mainly composed of ions that are responding to an electric field
generated from charged surfaces. Experimental studies of this charge stored
in the EDL can be made in different ways, but one of those is to measure
a differential capacitance, which is a potential-dependent capacitance of a
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non-linear capacitor, such as in the EDL or semiconductor diode.41 The
expression for the differential capacitance follows from the physical defi-
nition, which is the rate of change of stored surface charge to the surface
potential, that is

Cdiff =
dσ

dV
(1.10)

where σ represent the surface charge and V denotes surface potential.41

Measuring the differential capacitance will directly relate the experimen-
tal results to the theoretical models for EDL that describe the interfacial
behaviors and electrical responses of ions. The differential capacitance is a
quantity defined at equilibrium, which makes it more challenging to mea-
sure in ILs compared with conventional electrolytes. This is mainly be-
cause of uncommon properties of the ILs, such as their low diffusion coeffi-
cient.50–52 Several works have reported experimental data for IL differential
capacitance and these existing data are difficult to compare due to large
variety of ILs and electrode materials used in the measurements.53–71. How-
ever, measuring the differential capacitance of ILs has proven to be of great
practical challenge9,53–64,68 Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) are the two most popular techniques used
for IL capacitance measurements in literature. However, experimental ob-
servations from these techniques are controversial, inconsistent, and often
unable to confirm of refute the existing models.9,53–64,68–71 The discrepancy
is likely to be originated from the assumptions made for each techniques,
which are true for conventional or aqueous electrolytes but likely to be
inapplicable for ILs.

In the CV technique, the electrode potential is swept between positive and
negative ECW limits and the current is measured as a function of electrode
potential. The measured current is the total current, itot, contributed from
the charging current, iC, and faradaic current, iF. The charging current
has a simple definition as the rate of the charge flow through a given area,
thus iC = dq/dt, while the faradaic current depends on the redox reactions
at the liquid/electrode interface.41 To extract the capacitance from CV,
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we can derive the expression by starting from these current as

itot =
dq

dt
+ iF = C

dV

dt
+ V

dC

dt
+ iF (1.11)

where C is an EDL capacitance and V is the electrode voltage. In a tradi-
tional electrolyte where the ion responses to an electric field is assumed to
be quick, the term dC/dt is just simply dropped out from eq 1.11.41,63,64

Therefore, the EDL capacitance is just a slope of a linear equation where
the independent variable is the “scan rate” (dV/dt). However, the assump-
tion of “quick response” does not seem to be true for ILs as the hysteresis
effects caused by ion reorientation can play an important role to the mea-
sured current as found in the x-ray reflectivity experiment.72 As a result,
analysing the CV data with such an assumption for ILs may give incorrect
results. The experimental data in the literature rarely show similarity of
the measured differential capacitance to the mean-field model for ILs or the
classical GC model. Additionally, the results do not obviously correspond
to the EIS data (Figure 1.5).63,64

EIS is somewhat different from CV in the sense that instead of a linear po-
tential sweep alone, there is a small amplitude alternating voltage imposed
on it and the impedance of the system is measured. Data analysis requires
knowledge of an equivalent circuit model to represent the actual system.
As a result, the accuracy is strongly dependent on the model design. In
a classical electrolyte, the EDL is modelled as a capacitor or a constant
phase element (for a non-ideal system), while the bulk solution is equiva-
lent to a resistor.41 To collect the data, in principle, the full spectrum of
frequency should be recorded for each potential and the data are analysed
from this information. However, this approach will take substantially long
measurement time and can easily lead to undesired effects such as electrode
hysteresis and liquid degradation.63,64,66,67,73–77 Many works adopted an
alternative single-frequency method, where the “appropriate” frequency is
determined first and is then used for all scanned potentials. The latter
method is quite tricky because it is not obvious that the selected frequency
is truly appropriate. Different works report data collected with different
frequencies, which are found to have a variation in results.53–55,57–59,61,62
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Figure 1.5: Comparison of the differential capacitance measured with CV (closed
symbols) and EIS (open symbols) at (a) carbon nanotube electrode and (b) glassy
carbon electrode. The results show clear discrepancy between two techniques used
in the measurement, and do not follow the know theories. Adapted and reprinted
with permission from J. Zheng et al., J. Phys. Chem. C, 2011, 115 (15), 7527–
7537, Copyright c© 2011 American Chemical Society.

Some data measured with EIS show a capacitance that agrees qualitatively
with the predicted model, either appearing as bell- or camel-shape with
the decreasing capacitance at large electrode polarization due to lattice
saturation.61,62 Some of the data can even capture more information on
the different time scales of the capacitance.68 However, there are still dis-
crepancies between the results obtained from the same technique, leading
to difficulties to confirm the suitability of the technique for capacitance
measurement in ILs.

The diversity of the existing data together with their discrepancy lead to
an unclear conclusion about the true nature of the differential capacitance
of ILs, which also holds back theoretical advancement. As this is an impor-
tant topic and clearer data are needed to push the field forward, we use a
different technique to CV or EIS to independently measure the differential
capacitance of both solvent-free and dilute ILs. The detailed explanation
can be read further in Chapter 3.
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1.3.2 Near-wall molecular structure of ILs

The mean-field theory is beneficial for explaining the macroscopic picture
of an EDL, especially the measured capacitance. However, ILs have more
complexities than traditional dilute electrolytes, such as ion correlations,
effects of molecular structure of ions, and the geometry and chemical com-
position of the electrode, that cannot be completely described by the mean-
field model. In such cases, computer simulations are an essential tool for
the study, to extend the limitations of the analytical mean-field approach.
Studying ILs can be done for both interfacial and bulk liquid and the pop-
ular methods found in literature are the Monte Carlo and molecular dy-
namics (MD) simulations.9,78

The results from simulations reveal that the EDL in ILs has an oscil-
latory structure, in which the cation-rich layers alternate with anion-rich
layers at small and moderate electrode potential.79–83 This effect is known
as overscreening, which also exists in molten salts.84 This overscreening is
the main behavior that distinguishes the real EDL structure in ILs from the
prediction from mean-field model. At high electrode potential, the over-
screening is replaced by the lattice saturation effect, which can be observed
from the mean-field model (the decreasing of the differential capacitance at
high electrode potential).47

Oscillatory or discrete structures on the surface are measured in ILs us-
ing force measurement techniques, such as surface force apparatus (SFA)
and atomic force microscopy (AFM), for which examples are shown in Fig-
ure 1.619,20,69,85–92 The oscillatory zone found between the surface sepa-
ration is about 1–10 nm thick, with the “step size” or “layer thickness”
similar to an ion pair. X-ray reflexivity also confirms that surface lay-
ering can occur on an isolated interface, where the confinement effect is
excluded.93–95 The orderly alternating cation–anion layering has not been
proven by force–distance measurements as we only know from the tech-
nique that the “pop-out” layers are neutral but whether each single layer
is ion-rich or completely neutral is indistinguishable.9

The origin of the oscillatory structural forces in ILs is the same as in
molecular liquids, where the packing constraints induce oscillation of molec-
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Figure 1.6: Nano-confined force measurements show discrete layers of ILs with
the size of each layers corresponds to the molecular size of the ions. Adapted
and reprinted with permission from S. Perkin, Phys. Chem. Chem. Phys., 2012,
14, 5052–5062, Copyright c© 2012 Royal Society of Chemistry, and R. Atkin et
al., J. Phys. Chem. C, 2007, 111 (13), 5162–5168, Copyright c© 2007 American
Chemical Society.

ular density in confined geometry.40 Surface material, surface charge, and
surface roughness can have an influence on the layer formation, where
higher surface charge and smoother surfaces tend to pronounce ion or-
dering.9,96 Small increases in temperature do not significantly affect the
ion structure. Increasing temperature from 14 ◦C to about 30 ◦C can only
decrease the magnitude of force required to “push through” each layers, but
does not change the number of layers, layer thickness or location of each
layer on the force curves.92

Measuring the friction on discrete IL layers is also possible by measur-
ing the lateral force as a function of normal load. It was found that the
friction has discrete values depending on liquid film thickness and normal
load, which will have direct implications for lubrication applications.97,98

Topological imaging of the ILs layers can also be done using an AFM,
which reveals the the patterns of molecular orientations at different surface
properties.99–101

Discrete layers at interfaces are well accepted for ILs. Nevertheless, recent
force measurements show the existence of a long-range repulsive monotonic
force next to charged walls.102–107 The length scale of this force was ob-



16 Chapter 1

(a) (b)

0 5 15 2010 25 30 35 0 5 15 2010 25 30 35
Surface separatio, D (nm) Surface separatio, D (nm)

0.1

1

10

0.1

1

10

Fo
rc

e/
Ra

di
us

, F
/R

 (m
N

/m
)

Fo
rc

e/
Ra

di
us

, F
/R

 (m
N

/m
)

Figure 1.7: Long-range forces measured in pure ILs (a) [Emim]+ [NTf2]– and (b)
[Pmim]+ [NTf2]– show shorter screening lengths at higher temperature. Adapted
and reprinted with permission from M. A. Gebbie et al., Proc. Natl. Acad. Sci.
U. S. A., 2015, 112 (24), 7432–7437, Copyright c© 2015 National Academy of
Sciences.

served to extend up to ∼ 30 nm into the bulk, larger than the oscillatory
decay length of the near-surface structure. The exponential decay length
of the long-range force in ILs is found to decrease with raising tempera-
ture (Figure 1.7), and is interpreted as caused by an increasing number of
effective charge carriers in the liquid.103,104 This interpretation leads to a
conclusion that ILs behave as dilute electrolytes, where the ions are mostly
associated to form “neutral” couples with only a small number of them in
a dissociated state and the neutral aggregations are dissociated by thermal
excitation at elevated temperatures, well fitted with classical EDL theory.
However, choices of surface and ILs used in the measurement seem to be
important for the long-range force to be measurable,104,107 which makes it
system dependent. As a result, independent measurements using different
techniques other than force measurements is required to strengthen both
the existing data and interpretation.9 The observation of long-range force
in ILs contradicted with a theoretical study, where the free ion fraction in
ILs was found to be approximately 67%, much greater than what observed
from the force measurement.108 This leads to an intense discussion about
the true nature of dense electrolytes and ILs, which is still an open-end
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question.86,104,109

1.4 Thesis outline

This thesis reports experimental studies on EDL of ionic liquids at different
surface and bulk liquid conditions. Force measurement and electrochemical
techniques were used as main tools.

Chapter 2 reports and discusses on the relevant experimental techniques
used throughout this thesis. The discussion is stressed on the practical as-
pects and important points that should be considered in the experiments.

Chapter 3 focuses on the differential capacitance measurement in
solvent-free and dilute ionic liquids using chronoamperometry (CA) tech-
nique, including the comparison of experimental data with theoretical pre-
diction.

Chapter 4 studies the effects of surface charge to the local ordering
and flow property of ionic liquids on the surfaces having different surface
charge density. The interfacial molecular structures were probed using
force–distance (FD) and small-amplitude force–distance (SAFD) spectro-
scopies.

Chapter 5 investigates the changes of near-wall molecular ordering of
ionic liquids with varied bulk concentration using FD spectroscopy.

Chapter 6 studies the dissociation of ILs in ethylene glycol by using
colloidal probe microscopy to measure the EDL force at different tempera-
tures.

Chapter 7 provides the conclusions of the works done within the frame-
work of this thesis and suggests an opportunity for future experiments.
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[76] Drüschler, M. and Roling, B. (2011) Commentary on ‘The Interface between
Au (111) and an Ionic Liquid’. Electrochim. Acta., 56(20), 7243–7245.

[77] Pajkossy, T. (2011) Response to the Commentary of Marcel Drüschler and
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This chapter is dedicated to the experimental techniques used in this
thesis, which are electrochemical techniques and atomic force microscopy
(AFM). These techniques are well established but there are some details
that must be considered when working in ILs. Therefore, this chapter is
intended to add technical aspects of those techniques rather than a basic
introduction, which can be found in standard textbooks. Most of the discus-
sions in this chapter will focus on what was found practically during the
measurements, which could benefit experimental studies in the future.
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2.1 Electrochemical measurements

Electrochemical techniques are used to measure electrochemical responses
of materials. There are two techniques used in this thesis, which are cyclic
voltammetry (CV) and chronoamperometry (CA). CV is mainly used for
determining the electrochemical window (ECW) of the ILs and CA is used
in the differential capacitance experiments in chapter 3. An important part
in practical measurements for both techniques is an electrochemical cell,
which comprises of electrodes, potentiostat, and sample liquid container.

Electrodes are made of conducting materials, which form an interface
with test solutions. There are three types of electrodes in a 3-electrode
system. The first electrode is a working electrode (WE), which is an elec-
trode where the desired potential is applied and the reactions of interest
take place. The second electrode is a reference electrode, which is an elec-
trode of known potential and close to ideal nonpolarizability, acting as a
reference point for measuring the potential at the WE. The third electrode
is a counter electrode (CE) or sometimes called auxiliary electrode, which
passes all the current needed to maintain the desired potential at the WE.1

The RE is the most complex of the three electrodes. There are several
standard RE for aqueous systems available commercially, such as silver–
silver chloride or calomel electrodes. However, there is no standard RE for
ILs because there are several choices of existing ILs. It was advised that an
ideal reference electrode for ILs should be based on ILs as the solvent mixed
with redox species, but little attention has been paid to the development
in this medium.2,3 Instead, a pseudo RE, in which a piece of inert metal
is directly immersed in an electrolyte, are frequently used for differential
capacitance experiment in ILs, where redox reactions are avoided.4–9 In
such cases, building a real RE may lead to a risk of contamination from
the redox species, which can easily ruin the experiment. The requirement
for a pseudo RE is that the potential, although unknown, is stable over
the course of experiments.3 Platinum and silver are the two most popular
pseudo REs used for measuring the capacitance in ILs.3–9 We found in
our experiments that platinum pseudo RE performed quite stably, as the
open circuit potential was measured to have similar values for different
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Figure 2.1: A simple potentiostat (left) and the view of an electrochemical cell as
an impedance network (right), where the impedances, Z, represent the bulk elec-
trolyte resistance and interfacial double layer capacitances at electrode/electrolyte
interfaces.

experiments in a given IL and the cyclic voltammograms were found to be at
fixed potential ranges over several cycles and long measuring time, without
shifting. However, this is only true within the ECW since the decomposed
molecules that formed at the ECW can adsorb on the electrode, leading to
an unstable potential.

