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ABSTRACT

At present, electrochemical capacitors (ECs) are emerging as a novel type of
energy storage devices and have attracted remarkable attention, due to their key
characteristics, such as high power density and excellent durability. However, the
moderate energy density of ECs restricts their widespread deployment in everyday
technology. To surmount this limitation, four strategies are adopted: (1) to reduce the
total system mass, (2) to increase the specific surface area of electrodes, (3) to enhance
normalized capacitance, and (4) to expand the range of potentials applied on electrodes.
The implementation of these approaches critically relies on the fundamental
understanding of physical processes underlying the energy storage mechanisms hinging
on the electrical double layers (EDLS) in ECs.

In this dissertation, to gain the fundamentals of EDLs in ECs, based on the
strategies described above, we studied the structure, capacitance, and dynamics of EDLS
in different electrolytes near electrodes featuring different pores using atomistic
simulations. The pores of electrodes are categorized into macropores, mesopores, and
micropores, following the decreasing order of pore size. The chosen electrolytes fall into
aqueous electrolytes, organic electrolytes, and ionic liquids (ILs), listed by the increasing
order of their decomposition voltages.

For the aqueous electrolytes, we explored the water and ion distributions inside
electrified micropores (< 2nm) using molecular dynamics (MD) simulations. The results
showed that the ion distribution differs qualitatively from that described by classical EDL

theories. Based on such exceptional phenomenon, a new sandwich capacitance model



was developed to describe the EDLs inside micropores, which is capable of predicting the
sharp increase of capacitance that has been experimentally observed in micropores.

For the organic electrolytes, we examined the ion solvation and the EDL
structure, capacitance, and dynamics in the electrolyte of tetraethylammonium
tetrafluoroborate (TEABF,) in the aprotic solvent of acetonitrile (ACN). Firstly, the
solvation of TEA" and BF, ions is found to be much weaker than that of small inorganic
ions. This characteristic accounts for the rich structure of EDLS near the electrodes. In
particular, near charged electrodes, the ion distribution cannot be explained by the
traditional EDL models. Secondly, the computed capacitances of EDLs agree well with
those inferred from experimental measurements. Finally, we probed the dynamics of
EDLs in organic electrolytes by analyzing the rotational dynamics of solvent and the self
diffusion coefficients of ion/solvent.

For the ILs, we performed the MD simulations of EDLSs at the interface between
an IL of 1-butyl-3-methylimidazolium nitrate ((BMIM][NOz3]) and planar electrodes. The
results revealed that the structure of the EDL is significantly affected by the liquid nature
of the IL, the short-range ion—electrode and ion—ion interactions, and the charge
delocalization of ions. We showed that the differential capacitance is a quantitative
measure of the response of the EDL structure to a change of electrode surface charge
density, and the concave-shaped capacitance—potential (C—V) curve is in good agreement
with that in the literature.

To further acquire the theoretical understanding of EDLs in ILs, we investigated

the effects of ion size and electrode curvature on the EDLs in ILs of 1-butyl-3-



methylimidazolium  chloride  ([BMIM][CI]) and 1-butyl-3-methylimidazolium
hexafluorophosphate ([BMIM][PFs]). The results indicated that the ion size considerably
affects the ion distribution and orientational structure of EDLS, and the EDL capacitances
follow a certain order of the ion size. It was also found that the EDL capacitance
increases as the electrode curvature increases. Based on the insights gained from the EDL
structure and capacitance, a “Multiple Ion Layers with Overscreening” (MILO) model
was proposed for EDLs in ILs. The capacitance predicted by the MILO model agrees

well with that computed from the MD simulation.
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CHAPTER 1

INTRODUCTION

Electrical energy storage devices play a critical role in many high-profile energy
technologies. For instance, they can not only store the electricity generated from
renewable sources but also power all-electric vehicles as their key components [1]. As a
new class of energy storage devices, electrochemical capacitors (ECs), also called
electrical double layer capacitors or supercapacitors, have attracted considerable attention
in current electrical energy community.

Generally, the device construction of ECs, similar to that of batteries, includes
electrodes and electrolytes. When a potential is applied on the electrodes, the ions in
electrolytes will be separated to different electrodes, i.e., the cations will be attracted on
the negatively charged electrode and anions on the positively charged electrode to form
electrical double layers (EDLs). Unlike batteries that store electrical energy in chemical
bonds, ECs store energy in such double layers.[2] Essentially, the EDL, with its thickness
of only a few nanometers, determines the effective separation of charge and thus the
performance of an EC, in other words, the energy storage mechanism of ECs relies on the
EDL established at their electrode/electrolyte interface.

Compared with the traditional energy storage devices, such as batteries and
conventional capacitors, ECs have several key characteristics. Such comparisons among
energy storage devices can be further understood by examining the Ragone plot [3-4] in

Figure 1.1, where energy density measures how much energy is stored while power



density indicates how fast the energy can be released from (or replenished into) the

system.
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Figure 1.1: Ragone plot for basic electrical energy storage devices. The time for
charging-discharging is also indicated on the plot.

Firstly, due to slow bulk diffusion and slow kinetics in chemical reactions, the
batteries have a high energy density but suffer from poor power density. In contrast, as an
EC is charged, the oppositely charged electrolyte ions migrate towards the electrode and
the reverse process during the discharge. Such processes are rapid, usually on the order of
a few seconds (cf. Figure 1.1). Accordingly, ECs have a high power density, which
makes them ideal for the rapid storage and release of energy. Secondly, chemical
reactions (e.g., oxidation-reduction reactions), taking place on the electrode surface,
make the charging and discharging processes inside batteries not fully reversible. Thus,
batteries have generally several thousand charging-discharging cycles. Impressively,

ECs, in theory, can be cycled unlimitedly, because energy is stored electrostatically



between solid electrodes without chemical or phase changes [5]. Thirdly, as shown in
Figure 1.1, conventional capacitors are usually working fast (e.g., they are used in many
electronic switching devices) but have limited energy density, because they store energy
on two metallic conductors separated by inside dielectric medium through moving the
charge carriers from one conductor to the other, whereas the potential between their
conductors is confined by the dielectric breakdown. Contrastively, ECs, without any
insulator, have no danger of the dielectric breakdown, and also no full-charge detection is
needed in ECs compared with batteries. Finally, ECs have good performance at relatively
low temperature, since there are no compositions and chemical phase changes during the
discharging/recharging process [6]. Because of these valuable properties, ECs are being
considered as an ideal solution to applications of many hybrid electrical energy
storages.[7-9]

However, the primary limitation of ECs is their moderate energy density ( o),

which is typically less than 10 Wh/kg, whereas batteries have the energy density on the

order of 100 Wh/kg [8-9]. Here, the energy density can be obtained by

P =W, ., /M (1.1)

— "Vstored

where Wsoreq 1S the energy stored in a system and M is the total system mass majorly
coming from electrodes and electrolytes. It is well known that the energy stored in a
capacitor is determined by its total capacitance and the applied potential between its

cathode and anode, i.e.,

W, . =C.V2/2 (1.2)

stored tot



where Cy is the total capacitance, and V is the applied potential. Cy; can be further

decomposed as

C,. =AC (1.3)

tot

where A is the total electrode surface area, and C is the normalized capacitance (the total
capacitance divided by the total electrode surface area, unit: pF/cm? or F/m?). Based on
equations 1.1~1.3, to overcome the limitation of ECs, four strategies can be implemented:
(1) reduction of the system mass , (2) improvement of the electrode surface area, (3)
enhancement of the normalized capacitance, and (4) increase of the working voltage of
the applied potential on the electrodes.

Prior researchers have invested much time to develop porous electrodes to
improve the electrode surface area and thus the energy density. The idea is that
decreasing the size of the pores on the electrode can increase the number of pores per unit
volume and the specific surface area as well. Typically, activated carbon is chosen as the
electrode, because it has not only tunable porosity but also high electrical conductivity,
relatively low production cost and small specific weight.[10-12] Figure 1.2 shows a
schematic of an EC with activated carbons as porous electrodes immersed into the
electrolytes. The activated carbons are clusters of carbon particles, and the separator,
made of a porous membrane of paper, polymer, or glass fiber, is used to avoid the
cathode mixing with the anode but allow the electrolyte to freely go through. A close
examination of the electrode topographic feature reveals that each carbon particle in the

activated carbon electrode contains a large amount of pores with different structures.



Collector Anode Separator Cathode

Figure 1.2: A schematic of an EC. Reproduced from Ref. [13].

In terms of topology, pores belonging to the electrodes can be classified as
cylindrical pore and slit-shaped pore. Based on their size (here, the diameter of
cylindrical pores and the distance between two solid surfaces in slits are characterized as
their size), the pores are categorized into three types by IUPAC [14]: the macropore has
the size larger than 50nm, the size of a mesopore is between 2nm and 50nm, and
micropores are less than 2nm. Specifically, (1) in a macropore, the curvature effect from
the pore walls can be neglected, because their radius of curved surface is much larger
than the EDL thickness so that the EDL near the electrode can be treated as that near the
planar electrode. This situation is sketched in Figure 1.3a, which exhibits an EDL near
the planar electrode and beyond the EDL region there is nothing but the electrolyte bulk.
(2) In the slit-shaped mesopore, the EDL near each pore wall may overlap, if the EDL is
more than one nanometer thick. In the cylindrical mesopore (see Figure 1.3b), the ions
(mostly counter-ions) get in the pore and form an electric double-cylinder capacitor
(EDCC) [15]. (3) In the slit-shaped micropore (see Figure 1.3c), two pore walls might

share one EDL between them due to the quite small inside space. In the cylindrical



micropore (see Figure 1.3d), counter-ions stay at/around the pore center to form an
electric wire-in-cylinder capacitor (EWCC) [15]. According to where is the EDL, an
endohedral EDL represents the one formed by the electrolytes entering the pores (cf.
Figure 1.3b~d), while an exohedral EDL is constructed by the electrolytes accumulated
on the outside surfaces of the pores or solid entities (e.g., cylinders) as shown in Figure
1.3e. Typically, an EC can have all three types of the pores above and corresponding

EDLs formed inside/outside pores.
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Figure 1.3: Different types of pores on the electrode: (a) macropore, (b) mesopore, (c)
slit-shaped micropore, (d) cylindrical micropore, and (e) cylindrical pore with ourside
electrolytes. (a), (b), (d) and (e) are reproduced from Ref. [15].