The potentiostat is an electronic component, used for controlling the po-
tential and measuring the current.1 A schematic diagram of a potentiostat
is shown in Figure 2.1 with the impedance representation of an electro-
chemical cell. The current through the cell is controlled by the operational
amplifier so that the RE is always at −ei vs. ground. Since the WE is
grounded, the WE potential is ei vs. RE, regardless of fluctuations of the
impedance between all electrodes. To maintain this condition, the oper-
ational amplifier will adjust its output, resulting in the current passing
through the CE.

The ECW is the potential range that shows electrochemical stability
of the solutions. ILs have typically large ECW as discussed in chap-
ter 1.1,3, 10,11 However, their ECW can be narrower than usual due to
trace contaminants such as water.11 The ECW can be characterized by
performing a CV measurement, where the potential ramp is applied to the
electrode and the current is measured as a function of electrode potential.
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Figure 2.2: Cyclic voltammograms showing that an ECW of an IL
[Emim]+ [BF4]– decreases with higher water content.

We found that the ECW of the fresh ILs obtained from the manufacturer
can be widened by drying under low pressure (∼7 mbar) and high temper-
ature (∼150 ◦C) over several hours. The results are shown in Figure 2.2,
indicating an effect of water to the ECW of ILs. In this thesis, the ILs are
always dried before used in the experiments and working in dry environ-
ment is necessary, especially for electrochemical measurements.

2.2 Atomic force microscopy (AFM)

In chapter 4–6, the EDLs of various ILs were characterized by the the tech-
nique called force–distance spectroscopy. In this technique, the mechanical
properties of the confined liquids are measured as a force between two sur-
face boundaries as a function of surface separation.12 An AFM was used to
perform force–distance spectroscopy in our studies, where the forces were
measured between the AFM (or colloidal) probe and the substrates such
as mica, HOPG, or silicon dioxide across the ILs.

The working principle of the AFM can be studied from the drawing in
Figure 2.3, which shows a simplified diagram of an experimental setup for
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Figure 2.3: The working principle of an AFM.

measuring in liquid. The substrate is placed on a scanner, which can move
in three directions using a piezo. A microcantilever, which acts as a force
balance or spring due to its flexibility, is held by the cantilever holder above
the substrate. The vertical movement of the cantilever is controlled by the
z–piezo, whose spatial resolution is less than 0.1 nm. A laser beam is shone
on the back of the cantilever and the reflected laser beam is detected by
a 4-quadrant photodiode, which detects normal and lateral deflections (in
volts) of the cantilever when the tip is bent by the forces. An electronic
feedback loop is connected between the photodiode and the piezo in or-
der to control the expansion and contraction of the piezo to the desired
force. The recorded photodiode voltage can be converted to force once the
spring constant, ks, of the cantilever and the voltage-to-z-distance of the
photodiode are known. The force resolution is limited by the resolution of
the photodiode and the deflection of the cantilever at thermal noise level
(zrms), which can be calculated based on equipartition theorem following
this equation:13

zrms =

√
kBT

ks
(2.1)
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where kB is the Boltzmann’s constant, and T is absolute temperature.
The spring constant of the cantilever can be determined using different

methods. For example, the method that calculates the spring constant from
the cantilever’s geometry and Young’s modulus of its material is call Sader’s
method.14 In this thesis, the spring constants were measured alternatively
by the thermal method, where the cantilevers are left to be freely oscillated
in experimental environments (air or liquids) and the power spectral den-
sity (PSD) was recorded.13 This results in the PSD plot as a function of
frequency, where the resonance peaks of the cantilever are fitted with the
simple harmonic model and the spring constant can be determined.

The geometry of the AFM tip on the flat substrate can be regarded as a
sphere on flat surface as shown in Figure 2.4a. This geometry has the same
force law compared with the crossed-cylinder geometry shown in Figure 2.4b
(with same radius of curvatures) usually used in the surface force apparatus
(SFA), as calculated using the Derjaguin approximation.12 As a result,
experimental data from these two techniques are often compared. However,
the absolute force cannot be directly compared because the AFM measures
the force on a microscopic scale while the SFA performs the measurements
between macroscopic surfaces, which have an ability to measure forces in
different range. The comparable quantity is the force normalized by the
radius of curvature of the tip or the surfaces, F/R. The tip radius of the
AFM is typically in the order of 10−9 m while the surface radius of curvature
in case of the SFA is usually in the range of 10−3 to 10−2 m. This leads to
the difference in the force resolution, where the SFA can measure the same
force at longer distance range compared with the AFM.12 However, the
resolution of the AFM can be increased by enlarging a tip radius, usually
by replacing the atomic scale tip with the micron size colloid particle, and
the technique is called colloidal probe microscopy (CPM).15,16 We used this
technique to measure the long-range force in the liquid in chapter 6.

Force–distance spectroscopy can be carried out in both static or dynamic
modes with the AFM. In static mode, the tip is just simply moved toward
and away from the surface and the forces are measured as a function of
distance. Dynamic mode work in similar way, with additional small os-
cillation imposed on the cantilever with the driven frequency close to the
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Figure 2.4: Geometries of bodies with surfaces D apart (D � R). A sphere on
flat surface geometry is applied for an AFM tip, which is mathematically equivalent
to a crossed-cylinder geometry of the SFA when R1 = R2. Equations show force
laws between two surfaces calculated from Derjaguin approximation, where Wflat

represents an interaction potential between two flat surfaces.

resonance frequency of the cantilever. This allows more information of the
amplitude and phase to be measured to uncouple the conservative and dis-
sipative interactions between tip and sample.17–20 More detailed analysis of
the dynamic mode force–distance spectroscopy are presented in chapter 4.

Measuring forces in liquids is challenging because the liquid viscosity
leads to hydrodynamic resistance. It can have a huge effect on resisting the
cantilever’s motion and, of course, the measured force curves, especially
in highly viscous liquids like ILs (ILs are typically 20 to 80 times more
viscous than water).21–25 The effects appear on the force–distance curves
when recorded at different tip approach speeds. From our experience with
the ILs studied in this thesis, an appropriate approach speed between about
1 to 5 nm/s is suggested in typical ILs. We note that it is not necessary that
the lower approach speed will give more reproducible force–distance curves
since the reproducibility also depends on the stiffness of the cantilever and
the physical strength of near-wall layers. A relatively soft cantilever can
result in lower reproducibility in some cases. This observation is supported
by Figure 2.5a and 2.5b, where the force curves measured at 5 nm/s seem to
have slightly better spatial resolution than those measured at 1 nm/s. We
observed in ILs that too fast an approach speed can affect spatial resolution
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Figure 2.5: (a–d) Force–distance curves recorded at different tip approach speeds
from 1–20 nm/s in an IL [Emim]+ [NTf2]– at room temperature. There is no clear
effect at the speed lower than 10 nm/s but the measurement starts to lose the
resolution at 10 nm/s. The force curves severely loose their resolution at 20 nm/s.

as can be seen in Figure 2.5c and 2.5d.
A more serious issue appears in the dynamic mode, where the resonance

frequency is a key parameter to be determined and tuned. When sample
liquids are added to the setup, all parts of the experimental cell including
the cantilever and piezo, are immersed in the liquids. As a result, all flexible
components are coupled when oscillated, causing the effect call forest of
peaks on the PSD plot such that determining the resonance peaks becomes
tricky.26,27 Instead of using a piezo to drive the cantilever, we used a
pulse-laser to drive the oscillations. In this technology, a high energy laser
is shone on the back of cantilever, causing local thermal expansion, that
can result in the bending of the cantilever. This prevents the surrounding
liquid environment to be coupled with the cantilever’s oscillation, resulting
in very clean resonance peaks in the liquid.

The resonance frequency of a cantilever is typically reduced to about 0.2
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Figure 2.6: Force and cantilever amplitude plotted as a function of tip-sample
separation. The results were measured as different drive amplitudes of 200 pm
(left) and 600 pm (right). The drive amplitude does not have clear effect on
the force–distance curves (top) but have a significant consistency impact on the
recorded cantilever amplitude (bottom). Different colors on amplitude plots show
different data sets from three consecutive measurements. It is clearly seen that a
drive amplitude of 600 pm can lead to inconsistent far field amplitude.

to 0.3 of the resonance frequency in air due to the hydrodynamic resis-
tance of the liquids.21–25 This effect depends on both the density and the
viscosity of the liquid. The consequence is the merging of the resonance
peaks at low mode numbers with the background noise as the peaks shift
to lower frequencies. As a result, the spring constant, in some cases, has
to be determined in air prior to adding liquids to the cell. Using a higher
vibrational mode is possible but has more risk of inaccurate information,
especially in measuring the normal component of the forces, as the can-
tilever will oscillate with a more complicated shape. The effect of the mode
number to the measured force is shown in chapter 4.

We also observed the effect of the driving amplitude on the consistency
of the acquired data. It is shown clearly in Figure 2.6 (bottom) that us-
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ing large driving amplitude has a significant effect on the measured far-
field background amplitude. One may expect a larger driving amplitude
to disrupt the near-wall layers of the ILs and affect the measured force–
distance curves. However, we do not observe a clear difference on the
force–distance curves recored with different driving amplitudes between
200 pm and 600 pm (Figure 2.6 (top)). Using smaller driving amplitude
than 200 pm will result in unmeasurable amplitude and phase responses
resulting from too small a perturbation, which is limited by the thermal
noise background. Therefore, we always apply driving amplitude of 200 pm

in typical ILs for our measurements.
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Direct Measurement of the
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Differential capacitance is a key quantity that bridges the prediction from
theoretical EDL model to actual behaviors. Measuring differential capaci-
tance in ILs is of great challenging due to material complexity that breaks
the assumptions in conventional measurement techniques. Existing data
in literature are highly inconsistent and are not well-fitted with the original
mean-field model for ILs. This chapter presents the measurement of the dif-
ferential capacitance of ILs, in both pure and dilute forms, using chronoam-
perometric technique. The results are fitted with the extended mean-field
model and show good quantitative agreement, which will have implications
on the understanding of ILs at electrified electrodes and theoretical model
development.

∗The contents of this chapter have been published as: M. Jitvisate et al., “Direct
Measurement of the Differential Capacitance of Solvent-Free and Dilute Ionic Liquids,”
J. Phys. Chem. Lett., 9, 126–131 (2018)
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3.1 Introduction

Room-temperature ionic liquids (ILs) have drawn huge attention recently
due to their significant promise for many applications, such as electro-
chemical energy-storage devices, electrically tunable lubrication, high-
temperature/vacuum material synthesis, and novel self-assembly media.1–4

The reason for excitement stems from their material properties, which are
of technological interest. For example, ILs have wide electrochemical win-
dow (ECW), high ionic strength, high temperature stability, and low vapor
pressure.2,5, 6 The development of ionic-liquid-based energy devices, such
as supercapacitors, requires an insightful understanding of the electrical
double-layer (EDL) charging mechanism, for which the traditional (Gouy–
Chapman) model appears inappropriate.6–14 An important quantity re-
lated to EDL charging is the differential capacitance, which represents the
variation of the surface charge with respect to the change of surface po-
tential. It is one of the key properties intensively studied in the field of
ILs, from theoretical, numerical, and experimental aspects.6–32 However,
experimentally measuring the differential capacitance of ILs has proven to
be a great challenge.6,8–12,19–26

Previous studies have focused on two techniques—cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)—showing that the
liquids tend to exhibit complex responses due to their large, bulky molecular
dimensions. However, the data from these experiments are inconsistent and
often irreproducible.6,8–12,19–26,30–32 In both cases, the techniques them-
selves are most likely the causes of discrepancies, for example, the assump-
tion of negligible time dependence of capacitances in CV and the validity of
the equivalent circuit model and relevant time scale in EIS.10,11,28,29,33–37

Many EIS works have even adopted a single-frequency method, even though
it is known that a full-frequency spectrum should be recorded.8,9, 19–21,23–25

In short, neither of these techniques provides a direct measurement of the
differential capacitance of the ILs, and this disagreement has resulted in in-
consistent and confusing messages about the true nature of ILs at electrified
electrodes, holding back theoretical advancement.

In this study, we measure the differential capacitance of ILs using the
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chronoamperometry (CA) technique, which allows direct charge measure-
ment and direct calculation of differential capacitance. To the best of our
knowledge, this is the first application to ILs. This technique thus gives
us experimental access to the differential capacitance without the need for
unsupported or questionable assumptions. We find good agreement with
the mean-field model of Goodwin–Kornyshev,13,14 which is based on that of
Kornyshev,7 extended by adding short-range ion correlations. Our results
include a transition of capacitance curves from camel shape to U-like shape
as the liquid is diluted, which is important for understanding the nature
of ILs and developing real applications, where the capacitance and other
quantities, such as, electrode potential, viscosity, liquid volume, and so on,
need to be optimized.

3.2 Experimental methods

The ILs 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim]+ [BF4]– )
(Sigma-Aldrich), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([Emim]+ [NTf2]– ), 1-ethyl-3-methylimidazolium dicyanamide
([Emim]+ [DCA]– ), and 1-buthyl-1-methylpyrrolidinium bis(trifluoro-
methylsulfonyl)imide ([C4mpyr]+ [NTf2]– ) (Merck Millipore) as well as
the solvent dimethyl sulfoxide (Sigma- Aldrich) were purchased with purity
of >99 %. They were further purified at 150 ◦C under vacuum for >12 h. In
this study, the measurements were done using a standard three-electrode
system. A 2 mm diameter polycrystalline platinum working electrode
(BASi) was cleaned by polishing on a polishing cloth (BUEHLER micro
cloth) with 0.3 µm alumina paste (BUEHLER Alpha micropolish II),
rinsed with Milli-Q water for several minutes, and dried with nitrogen
gas. The coiled platinum pseudoreference electrode and counter electrode
(>99.99 %, Sigma-Aldrich), with surface areas greater than the working
electrode, were cleaned by flaming in a hot butane flame until glowing red
and were immediately placed in cool Milli-Q water, followed by drying with
nitrogen gas. All electrodes and glass containers were cleaned before each
single measurement. The volume of the test liquid in each measurement
was 500 µL.
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CV and CA were performed using a computer-controlled potentiostat
(CH-Instrument, CHI832B). Cyclic voltammograms were recorded sepa-
rately before the CA measurements for electrochemical window evaluation
(Figure A3.1). The open-circuit potential (OCP) was measured and found
to have values close to 0 V for all pure ILs but shifted when solvent was
added. These OCPs were chosen to be the initial potentials for CA mea-
surements, as suggested in the literature for high reproducibility.8 The
initial potential can lead to a hysteresis effect and irreproducible results, as
shown in Figure A3.2.

We applied a step-function potential of 25 mV/step (∼ kBT ) to a poly-
crystalline platinum electrode and measured the current density as a func-
tion of time. For each potential step, the voltage was stepped back and
forth 10 times between lower and higher potentials to minimize hysteresis
effects.38 The time duration for each step was 100 ms, which was found
to be long enough for the current to reach its steady state (Figure A3.3).
The potential scan was terminated when it reached the ECW limits. Then,
all of the electrodes and the container were cleaned and fresh liquid was
replaced for the new measurement in the opposite scan direction. The cur-
rent was measured with the sampling rate of 0.05 ms and the sensitivity of
10−5 A/V. All chemical preparation and measurements were carried out
at 25 ◦C in an MBruan LABmaster glove box filled with a nitrogen atmo-
sphere (water and oxygen <0.1 ppm). In total, more than 1000 data set
were recorded for the present work.

3.3 Results and discussion

We first present the measurement of differential capacitance in
pure ILs [Emim]+ [BF4]– , [Emim]+ [DCA]– , [Emim]+ [NTf2]– , and
[C4mpyr]+ [NTf2]– , which will allow comparison between our results and
those reported in the literature and the validation of our method and data
with the theoretical model of Goodwin–Kornyshev.13,14 An example of the
potential waveform and the corresponding measured current is shown in
Figure 3.1a. The current shows excellent agreement when fitted with the
exponential equation, j = a exp (−t/τ), where j is the current density and
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Figure 3.1: (a) Example of step-function potential and correspond-
ing measured charging current. (b) Potential-dependent charge den-
sity of pure ILs [C4mpyr]+[NTf2]– , [Emim]+[NTf2]– , [Emim]+[BF4]– , and
[Emim]+[DCA]– determined from the charging current.

t is time (Figure A3.3). The fitting parameters a and τ are used for the
calculation of the charge density. It is clear that the current reaches its
equilibrium within the measured time duration, with the exponential fit
indicating that the charging mechanism obeys a normal diffusive charging
process.39 In principle, τ represents the characteristic charging time con-
stant, which is defined as τ = RC, where R is the resistance of the bulk
liquid and C is the double-layer capacitance. We find in our study that
τ has an average value between 0.1 and 0.5 ms (Table A3.1), which is in
the same range of the fast time scale measured with EIS, representing the
diffusive charging mechanism.12 The measured time scales have a trend
corresponding to the conductivity of the ILs; the higher conductivity liq-
uids have a shorter time constant, as expected.40 We do not observe the
slow time scale (O (seconds)) of the EIS experiments, which is likely caused
by the roughness of our (polycrystalline) electrode surface. This slow pro-
cess is interpreted as originating from ion reorientation, which occurs at
the level of the compact ion layers on the electrode rather than the diffuse
layer; therefore, it is more pronounced on smooth/crystalline electrodes and
is most likely suppressed on polycrystalline platinum.12,31

The potential-dependent surface charge densities, σ, of the studied ILs
on platinum (Figure 3.1b) are the results of the cumulative summation
of the charge density at each potential step, that is, σ =

∑
i aiτi(1 −
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exp (−t′/τi)) ≈
∑

i aiτi, where ai and τi are obtained from
∫ t′

0 jdt (t′ =

100 ms) of the ith potential step. The differential capacitance per unit
area, C, then can be calculated directly by differentiating the surface charge
density with respect to the electrode potential, following the definition39

C =

(
∂σ

∂V

)

T,µ

(3.1)

where V is the electrode potential, T is the temperature, and µ is the
chemical potential.

The resulting capacitance curves are then fitted with the mean-field
model of Goodwin–Kornyshev, where the short-range ion correlations are
taken into account, which can be written as

C = C̃0
cosh(αu0/2)

1 + 2γ sinh2(αu0/2)

√
2γ sinh2(αu0/2)

ln
[
1 + 2γ sinh2(αu0/2)

] (3.2)

where C̃0 is a rescaled Debye capacitance, α is a rescaled parameter ac-
counting for ion correlations, having values <1 (α = 1 recovers the case
of zero short-range ion correlations), u0 = eV/kBT , and γ is an ion frac-
tion defined as the ratio of the total number of ions to the total number of
sites available for them. The reader can find the detailed derivation of the
model in the original paper of Goodwin et al.13,14 In the asymmetric case
where the cation and anion are not of equivalent geometry, γ is defined as
follows7,13

γ = γ− +
γ+ − γ−

1 + exp (αu0/2)
(3.3)

where γ+ and γ− are the ion fraction for cations and anions, respectively.
The capacitances of the ILs [C4mpyr]+[NTf2]– , [Emim]+[NTf2]– ,

[Emim]+[BF4]– , and [Emim]+[DCA]– are plotted in Figure 3.2, together
with the fits obtained from eq 3.2. Clearly, we see the capacitance curves
reveal the predicted camel-shape behavior and the model fits our experi-
mental data well.

The rescaled parameter, α, in pure ILs is found to have the value of
∼0.06, which is far from 1 expected for the case of no ion–ion correlation,
indicating that ion–ion repulsion dominates ion-pairing in ILs. However, we
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Figure 3.2: (a–d) Differential capacitance of pure ILs [C4mpyr]+[NTf2]– ,
[Emim]+[NTf2]– , [Emim]+[DCA]– , and [Emim]+[BF4]– , respectively, with the
solid lines representing the fits from the extended mean-field model.

cannot compare this result with other measurements because, to the best
of our knowledge, this is the first attempt to extract this model parameter
from experimental data. The ion fractions (γ+, γ−) for an asymmetric ILs
have been obtained from the fit, with values in the typically predicted
range of 0.4 to 0.1 (Table A3.2). These double-humped capacitance curves,
which are different from the classical Gouy–Chapman theory, have been
previously measured in the literature with the EIS technique but are often
hidden in a “forest of peaks” and rarely fit the theory well.9,12,16,25,31 The
qualitative agreement of our experimental data with the theoretical model
and the quantitative agreement with many experimental observations from
the EIS technique, supports the validity of our approach.

We note that the model shows better agreement in the liquids with
molecules of smaller size and more simple shape (Figure 3.2c,d) than in
the liquids having larger and more complex molecular geometries (Fig-
ure 3.2a,b). In the particular case of [Emim]+ [BF4]– , which has simplest
molecular shapes among the liquids studied, the anions are spherical and
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substantially smaller than the cations, leading to a higher and steeper ca-
pacitance peak at positive polarization than at negative polarization. This
behavior is described as a higher local ion concentration in the anion-rich
region due to smaller anion sizes.7,16,18 However, this semiempirical expla-
nation fails for the other liquids whose molecules are much less spherical
(an assumption of the model).13,14 It is clear that the mean-field theory
is limited here insofar as it does not take into account specific molecular
geometries.7,13,14

The Debye capacitance (C0), as described by the mean-field model,
is related to the electrostatic screening length, a characteristic length
scale defined in the classical theory as the Debye length, λD, by
the relation C0 = εε0/λD, where ε is the dielectric constant of the
medium and ε0 is the permittivity of free space. By using the low-
frequency bulk dielectric constant of the ILs (Table A3.1) and the ca-
pacitance values at the PZC (CPZC) from our measurements of 5.8, 6.6,
7.5, and 7.5 µF/cm2, we find screening lengths of about 1.9, 1.6, 1.3,
and 1.5 nm for [C4mpyr]+ [NTf2]– , [Emim]+ [NTf2]– , [Emim]+ [DCA]– and
[Emim]+ [BF4]– , respectively. These screening lengths are ∼30 times larger
than those calculated using classical definition of the Debye length, and are
about 10 times larger than the rescaled screening length, λ̃D = λD/

√
α,

calculated using the rescaled factor (α) obtained from the experimental
data (Table A3.2, A3.3). Long screening lengths in pure ILs have been ob-
served in force measurements and are explained as being caused by a low
concentration of effective free ions in the liquids.41–44 However, the extent
of ion pairing and dissociation is currently still a highly debated topic, and
the final conclusion is not yet clear. This, in turn, affects physical inter-
pretation of the fitting parameter, α, whose value is directly related to ion
correlations.13,14 Therefore, this interpretation may not be the case for our
findings.

It must also be emphasized here that the measured capacitance is techni-
cally the total capacitance, that is, the combination of the Stern/compact
layer and diffuse layer capacitances. As a result, the values of the mea-
sured capacitance at the PZC, CPZC, cannot be compared directly to the
Debye capacitance, C0, of the mean-field model without the knowledge of
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Figure 3.3: (a) Differential capacitance of [Emim]+ [NTf2]– /DMSO mixtures
at different concentrations showing a crossover from camel-shape curves in dense
concentrations to U-like curves in dilute regime. (b–e) Differential capacitance
plotted together with the fits from the mean-field model at varied concentrations.

the compact layer capacitance. It could be that the capacitance measured
in pure ILs has a more significant contribution from the Stern capacitance
rather than the Debye capacitance. The formation of liquid layers next to
the charged surfaces is supported by X-ray reflectivity,45 atomic force mi-
croscopy (AFM),46 and surface force apparatus (SFA) experiments,47 but
the layer-by-layer co/counterion densities are unknown.

Now that we have validated our experimental approach, we move on
to study the differential capacitance in dilute IL by adding the solvent
dimethyl sulfoxide (DMSO) to the IL [Emim]+ [NTf2]– , which forms mis-
cible mixtures in a full range of the studied concentrations. The same CA
procedure is applied for measuring the differential capacitance, and the re-
sults are shown in Figure 3.3. By varying the composition of the mixtures,
we observe a clear transition from the pure to dilute regimes, as can be
seen by a crossover of the capacitance curves from a camel shape to a U-
like shape (Figure 3.3a), as predicted by the mean-field models.7,13,14 This
crossover occurs between the concentration of 1 and 0.01 M, where the slope
of the capacitance is steeper in the lower concentration mixtures, indicating
a classical dilute electrolyte character. The mean-field model fitted to the
experimental data shows good agreement (Figure 3.3b–e), especially within
±(0.5 to 1) V potential window from the PZC (Figure A3.4), indicating the
validity of the model and the importance of the short-range interaction ef-
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fect added to it. The trend of the ion fraction (γ) values is found to decrease
(from ∼0.4 to ∼0.1) when more solvent is added to the IL (Table A3.4),
resulting from the decrease in ion concentration. The parameter α is found
to increase as the ion concentration decreases, as expected when the ion
correlations are diminished by dilution.

The capacitance at the PZC (CPZC) is found to change non-monotonically
with concentration (Figure A3.5a). However, calculating λD from CPZC

without knowledge of the compact layer capacitance leads to discrepancies
between λD measured here and the screening length from surface force
measurement (Figure A3.5b).

3.4 Conclusions

In conclusion, we measured the differential capacitance of solvent-free and
dilute ILs using the CA technique and we find quantitative agreement be-
tween our direct capacitance measurement and the extended mean-field
model of Goodwin–Kornyshev and qualitative agreement with several of
the EIS experiments. Our measurements are a good indication of the va-
lidity of the model. The capacitances measured in the pure ILs in our study
show camel-shape curves, as predicted by the models for moderate-packing
ILs, and the capacitances at the PZC are likely to relate to the compact
layer capacitance rather than the diffuse layer capacitance.

Furthermore, crossover from camel to U-like capacitance curves is ob-
served when solvent is added to the ILs. A nonmonotonic dependence of
the capacitance at the PZC with the concentration is found, similar to
another independent study.48 However, quantitative conclusion cannot be
made based only on the mean-field model due to lack of knowledge of the
compact layer capacitance, which requires further theoretical studies or
simulations.

Our observations provide important information for a wide range of uses,
from theoretical model improvement to practical/technical implementation.
In particular, we see relevance in the development of energy-storage device
applications, where the energy density and power density have to be opti-
mized.



3.4 Conclusions 53

The situation is expected to be more complicated in the case of non-
metallic electrodes, such as glassy carbon, graphite, or graphene, where the
density of states (DOF) of the electrode material is limited and the electrode
capacitance can have a dramatic effect on the measured capacitance,48–51

but for metal electrodes, direct application of the Goodwin–Kornyshev an-
alytical model is satisfactory.
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3.5 Appendix

3.5.1 Data analysis

• The resolution limit of the potentiostat is 1 pA.

• The current data were fitted above the resolution using non-linear
least square method with an R-square more than 0.98.

• For each potential, 5 current-time curves were analysed, leading to 5
surface charge-potential and capacitance-potential curves.

• The average capacitances were calculated and plotted as shown in
Figure 3.2 and Figure 3.3 in the main text. The errorbars represent
the standard deviation.

• The capacitance curves were then fitted with the model eq 3.2 of the
main text using non-linear least square method with the R-square
more than 0.95. The fit range varied between ±(0.5 to 1) V from the
PZC depending on each case, e.g., the fit range for 0.001 M liquid was
±0.5 V while in pure IL was ±1 V

• The fitting parameters are shown in the tables below.