The pores on electrodes are used to improve the energy density of ECs not only
by enlarging the electrode surface area but also by enhancing the normalized capacitance.
For example, the area-normalized capacitance has been found to have a sharp increase

when the pore size of activated carbon electrodes decreases into the micropore



region.[16] Hence, four approaches to improve ECs’ energy density are not independent
at all. In fact, the research and development of ECs may involve both, three or all of
them.

Excepting the porous electrodes, the capacitance of an EC is also determined by
its inside electrolytes, because the charge separation mainly takes place in the EDL that is
essentially a packing of electrolytes. Therefore, making a choice of the electrolyte is
definitely a good way to achieve a large capacitance as well as to increase the energy
density. Moreover, the small density of electrolytes would also facilitate high energy
density by lessening the system mass. Importantly, different electrolytes have different
decomposition voltages, which provides us the probability that the EC can afford a high
working voltage and thus the high energy density based on Equation 1.2.

Generally, the electrolytes used in ECs are aqueous electrolytes, molten salts,
organic electrolytes and ionic liquids (ILs). Currently, molten salts are limited to use
because such ECs work under very high temperature. Typically, aqueous electrolytes are
widely used, such as sulfuric acid and KOH solution in carbon-type ECs. Although ECs
using aqueous electrolytes benefits from their good conductivity, the “working voltages”
of aqueous electrolytes restrict their wide employment due to their key limitation that the
decomposition voltage is rather small (theoretically 1.23V, or practically, in kinetic
terms, 1.3-1.4V) [2]. Besides, the corrosion of the hardware components of ECs is a
problem that cannot be neglected for their reliability and safety. To have a larger
decomposition voltage, non-aqueous electrolytes are chosen in ECs: (1) Organic

electrolytes have a larger operating potential (typically ~ 2.7 V), which helps increase the



energy density of ECs. (2) Recently, room-temperature ILs have attracted significant
attention in industry and academia. Because of their wide electrochemical windows,
excellent thermal stability, non-volatility, and good ionic conductivity, ILs are used in
diverse electrochemical devices [17]. In particular, IL is a promising candidate of the
electrolytes in ECs.

In a word, electrolytes used in an EC have an intimate relation with the system
mass, the normalized capacitance of their formed EDLs, and the potential they can
sustain, and thus the selection of the electrolyte is very important to optimize the EC’s
energy density.

Essentially, the implementation of four approaches above for improving ECs’
energy density critically hinges on the fundamental understanding of their EDLS in
different electrolytes in/near different porous electrodes. To probe the underlying energy
storage principles of ECs, in this dissertation, we address the following issues:

1) Although the EDLs in aqueous electrolytes near the planar electrodes have
been studied extensively, EDLs in aqueous electrolytes inside the microporous
electrodes are limited to study. Fundamental understanding is still lacking. For
instance, how would the solvent/ion distribute in the micropores? What’s the
difference from those near the planar electrodes? Especially, what’s the
mechanism of the sharp increase of capacitance in micropores?

2) For the electrodes with macropores, what would be the structure of EDLs
formed by large size ions near the planar electrodes, e.g., ions in organic

electrolytes or ILs? Although both organic electrolytes and aqueous



electrolytes consist of cations, anions, and solvent, their ions and solvent
molecules have different natures. Hence, what’s such difference between
aqueous and organic electrolytes? Will the solvent/ion nature change when the
electrolytes are close to the planar electrodes? Would the EDL formed by
organic electrolytes also be similar with that in aqueous electrolytes?

3) For the ILs, without any solvent, what would be the structure of the EDL near

the planar electrode? How would the nature of ILs (i.e., the “ionic” nature and
“liquid” nature) play the role in shaping EDLs? Could such EDL structures be
explained by the conclusions drawn from EDLs in aqueous electrolytes?
What’s the EDL capacitance, and would such capacitance change as the
potential applied on the electrodes changes?

4) Taking a further step, since ILs can be composed with different ion pairs,

would ion size affect the EDL structure and capacitance? When the ILs form
EDLs near the exohedral surface of the pores on electrodes, would the pore
curvature impact the structure and capacitance of EDLs?

The rest of this dissertation is organized as follows: in Chapter 2 we review the
prior work on EDLSs in ECs; in Chapter 3, we describe the model and methodology used
in this dissertation; Chapter 4 presents the ion distribution in electrified micropores and
its role in the anomalous enhancement of capacitance; Chapter 5 delineates the structure,
capacitance and dynamics of EDLSs in organic electrolytes; we explore microstructure and

capacitance of the EDLs at the interface of ILs and planar electrodes in Chapter 6; we



reveal the importance of ion size and electrode curvature on EDLS in ILs in Chapter 7;

the conclusions are drawn in Chapter 8.
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CHAPTER 2

PRIOR STUDIES OF EDLS

In the past decades, myriads of experiments have been done to explore the
performance of various ECs. Coupled with experimental results, theoretical studies have
provided important insights into the electrode/electrolyte interfacial behavior that is
crucial for the understanding of the capacitance performance of ECs and subsequently for
their optimization. In this chapter, we review the theories and experimental work on
EDLs in ECs. Following on the prior studies done for ECs, we point out the work we

plan to do for the investigation of EDLS in ECs.

2.1 Theoretical Models of EDLs

EDLs, especially those in aqueous electrolytes, have been extensively studied
since one century ago, and many models have been proposed to describe the structure of
the interface of electrolyte/electrode. The models are reviewed following the time when
they were first proposed.

The earliest model (see Figure 2.1a) for the description of EDLS near electrodes
came from Helmholtz who introduced the concept of “electrical double layer” in his
model for the first time. Helmholtz model[18] states that due to the electrical attraction
resulting from the charged surface, counter-ions are absorbed on the electrode and form

an EDL in which there is only one layer of counter-ions and the charge of EDL
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compensates exactly the surface charge. Although this simple model can explain some

experimental results of EDLSs, it contradicts most electrokinetic experiments.
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Figure 2.1: Models of the EDLs: (a) Helmholtz model, (b) Gouy-Chapman model, (c)
Gouy-Stern model, and (d) general representation of EDL. Reproduced from Ref. [2].

Gouy and Chapman took a further step to consider that the counter-ions together
with co-ions form a diffusive layer near the electrode due to the thermal fluctuation in

electrolytes [2]. They derived the Poisson-Boltzmann (PB) equation to calculate the
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potential distribution inside the EDL by assuming that ions are point charges [19].
Neglecting the discretization of the surface charge, Gouy-Chapman theory can predict
well for monovalent ions at low concentration (< 0.2M) and potential (< 80mV).
However, ignoring the finite ion size causes PB equation to predict an unrealistically high
concentration of ions very close to the electrode and an overestimation of EDL
capacitance.[19]

The limitation in the Gouy-Chapman theory was partially addressed by the Gouy-
Stern model (see Figure 2.1c). In this model, the EDL region is divided into two parts.
The inner region consists of a layer of counter-ions absorbed on the charged surface,
which is essentially the Helmholtz layer. Beyond such compact layer, a “diffuse” layer is
observed. The overall EDL capacitance is dictated by the capacitance of the compact
layer and the diffuse layer in series. However, in practice, the interfacial position between
Helmholtz layer and diffusive layer is very difficult to measure, especially, taking into
account of the local interactions among surface, ions, or solvent molecules.

Considering the nature of cation/anion in electrolytes (such as their size,
polarizability, and adsorption on solid surface) and solvation effects, a more complicated
EDL model was proposed by Grahame as shown in Figure 2.1d. Grahame divided the
Helmholtz layer further into two sub-layers: an inner layer consists of specifically
adsorbed ions and their solvation solvent molecules, and an outer layer consists of
solvated ions. The inner Helmholtz layer is between the charged surface and the inner
Helmholtz plane (IHP). Usually, the solvation molecules in the inner Helmholtz layer

will strongly be oriented compared with those in electrolyte bulk. Beyond the inner
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Helmholtz layer, the region extending to the outer Helmholtz plane (OHP) is the outer
Helmholtz layer. The part beyond the outer Helmholtz layer is the Gouy-Chapman
diffuse layer due to the thermal motion of electrolytes.

The fundamental understanding of the structure, capacitance, and dynamics of

EDLs in different electrolytes can benefit from the above EDL models, and vice versa.

2.2 EDLs in Aqueous Electrolytes

The EDLs in aqueous electrolytes have been studied extensively, since the
aqueous electrolytes are most widely used in ECs [20-24]. For example, in NaCl solution,
Na® concentration has double peaks near the electrode. Some I” and CI™ ions can be
adsorbed on the open surface electrode so that a peak of their concentration distributions
appears even near the electrode with zero surface charge density.[25] To analyze the
origins of shaping EDLs, people found that ions are strongly hydrated by water
molecules, and such hydration plays a key role in determining the structure of EDLS in
aqueous electrolytes [26-28]. For the EDL capacitance, the typical value of EDLSs in
NaCl solution with the carbon electrode is ca.10 pF/cm? [2]. However, numerous
researches on EDLs in aqueous electrolytes are almost for ECs with open surface
electrodes (see Figure 1.3a). Current knowledge of the EDLs in micropores (see Figure
1.3c and d) is still rudimentary but quite needed, because electrodes featuring micropores
are increasingly being used and impressive improvement in energy density has been

made recently [8-9]. For example, the area-normalized capacitance of activated carbon

14



electrodes immersed in 6 M KOH solution has been found to increase from ~6 pF/cm? to
~12 pF/cm? as the mean pore size of the electrode decreases from 14.5 A to 10.6 A [16].
However, such scaling between the capacitance and the electrode pore size cannot be
explained even qualitatively by the classical EDL theories based on the PB equation [29-
30].