3.5.2 Supporting tables and figures

ILs ε σ (S/m) τp (ms) τn (ms)

[Emim]+ [DCA]– 11 2.93 0.07 0.08
[Emim]+ [BF4]– 12.9 1.57 0.13 0.12
[Emim]+ [NTf2]– 12 0.92 0.15 0.12

[C4mpyr]+ [NTf2]– 12.5 0.28 0.20 0.45

Table A3.1: List of the dielectric constants, conductivities and measured charac-
teristic time constants for all studied ILs. The dielectric constant and conductivity
values are measured at 25 ◦C and are obtained from literature.44, 52–55 Note that
τp and τn are the characteristic time constants obtained from charging of cations
(negative electrode potential) and anions (positive electrode potential), respec-
tively.
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ILs [IL] (M) α γ+ γ− γ(u0 = 0)

[Emim]+ [DCA]– 6.25 0.0591 0.176 0.239 0.208
[Emim]+ [BF4]– 6.49 0.0662 0.347 0.139 0.243
[Emim]+ [NTf2]– 3.96 0.0665 0.290 0.258 0.278

[C4mpyr]+ [NTf2]– 3.30 0.0650 0.411 0.146 0.279

Table A3.2: List of the fitting parameters obtained from the mean-field model
for pure ILs.

ILs CPZC λD λD/
√
α λexp

D

(µF/cm2) (nm) (nm) (nm)

[Emim]+ [DCA]– 7.5 0.046 0.188 1.3
[Emim]+ [BF4]– 7.5 0.048 0.188 1.5
[Emim]+ [NTf2]– 6.6 0.060 0.232 1.6

[C4mpyr]+ [NTf2]– 5.8 0.067 0.262 1.9

Table A3.3: Measured capacitance at the PZC with the calculated classical
Debye length (λD), the renormalized Debye length, and the screening length cal-
culated from the measured capacitance, in pure ILs.

[IL]
α γ±

CPZC
ε

λD λD/
√
α λexp

D

(M) (µF/cm2) (nm) (nm) (nm)
3.88 0.0665 0.4105 6.7 12 0.06 0.23 1.59

2 0.0586 0.4431 13.3 23.5 0.118 0.49 1.56
1 0.0650 0.4413 12.5 33.26 0.198 0.78 2.36

0.1 0.1069 0.3449 8.3 46.19 0.739 2.26 4.93
0.01 0.1458 0.1780 6.8 47.81 2.377 6.22 6.23
0.001 0.1911 0.1586 6.6 47.98 7.529 17.22 6.44

Table A3.4: List of the fitting parameters obtained from the model, the measured
capacitance at the PZC, dielectric constant of the mixtures (calculated using the
effective medium theory),56 the calculated classical Debye length, the renormalized
Debye length, and the screening length calculated from experimental data, in
[Emim]+ [NTf2]– /DMSO mixtures.
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Figure A3.1: Cyclic voltammograms of all ILs used in this study with the arrows
representing the scan directions. The ECWs are determined from the rise/fall of
the current density at high voltage regime on both polarities. The redox current
appears as a result of redox traces created when the electrode potential reached
the ECW limits. The cut-off current density for examining the ECW of ILs is
accepted to be 10 A/m2,9 which is higher than the current density measured in
our CVs.
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Figure A3.2: Comparison between the capacitance curves in the IL
[Emim]+ [NTf2]– obtained from different starting potential, marked with the cir-
cles on the graph. The arrows indicate scan directions. It is clear that different
initial voltages result in distinct capacitance curve. Note that starting from the
potential close to OCP gives more reproducibility.
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Figure A3.4: (a–f) The differential capacitance of [Emim]+ [NTf2]– /DMSO
mixtures at the IL concentration of 3.89 M (pure), 2 M, 1 M, 0.1 M, 0.01 M, and
0.001 M, respectively. The solid lines represent the fits obtained from the mean-
field model.
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Figure A3.5: (a) A non-monotonic variation of the differential capacitance at
PZC as a function of IL concentration ([Emim]+ [NTf2]– /DMSO). (b) The screen-
ing lengths calculated from the differential capacitance in (a) compared with the
screening lengths measured using surface force apparatus (SFA) in literature.44
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[33] Roling, B. and Drüschler, M. (2012) Comments on “Intrinsic Limitations
of Impedance Measurements in Determining Electric Double Layer Capac-
itances” by H. Wang and L. Pilon [Electrochim. Acta 63 (2012) 55]. Elec-
trochim. Acta., 76, 526–528.

[34] Wang, H. and Pilon, L. (2012) Intrinsic Limitations of Impedance Mea-
surements in Determining Electric Double Layer Capacitances. Electrochim.
Acta., 63, 55–63.

[35] Wang, H. and Pilon, L. (2012) Reply to Comments on “Intrinsic Limitations
of Impedance Measurements in Determining Electric Double Layer Capaci-
tances” by H. Wang, L. Pilon [Electrochimica Acta 63 (2012) 55]. Electrochim.



62 Chapter 3

Acta., 76, 529–531.
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4
Local Structure and Flow Properties

of Ionic Liquids on Charged and Inert
Substrates

Ionic liquidLocal probe Local probe

HOPG Mica

enhanced flow
restricted flow

This chapter focuses on the effect of surface charge on the local struc-
ture and flow properties of ionic liquids. An atomic force microscope was
used to perform force–distance and small-amplitude force–distance spectro-
scopies to study the ionic liquid’s near-wall structure. The comparison was
made between charged (mica) and neutral (unbiased HOPG) substrates. As
a result, we found stronger near-wall liquid layers on mica than on HOPG,
indicating a significant influence electrostatic interaction on the local struc-
ture of the ionic liquids. In addition, the flow properties was enhanced on
HOPG as compared to the bulk, demonstrating the importance of substrate
for controlling near-wall dynamic response.

∗The contents of this chapter have been published as: M. Jitvisate et al., “Local
Structure and Flow Properties of Ionic Liquids on Charged and Inert Substrates,” J.
Phys. Chem. C, 120, 4860–4865 (2016)
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4.1 Introduction

Room-temperature ionic liquids (RTILs) are liquid salts with traditional
Debye lengths smaller than the atomic scale. This means that they behave
as molecular liquids and are expected to display noncontinuum ionic re-
sponse to electric fields.1 A key feature of this behavior is the formation
of clear molecular layers on solid substrates, which can form because of
both templating and the breakup of the hydrogen-bonded network within
the liquid, as well as through maximized ionic packing in response to the
application of a surface–electrode potential.2

Near-wall layering of RTILs is already well-established from scatter-
ing measurements,3–5 surface force apparatus (SFA),6–8 and atomic force
microscopy (AFM).9–11 Charged surfaces lead both to more layers and
stronger layers, as compared to inert surfaces, where “stronger” refers to
the increased force required for, e.g., an AFM tip to “pop through” the
structure.

If the near-wall structure forms differently in the presence (or lack) of wall
charge, great hope lies ahead for applications in electroactuation if, e.g.,
near-wall ion order leads to modified bulk flow. In the meantime, several
studies have highlighted discrete near-wall frictional effects, including layer-
dependent friction.12,13

In ref 17 we extended RTIL-AFM studies by using small-amplitude force–
distance spectroscopy to separate resistance to squeeze into its conserva-
tive and dissipative components, equivalent to layer stiffness and viscosity.
In that study we used the ionic liquid [Emim]+[BF4]– on mica to show a
dramatic increase in viscosity from 35 mPa · s to 550 mPa · s when moving
from the bulk to the first layer adjacent to the wall. However, we were
unable to present a comparison to an uncharged surface to see whether the
conservative and dissipative components were charge-dependent.

With this in mind, in this paper we examine the near-wall structure
of the ionic liquid [Emim]+[NTf2]– on both mica and HOPG using small-
amplitude force–distance spectroscopy. We consider these two substrates
to be prototypical examples for charge-mediated RTIL layering (mica) and
template-mediated layering (HOPG). The reason for moving to this differ-
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ent RTIL is because we have been made aware of the difficulty in removing
water from the previous one. (In ref 17 we found a substructure within
the first ion-pair layer adjacent to the wall, which could have corresponded
either to single ions or to water contamination. Despite our extensive ef-
forts to remove water, it would be impossible with current techniques to
differentiate these two possibilities.) Our main goal here is to determine to
what extent the substrate influences the two components of resistance to
squeeze.

4.2 Experimental methods

All work took place in an MBraun LABmaster 130 glovebox, operated
under prepurified nitrogen with H2O and O2 levels both <0.1 ppm.

As substrates we used mica (Bruker) and HOPG (Mikromasch), which
were cleaved in the glovebox immediately prior to use.

The room-temperature ionic liquid was 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([Emim]+[NTf2]– ) (Sigma-Aldrich). This was
delivered by the manufacturer at 98% purity, but we further purified it
within the glovebox. Specifically, we heat-pump cycled the liquid (150 ◦C

and ∼7 mbar ) for >20 h until we no longer saw Faradaic peaks within the
electrochemical window during cyclic voltammetry between Pt electrodes.
During this process, the electrochemical window increased from 3.0 V (im-
mediately upon delivery from manufacturer) to 3.8 V.

Force–distance (FD) and small-amplitude force–distance (SAFD) spec-
troscopies were carried out on an Asylum Cypher AFM (Santa Barbara,
CA) instrument. The AFM instrument was housed within the glovebox,
and we switched the glovebox to “eco” mode during the experiments (this
turns off the pumps of the glovebox unless the H2O or O2 levels rise above
safe limits). All SAFD data was recorded with mode n = 2, unless stated
otherwise.

We typically used a ∼80 µL droplet of RTIL for each experiment. During
the SAFD experiments we used different mode numbers, approach speeds,
and amplitudes of oscillation, as described in the text of the main body
of the article. The driven oscillation was implemented through pulse laser
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drive (BlueDrive), whereby a low-power laser (∼700 µW) is pulsed at the
base of the cantilever, leading to localized thermal expansion and contrac-
tion, and thus tip oscillation. This method of oscillation typically heats the
bulk liquid by 1–2 ◦C but has the advantage that the amplitude and phase
are very “clean”. (As a comparison, piezo drive excites many parts of the
liquid cell (O-rings, seals, bubbles, etc.) because of the relatively large sur-
face area of the piezo compared to the cantilever. The different vibrational
modes of these various components can then couple to each other.)

The cantilevers were Au-coated Si3N4 (ORC8A, Bruker). Spring con-
stants, ks, and fundamental (air) resonance frequencies were measured to
be 0.7 N/m and 71 kHz, respectively, and the radius of curvature, R, was
quoted by the manufacturer as 15 nm. Our limiting resolution through
thermal noise is thus

√
kskBT/R ≈ 4 mN/m, where kBT is the thermal

energy. The resonance frequency in the ionic liquid of the n = 2 mode used
here was measured to be 320 kHz. Data sets in Figure 4.1 were averaged
over 200 bins in both x and y. All other processing was as given in the
text.

4.3 Results and discussion

4.3.1 Force–distance spectroscopy

We begin by presenting the force–distance (FD) spectroscopy data of the
RTIL on both mica and HOPG in Figure 4.1. For clarity, we show data
only up to a maximum force response of 5 nN. In fact we recorded data
up to a force response of 20 nN, but it was clear that we had reached the
bare substrate already at forces &3 nN. The x axes represent the separa-
tion between the AFM tip and substrate, with the substrate at position
0 nm, to the left of the graphs. The y axes represent the force exerted by
the liquid on the AFM tip as it moved toward the wall. To the right of
the graphs (separation &5 nm) the force (measured with respect to the re-
sponse in the bulk of the liquid) is zero, that is, the liquid behaved as bulk.
However, as the wall was approached, distinct steps became apparent in
the force response, corresponding to discrete layers of RTIL for which the
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Figure 4.1: Force–distance spectroscopy of the RTIL [Emim]+[NTf2]– on mica
(a) and HOPG (b). The data are averages of 50 experiments, binned over 200 bins
on both axes. The color scales correspond to the probability of finding data in a
given bin, with blue indicating a probability of 0 and red indicating a probability of
1. The RTIL forms distinct layers on both substrates, but they are more numerous
and stronger on mica as compared to HOPG. (c) Geometry of the RTIL used in
the present study. Treating cation and anion as ellipsoids, the cation has principal
axes 1.14, 0.55, and 0.28 nm, while the anion has principal axes 1.09, 0.51, and
0.47 nm.

AFM cantilever must store up sufficient energy to “pop” through.
Upon comparison of the liquid’s response on the two substrates it is im-

mediately apparent that it forms many more layers on mica (∼5–6 layers) as
compared to HOPG (∼2–3 layers), within our resolution. This agrees well
with literature results using AFM. Intuitively the large wall charge of mica
leads to more counterions in the first liquid layer, which increases the layer’s
density, which in turn templates further layers until the effect is eventually
integrated out.7,14 We note here that we see only near-wall layers, i.e., we
do not see any indication of a continuous electrostatic decay.15,16

It is unclear what drives the layering on HOPG. It is probably safe to
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assume that the atomically smooth surface leads to preferential ion-pair
orientations in the first liquid layer, i.e., the liquid is templated by the wall.
However, it is also possible that specifically adsorbed ionic contaminants
attach to the wall and drive the layering in a similar fashion to the mica.
As mentioned above, we purified our liquids for a long time and we believe
this latter possibility is unlikely.

If we examine the layer step sizes, it becomes clear that they are slightly
larger on mica than on HOPG. It is easiest to describe the first layer in
terms of the cationic orientation. On mica, the first layer is predominantly
cationic for charge screening, and on HOPG, the first layer’s thickness is
expected to be governed by the larger of the two molecules, i.e., the cation.
By inspection of the molecular geometry of the RTIL (see Figure 4.1), on
HOPG the first layer’s size indicates that the cations are lying flat, whereas
on mica they are standing up. We attribute this difference in molecular
orientation to good commensurability between the imidazolium ring of the
cation and the HOPG’s atomic structure, allowing the ions in that system
to lie flatter against the wall as shown in the recent simulations.14 We
attribute the subsequent layers mainly to ion pairs. On HOPG, each layer
must maintain electroneutrality, with the preferential adsorption geometries
of the first layer quickly integrating out. On mica, it is currently unknown
what the excess charge is per layer (for screening purposes), although we
believe that maximal ion packing is likely to screen out the mica surface
charge within the first 1–2 layers, with these then templating the subsequent
layers. We note that our measured layer sizes are consistent with the known
literature.14,17–19

Finally, we point out the remarkable reproducibility in the data by noting
that the FD curves in Figure 4.1a, b correspond to averages of 50 data sets.

At this point, most AFM studies stop. RTILs form layers on surfaces,
and the amount of layering depends on surface charge. We could proceed by
trying to extract rupture forces from the FD data (as the forces at which
the steps are made), or we could try to extract layer stiffnesses (as the
gradients of the steps). However, such analyses run into issues regarding
the spread of the data. This is a problem regarding AFM FD spectroscopy
itself: We measure dynamic response (“dynamic” because we feedback on
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force, not position) and try to extract static information. With AFM, we
could approach to a particular layer by careful control of the approach force
set point, but even then we expect the separation to vary by as much as
the error bar in the position of the layers in Figure 4.1. In this respect, SFA
provides much clearer data: The separation can be precisely controlled and
the static force measured, but this control comes at the expense of limited
substrate availability for the particular technique. We proceed by applying
a small-amplitude driven oscillation to the AFM tip, which allows us to
extract the static component of the resistance to squeeze.

4.3.2 Small-amplitude modulation

In SAFD spectroscopy, a small driven oscillation is imposed on the can-
tilever during tip–sample approach.20,21

The equation of motion is mz̈+bcż+kcz = Fd +Fts, where m is the mass
of the cantilever (including hydrodynamic loading),22,23 bc the damping,
and kc the spring constant of the cantilever, which is driven with force
Fd. The additional force, Fts, is the tip–sample interaction which arises
because of interaction with the structured interstitial RTIL and can be
expanded as Fts ≈ (∂Fts/∂z)z + (∂Fts/∂ż)ż, leading to our final goal: the
local interaction stiffness kts = −(∂Fts/∂z)z and the local damping bts =

−(∂Fts/∂ż)ż. The final expressions are given by

kts = −kc +mω2 +
F0

A
cosφ (4.1)

and
bts = −bc +

F0

ωA
sinφ (4.2)

where F0 = A∞[(kc −mω2)2 + ω2b2c ]1/2 is the driving force and A∞ is the
amplitude of oscillation far from the wall; A and φ are the amplitude and
phase, respectively, of the AFM cantilever as the wall is approached. We
note that both the mass and bulk damping include hydrodynamic load-
ing.22,23

The equation given above is slightly different than the equation given in
ref 17. In that study we used piezo drive to excite the AFM vibration.
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In that case, interpretation of the tip motion requires us to subtract the
motion of the cantilever base (i.e., the part of the cantilever clamped to the
piezo), because AFMs measure motion with respect to the base and not
the zero or average position. In the present study we used pulse laser drive,
which does not drive base motion; hence, there is a difference in analysis
between the present and past work.

The formalism given above is accurate for high quality factors, Q, but
it is unclear whether RTILs ever satisfy this. Typically, the quality factor
for the fundamental mode of oscillation of a cantilever in RTIL lies in the
range of 1–10 , which brings into question the validity of using the simple
harmonic oscillator equations in the first place, as well as truncation of
the Taylor expansion after the first-order terms.22,24,25 At low Q, the
modal responses of oscillation become sufficiently broad that they begin
to couple together, rendering the analysis nonquantitative. On the one
hand, we could operate at higher mode number, but then the model for
hydrodynamic loading quickly becomes invalid. On the other hand we
could increase our amplitude of oscillation, but the upper bound for high-
resolution data is in the order of the molecular length scale. To proceed,
we note that Sader showed similarity between the response of a heavily
damped oscillator and a simple harmonic oscillator as long as the frequency
of oscillation is very close to the resonance frequency, i.e., ω ∼ ωn.22 With
this in mind, we implement SAFD at ω = ωn for n = 2, 3, 4 (we define n = 0

as the fundamental frequency; lower-order modes do not appear distinct on
a thermal tune, so we avoid them here).

We now experimentally confirm that we satisfy the above requirements
for quantitative analysis. FD resistance and SAFD amplitude and phase
of the RTIL on mica are shown in Figure 4.2 for modes 2–4 Already at
these low mode numbers it becomes clear that the specific mode of the
cantilever affects the measured result. In particular, operating at higher
modes smears out resistance to squeeze, demonstrated by shallower slopes
for each layer in the FD data. The interpretation of this is that, while our
analysis relies on the fact that the tip approaches the substrate normally,
as the mode number increases so too does the non-normal component of tip
motion. Lower modes predominantly “poke through” the near-wall layers,
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Figure 4.2: (top row) Resistance to squeeze, (middle row) amplitude of oscilla-
tion, and (bottom row) phase shift of FD and SAFD data of [Emim]+[NTf2]– on
mica as a function of mode number of the small-amplitude driven oscillation on
the cantilever tip. From the left column to the right column, the data are for the
n = 2, 3, and 4 modes (where we define n = 0 as the fundamental frequency).
It is clear that mode number affects the overall motion of the cantilever already
for these low harmonics. Fortunately, data for the n = 2 mode match pure FD
spectroscopy data within experimental error, so we proceed with that.

whereas at higher modes there is an increasingly dominant “scraping away”
component. The FD response with n = 2 matches the pure FD data well,
so we proceed with that mode for the rest of the present study.

The other important experimental parameters are amplitude of oscilla-
tion and tip approach speed. To summarize, varying the amplitude of os-
cillation from 200–600 pm (close to the maximum length scale of the ions)
does not noticeably vary the result, whereas varying the approach speed
from 1–20 nm/s already leads to an observable increase in noise. With this
in mind, we proceed with amplitude of oscillation of 200 pm and approach
speed 1 nm/s.

Our main results from SAFD are plotted in Figure 4.3, where we show
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both the raw amplitude and phase data, as well as the resulting interac-
tion stiffness, kts, and local damping, bts, for both mica and HOPG. The
individual layers are easily observable and occur at the same tip–sample
separations as we found with FD spectroscopy. For purposes of this discus-
sion, we concentrate on kts and bts.

Interaction stiffness, kts. As the wall is approached, the stiffness of
the liquid is found to gradually increase layer-by-layer. What is most sur-
prising is that, although the liquid forms a different number of layers on
both mica and HOPG, the maximum increases in stiffness (i.e., for the first
layer adjacent to the wall) as compared to bulk are the same order of magni-
tude for the two substrates, with kmica

ts,1 ∼ 0.15 N/m and kHOPG
ts,1 ∼ 0.05 N/m

(where the subscript 1 indicates the first layer immediately adjacent to
the wall). Intuitively, perhaps näıvely, wewould have assumed the strong,
charge-driven liquid layering on mica would have been much more robust
than the weaker, atomically smooth templated layering on HOPG.

At this stage it is interesting to compare the present data of
[Emim]+[NTf2]– on mica to the response of [Emim]+[BF4]– on mica in our
previous work.17 In both systems the layers appear at similar tip–sample
separations (to within an angstrom), with the present liquid exhibiting typ-
ically one additional layer further from the wall. Already this similarity in
layer separations raises alarms because of the different anion sizes in the
two systems. However, we expect that the layers are made predominantly
from cations, in which case the similar sizes can be justified. However,
upon inspection of the value of layer stiffness we find kts,1 ∼ 0.15 N/m for
[Emim]+[NTf2]– as compared to kts,1 ∼ 0.90 N/m for [Emim]+[BF4]– . How
is this possible if in both systems it is the same cation responsible for charge
screening and, thus, the layering? Clearly the role of the anion must be
accounted for, but without knowing the ratio of cations to anions in each
layer it is difficult to give a more quantitative explanation for the different
stiffnesses.

We are unable to compare the response of our present RTIL on HOPG to
our previous RTIL. This is because we were unable to record data for our
previous RTIL on HOPG. It seems that this comes through the implemen-
tation of SAFD with piezo drive: Coupled modes throughout the liquid cell
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Figure 4.3: (from top to bottom) Amplitude, phase, kts, and bts for the RTIL on
mica (left) and HOPG (right). The charge-mediated layers on mica are stronger
than the templated layers on HOPG. This leads to an increase in resistance to local
flow on mica as the preferentially oriented molecules interlock with each other. On
HOPG, the opposite effect is observed, whereby the RTIL has a slight reduction
in flow resistance in the presence of the wall.
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increase the noise level above the liquid response. We can confirm with our
present liquid that this is indeed the case: Operating with pulse laser drive
allows data to be recorded on HOPG, whereas operating with piezo drive
does not.

Local damping, bts. The dissipative component of the force indicates
how resistive the liquid is to being squeezed out of the tip–sample inter-
space. On mica we find an increase in damping of 0.5× 10−5 kg/s for the
first layer adjacent to the substrate as compared to the bulk. We com-
pare this first to the RTIL [Emim]+[BF4]– of our previous study, where we
observed an increase in damping of 1.6× 10−5 kg/s. The latter RTIL ex-
hibits greater damping, indicating more molecular entanglement between
adjacent layers, as we would expect bearing in mind the larger stiffness.

The second comparison is between the present RTIL on mica and HOPG.
Whereas we see an increase in damping on mica, on HOPG we observe a
slight decrease. (Note that although the damping data on HOPG appears
very noisy, this is real, unprocessed (unsmoothed and unfiltered) raw data.
The first layer has lower first and second moments as compared to the
bulk liquid.) This indicates that, if anything, there is less resistance to
squeeze out for the first layer on HOPG as compared to the bulk. The effect
is small (a reduction in damping of 0.1× 10−5 kg/s) but is nevertheless
reproducible. On mica there are electrostatic potential wells that help
lock the near-wall cations in place (leading to the increase in damping).
On HOPG, the near-wall interactions are a lot lower in magnitude. Is
it possible for the ions to skate across the surface with greater ease as
compared to through the bulk liquid? Enhanced flow properties (in terms of
reduced friction) have been shown to exist by the RTIL [Py1,4]+[FAP]– on a
negatively biased gold electrode,26 and it appears that our RTIL naturally
achieves the same effect on HOPG. This needs more attention but with
higher resolution techniques (or numerical simulations).

As the tip–sample separation is reduced, both the pressure and shear
stress in the liquid dramatically increase. The geometry and flow field are
known as a squeeze film. The pressure increase drives the flow of liquid out
of the gap, whereas the shear stress opposes it. With this in mind, it seems
appropriate to define an “effective viscosity”. Before doing so it is vital to
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give a warning: Viscosity is a bulk property with no nanoscopic counterpart.
However, “effective viscosity” is a useful parameter to quote, because it
allows us (at least conceptually) to understand the liquid behavior in terms
of macroscopic numbers that we have a better feel for. Conversion is done
using Reynolds’ lubrication approximation to the Navier–Stokes equations,
leading to

µeff =
btsd

6πRtip
2 (4.3)

where Rtip is the radius of the AFM tip and d is the tip–sample separation.
This leads to an increase in effective viscosity on mica of µeff ∼ 810 mPa · s
and a decrease in effective viscosity on HOPG of µeff ∼ 160 mPa · s. Note
that in both these cases the values are measured with respect to the (greatly)
hydrodynamically damped cantilever and not the bulk liquid viscosity of
∼34 mPa · s. While there is currently no consensus on the correct imple-
mentation of hydrodynamic loading in a semi-infinite bath,24,25,27,28 we
expect that the fractional change in local viscosity with respect to the bulk
should remain constant, i.e., the viscosity of our RTIL on mica increases
by a factor of ∼2.5 as the wall is approached, while on HOPG it decreases
to approximately half its bulk value.

4.4 Conclusions

We measured the layered structure of the RTIL [Emim]+[NTf2]– on both
mica and HOPG using FD and SAFD spectroscopies. Layers on mica
are much stronger (and more numerous) than on HOPG, which can be
attributed to the stronger driving force (electrostatic versus templating).

Furthermore, we separated the resistance to squeeze into its conservative
and dissipative components. This allows the data to be presented univer-
sally by removing technique-dependent effects, such as flow, thus allowing
direct comparison of layer stiffness to other techniques, such as SFA. Our
layer stiffness data (in comparison to our previous work) highlight the im-
portance of the role of the co-ions on the near-wall structure of an RTIL on
a charged surface, something that requires more attention in the future.

Finally, the residual component of force (the dissipation) provides in-
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formation on local flow properties. While the charge-mediated layering
on mica exhibits greatly enhanced damping, template-mediated layering
on HOPG slightly reduces the damping. This suggests the preferentially
flat-packed ions can skate across the weak potential landscape of HOPG
slightly easier than they can push through bulk liquid, whereas the strong
Coulombic potential landscape of mica grips the counterions firmly. Dy-
namic response can be tuned by careful choice of substrate chemistry.
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Near-Wall Molecular Ordering of

Dilute Ionic Liquids
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Currently, great interests have been drawn to dilute ionic liquids because
their bulks properties, such as electric conductivity, can be optimized for
practical uses. The content of this chapter mainly focuses on the near-wall
structure of ionic liquid-solvent mixtures. An atomic force microscope was
used for the force–distance spectroscopy, revealing nonmonotonic change of
the structural force by varying liquid composition. This is of key importance
for tunable nanolubrication by controlling the material’s bulk properties.