To rationalize the anomalous enhancement of capacitance in micropores, the
EWCC model has recently been proposed, which captures two key effects: (1)
confinement and (2) curvature.[15] The main idea is that counter-ions form a wire along
the axis of small diameter cylindrical micropores, resulting in a different capacitance
regime from that of mesopore structures where curvature effects are also needed for a
quantitative description, even though they display smaller mean curvature as compared to
micropores. The EWCC model has been shown to fit remarkably well to available
experimental data [15]. Although this model sheds light on the anomalous enhancement
of capacitance in micropores, many issues remain open. First, it is often thought that
micropores are slit-shaped instead of cylindrical, and thus the EWCC model may not
always be applicable, depending on electrode materials synthesis and processing. Second,
while the assumption that ions accumulate along the center of electrified micropores
seems reasonable from a purely geometric confinement standpoint, details on the
confining processes remains largely unproven in the complex electrolyte-electrode
interface structure. In fact, because the classical EDL theories were developed for
relatively large pores, the second assumption is against the prediction of the classical

EDL theories [29], which state that counter-ions accumulate primarily in separate layers
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near each slit wall. However, classical EDL theories are mostly based on the assumption
that the ion-distribution is governed only by the electrostatic ion-ion interactions, and
thus predictions based on classical theories may not be accurate.

In relation to the above-mentioned issues, many fundamental questions remain to
be studied. For example, how will the solvent and ions distribute inside micropores and
what are their origins? What are the hydration characteristics of ions at different positions
in electrified micropores, and how and to what extent do they affect the ion distribution?
At present, most molecular simulations of EDLs deal with mesopores [31-35] and few
studies have been reported for the ion distribution in micropores [36]. The limited
molecular studies of micropores are focused on neutral pores and the average ion
hydration characteristics in such pores [37-38], and how the hydration of ions across the

pore affects the ion distribution have not been studied extensively.

2.3 EDLs in Organic Electrolytes

Unlike the aqueous electrolyte, notably less effort has been devoted to understand
the EDL structure in the organic electrolyte, in spite of the breakthrough made in
experiments recently.[8] Mostly, the work on organic electrolytes centers on the
electrolytic conductivity, a stable potential window, and the dielectric constant.[39-43]
Comparatively, atomistic level studies of such EDLs are relatively scarce.[44-45] The
current understanding of EDLSs in organic electrolytes is either inferred from capacitance

measurements of carbon electrodes in organic electrolytes or is based on insights gained
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from the extensive studies of EDLs in aqueous electrolytes.[20-24] A recent study by
Pratt and co-workers examined EDLs formed at the outer surface of carbon nanotubes
(CNTs) immersed into organic electrolytes of 1.0 M tetraethylammonium
tetrafluoroborate (TEABF,) with propylene carbonate as solvent.[46] They computed the
ion and electrical potential distributions near the CNT (radius = 1.17 nm) and showed
that, under high electrode charge density (|o| = 0.23 C/m?), organic ions are contact-
adsorbed on the CNT surfaces. Although that study revealed important aspects of the
EDLs in organic electrolytes, many key questions remain unanswered: (1) how will the
structure and the capacitance of the EDLs change as the electrode charge density (or
potential) changes? (2) how will the structure and dynamics of the interfacial solvents
change as the electrode becomes electrified? (3) will organic ions become contact-
adsorbed on electrodes with small curvature or moderate charge density? (4) what is the
role of ion solvation in determining the structure of the EDLs? (5) can the ion distribution

in EDLs be accurately described by the classical EDL models?

2.4 EDLs in lonic Liquids

In recent years, room-temperature ionic liquids (RTILs) have attracted significant
attention in fundamental and applied research. The extensive interest is in part due to
their wide electrochemical windows, excellent thermal stability, non-volatility, relatively
inert nature, and good ionic conductivity, which make ILs exceptionally useful in diverse

electrochemical devices (e.g., as a promising type of electrolytes in ECs). [17, 47-48]
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Unlike organic electrolytes having solvent, ILs are composed entirely of organic cations
and organic/inorganic anions,[47, 49] and often feature a complex shape, generally, with
charge delocalized among many atoms of their polyatomic ions.[24] Most of ILs have
very low vapor pressure and excellent thermal stability. These properties offer distinct
advantages for the utility of ECs, in which the microstructure and capacitance of the
EDLs at the interface of ILs/electrodes play an essential role in determining the system
performance.

Given the solvent-free nature of the ILs and the complex shape of the ions in ILs,
it is expected that the classical theories for the EDLs in dilute aqueous electrolytes and
high-temperature molten salts cannot accurately describe the structure and properties of
the EDLSs at the interface of ILs and electrified surfaces. [50-51] During the past decade,
the structures of EDLs have been studied by experimental and analytical methods.
Experimental data suggest that the IL-electrode interface is one ion layer thick (typically
3-5 A) [52], which supports the idea that the EDLs in ILs are essentially Helmholtz
layers. Surface frequency generation data indicate that the interfacial cations exhibit
orientational ordering and their orientation depends not only on the electrical potential of
the electrode but also on the type of anions in the ILs.[52-53] Recently, several elegant
analytical models have been proposed to describe the EDLs in ILs. [50-51] It was
hypothesized that the EDLs in ILs consist of a compact inner layer and a “diffusive”
outer layer. Although these new models are still mean-field theories and focus on the role
of long-range electrostatic interactions in determining the EDL structure, the solvent-free

nature of the ILs is accounted for. In general, the most extensively studied macroscopic
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property of the EDLs in ILs is their differential capacitance.[52, 54-56] Several different
trends of capacitance-electrode potential (C-V) curves have been reported. Whereas
concave C-V curves were observed in many experiments,[52, 55-56] bell-shaped and
camel-like C-V curves have also been reported.[54] Although none of the existing
theories can rigorously explain these diverse and seemingly contradictory experimental
observations, important progress has been made recently. For example, the bell-shaped
and camel-like C-V curves can be explained by the EDL models proposed by Kornyshev
and Oldham,[50-51] although rigorous justification of the model parameter remains a
challenge.[54]

However, systematic study of the EDLs near an electrified surface by using
atomistic simulations is rare. In Ref. [57], the density and orientation of IL ions near a
structureless electrode with low surface charge density (#0.02 C/m?) were studied by
using molecular dynamics (MD) simulations. In this study, a Helmholtz layer-like
counter-ion layer near charged electrodes, consistent with that inferred from experimental
studies, was, indeed, observed. However, the orientational ordering of the cation persists
at a position ~10A from the electrode, which is far greater as compared to the EDL
thickness inferred from experimental data.[52] In Ref. [58], the capacitance of a minimal-
model IL was studied by MD simulations, and a quasi-bell-like C-V curve was observed,
in qualitative agreement with some earlier experimental results.[54] Although the
solvent-free nature of the IL and size asymmetry of the cations and anions are accounted
for in this pioneering study, other important molecular details of the ILs (e.g., the

complex shape and charge delocalization of the ions) are neglected. Despite these work,
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many functional issues for EDLs in ILs remain pendent. For instance, (1) how the nature
of ions will affect the EDL structure? (2) to what extent the classical EDL models are
suitable for explaining the EDLs in ILs? (3) which type of C-V curves should the EDL
capacitance obey for the specific type of ILs? Is there a universal trend of C-V curve? (4)
why will the C-V curve for specific EDLs be bell-shaped, convex, concave-shaped, or
camel-like?

Regardless of their trends, most published C-V curves [52, 54, 59] are not
symmetric, because the EDL formed at the cathode side is different from that at the anode
side, which essentially is accounted for the ion size. Fedorov and Kornyshev studied the
EDLs in ILs modeled by charged Lennard-Jones spheres and found that the cation/anion
size asymmetry affects the trend of differential capacitance.[58] Sedev and colleagues
found experimentally that the differential capacitance increased in the order [HMIM][CI]
< [BMIM][CI] < [EMIM][CI] due to the different cation sizes.[54] These studies
improved the understanding of how the nature of ILs affects the EDL. However, a
systematic molecular level study of how ion size affects the EDL structure and
capacitance is still lacking at present.

As well known, the characteristics of EDL are determined by both electrolytes
and electrodes. For the electrode effects, most researches of EDLs are focused on the
electrode material. For example, Islam and co-authors [59] reported that the minimum
capacitance of EDLs in ILs near the highly oriented pyrolytic graphite (HOPG) was 2.2

pF/cm?, which is significantly smaller than those at glassy carbon (GC) or metal
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electrodes (>10 pF/cm?). However, up to now, a detailed study of the influence of
electrode curvatures on the EDLS in ILs has not been reported yet.