∗The contents of this chapter have been published as: M. Jitvisate et al., “Near-Wall
Molecular Ordering of Dilute Ionic Liquids,” J. Phys. Chem. C, 121, 18593–18597 (2017)
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5.1 Introduction

Ionic liquids (ILs) are organic salts in the liquid phase at room tempera-
ture, with the direct result that they have high ionic strength, low volatility,
high temperature stability, and inflammability.1,2 This has allowed them
to find excellent use in energy harvesting and storage technologies, as well
as promising switchable lubrication in nanoconfinement. For these appli-
cations, one of the most important properties of ILs is their interfacial
behavior: It is well accepted that they form discrete molecular layers at
solid/liquid interfaces, formed through the disruption of hydrogen-bonded
networks within the liquid, for example.3–14 The intricate near-wall be-
havior of the ions then plays a governing role in interlayer slip, as well as
in controlling accessibility to an underlying electrode for electron trans-
fer.2,15–17

Despite the vast literature base on IL ordering in the near-wall region,
investigations have so far been almost exclusively related to pure ILs. How-
ever, in real applications, it is unlikely that ILs would be used in their pure
form. The high viscosity counteracts the high ion concentration, so the
overall electrical conductivity is relatively low.18 Furthermore, pure ILs
remain economically unfeasible. This means that the future will depend
more heavily on dilute ILs, which are relatively inexpensive and overcome
the practical limitations listed above. To date, only a small number of stud-
ies in the literature have focused on the interfacial behavior of dilute ILs,
but, even then, most use water or acetonitrile (ACN) as the solvent.19,20

These solvents are both highly volatile and limited in electrochemical win-
dow (ECW),21 which means that they are not desirable because they re-
move the main reasons for choosing ILs as electrolytes in the first place.
A possible way forward is to use dilute ILs but with a solvent that has
a low volatility and large ECW. Dimethyl sulfoxide (DMSO) is one such
solvent. It is polar and aprotic and overcomes the limitations of both ACN
and water in terms of both volatility and ECW.21–23 Further, it is miscible
with a wide range of ILs, hence offering great practicality for applications.

Here, we use force–distance (FD) spectroscopy with an atomic
force microscope (AFM) to study the near-wall structure of
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the ILs 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide ([Emim]+ [NTf2]– ), 1-buthyl-1-methylpyrrolidinium bis(triflu-
oromethylsulfonyl)imide ([C4mpyr]+[NTf2]– ), and 1-ethyl-3-methylimida-
zolium dicyanamide ([Emim]+ [DCA]– ), solvated by DMSO, on a mica
wall. Mica was chosen as the substrate because it is atomically flat with a
well-defined charge per unit area. It has an octahedral crystal structure,
with the unit cell parameters a = 0.519 nm, b = 0.901 nm, and c = 2.00 nm.
In its fully dissociated condition, it contains an average area per negative
charge site of 0.47 nm2 (approximate surface charge of 2 e/nm2).24 How-
ever, the surface charge of mica in ionic liquids is still not truly known.
According to recent electrical double layer potential measurements using
surface force apparatus, the calculated surface charges of mica at 22 ◦C

in the ionic liquids [C2mim]+[NTf2]– and [C3mim]+[NTf2]– are 0.28 C/m2

(∼1.76 e/nm2) and 0.19 C/m2 (∼1.16 e/nm2), respectively.25 From these
values, it is clear that the mica surface in pure ionic liquids is close to fully
dissociated. The three ILs were chosen to allow conclusions to be drawn
on the effects of both cations and anions. We found nonlinear near-wall
structural changes upon dilution that appear to correlate with solvent
molecules initially space-filling and solvating and later disrupting the ionic
layers.

5.2 Experimental methods

We used mica (Bruker) as the substrate, which we freshly cleaved imme-
diately prior to use. The ILs were [Emim]+[NTf2]– , [Emim]+[DCA]– , and
[C4mpyr]+[NTf2]– (>99%, Merck Millipore), used as received from the
manufacturer. These ILs were mixed with anhydrous dimethyl sulfoxide
(DMSO) (>99.9%, Sigma-Aldrich) to form mixtures with IL mole fractions
of 1, 0.9, 0.75, 0.5, 0.25, and 0.1 These mole fractions correspond to number
density ratios of IL molecules to total molecules in the mixture. All chemi-
cals were kept and prepared in an MBraun LABmaster glovebox, filled with
purified nitrogen, and we performed all experiments at 25 ◦C.

We measured the near-wall ion ordering with force–distance (FD) spec-
troscopy using an Asylum Cypher AFM (Santa Barbara, CA). For each IL
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Figure 5.1: (a–c) Force–distance spectroscopy of [Emim]+[NTf2]– /DMSO mix-
tures, at IL concentrations of (a) 100 %, (b) 50 %, and (c) 0 %. Discrete molecular
layers of the liquids form on the mica wall and extend several nanometers into the
bulk. (d–h) The molecules used in this study are (d) [C4mpyr]+, (e) [Emim]+, (f)
[DCA]– , (g) [NTf2]– , and (h) DMSO.

dilution, we deposited a droplet of ∼80 µL on the mica and immediately
started measuring. The AFM was placed on a vibration-free bench in the
laboratory environment, and each measurement typically took less than
1 h.

The cantilevers were Au-coated Si3N4 (ORC8, Bruker). The spring con-
stants, ks, were measured to be between 0.4 and 0.7 N/m, and the tip radius
of curvature, R, was quoted to be 15 nm by the manufacturer. To obtain
the force curves, the AFM tip was moved toward the surface using a piezo
with the speed of 5 nm/s until a predefined trigger point was reached. The
voltage of the approach piezo versus deflection of the cantilever measured
using a photodiode were converted into tip–wall separation versus force in
the usual way. Twenty force curves were collected for each liquid mole frac-
tion in our experiment, and these are plotted as histograms in this article.
(As a note, when we discuss the number of layers, this is clearly the number
of layers within our resolution, which is approximately 100 pN. We imagine
that other layers might exist below this measurement resolution).
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5.3 Results and discussion

We begin by presenting the FD spectroscopy data for the 100%, 50%, and
0% mixtures of [Emim]+[NTf2]– with DMSO in Figure 5.1 (see Figure A5.1
for all dilutions studied for each of the ILs). The x axes represent the
separation between the substrate and AFM tip, with the substrate located
at 0 nm. The y axes represent the tip–sample interaction due to the squeeze
film of IL between tip and wall, that is, the force (sometimes referred to
as the structural force) exerted by the liquid on the AFM tip. As the
tip approaches the wall, a series of discrete steps occurs, corresponding to
ordered layers of liquid molecules on the mica surface. The fact that this
near-wall molecular ordering can be seen is because it exhibits quite a large
degree of rigidity: To push through each layer, the AFM cantilever must
bend to store sufficient (elastic) energy to rupture the layer; then the liquid
molecules “pop” out, and the tip jumps to the next layer.

Liquid layering occurs in both ILs and DMSO because the molecules are
templated by the underlying atomically smooth crystal structure of mica.26

We plot the number of layers observed for each of our IL dilutions in Fig-
ure 5.2a. The first data we describe are for the pure systems, namely,
the pure ILs at a concentration percentage of XIL = 1 and the pure sol-
vent at XIL = 0. In all cases, the pure liquids form several well-ordered
layers. However, it is surprising that the different ILs exhibit different
numbers of layers. We näıvely expected the first layer to be predominantly
filled with cations (due to the dissociation of K+ ions from the mica sur-
face) and to template subsequent layers. This would intuitively lead to
the two ILs with similar cations ([Emim]+[NTf2]– and [Emim]+[DCA]– )
exhibiting similar near-wall structures. In reality, however, we found that
[Emim]+[NTf2]– forms six layers whereas [Emim]+[DCA]– only forms three.
This is a strong indication that the co-ion plays a key role in the layer for-
mation, even when charge screening is required, hinting that templating is
more important than charge screening as a driving force for the molecular
ordering. The third IL ([C4mpyr]+[NTf2]– ) sits between the other two in
terms of the number of layers it creates in its pure form, exhibiting five dis-
tinct layers on mica. It could be that the ratio of cation size to anion size
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(a) (b)

Figure 5.2: (a) Number of layers and (b) average layer thickness as a function
of IL mole fraction. The average layer thickness is calculated from the first three
layers. The mixtures have fewer of layers at medium dilutions because of structural
switching from high to low IL concentration.

governs the number of layers. This is certainly true for our three ILs, with
the more equally sized systems exhibiting more layers than the less equally
sized systems, but the complex geometries of the different molecules, as
well as the position of the valency along the molecule, must also be taken
into account for a full description of this observation.

As we began to dilute the ILs, we found the surprising result that the
number of ordered liquid layers increases. By comparing the XIL = 1

data to the XIL = 0.9 data, one can immediately see that the number of
layers of [Emim]+[DCA]– increases from three to four, whereas the number
of layers of [C4mpyr]+[NTf2]– increases from five to six. This observation
was unforeseen: We expected the addition of solvent to disrupt the near-
wall molecular ordering of the IL, that is, to reduce the layering effect, not
enhance it. We imagine that this is due to solvation of the cations in the
first layer by DMSO molecules. Anions would not sit preferentially in the
first layer, which should be cation-rich for charge-screening purposes,11,12,27

but also the cations would not be immediately adjacent to each other either
because of electrostatic repulsion.

Also, working from the pure DMSO case, where one can see five distinct
molecular layers form on the mica, adding a small amount of IL disrupts
these layers slightly, and the number of layers drops from five to four for the
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two [Emim]+ILs. It is clear that layer enhancement should not occur during
the dilution of the pure DMSO: It has only one molecule type, and it can
pack very well. Any disruption of this ordering should reduce the overall
near-wall preferential ordering. Why do the [Emim]+ILs show a larger
effect than [C4mpyr]+? We believe that the cation charge location is more
accessible to the electronegative oxygen of the DMSO on the [Emim]+ion
than on the [C4mpyr]+ion, allowing the imidazolium ion to penetrate deeper
into the layered structure and thus provide more disruption.28,29

In addition to the number of layers, the average layer thickness also
provides information on the local packing; see Figure 5.2b. For all pure ILs,
the first few layers are slightly thinner than the bulk ion-pair dimensions
(see Table A5.1), but it is also clear that the specific orientation of the
cation in the first layer changes depending on the type of anion. As we
diluted the ILs, the two imidazolium liquids retained their “pure” layer
thickness until a mole fraction of ∼0.5. Below this mole fraction, the layer
thickness drops linearly until the pure DMSO is reached at XIL = 0. The
near-wall structure of the pyrolidinium liquid actually swells during initial
dilution, but then it also drops linearly in the weak dilution limit. This
linear drop-off is different from the case of the solvent propylene carbonate
(PC).30 Mixtures of [C4mpyr]+[NTf2]– and PC on mica exhibit a steplike
switch in near-wall geometry with concentration, which indicates that the
dependence of local ordering on dilution is solvent-specific.

We now understand that DMSO preferentially solvates cations over an-
ions and that this leads to an enhancement of molecular ordering of ILs
on mica for highly concentrated solutions, crossing over to full solvent or-
dering at weak dilutions. This would be confirmed by an increase in the
force required to rupture the near-wall ordered layers as solvent is added.
The rupture forces of the first three layers are plotted as a function of IL
mole fraction in Figure 5.3. Among these layers, we expect the first layer
immediately adjacent to the mica to be heavily influenced by the surface
charge (Figure 5.3a), that is, electrostatic interaction might be a significant
contributory factor for the layer strength of the first layer. In this respect,
considering the pure ILs (XIL = 1), it is perhaps unsurprising that the two
[Emim]+cations exhibit the same rupture force, within the error, indicating
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Figure 5.3: Average rupture force required for pushing through (a) the first layer
(innermost), (b) the second layer, and (c) the third layer, at corresponding mole
fraction. Each data point was averaged over 20 force–distance curves at the highest
force of each layer.

that the anion is less important in the packing structure in the first layer.
The third pure IL, with the pyrolidinium cation, exhibits a smaller rupture
force for the first layer than the two imidazolium ILs, and we interpret this
effect as resulting from the bulkiness of the ion disrupting packing with its
neighbors in the plane.

Now, we turn to the dilute ILs. The common behavior for the first layer
of all three ILs is that the rupture force (i) increases when a small amount
of DMSO is added, (ii) decreases at medium concentrations, and (iii) then
increases again in the very dilute regime. All of these observations agree
with our discussion earlier in the article regarding the solvent sitting in
voids between adjacent ions at the wall. For example, the initial increase
in rupture force upon a small addition of solvent is fully supported if the
solvent molecules do indeed sit in the voids, thus increasing the layer pack-
ing through space-filling. At mixtures closer to 50:50 composition, the local
packing strength is lost as the liquid become more anisotropic, whereas at
weaker dilutions, the strong DMSO packing leads to an increase in strength
once more.

The rupture force for the second and third layers exhibits the same over-
all trend as that for the first layer, with an initial increase in force from
a small addition of solvent, then a decrease at intermediate mixture com-
positions, and then an increase again at almost pure DMSO. The same
argument for this behavior in the first layer also holds for these two sub-
sequent layers, but now, [Emim]+[NTf2]– is overall stronger than both of
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the other two ILs. This indicates that the packing beyond the first layer is
governed primarily by neither the cation (where we would imagine similar-
ity between [Emim]+[NTf2]– and [Emim]+[DCA]– ) nor the anion (where we
would imagine similarity between [Emim]+[NTf2]– and [C4mpyr]+[NTf2]– ).
Instead, we believe that ion pairs are the main constituents that give these
layers their strength, with or without solvent, and any additional interac-
tions between the dense electron cloud on the oxygen of the DMSO and
the [Emim]+cation is now only secondary.

5.4 Conclusions

In summary, we measured the layering structure of the ILs
[Emim]+[NTf2]– , [Emim]+[DCA]– , and [C4mpyr]+[NTf2]– on mica as
a function of dilution with DMSO over the full range of concentrations
using FD spectroscopy. We found that the number of ordered liquid layers,
layer thickness, and rupture force vary with the mole fraction of IL in
DMSO. A small amount of DMSO can increase the strength of the layers.
Adding more DMSO leads to a structural crossover from a well-ordered
IL structure to a well-ordered solvent structure, with the second chemical
species acting as point defects disrupting this structure at low concentra-
tions, but this crossover is not switch-like as in the case of the solvent
PC. One possible interpretation of our results is that the DMSO solvates
the cations and fills the free volume between the IL molecules, with these
stronger layers then able to template liquid further into the bulk. This
speculative interpretation would explain the observations presented here,
but it is clear that extensive (molecular dynamics) computation is required
for a full understanding.