Without a doubt, the fundamental understanding of the effects of ion size and
electrode curvature on EDLs in ILs can also benefit from a realistic model of EDLSs.
However, although the classical EDL models (e.g., Helmholtz model) seem to be
supported by some experimental characterizations of EDLs, most MD simulations
suggest that alternating layers of counter-ions and co-ions penetrate deep (> 1 nm) into
the electrolyte.[60-62] More advanced models, e.g. the ones proposed by Kornyshev [50]
and Oldham,[51] assumed that the EDLs in ILs are made of a Helmholtz-like inner layer
and a “diffusive” outer layer. Although these elegant models capture some features of the
EDL structure, and can predict qualitatively the experimentally observed C-V curves,
they are mostly mean-field theories and cannot depict some key aspects of EDL in ILs,
e.g. the overscreening of electrode charge in the EDL.[63-64] Thus, theoretical
capacitance models, in which the key characteristics of EDL structure should be captured

as well, are needed to develop for EDLSs in ILs.
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CHAPTER 3

METHOD AND METHODOLOGY

Using numerical simulations and experimental methods, EDLs in ECs have been
studied in many different contexts. Compared with experiments, numerical simulation
can provide detailed information of EDLs at microscopic level (e.g., the charge
distribution across an EDL), which would be quite difficult to obtain from experiments.
Since the thickness of EDLs in ECs typically spans less than a few nanometers, EDLSs are
amenable to both continuum and atomistic simulations. In comparison with continuum
simulations, using atomistic simulations, the nature of electrolytes and electrodes can be
modeled explicitly with fewer assumptions, e.g., the solvent and ions are treated as a
continuous medium with continuous charge distributions in continuum simulations,[19]
while they have finite size and the charge is distributed among their atoms in atomistic
simulations. Hence, atomistic simulations are useful tools to investigate EDLs in ECs.
Molecular Dynamics (MD) is one of the most widely used atomistic techniques. In this

chapter, we present the details of MD simulations used to study the EDLSs.

3.1 Molecular Dynamics Simulation

MD simulation is a technique for computing the equilibrium and transport
properties of a classical many-body system.[65] Specifically, MD simulation, used for the
atomistic system, consists of numerical solution of the classical equation of motion.

Figure 3.1a shows the basic MD algorithm, which is very similar to real experiments in
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many respects, i.e., in experiments, a sample was prepared and connected with
measurement instruments, and then the property of interest would be measured during a
certain time span.[65] In MD simulation, given initial condition of an atomic system with
its atoms interacting following their intermolecular potentials, MD will do the force
calculation to update the system configuration within the user required time. Meanwhile,
useful information at the microscopic level, including atomic positions, velocities, forces,
etc., would be output to further acquire the system properties related to the phases, the
structure and the dynamics (cf. Figure 3.1a). The conversion of such microscopic
information to macroscopic observables such as pressure, energy, heat capacities, etc.,
requires statistical mechanics theories, which behaves as the actual measurement in
experiments. In fact, MD simulation serves as a powerful complement to traditional
experiments, which has built a bridge not only between microscopic length/time and
macroscopic world but also between the theories and experiments (cf. Figure 3.1b).[66]
Choosing proper model and force fields for the energy storage system, we can use
MD simulation to model the ECs explicitly. We take the solid wall as the electrode and
the electrolytes are modeled by atoms/molecules with the chemical details, such as finite
atom size, partial charge, and bonds and band angles in polyatomic molecules or ions. In
our research, two-body potentials, e.g., Lennard-Jones (LJ) potential, are suitably used to
describe the non-electrostatic intermolecular interactions due to the following reason:
Many-body potentials are used in modeling metals, crystals and states involving
faradic reactions, whereas our work is focused on the fluid side of EDLs. The interactions

between/among the atoms/molecules do not rely on the bonds formed between ions or
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molecules, i.e., there is no chemical bond created/broken between molecules, so that their
interactions can be approximated by two-body potentials. Particularly, LJ potential is
adopted by the MD community for its efficiency and generally acceptable performance.
We also note that intermolecular many-body interactions are considered to some extent in
MD by using bonded interactions including bond stretching (two-body), bond angle

(three-body), and dihedral angle (four-body) interactions.
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Figure 3.1: Simulations as a bridge between (a) microscopic and macroscopic; (b) theory
and experiment. Reproduced from Ref. [66].

Hence, MD simulations of the electrode/electrolyte interface are an appropriate
way to probe the EDLs at the molecular level, which is critical for the understanding of

charge storage mechanism in ECs.
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3.2 Data Analysis

Like in experiments, data analysis is decisive to gain the scientific insights behind
the raw data from MD simulation. To obtain the properties of an atomistic system, the
trajectories (including atomic positions, velocities, and forces on all system particles)
generated by MD simulations can be analyzed during the simulation running or after the
simulation is finished. For EDLs in ECs, the major properties are those related to the

EDL structure and capacitance.

3.2.1 EDL Structure Description

Using the binning method [67] to analyze the data from MD trajectories, we can
obtain the concentration/charge distributions of solvent/ions in the direction
perpendicular to the electrode surface, which provide details of EDL structure. Figure
3.2a and Figure 3.2b show the number density distributions of water/ions and the total
space charge density coming from the electrolytes near a neutral charged electrode with
planar surface, respectively. The oscillation of both number density and space charge
density is within ~1nm from the electrode, which is the span of the EDL in that
simulation. If more knowledge of EDL structure (e.g., how water molecules and ions
pack on the electrode) is of interest, the orientation of solvent and the ion solvation need
to be analyzed in detail.

To explore the formation of EDLs during the charging process, the dynamic

properties (e.g., the diffusion coefficient) are needed to gain by data analysis.[2]
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Figure 3.2: Results from MD simulations of NaCl in water near a neutral electrode: (a)
number density, where the water number density has been divided by a factor of 30, (b)
the total space charge density, and (c) potential distribution.

3.2.2 EDL Capacitance Calculations

EDL capacitance is the most important macroscopic property of an EC, which is
crucial to determine the EC’s energy density based on Equation 1.2. The capacitance of a

capacitor can be calculated by, C/ A=Q/®d, where AandQ are the area and the charge

on the surface of the cathode, respectively, and @ is the potential drop between the
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anode and the cathode. It follows that if one wishes to compute the area normalized

capacitance (C.,, ) of an EDL, the following equation can be used

O

C., =——— 3.1
=t ¢EDL_PZC ( )

where o is the surface charge density of the electrode on which such EDL is formed. If

o is unknown, it can be calculated by

o=-|_ pdu (3.2)

EDL

where p, is the space charge density across an EDL (cf. Figure 3.2b), and u is along the
normal direction of electrode surface. In Equation 3.1, ¢, is the potential drop across
the EDL near the electrode with surface charge density of o, and PZC is the potential of
zero charge, i.e., ¢, at o =0 (Figure 3.2c shows the potential distribution and the
potential drop across the EDL). Then, the term of ¢.,, — PZC represents the change of

potential drop across the EDL, as the electrode is changed with its surface charge density

varying from zero too . To obtain ¢, —PZC, we need information of the potential

distribution throughout the EDL near the electrode with surface charge densities of o and

zero. Such potential distribution, ¢, can be achieved by Poisson equation as follows,

Vig=—Le (33)

&1 &y
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where ¢, and g, are dielectric constant of the EDL and the vacuum permittivity,
respectively. Since the ions and/or solvent of electrolytes are explicitly modeled in MD
simulations, we take &, =1(note that this is a rather strong assumption, which determines

the magnitude of EDL capacitance but is independent of EDL structure and the scaling of

C-V curve), so that Equation 3.3 is reduced to

V= —% (3.4)

To solve Equation 3.4, two boundary conditions are required. Here, the potential

on the electrode surface is always set as zero, i.e., ¢| =0. The other boundary

electrode

condition is prescribed at position away from the electrode. If the simulation system is
wide enough, e.g., EDLs near the open electrode surface (cf. Figure 1.3a and e), we
enforce Vg =0in the bulk electrolyte, since the potential is equivalent everywhere in the
bulk region. If the system exhibits symmetry, e.g., the cylindrical meso/micropores (cf.
Figure 1.1b and d) and the slit-shaped pore (cf. Figure 1.3c), we enforce Vg =0 on the
axis of a cylindrical pore or the symmetric plane of a slit-shaped pore, where the potential
gradient is physically zero. With these two boundary conditions and p, retrieved from
MD simulation, we can solve Equation 3.4 to obtain the potential distribution across the

EDL near the electrode with a surface charge density of o .
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CHAPTER 4

EDLS IN AQUEOUS ELECTROLYTES FILLED MICROPORES

As reviewed in Chapter 2, aqueous electrolytes near open surfaces have been
studied comprehensively, while less work has been done to procure the fundamentals of
EDLs in micropores. In this chapter, to gain insights on the structure and capacitance of
EDLs in micropores filled with aqueous electrolytes, we investigate the distribution of K*
ions inside electrified slit-shaped micropores using MD simulations with an emphasis on
the role of ion hydration and ion-ion electrostatic interactions on the ion distribution
inside the pore. K* ions were studied as they are frequently used in aqueous electrolyte-
based ECs. Based on the insights gained, we aim to construct a new model for EDLs in
slit-shaped micropores to predict the anomalous enhancement of capacitance observed

experimentally in micropores [16].

4.1 MD Simulation Setup

The MD simulations, all MD simulations in this dissertation, were performed
using a customized version of MD package Gromacs.[68] Figure 4.1 shows the snapshot
of an MD simulation of a slit pore in ECs. The electrolytes (solvent + ions) are enclosed
between two electrodes. To model the electrical field generated from the applied potential
on the electrodes, the charge is uniformly distributed on the electrode. Essentially, if the

electrodes carry the surface charge density with the same sign, the simulation system
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contains two ECs in parallel. If the electrodes carry the surface charge density with the

opposite sign, the simulation system contains two ECs in series.

Figure 4.1: A snapshot of MD simulation. The yellow, red, and blue colors represent the
electrode, ions and the solvent molecults, respectively. Z=0 corresponds to the lower
electrode.

Near each electrified slit pore, we placed small partial charges on a plane at a
position 0.7 A away from the slit surface to produce the desired surface charge density, in
accordance to the quantum mechanical calculations.[69] The number of K" ions inside
the slits was chosen to ensure the overall electro-neutrality of the system. To obtain an
MD system in which the chemical potential of water molecules inside the slit is equal to
that in bulk solution, we first connected the slit to a large water bath whose one end was
exposed to vacuum and performed NVT simulations (T = 300 K) for 3-10 ns for the
number of water molecules inside the slit to allow for complete equilibration. During
these simulations, “ghost” gate atoms, which do not interact with water molecules, were
placed at the entrance/exit of the slit pore to prevent K* ions from leaving the slit. Next,
the water bath was removed and periodical boundary conditions were enforced in all
three directions. To remove the periodicity in the direction normal to the slit wall, the

simulation box size in this direction was extended to be 3 times of the slit width, and the

slab-PME method was used to compute the electrostatic interactions. The simulations
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were performed for 100 ns and the trajectories were saved every 10 ps for analysis. The
force fields for water and K" ions were taken from Ref. [70], and the force field for
carbon atoms was taken from the sp? carbon of the force fields in Ref. [71]. Other

simulation details can be found in Ref. [28].

4.2 Water/lon Distributions inside Micropores

We investigated the distribution of water molecules and K* ions in electrified slit
micropores with pore width (W) ranging from 9.36 A to 14.7 A. In each MD system, the
pore wall is modeled by a single graphene layer, and the pore width is defined as the
separation between the center planes of two graphene layers. The coordinate system is
chosen so that z = 0 corresponds to the center plane of the lower wall. The surface charge
density () was fixed at -0.055 C/m?, similar to that measured for microporous activated
carbon electrodes immersed in aqueous electrolytes.[16, 72] Only counter-ions (K" ions)
were included in the pores because co-ions are essentially rejected from these highly
charged micropores.

Figure 4.2a shows the water and K* ion concentration profiles in negatively
charged slit pores with various pore widths. The water distribution inside the slits
changes as the width decreases: three layers of water molecules can be identified in slits
with W > 10.7 A while only two layers of water molecules develop in slits with W < 10.7
A. In the widest slit studied (W = 14.7 A), the K* ion concentration profile resembles that

expected from the classical EDL theories to some extent, i.e., counter-ions accumulate in
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Figure 4.2: (a) Concentration profiles of water and K" ions inside slit pores with various
widths. For clarity, the water concentration has been divided by a factor of 30. The
concentric circles denote the size of bare and hydrated K* ions. The hemi-circles in the
leftmost figure denote the van der Waals radius of the wall atom and the dashed lines
denote the effective boundary of the lower wall. (b) Hydration number of K* ions across
slit pores with various widths. All slit walls have the same surface charge density of ¢ =
—0.055C/m?.

separate layers near each slit wall. However, in slits between 10 A and 14.7 A K" ions
accumulate primarily in the central plane of the slits, which is in disagreement with the
classical EDL theories. Finally, in slits with W = 9.36 A, the K* ion concentration profile
shows one distinct peak near each slit wall, again in qualitative agreement with the
classical EDL theories. However, K* ions in each peak adjacent to the slit wall is partly

de-hydrated as inferred from the size of K* ion (shown as circles in Figure 4.2a) and from
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the water concentration distribution in the slit. Therefore, the K™ ions become contact-
adsorbed in slits with W = 9.36 A. The ion distribution in the pore size ranging from 10

to 14.7 A'is the focus of the present study.

4.3 Physical Origins of the Water/lon Distributions

To understand the qualitatively different distributions of K™ ions in different slits,
we note that the distribution of counter-ions in electrified micropores free of co-ions are
governed by mainly five factors:[73] (1) the long-range electrostatic ion-ion repulsion,
which always drives ions towards the two slit walls (Figure 4.3a),[74] (2) the non-
electrostatic ion-slit wall attractions that consist of the van der Waals and steric
interactions between ion and wall atoms (Figure 4.3a), (3) the hydration of ions, which
drives ions towards positions where they maximize interactions with their hydration
water molecules (Figure 4.3b), (4) the interactions between an ion’s hydration water
molecules and their surrounding water molecules (Figure 4.3c),[75] and (5) entropic
effects that drive the ion and water inside slit towards uniform distribution (Figure 4.3d).
These factors insure that the free energy of the entire system (ion and water) is
minimized at equilibrium. The significance of some of these factors in controlling the
EDL structure has been recognized in the literature. For example, electrostatic ion-ion
repulsion and the entropy of ions are accounted for in the classical EDL theories,[29] and
recent theoretical and modeling works confirm that ion hydration and non-electrostatic

ion-wall interactions cannot be neglected in describing the EDL.[31-35] However, many
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details of these factors remain unexplored. First, ion hydration in electrified micropores
remains rarely understood. Prior EDL studies were performed within the framework of a
primitive model in which water is modeled as LJ atoms,[76] and thus ion hydration is not
modeled with sufficient details. This limitation is avoided in the more recent atomistic
studies of EDLs, but these studies deal with mesopores in which water layers from
opposing walls do not interact, which is fundamentally different from the picture
illustrated in Figure 4.2.[31-35] The hydration of ions in cylindrical micropores has been
studied recently due to its relevance to biological ion channels.[37-38] However, how ion
hydration across electrified slit pores varies as the slit shrinks, which is critical for
understanding the EDL capacitance in micropores, has not been explored. Second, the
enthalpic and entropic contributions of water to the free energy of the system and their
role in controlling the EDL structure are often neglected. Several theoretical models have
been proposed to account for these effects,[77-78] but these theories have not been
applied to EDLs in micropores yet. Finally, the interplay and relative importance of the
above-mentioned five factors in determining the EDLs in micropores have yet to be
explored. For example, it is unclear whether the ion-ion electrostatic interactions or the
ion hydration effects are the most important factor to determine the ion distribution in slit
micropores. Below we show that these unexplored aspects of the EDLs are critical for

understanding the different K* ion distributions in slits of different widths.
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Figure 4.3: Schematic diagrams of the five factors, as described in the text, governing
the distributions of the K* counter-ions in electrified slit-shaped micropores: a) the long-
range electrostatic ion-ion repulsion which drives ions toward the slit walls (factor 1) and
the non-electrostatic ion-slit wall attraction (factor 2), indicated by the red and green
double-headed arrows, respectively (color codes also applicable in the following); b) the
hydration of ions (factor 3), which drives ions toward positions to maximize their
interactions with the hydration water molecules (the blue dashed circle indicates the
primary hydration shell of one ion; compared to the ions in the slit center, the ion near the
slit wall has smaller number of hydration water molecules); ¢) the interaction between an
ion’s hydration water molecules with their surrounding water molecules (factor 4); and d)
entropic effects that drive the ordered distribution shown on the left toward a
uniform/disordered distribution on the right (factor 5).

We examine the role of the above factors in determining the K* ion concentration
shown in Figure 4.2a. To examine the role of ion hydration effects, we computed the
number of hydration water molecules (hydration number, Np,q) for K* ions across various
slits (Figure 4.2b). Following established conventions, the water molecules belonging to

the solvation shell of a given ion are defined as those within ryn; from the ion, where
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Fminy = 3.65 A corresponds to the first local minimum of the K*-water pair correlation
function.[70] In slits with W = 14.7 A, as a K* ion moves away from the slit wall, Npyq
increases sharply and reaches a maximum of 7.5 at position 5.8 A from the slit wall,
exactly where the K™ ion concentration peak is located. In slits with W = 10.7 and 12.03
A, Npyq increases monotonically from the slit wall to the slit center, and the K* peak again
is located at a position where Npyg is maximized. These results suggest that the ion
hydration effects play an important role in determining the K* ion distribution in slit
pores. For wide pores (or open electrodes) in which accumulation of ions occurs near
each slit wall, the ion hydration effects are known to control the location of the
concentration peak of small cations.[29] For pore widths in the 10 to 14 A range, the ion
hydration shells play an even more decisive role in the qualitatively breakdown of the
classical EDL picture, i.e., they force K* ions to form a single layer at the midway
between the slit walls. However, it is interesting that, in pores with W = 9.36 A, the K*
ion distribution shows an abrupt transition, i.e., K" ions form distinct layers near each slit
wall, although the ion hydration effects should still drive them to the slit center. The most
straightforward reason for this transition is that the electrostatic ion-ion repulsions
dominate over the hydration effects for this pore since the ion-ion repulsion strengthens

as the slit width decreases.
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Figure 4.4: Variation of counter-ion (K" ion) concentration scaled by the slit wall charge
density (cion/|o]) in 9.36 A-wide slits with different surface charge densities. (a)
Prediction by the PB equation. The closest approach of the K* ion to the slit wall was
taken as 3.3 A. The solution dielectric constant was taken as 3.33, same as the result of
fitting the sandwich capacitor model (in Figures 4.5 and 4.6) to the capacitance data
obtained from micropores immersed in 6 M KOH electrolytes.[16] (b) Predicted by the
MD simulations.

To elucidate whether the electrostatic ion-ion repulsion is indeed responsible for
the formation of separate counter-ion layer near each wall instead of a single layer in the
center of the 9.36 A pore, it is desirable to compare the difference in electrostatic ion-ion
interaction energy in the two different ion configurations. However, since the ion
distribution is obtained in only one of these configurations, such a comparison is difficult

to perform. Here we adopted a different approach, i.e., we performed PB and MD
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simulations with different surface charge densities ¢ to probe the role of electrostatic ion-
ion repulsion. If the electrostatic ion-ion repulsion dominates the ion distribution, as ¢
increases, the counter-ion concentration near the slit wall will increase more quickly than
o. For example, Figure 4.4a shows that, as o increases from -0.007 C/m? to -0.055 C/m?,
the maximum ion concentration in the slit scaled by |o], i.e., Cmax/|0], increases by a factor
of 3.5, according to the classical PB simulations which contains mainly the electrostatic
ion-ion repulsion. However, Figure 4.4b shows that for the same range of o, MD
simulations gave Cmax/|o| values that are nearly independent of 6. More importantly, at ¢ =
-0.007 C/m?, our MD system contains only one K* ion in each simulation box, thus the
electrostatic ion-ion repulsion does not even exist in such an MD system. These results
indicate that the electrostatic ion-ion repulsion is not the reason for the contact-adsorption
of K* ions on the slit wall in slits with W = 9.36 A.