We believe that our observations are highly relevant for controllable lubri-
cation in nanoconfinement (e.g., nanofluidics, nanoslits, nanopores) where
the interplay of adjacent molecular layers can either enhance or restrict
local flow properties. We also see relevance in ionic liquid energy tech-
nologies where we expect solvation to prove useful for optimizing electrical
conductance, for example, but where “crystallization” of solvent must be
avoided.
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5.5 Appendix

5.5.1 Force–distance curves measured in different ionic liq-
uids at varied ion compositions

Figure A5.1: Force–distance spectroscopy of the [Emim]+ [NTf2]– ,
[Emim]+ [DCA]– , and [C4mpyr]+ [NTf2]– at different dilutions. Note that
XIL = 1 corresponds to pure ionic liquids and XIL = 0 corresponds to pure
DMSO. The data are averaged over 20 measurements, binned over 200 bins on
both axes. The color scales corresponds to the probability of finding the data in a
given bin, with blue indicating 0 probability and red indicating a probability of 1.
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5.5.2 Molecular dimensions of ionic liquids

Molecules
Ellipsoidal dimensions Ion pair dimensions

(nm× nm× nm) (nm)
[C4mpyr]+ 0.8× 0.35× 0.3 –
[Emim]+ 0.84× 0.6× 0.3 –
[NTf2]– 1.1× 0.5× 0.5 –
[DCA]– 0.49× 0.14 –
[BF4]– 0.2 –

[C4mpyr]+ [NTf2]– – 0.8
[Emim]+ [NTf2]– – 0.75
[Emim]+ [DCA]– – 0.64
[Emim]+ [BF4]– – 0.63

DMSO 0.42× 0.39× 0.17 0.49

Table A5.1: Molecular dimensions of equivalent ellipsoids for the different
molecules used in this study, and the ion pair dimensions calculated from bulk
density.
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6
Ion Dissociation in Ionic Liquid

Mixtures

Colloidal probe microscopy is used to measure the electrostatic force be-
tween silicon dioxide surfaces across ionic liquid/ethylene glycol mixtures
at different temperatures. Ion concentration is extracted from the measured
screening length and the free ion fraction is calculated. In this measure-
ment, about 60% of ions are found to be dissociated. This indicates that
ionic liquid in ethylene glycol are not in full dissociation as in the case of
traditional salts in water.

99
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6.1 Introduction

Ionic liquids (ILs) are salt in liquid phase at room temperature. They are
considered to be a promising material for many applications, resulting from
their unique properties such as high thermal/electrochemical stabilities, ex-
tremely low vapor pressure, and wide liquidus range.1–4 The conceptual
picture of ILs has usually been imagined as a very dense electrolyte com-
posed solely of free ions and thus having very short calculated Debye length.
There was a recent observation of long-range electrostatic interaction mea-
sured with surface force apparatus (SFA) suggesting that an effective free
ion concentration in ILs is lower than 0.1% of the entire bulk concentration,
and the ILs should behave as dilute electrolytes.5

This surprising result has initiated an intense discussion and also the
question about the true nature of free ions and bound ions (ion pairs) in
ILs.6,7 A following theoretical study contradicted the experimental results
as it showed that the fraction of free ions in pure ILs should be approxi-
mately 67%, that is, much more than those measured in the force measure-
ments.8 However, a follow up experiment still confirmed the existence of a
long-range force compatible with low dissociation and showed that the mea-
sured screening length decreases with an increasing of temperature, which
leads to a conclusion that ILs are mostly composed of neutral aggregations
and the population of the free ions can be increased by thermal activation.9

More evidences of long-range electrostatic force in ILs as well as in high
concentration aqueous solutions have been measured by another research
groups.10–14 Recent SFA measurements suggested that the screening length
measured in electrolytes, including ILs, obeys the Debye–Hückel theory at
the low concentration limit but deviates from the classical theory at the
high concentration end.10 A scaling law for this phenomena was proposed,
showing a general trend of the screening length for all electrolytes.15,16

However, the physical description of the ILs in the sense of free ions and
neutral ion pairs remains a subject of discussion and the interpretations are
still controversial.

It must be noted that the number of existing experiments on the long-
range interaction in ILs is still very limited and even fewer for dilute ILs.
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In this respect, more independent experimental results are required to
strengthen the existing observations and widen the current viewpoint. In
this study, we measure the force between silicon dioxide surfaces across a
full range of IL/solvent mixtures at different temperatures, aiming to pro-
vide more information about the free ion fraction in IL mixtures. The ion
concentration is extracted from the measurement of the screening length
and the result can be related to the dissociation nature of ILs in a solvent.

6.2 Experimental methods

The IL 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim]+ [BF4]– )
and ethylene glycol (EG) were purchased with the purity of more than 99 %
(Sigma-Aldrich). The mixtures of [Emim]+ [BF4]– with EG were prepared
to have an IL concentration, cprep, of 0.5 mM, 1.5 mM, 5.3 mM, 11.1 mM,
0.1 M, 0.9 M, 3.0 M, 5.0 M, and 6.6 M (pure IL). The liquid preparation
was done by weighing method, which allows exact concentrations to be
calculated from the mass of the liquids.

Force–distance experiments were performed using an Asylum Cypher ES
AFM (Oxford Instruments, Santa Barbara, CA), where a sample is located
on a temperature controlled stage in a sealed environmental cell. The AFM
was placed on a vibration-free bench in the laboratory environment. The
substrate was a grown silicon dioxide thin film on a silicon wafer, with
the film thickness of a few hundred nanometers. Force probes were CP-
CONT silicon dioxide colloidal probes (sQube, Germany), with the radius
of the colloidal particle quoted to be ∼3.3 µm. The spring constants of the
cantilevers were measured to be in the range of 0.15–0.18 N/m with the
thermal noise method. The resolution of the force per unit radius, F/R,
was calculated at the thermal limit to be ±0.01 mN/m at 75 ◦C. Both the
substrates and the colloidal probes were cleaned in oxygen plasma before
the measurement. A droplet of examined liquid having a volume of about
50 µL was deposited on the substrate. The temperature of the sample was
controlled by the active feedback temperature controller of the AFM and
the measurement was started immediately after the temperature of the
sample was stable.
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Force curves were recorded while the probe was approaching the surface
using the piezo with the speed of 68 nm/s until the predefined trigger
point was reached. The z-displacement vs. the deflection of the cantilever
measured using a photodiode were converted to an apparent tip–sample
separation, D, vs. normal force, F (D), in the usual way. The measurement
was done first in pure EG and followed by higher concentration mixtures
at 25, 50, and 75 ◦C for each concentration. More than 5–10 force curves
were recorded for each temperature and concentration, and the error bars
in this report are calculated from statistical analysis based on these data.

6.3 Results and discussion

The forces measured in the IL mixtures were found to be long-range in
the liquid mixtures having concentration below 0.1 M, including pure EG,
and found to be purely oscillatory in the range from 0.1 M to pure IL (Fig-
ure A6.1). The near-wall discrete oscillatory force has been intensively stud-
ied and reported in literature,17–23 and only the long-range monotonic force
will be discussed in this study. The representative force curves measured
in pure EG and mixtures of [Emim]+ [BF4]– and EG are shown Figure 6.1,
with the line plots corresponding to the exponential fits of eq 6.1

F (D)

R
=

8000πNAe
2λ∗Dc

∗

kBT
ψ2 exp (−D/λ∗D) (6.1)

λ∗D =

√
ε0εrkBT

2000NAe2c∗
(6.2)

where F (N) is a force measured in the experiment, R (m) is the radius
of the colloid particle, NA (mol−1) is the Avogadro’s number, e (C) is an
elementary charge, kB (J/K) is the Boltzmann’s constant, T (K) is tem-
perature, ψ (V) is an apparent surface potential, D (m) is an apparent
tip–sample separation, c∗ (mol/L) is a measured effective ion concentra-
tion, λ∗D (m) is an effective Debye length or an experimental screening
length, ε0 (F/m) is an electric permittivity of free space, and εr is a di-
electric constant of the mixtures. Eq 6.1 is an approximated equation for
the constant surface potential solution of the Poisson–Boltzmann equation,
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Ethylene glycol (EG)
(a) (b)

[Emim]+[BF4]
- at 25 °C

EG
0.5 mM IL
1.5 mM IL
5.3 mM IL
11.1 mM IL

Figure 6.1: (a) Representative force profiles measured in EG at different
temperatures showing the decreasing of the screening length as the tempera-
ture is elevated. (b) Representative force profiles measured at 25 ◦C at varied
[Emim]+ [BF4]– concentration showing the decreasing of the screening length as
the IL concentration is increased. The solid lines correspond to the exponential
fits of eq 6.1.

which is a good approximation in the region where D > λ∗D.24

We first measured the forced in pure EG, where the resultant force–
distance profiles are plotted in Figure 6.1a. It is clear that the measured
screening length has finite values that decrease with an increasing tem-
perature. At 25 ◦C, the screening length is measured to be 9.7 ± 0.4 nm,
corresponding to an effective ion concentration of 0.47 ± 0.04 mM (calcu-
lated from eq 6.2), which is in line with the surface force apparatus (SFA)
measurement for EG in literature.25 As the temperature increases, the
measured screening lengths found to have smaller values, meaning that an
effective ion concentration in the solvent increases in its values (see Ta-
ble 6.1). An increase in ion concentration at higher temperature can be
explained by a thermally driven mechanism. This observation in EG could
be related to the thermal oxidative reactions of EG, which produce organic
acids. The effect is more pronounced at the temperature above 100 ◦C
as studied in the literature.26 Note: The dielectric constant of EG also
changes with temperature and this effect is taken into account in the con-
centration calculation (Figure A6.2).27–29 This measurement in pure EG
provides information of the background effective ions in the solvent, which
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T (◦C) λ∗D (nm) c∗EG (mM) |ψ| (mV)

25 9.7± 0.4 0.47± 0.04 34± 6

50 7.9± 0.8 0.7± 0.1 31± 5

75 6.5± 0.4 0.9± 0.1 32± 8

Table 6.1: List of measured screening lengths, corresponding effective ion con-
centrations, and effective surface potential, of the solvent EG on silicon dioxide.

will be subtracted from the measurements in IL mixtures in the following
analysis.

Addition of ILs to EG causes a decrease in the screening lengths as can
be seen from Figure 6.1b, as expected from eq 6.2, and the same behavior
is observed at all studied temperatures. Eq 6.2 directly gives the total ion
concentrations (IL ions plus background ions from EG), represented by c∗.
In order to determine the contribution to the screening length only from IL
ions, the effective ion concentrations of pure EG (c∗EG) were subtracted from
the total effective ion concentrations (c∗), yielding IL free ion concentrations
(c∗IL), which are listed in Table 6.2. These effective ion concentrations of
IL can be considered as the concentration of ions in dissociated state or
‘free’ ions, where the free ion fraction can be written as Xd = c∗IL/cprep.
The free ion fractions can be plotted as a function of IL concentration in
Figure 6.2. From our measurement, they are found to have a value of 0.6
in most cases. Consequently, we may calculate the activation energy, Ea,
of the [Emim]+ [BF4]– in EG following the relation

Xd = exp

(
− Ea

kBT

)
(6.3)

The values in Table 6.2 reveal that for Xd ∼ 0.6, the activation energy is
calculated to be Ea ∼ 0.5 kBT . This activation energy is specific for this
IL/solvent combination and we expect the value will change if either of
them is replaced by another IL or solvent.

The free ion fraction clearly has a constant value over the studied tem-
perature range in most cases. This can be explained as caused by the effect
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Figure 6.2: The faction of free ions derived from the measured screening lengths
at different temperatures and prepared IL concentration.

of temperature on the dielectric constant of EG. It was found in literature
that the dielectric constant of EG can change from ∼40 at 25 ◦C to ∼30 at
75 ◦C (Figure A6.2).27–29 Changing of the dielectric constant of the solvent
should definitely alter the solubility of salts in a given solvent.24 It could be
that the decreasing of the dielectric constant of EG at higher temperature
would decrease the content of dissociated IL ions in the same amount of the
increasing effective ion concentration by thermal activation, and the two
effects cancel each other. To support this interpretation, we can rewrite
eq 6.3 as

Xd ≈ exp

(
− ∆Ed

εrkBT

)
(6.4)

where ∆Ed represents the dissociation energy of an isolated ion pair in
vacuum.9,30 From eq 6.4, the free ion fraction of a given ion pair depends
on the product of dielectric constant and temperature, εrT , which in our
case differs by only 7% between 25 ◦C and 75 ◦C.

We are also able to extract the surface potential from the force profiles.
The plot of surface potential as a function of IL concentration is shown in
Figure 6.3. The surface potential in pure EG shows constant values within
the error bars, indicating that the acid products from thermal oxidation of
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T cprep λ∗D c∗ c∗IL
Xd

Ea |ψ|

(◦C) (mM) (nm) (mM) (mM) (kBT ) (mV)

25

0.5 6.8± 0.2 0.96± 0.06 0.49± 0.07 1.0± 0.1 0 28± 4

1.5 5.6± 0.3 1.4± 0.2 0.9± 0.2 0.6± 0.1 0.5± 0.2 19± 6

5.3 3.6± 0.2 3.4± 0.4 2.9± 0.4 0.6± 0.1 0.5± 0.2 16± 3

11.1 2.4± 0.3 7± 2 7± 2 0.6± 0.1 0.5± 0.2 11± 1

50

0.5 6.7± 0.6 0.9± 0.2 0.2± 0.2 0.4± 0.4 1± 1 42± 6

1.5 4.9± 0.2 1.8± 0.1 1.1± 0.2 0.7± 0.1 0.4± 0.1 23± 7

5.3 3.4± 0.4 3.7± 0.9 3.0± 0.9 0.6± 0.2 0.5± 0.3 14± 2

11.1 2.3± 0.3 8± 2 7± 2 0.6± 0.1 0.5± 0.3 10± 3

75

0.5 6.2± 0.3 1.0± 0.1 0.1± 0.1 0.2± 0.2 2± 1 56± 8

1.5 4.5± 0.2 2.0± 0.2 1.0± 0.2 0.7± 0.1 0.4± 0.1 32± 4

5.3 3.1± 0.2 4.2± 0.5 3.3± 0.5 0.6± 0.1 0.5± 0.2 14± 2

11.1 2.2± 0.3 8± 2 7± 2 0.6± 0.1 0.5± 0.2 11± 3

Table 6.2: List of measured screening lengths, corresponding effective ion con-
centrations, free ion fraction, activation energy, and effective surface potential, for
[Emim]+ [BF4]– /EG mixtures.