Since entropic effects are unlikely to cause the distinct K* ion peaks near slit
walls,[79] we next examine whether non-electrostatic ion-electrode interactions and
interactions between hydration water molecules (i.e., factors 2 and 4 above) dominate
over the ion hydration effects so that K* ions prefer to become contact-adsorbed on the
slit wall than accumulate in the slit center to maximize their hydration. Specifically, we
calculate factors 2, 3, and 4 for the K* ions contact-adsorbed on the slit wall and located
at the slit center in slits with W = 9.36 A. To understand the interplay between these
factors in larger pores, the same calculations were also performed in a slit with W = 12.03
A. In all calculations, for an ion located at each position, we computed the interaction

energy between the ion and its hydration water molecules or wall atoms, i.e., Enyg and
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Eion-wan- We also computed Ewater-water, the average interaction energy between each of an
ion’s hydration water molecules with its primary coordination water molecules (i.e., those
water molecules within rmin; from the hydration water molecule being examined, where
Fmins = 3.30 Ais the first local minimum of the water-water pair correlation function).[70]

The results are summarized in Table 4.1.

Table 4.1: Properties of K* ion located at different positions inside slit pores and the
properties of their hydration water molecules.

In slitwith W =9.36 A In slit with W = 12.03 A

lon location in slits 3.30A 4.68 A 3.30 A 6.02 A
Interaction energy between K*
ion and its hydration water -294.4 -346.1 -296.0 -336.1
(kJ/mol)
Non-electrostatic (LJ) ion-wall
_ _ -7.42 -5.35 -6.55 -1.97
interaction energy (kJ/mol)
Coordination # of K" ion’s

_ 4.29 3.96 4.21 4.50
hydration water
Interaction energy between
each of K* ion’s hydration

-37.6 -32.1 -35.1 -42.5

water molecules with their

coordinate water (kJ/mol)

Table 4.1 shows that in the slit with W = 9.36 A, we observe that, as a contact-
adsorbed K* ion moves to the slit center, Enya decreases by 51.7 kd/mol. This is consistent
with the increase of Npyq shown in Figure 4.2b and indicates that the ion hydration effects

favor the accumulation of ions in the slit center. At the same time, Ejon-wan increases by
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2.07 kJ/mol, which favors the contact-adsorption of K* ions. To test the significance of

this effect, we performed a simulation in which the energy well depth, &, . of the

—wall ’

Lennard-Jones potential describing the non-electrostatic ion-wall interactions was
reduced to 1/3 of its original value with all other interaction parameters unchanged. The
K" ion concentration profile in the new simulation was similar to that shown in Figure
4.2a, indicating that the contribution of the non-electrostatic ion-wall interactions to the
contact-adsorption of K* ion on the slit wall is modest. In the same slit, Table 4.1 also
shows that, as a contact-adsorbed K" ion moves to the slit center, the average
coordination number of its hydration water molecules reduces from 4.29 to 3.98, and the
average interaction energy between each of the ion’s hydration water molecules with its
primary coordination water molecules increases by 5.5 kJ/mol. These results indicate that
as a contact-adsorbed K" ion moves to the slit center, although it attracts more water
molecules toward it to become better hydrated (thus lowering the system energy), it also
causes its hydration water molecules to interact with fewer water molecules and therefore
to weaken these interactions (thus increasing the system energy).

Summarizing the above discussions on the role of electrostatic ion-ion repulsion
and non-electrostatic ion-wall attraction, we conclude that, for slit with W = 9.36 A, the
enthalpic effects associated with the interactions between hydration water molecules and
their coordinate water dominate over the ion hydration effects and play a critical role in
causing the contact-adsorption of K™ ions on the slit wall. Similar analysis of Table 4.1’s
data for slit with W = 12.03 A indicate that these enthalpic effects act together with the

ion hydration effects to drive the K* ions from the slit wall to the slit center. Although the
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Eion-wan difference works against this explanation, it is only a minor effect for K*. It is
noteworthy that the computed Epyq for K* at the pore center for the 12.03 Asslit is close to

the experimental value of K* in aqueous solution (331.8-338.1 kJ/mol).[80]
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Figure 4.5: Distribution of water molecules around K™ ion located at different positions
in slit pores (shown as different colors) and the coordination number of these water
molecules (shown as contour lines). (a) K* located at z = 6.03 A inside a 12.03 A-wide
slit pore, (b) K" located at z = 3.30 A inside a 12.03 A-wide slit pore, (c) K" located at z
= 4.68 A inside a 9.36 A-wide slit pore, (d) K* located at z = 3.30A inside a 9.36 A-wide
slit pore.
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To further understand the origins of the opposite role of these enthalpic effects on
affecting the K™ distribution in slits with different widths, we compute the distribution of
water around K* ions located at the above two positions in the two slit pores. Parts a and
b of Figure 4.5 show the concentration distribution (shown with different colors) of water
molecules around K" ions contact-adsorbed on the slit wall and located at the slit center
for a slit with W = 12.03 A. The number of coordination water molecules for the water
molecules located at different position from the K* ion is also shown in the same figure
as contour lines. We observe that, when a K* ion is located at the slit center, its hydration
water molecules are distributed near its equator and north/south poles. The hydration
water molecules near its equator have a coordination number of 5-5.5, and those near its
north/south poles have a coordination number of 3.5-4. As the K* ion becomes contact-
adsorbed on the slit wall, its hydration water molecules accumulate mainly near its
equator and their coordination number is ~3.5. The observed different solvation of the
hydration water molecules of K* ion by other water molecules is consistent with that
shown in Table 4.1, and is a result of the geometrical confinement and the layering of
water inside slit. Specifically, when a K* ion is located in the slit center, there is enough
space above/below it to accommodate a water layer between its north/south pole and the
slit wall, and the hydration water molecules located there are not well solvated since there
is no water above/below them. On the other hand, the hydration water molecules near the
K" ion’s equatorial plane are well solvated. When a K* ion is contact-adsorbed on the
wall of the same slit, its hydration water molecules accumulate primarily near its equator

because water concentration there is higher due to the layering of water shown in Figure
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4.2a. Similar to the hydration water molecules near the north/south pole of the K* ions
located at the slit center, these hydration water molecules are not well solvated. Overall,
in slits with W = 12.03 A, the solvation of K* ion’s hydration water molecules is better
when the K™ ions are located in the slit center than when the K™ ion is contact-adsorbed.
Parts ¢ and d of Figure 4.5 show the concentration distribution of water molecules around
K" ions contact-adsorbed on the slit wall and located at the slit center for slit with W =
9.36 A and their coordination number. When a K" ion is located in the center of this slit,
essentially all its hydration water molecules are distributed near its north and south poles
and are not well hydrated (average coordination number: 3.5-4). As the ion becomes
contact-adsorbed on the wall, a large fraction of its hydration water molecules is
distributed near its equator and it is not well hydrated (average coordination number: ~4).
However, because the gap between the K ion and slit wall is wide enough, some of its
hydration molecules are distributed near its north pole and have an average coordination
number of 4-4.5 due to the high water concentration near the upper slit wall. Therefore, in
a slit with W = 9.36 A, the solvation of K* ion’s hydration water improves when the ion

becomes contact-adsorbed.

4.4 The Sandwich Model

The above results indicate that, under slit surface charge density relevant to ECs
based on microporous carbon electrodes, K* ions will form a single layer midway

between the opposing slit walls in slit pores between 10 and 14.7 A wide. Since the
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micropore capacitance has been measured experimentally, it is desirable to compute the
slit pore capacitance directly using MD simulations. A key difficulty associated with the
present models for slit pores is that all charges are localized at different points determined
by the atomic nuclei instead of being distributed continuously in the space according to
the electron densities. This problem needs to be addressed to accurately predict the pore
capacitance in pores where opposing pore surfaces share ions.[15] To circumvent this
difficulty, here we propose a sandwich capacitance model to describe the capacitance of
slit-shaped micropores and fit the experimental capacitance values of microporous

carbons.

Figure 4.6: (a) Schematic of a sandwich capacitor formed by a layer of counter-ions
located exactly midway between two electrodes with the same polarity and separated by
W = 2Db. (b) The equivalent system shown with the electric field lines. The locations of
the dashed lines indicate the effective ion radius ap of the counter-ions, which is dictated
by the spread of electron cloud (Ref. [15]). The effective separation between the
electrode surface and the counter-ions is des.

On the basis of the insight obtained from the above MD simulations, we derive a
capacitance formula for a sandwich capacitor formed by a layer of counter-ions located
exactly midway between two electrodes with the same polarity and separated by a pore

width of 2b (Figure 4.6). Because the opposing electrodes share the net charge of the
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counter-ions, one can approximate the slit capacitor as two capacitors in parallel as
shown in Figure 4.6b. The total capacitance Ciy of the system shown in Figure 4.6b can

thus be computed as

Ctot = 2Cs (4.1)

where C; is the capacitance of a single capacitor consisting of one electrode and one side
of the counter-ions. Since the electric field lines effectively terminate at the electron

cloud of the ions, Cs can be computed using the parallel-plate capacitor model

where & is the electrolyte dielectric constant, & the permittivity of a vacuum, A the
surface area of the electrode, and de the effective separation between the electrode
surface and the counter-ions. Counter-ions are not simply point charges and the ionic
radii are determined by the location of the charge densities.[15] We stress that the
corrections of charge separation by the locations of charge densities are extremely
important in producing a reliable capacitance model, especially for micropores. Based on
Figure 4.6b, des is equal to (b-ap), just as described in the EWCC model. However, the
present model is derived for parallel plates, i.e. curvature is null. Therefore, the area-

normalized total capacitance of the system shown in Figure 4.6 is obtained as

Ciotl2A = CJA = &,e/(b-a0) (4.3)
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Figure 4.7: Experimental data in Ref. [16] of microporous activated carbon electrode
materials in a 6 M aqueous KOH electrolyte fit by the sandwich capacitance model
shown in Equation 4.3.

As can be seen in Figure 4.7, for the microporous activated carbon electrodes
immersed in 6 M KOH electrolyte solution, the area-normalized capacitance of has been
found to increase from ~6 to 12 pF/cm? as the mean pore size of the electrode decreases
from 14.5 to 10.6 A.[16] This pore size range is in rough agreement with that we found
by MD simulations where fully hydrated K* ions accumulate primarily in the central
plane of the slit pores. Using the sandwich capacitance model given by Equation 4.3, we
were able to fit the experimental data with a R® value of 0.926, reproducing the
experimental trend and giving two fitting parameters of & = 3.33 £0.57 and ap = 2.65 %+
0.54 A. That the & value is larger than the vacuum value of unity implies that the

electrolyte ions are hydrated in the pore width range studied, which is supported by
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Figure 4.2a. The & value is smaller than those in the Helmholtz layer near isolated
electrodes (typically less than 10),[2] and may originate from the extreme confinement of
water in the micropores.[81-82] Even with the standard error of 0.54 A considered, the ag
value is not in very good agreement with the ion radius of K* (1.38 ]-'\).[83] A similar fit
realized using the EWCC model yields a R* value of 0.921 as well. However, in this case
ao (1.64 A) is found to be much closer to the ionic radius of K*. This indicates that
confinement effects (use of ay explicitly) are key in a qualitative description of the
capacitance behavior for small pores (i.e. sharp increase with decreasing width), as is
described in detail here. However, our fits also indicate that curvature effects are very
important for a quantitative description of the capacitance value, especially when pore

geometry is closer to that of a cylinder rather than that of a slit.

4.5 Conclusions

In summary, we have studied the distribution of K* ions in electrified slit-shaped
micropores with pore widths ranging from 9.36 A to 14.7 A using MD simulations. We
have examined in detail the five main factors that govern the distribution of K* ions in
electrified micropores: (1) the long-range electrostatic ion-ion repulsion, which always
drives ions towards the two slit walls, (2) the non-electrostatic ion-slit wall attractions,
(3) the hydration of ions, which drives ions towards positions where they maximize
interactions with their hydration water molecules, (4) the interactions between an ion’s

hydration water molecules and their surrounding water molecules, and (5) entropic
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effects that drive the ion and water inside slit toward uniform distribution. The highlight
of our results is that K™ ions form a well-hydrated single layer in the center of negatively
charged slit pores with pore width between 10 A and 14.7 A. Such an ion distribution
differs qualitatively from the prediction by the classical EDL theories, and is caused
primarily by the ion hydration effects. In slits with a width of 9.36 A, the K* ions form
separate layers near each slit wall. We found that the electrostatic ion-ion repulsion plays
a minor role in such a transition. Instead, the enthalpic effects associated with the
interactions between the hydration water molecules of the K™ ion with their surrounding
water molecules were found to lead to this interesting behavior. Based on the K* ion
distribution observed in electrified slits with 10 A < W < 14.7 A, we proposed a
sandwich model to predict the scaling of the slit pore capacitance as a function of its pore
width. This model is shown capable of predicting the anomalous enhancement of
capacitance that has been experimentally observed in micropores with similar widths.
However, curvature effects are indispensable for a quantitative description of the
experimental capacitance values, further implying that the microporous carbons in
Ref.[16] have a local pore geometry that is closer to a cylinder shape rather than a slit

one.
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CHAPTER 5

EDLS IN ORGANIC ELECTROLYTES NEAR OPEN ELECTRODES

Since aqueous electrolytes in micropores have been explored in Chapter 4, it is
reasonable to similarly study organic electrolytes in micropores as well. However, we
found that less research has been done for EDLSs in organic electrolytes even near an open
surface. Therefore, the objective of this chapter is to investigate the structure,
capacitance, and dynamics of the EDLs in an organic electrolyte near open surfaces using
MD simulations, with an emphasis on the following aspects: (1) the role of ion solvation
in determining the structure of the EDLs, (2) the adsorption of organic ions on the
neutral/charged electrodes and the structure and dynamics of the interfacial solvents
change as the electrode becomes electrified (3) the applicability of the classical EDL
models to describe the ion distribution in EDLs, and (4) the relations between the

structure and the capacitance of the EDLs and the electrode charge density (or potential).

5.1 Simulation Setup

Figure 5.1a shows a schematic of the simulation setup. 1.2 M TEABF, solution in
the solvent of acetonitrile (ACN) was taken as the organic electrolyte, since such an
electrolyte was used in experiments discovering the anomalous increase of capacitance in
micropores [84]. For ions and solvent molecule in this organic electrolyte, the sketches of
their structures are shown in Figure 5.1b. The static graphene sheets were taken as the

electrodes between which there was a slab of organic electrolyte enclosed as shown in
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Figure 5.1a. The separation between the geometric planes of the two electrodes was
chosen as 3.9 nm. Although such a separation is much smaller than that in typical
experimental studies, it is much larger than the EDL thickness near each electrode and
therefore enables the EDLs at the two electrodes to be studied separately. Periodic
boundary conditions were applied in the xy plane beyond the simulation box. The
coordinate system was chosen such that the geometrical plane of the lower electrode
corresponds to z = 0. The image planes of the two electrodes were placed at a position

0.08 nm from their geometrical planes (see Figure 5.1a).[85]
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Figure 5.1: (a) A schematic of the simulation system. (b) Molecular models of the TEA,
BF,, and ACN molecules.

As described in Section 4.1, the partial charge uniformly distributed among the
electrode atoms is a relatively easy way to model the charged electrode using MD
simulation, which is according to the fact that the surface charge on the electrode surface
results from the potential drop between the cathode and anode in an EC. However, this
method neglects the polarizability of electrode surface, which is a strong assumption,

because the polarizable electrode surface may make the charge inhomogenously
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distributed on the electrode surface by changing the local interactions between electrodes
and electrolytes due to the image charge effects. The method developed in Ref. [86] can
be used to model the electrode with polarizable surface in MD simulation where the
applied electrical potential can be enforced on the electrodes. However, this method of
putting charge on electrodes needs quite less computational cost than that of directly
applying potential on electrodes. Hence, the former technique is more often used for
polarizable surface little affecting the EDL structure and capacitance, although the later
was chosen in the work shown in this Chapter.

As shown in Figure 5.1a, the electrical potential on the lower electrode wall was
fixed to zero, and an electrical potential was ramped up from 0.0 V to 2.7 V witha 0.3 V
increment and applied on the upper electrodes in separate simulations. The largest
potential difference, 2.7 V, is similar to the maximum operating voltage of ECs using
similar electrolytes.[87-92] The number of ACN molecules in the system was chosen
such that the ACN density at the central portion of the system did not differ by more than
5% from 145 M, i.e., the ACN density in a 1.2 M bulk electrolyte with the same
composition. The number of ions in the system was tuned such that the ion concentration
in the central portion of the MD system differs less than 15% from the target
concentration of 1.2 M. Additional simulations at selected potential differences in which
the ion concentration at the central position of the system was varied by up to 30%
indicated that the EDL structure and capacitance are insensitive to the ion concentration
in the central portion of the MD system. The force field for the electrode atoms (carbon)

was taken from Ref. [71]. The force fields for the TEA" cations were taken from the
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General AMBER force field (GAFF),[93] with atomic partial charges from Ref. [94]. The
force fields for the BF, anions and ACN molecules were taken from Ref. [95]. The force
fields for ACN molecules yield a dielectric constant of 26.3 £0.3 at 298 K, in reasonable
agreement with the experimental value of 35.8 at room temperature.[96]

Simulations were performed in the NVT ensemble. The system temperature was
maintained at 298 K using the Berendsen thermostat with a time constant of 1.0 ps. The
electrostatic interactions were computed using the PME method.[97] An FFT grid
spacing of 0.11 nm and cubic interpolation for charge distribution were used to compute
the electrostatic interactions in the reciprocal space. A cutoff distance of 1.2 nm was used
in the calculation of electrostatic interactions in the real space. The non-electrostatic
interactions were computed by direct summation with a cutoff length of 1.2 nm. The
bond lengths of the TEA™ and BF, ions were maintained by using the LINCS
algorithm,[98] while the bond angles and the dihedral angles were allowed to change. For
each applied potential on the upper electrode, five simulations with independent initial
configurations were performed. In each simulation, we started the simulation at 1000 K
and then annealed the system gradually to 298 K in 2 ns. Following annealing, the system
was simulated at 298 K for 3 ns to reach equilibrium. Finally, a 9-ns production run was
performed.

As described in Section 3.2.2, getting the space charge density from MD
simulations, we can obtain the potential distribution along the z-direction inside the
channel solving Equation 3.4. Since we directly apply the potential, V , on the upper

electrodes, the boundary conditions would be that (1) the potential on the lower image
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plane was set as zero, i.e., ¢(0)=0, and (2) #(L) =V on the upper image plane. Taking

these two boundary conditions into Equation 3.4., the formula for calculating the

potential distribution inside the channel is

#2)=-= [ -wp,Wdu+ -2 51
& "0 L

in which L is the distance between two opposite image planes where the upper and lower

potentials are applied on, and is 3.74 nm in all channel simulations in this chapter.

5.2 lon Solvation in Bulk Organic Solvents

lon solvation plays a key role in determining the structure of EDL in aqueous
electrolytes. It affects the position of the counter-ion concentration peak near the
electrodes [28] and the dynamics of interfacial ions. It is reasonable to expect that ion
solvation in organic electrolytes plays a similar role. Therefore, it is useful to first
quantify the solvation of TEA" and BF, ions in bulk solutions.