EG do not have a significant effect on the surface charge of silicon dioxide
over the studied temperature range. Adding IL to EG tends to reduce
the surface potential, which is probably caused by ion absorption on the
surfaces. This observation is also detected in aqueous solutions on both
mica and silica surfaces.31–34 This decreasing of the surface potential may,
unfortunately, be the cause of an unmeasurable double layer force at high IL
concentration, if it drops below the measurement resolution, and only the
structural force can be measured in that regime. Again, the temperature
does not seem to have significant impact on the surface potential, especially
at high concentration. This finding agrees with the AFM study on the effect
of temperature on the near-wall ion layers, which shows that temperature
only has a small effect on the near-wall structure of ILs.35
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Figure 6.3: The effective surface potential of silicon dioxide in
[Emim]+ [BF4]– /EG mixtures at different temperatures and IL concentra-
tions. The values are obtained from the fits of the force–distance profiles. The
value for pure EG are shown at zero IL concentration.

6.4 Conclusions

The force measured between silicon dioxide surfaces in [Emim]+ [BF4]– /EG
shows long-range monotonic behavior in dilute mixtures, as can be ex-
pected from the continuum theory. The long-range force vanishes in the
mixtures having IL concentration higher than ∼10 mM, and only the short-
range structural force can be measured. This is likely to be caused by the
decreasing of the surface potential at higher IL concentration due to ion
adsorption.

In dilute mixtures, the free ion fraction can be extracted from the
measured screening length for the IL/solvent combination studied here.
It is found to have the value ∼0.6, indicating that more than half of
[Emim]+ [BF4]– are dissociated in EG but full dissociation (as in the case
of dilute traditional salts in water) is not achieved. This free ion fraction
shows constant values over the studied temperature range, which is at-
tributed to be cause by temperature-dependent dielectric constant of EG.
The activation energy was calculated to be about 0.5kBT in most cases,
according to the free ion fractions.
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The effective surface potential of silicon dioxide in pure EG is found to
be insensitive to changing of temperature. However, the decreasing of the
surface potential is observed when IL is added to EG. This can be explained
as caused by IL ion adsorption on the silicon dioxide surface.
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6.5 Appendix

6.5.1 Force–distance curve of [Emim]+ [BF4]– on silicon
dioxide surface
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R 
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Figure A6.1: Force–distance spectroscopy of pure [Emim]+ [BF4]– on silicon
dioxide substrate measured with silicon dioxide colloidal probe. The data are
averaged over 10 measurements, binned over 200 bins on both axes. The color
scales corresponds to the probability of finding the data in a given bin, with blue
indicating 0 probability and red indicating a probability of 1.

6.5.2 Effect of temperature on the dielectric constant of
ethylene glycol

Figure A6.2: Plot of temperature effect on the dielectric constant of EG. The
data are replotted from the literature.27–29
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7
Conclusions and Future Work

7.1 Conclusions

This thesis presents the results obtained during the research project aim-
ing to understand the nature of ionic liquids at interfaces. This can have
significant impact on the improvement of many applications such as energy
storage devices, micro/nano device lubrication, electrodeposition, nanopar-
ticle synthesis, etc. Ionic liquids usually have huge molecular dimensions
and non-symmetric molecular shapes, which make them distinct from tra-
ditional salts. An important property is that ionic liquids can exist in liquid
state at room temperature, without being dissolved in any solvents. In such
a dense ionic system, the underlying physics is governed by complex strong
electrostatic interaction between ions.

Interfacial properties are even more complex as the influences from the
wall, for example, the surface charge, and the confined geometry, can
strongly affect the ions. The interfacial behavior is usually described within
the framework of an electrical double layer theory. However, classical theo-
ries failed to describe the behaviors of ionic liquids. Theoretical models for
ionic liquids at interfaces were developed based on the mean-field theory
but only be able to explain existing experimental data qualitatively. There-
fore, more studies in all aspects are needed to advance our understanding
on this class of material.

To study the interfacial properties of the ionic liquids, we carried out ex-
periments using the techniques that are able to probe the liquids’ responses
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at surfaces. An electrochemical technique was applied for measuring the
double layer capacitance, where the response of the ionic liquids to an
applied electric field was measured. The differential capacitance is a mea-
surable quantity that is used for studying electrical responses of the ionic
liquids. In chapter 3, we used the chronoamperometry technique to show
that the double layer capacitance of the ionic liquids is different from tradi-
tional salts, and can be explained quantitatively by the most recent version
of the mean-field model. This measurement also provides comparison be-
tween the measurement techniques (cyclic voltammetry and electrochemical
impedance spectroscopy) used in the past, where the obtained results from
these techniques are often inconsistent and irreproducible.

In order to look into the molecular scale interfacial behavior, we used
force–distance spectroscopy technique to directly measure the near-wall
structure of both pure and dilute ionic liquids. In this technique, the ionic
liquid was confined between the AFM tip and the substrate. The tip was
pushed toward the substrate and the force acting on the tip was measured as
as function of tip–substrate separation. The measurement done in chapter 4
revealed a semi-crystalline structure of ionic liquids on flat surfaces, which
was observed as discrete layers on the wall. The number of layers and their
molecular orientations were found to depend on the substrate material as
shown by the measurement on mica (charged surface) and bare HOPG
(neutral surface). Imposing a small amplitude oscillation on the AFM
cantilever allows us to decouple the interaction stiffness and local viscosity
of the liquid’s layers. We found a decrease in the local viscosity as the AFM
tip moved toward the HOPG surface, while it increased in the case of mica.
The cause of this observation was attributed to the molecular orientation
of the ionic liquids.

Dilute ionic liquids are also very important because most pure ionic liq-
uids have a high viscosity, which is undesirable in many applications. Di-
luting ionic liquids with molecular solvents can change their viscosity and
conductivity. By using force–distance spectroscopy, we observed the struc-
tural crossover from pure ionic liquid to pure solvent in chapter 5. This ef-
fect is known for binary mixture colloidal systems, where two different sizes
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of colloidal particles are mixed. These changes in the interfacial structure
by dilution may have an implication on tuning the friction between sur-
faces. In addition, we found that the structure of the ionic liquid layers was
strengthened by mixing the ionic liquids with dimethyl sulfoxide with the
mole fraction of dimethyl sulfoxide of 0.1. It was explained that dimethyl
sulfoxide molecules, which are much smaller than ionic liquid molecules, fill
in the voids of the near-wall structure, improving its strength. Computa-
tional studies will be complementary to support this explanation.

Not only are the discrete layers observed at the ionic liquid/solid inter-
face, but also the recently reported long-range monotonic interaction. This
observation has led to an intense debate about the true nature of ionic
liquids, whether they are fully dissociated or mostly composed of neutral
ion pairs. In chapter 6, we used colloidal probe microscopy to measure
the long-range force in ionic liquids mixed with ethylene glycol at different
temperatures. From the measured screening length, the ion contents can
be determined. We found that the free ion fraction of the ionic liquid in
ethylene glycol is approximately 0.6, meaning that more than half of the
ionic liquid molecules are in free ion state. This value does not change over
the studied range of temperature and we described it to be affected by the
change of the dielectric constant of ethylene glycol, which will alter the
solubility of the ions. We also observed the change of the effective surface
potential of silicon dioxide due to the adsorption of the ionic liquids.

7.2 Future work

The near-wall structure of ionic liquids has been studied intensively in var-
ious aspects using different experimental techniques, and the discrete-layer
behavior is well accepted. However, what remains interesting is the specific
ion content in each layer, where only the average content per layer has so far
been measured. There are only a few published papers about ion imaging
using AFM, which needs further confirmation for better understanding of,
for example, the local packing of the ions. This includes distinguishment
between cations, anions, and neutral pairs in each layers.
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Another important question is about the free ion content in the bulk ionic
liquids, which is currently a debated topic in the field. The number of charge
carriers is still not truly known and more experimental data from different
techniques are needed to strengthen the current understanding. There was
a suggestion to measure the charge carrier density of ionic liquids using
the Hall effect technique, as is normally used in solids. This is a practical
challenge for ionic liquids because their viscosity is high, and so their ion
mobility is low. However, if this can be done successfully, it will result in
a much more clearer interpretation on the ion interactions and their ionic
properties.







Summary

Ionic liquids are organic salts that are in liquid phase at room tempera-
ture. Their wide liquidus range, particularly at room temperature, results
from the liquids’ large and asymmetric molecular geometry. This leads to
a collection of unique properties, such as, high ionic strength, extremely
low vapor pressure, wide electrochemical window, and high thermal and
chemical stabilities. These properties make ionic liquids a promising ma-
terial in many applications, for example, electrochemical energy storage
devices, electrically tunable lubrication, high-temperature/vacuum mate-
rial synthesis, and novel self assembly media. However, ionic liquids do not
seem to obey the well established classical electrical double layer models for
electrolytes, leading to the necessity of both theoretical and experimental
studies.

This thesis is devoted to experimental investigations of the interfacial be-
havior of ionic liquids, in both pure and dilute forms at various physical and
electrical conditions, aiming to reveal their true interfacial nature. Atomic
force microscopy (AFM) is used to directly probe the double layer force
while electrochemical techniques can be used to measure the response to
electric field of the liquids in terms of a double layer capacitance. The ob-
servations from these two experimental techniques will lead to a molecular
scale picture of the double layer and its charging mechanism, respectively.

As a result, we observed discrete near-wall structure of the ionic liquids
formed on flat solid substrates, and their properties vary with the influ-
ences of, for example, surface materials and concentration of the liquids. In
addition to this near-wall measurement, the long-range electrostatic force is
also measurable in dilute ionic liquids by using colloidal probe microscopy,
where partial ion dissociation can be inferred from the measured screening
length. Double layer capacitance is measured using electrochemical tech-
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niques, showing capacitance curves that well fit with a recently proposed
theoretical model for ionic liquids, leading to an understanding of the charg-
ing process of the ions. The results explained in this thesis are relevant for
many applications ranging from tunable lubrication and electrochemical
energy storage devices.







Samenvatting

Ionische vloeistoffen zijn zouten die vloeibaar zijn bij omgevingstemper-
atuur. Het grote bereik waarbij ze vloeibaar zijn, in het bijzonder bij
kamertemperatuur, vindt zijn oorsprong in de grote en asymmetrie van de
moleculaire structuur. Dit leidt tot een aantal bijzondere eigenschappen
zoals hoge ionische sterkte, extreem lage dampdruk, een breed elektro-
chemisch venster en hoge chemische en thermische stabiliteit. Door deze
eigenschappen zijn ionische vloeistoffen een veelbelovend materiaal voor
vele toepassingen. Bijvoorbeeld in elektrochemische devices voor energy
opslag, elektrisch afstembaar smeren, materiaalsynthese bij hoge tempera-
turen/vacuüm en unieke self assembly media. Echter, ionische vloeistoffen
lijken zich niet aan de aanvaarde modellen te houden voor elektrochemis-
che dubbellagen in elektrolyten. Theoretische en experimentele studies zijn
nodig.

Dit proefschrift richt zich op experimenteel onderzoek naar het gedrag
van ionische vloeistoffen in het grensvlak tussen vaste stof en vloeistof, in
geconcentreerde en verdunde toestand voor verschillende fysische en elek-
trische condities, met als doel het grensvlak gedrag te onthullen. Atomic
force microscopie (AFM) is gebruikt voor het testen van de elektrostatische
dubbele laag kracht, terwijl elektrochemische technieken gebruikt worden
voor het meten van de elektrische response van de vloeistof op het elek-
trische veld, uitgedrukt in de dubbellaag capaciteit. Beide experimentele
technieken zullen inzicht geven in de moleculaire structuur en het laad
mechanisme van de dubbellaag.

Als resultaat van de experimenten nemen we discrete structuren waar
in de ionische vloeistoffen die zich gevormd hebben op het oppervlak van

∗The english-to-dutch translation is provided by Ab Nieuwenhuis. I thank him for his
kind help in translating the summary into Dutch.
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de vlakke vaste stof substraten. De eigenschappen van deze structuren
worden bijv. bëınvloed door het materiaal van het oppervlak en de concen-
tratie van de vloeistoffen. Naast experimenten op zeer korte afstand van de
vaste stof-vloeistof interface kunnen in verdunde ionische vloeistoffen ook
elektrostatische krachten op aanzienlijk grotere afstand van de interface
gemeten worden met gebruik making van colloidal probe microscopy. Met
deze techniek kan d.m.v. de gemeten dubbellaag lengte gedeeltelijk disso-
ciatie van de ionen vastgesteld worden. De met elektrochemisch techniek
gemeten dubbellaag capaciteit laat curves zien die zeer goed overeenkomen
met recent voorgestelde modellen voor ionische vloeistoffen, wat leidt tot
een beter begrip van het laadproces voor deze ionen. De resultaten bespro-
ken in dit proefschrift zijn relevant voor diverse toepassingen variërend van
afstembare smering tot elektrochemische devices voor energieopslag.
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