Explicit ion solvation is first quantified by the density distribution of ACN
molecules around the ions. Figure 5.2a shows the ion—ACN and ion—ion radial
distribution functions (RDFs) in a bulk solution of 1.2 M TEABF,; in ACN. The
TEA™-ACN RDF indicates that the first peak is rather broad and the second peak is
barely distinguishable from the first peak. This suggests that the solvation of TEA"
cations by ACN molecules lacks a distinct structure of solvation shells compared to that

observed for solvation of small inorganic ions in aqueous solutions.[26] The low value
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and broadness of the first peak is caused by (1) the large size of the TEA" cations, which
leads to weak electrostatic ion-ACN interaction, (2) the charge de-localization (i.e., the
net charge of a TEA" cation is distributed among its many atoms) that weakens the
electrostatic attraction between the ion and the ACN molecules near it, and (3) the
irregular shape of the TEA™ cations that prevents a dense packing of ACN molecules
around them with a uniform distance to the center of TEA". The RDF for BF; —ACN
shows similar features, although the first peak becomes more distinct because of the
smaller size and more spherical shape of the BF, anions. The RDF radius of ca. 0.5 nm
for the first solvation shell of BF, anion indicates that the solvated ion diameter of BF,
is ca. 1 nm. When compared to the bare ion diameter of BF, (4.6 A),[83, 99-100] this
solvated ion diameter yields a solvation shell thickness of ca. 0.5 nm, which is
comparable to the dimension of one shell of ACN molecules according to a radial
distribution of solvent molecules (see below). In addition, the solvated ion diameter of 1
nm is also in good agreement with the pore width of <1 nm necessary for the desolvation
of BF, anions in ACN according to the anomalous increase in capacitance in
microporous carbons.[84, 101] The solvation numbers of the TEA" and BF, ions,
defined as the number of ACN molecules within the first solvation shell of the ions, were
found to be 15.5 and 6.75, respectively. We note that, following traditional conventions,
the extension of the first solvation shell is determined by the position of the first local

minimum of the ion—ACN RDFs shown in Figure 5.2a.

54



3 T T " T

A 112
_ (@ —— N/TEA" - ACN _
Gat - ——- B/BF, — ACN .5
< i _ + 7] T
CCI) e~ B/BF, - N/TEA 5
2 -
L
- a
g z
0
0
radial distance (nm)
3.0 T T T T
A RN —— TEA", 6(NN=NC)
2071 /,/ . ——- BF,,8(BN-NC)
8 |~ \ ]
) i AN
& 40— N
~
L \\
0.0 L 1 I L T ——
1 -05 0 0.5 1
cos(0)

Figure 5.2: (a) lon—ACN and ion—ion radial distribution function (RDF) in 1.2 M bulk
TEABF4/ACN solution. The radial distance is between the ion center, either N or B, and
the center of mass of ACN molecules. (b) Distribution of the angle & formed between the
NC vector of the ACN molecules in the first solvation shell of TEA* and BF, ions and
the vector from the ion center, either N or B, to the N atom of the ACN molecules.

Figure 5.2a also shows the RDF for the TEA™-BF, ion pair, which has
essentially one main peak located at 0.47 nm. On the basis of the bare ion diameter of
TEA" (6.8 A) and BF, (4.6 A) [83, 99-100] and the first peak location of the BF; —ACN
and TEA™—ACN RDF curves, we can infer that TEA" and BF4 ions constitute a so-called
“contact ion pair” in the solution. This is not surprising since the solvent does not
effectively screen the electrostatic attraction due to the relatively small dielectric constant

of ACN. The high RDF peak suggests that the correlation between TEA™ and BF4 ions is
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strong in ACN solutions. This correlation should affect the ion distribution inside the
EDLs.[102]

The ion solvation is further quantified in Figure 5.2b by examining the
orientational ordering of the ACN molecules in the first solvation shell of the TEA™ and
BF, ions. We computed the distribution of the angle (¢) formed between the NC vector
of ACN molecules within an ion’s first solvation shell and the vector from the ion center,
either N or B, to the N atom of the ACN molecules. The NC vector points from the N
atom to the methyl group’s C atom. Figure 5.2b shows that ACN molecules are nearly
randomly oriented in the first solvation shell of TEA™ cation, which is in sharp contrast
with the strongly oriented water molecules near small inorganic ions.[26] The weak
orientational ordering of ACN molecules around the TEA™ cation originates from the
large size and irregular shape of the TEA™ cations. Figure 5.2b shows that the
orientational ordering of ACN near BF, anions, although still weaker than those of the
water molecules near small inorganic ions, is stronger than that near the TEA™ cations.
Specifically, ACN molecules tend to align their NC vectors away from the BF, anion at
an angle of 602 The average NC vector orientation angle cosf was found to be —0.51,
which is close to that observed for ACN molecules near model anions with a net charge
of —0.75 e and van der Waals diameter of 0.31 nm.[103]

In summary, the above results show that the solvation of TEA" and BF, ions in
ACN is characterized by the weak packing/orientational ordering of ACN molecules
around the ions and a moderate solvation free energy. The solvation of both ions in ACN

is much weaker compared to the solvation of small inorganic ions in aqueous solution.
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Hence it is possible that organic ions can become partially desolvated at much weaker

electrode polarization compared to that in aqueous electrolytes.

5.3 Structure and Capacitance of EDLs

5.3.1 EDLs near Electrodes at Potential of Zero Charge

Understanding the structure of the EDLs near electrodes at potential of zero
charge (PZC) provides a baseline for describing EDLs near polarized electrodes. In
addition, the insight gained from studying such EDLs facilitates the understanding of
EDLs near weakly polarized electrodes, which is important in applications such as
electrochemical sensing.

Figure 5.3a shows the concentration distribution of ACN molecules near the
neutral electrode. We note that throughout this chapter, the positions of solvent molecules
and ions are based on their center of mass. A significant layering of ACN molecules is
observed near the electrode. The first layer of ACN molecules is found to occupy the
region z = 0 to 0.56 nm (zone 1 in Figure 5.3a), and additional layers of ACN molecules
are observed in region z = 0.56 to 1.1 nm (zone 2). At positions beyond about 1.1 nm
from the electrode, the structure of ACN becomes bulk-like. The rich structure of ACN
observed is caused mainly by the short-range solvent—solvent and solvent—electrode
interactions and resembles the water structure near solid surfaces reported in numerous

studies.[28, 104]
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Figure 5.3: (a) Concentration distribution of ACN molecules near a neutral electrode.
The position of ACN molecules is based on their center-of-mass. (b) Orientational
distribution of the NC vector of ACN molecules (defined as the vector pointing from the
N atom of an ACN molecule to the C atom of its methyl group) with respect to the
normal direction of the electrode for ACN molecules at different distance from the
electrode.

Figure 5.3b shows the distribution of the angle formed between the NC vectors of
ACN molecules and the normal direction of the electrode for ACN molecules at different
distances from the electrode. We observe that a majority of ACN molecules in the first
ACN layer (zone 1) orient with their molecular axis parallel to the electrode surface.

Since quantum processes such as bonding between ACN molecules and electrode atoms

are not taken into account in our classical MD simulations, such an orientation is adopted
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by the ACN molecules mainly to maximize their van der Waals interactions with the
electrode. This preferential orientation is similar to the side-on adsorption mode of ACN
molecules on an uncharged Pt surface, which are energetically more favorable than the
end-on adsorption modes with the CN group pointing towards or away from the Pt
surface.[105] Our results also complement the experimental findings inferred from the
sum frequency generation (SFG) measurements of ACN orientation on Pt(111)
surface.[106] In the experimental study, it was found that ACN molecules adopt an
orientation with the CN group directed towards or away from the surface when the
surface is positively or negatively charged, respectively. In comparison, ACN molecules
do not have such preferred orientations at PZC,[106] and our simulations indicate that
there is a preference for side-on orientations under this condition. Figure 5.3b also shows
that the orientational ordering of ACN molecules is already weak beyond the first ACN
layer. At a distance of 1.1 nm beyond the electrode, the ACN orientation approaches a
random distribution. The penetration of ACN orientational ordering into the bulk
electrolyte is ca. 0.3-0.6 nm shorter compared to that for ACN molecules near TiO,
anatase (101) surfaces.[107] The shallower penetration in our system originates mainly
from the weaker interactions between ACN molecules and the electrode atoms, which
induce weaker ACN orientational ordering in the first ACN layer and thus weaker

orientational ordering beyond the first ACN layer.
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Figure 5.4: (a) and (b) Concentration distributions of ACN, TEA" and BF, near a
neutral electrode. Circles are bare ion diameters of the TEA" and BF4 ions.

Figure 5.4b shows the concentration distribution of TEA" and BF, ions near a
neutral electrode, and the circles in the figure illustrate the size of bare TEA" and BF,~
ions (0.68 nm and 0.46 nm, respectively [83, 99-100]). For reference, the ACN
concentration profile is shown in Figure 5.4a. As indicated by the twin-peaks located at z
= 0.48 and 0.52 nm for the TEA" cation and the peak located at z = 0.46 nm for the BF,~
anions, a large amount of TEA™ and BF, ions are adsorbed on the electrode. Based on
the size of bare TEA" and BF4 ions (cf. the two circles in Figure 5.4) and the ACN
concentration profile shown in Figure 5.4a, there are no ACN molecules between ions

located in these peaks and the electrode, i.e., these ions are contact-adsorbed on the
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electrode. This suggests that, even at zero electrode charge density, some ions can be
adsorbed on the electrode and become partly desolvated. This phenomenon is similar to
the adsorption of I' and Cl ions onto a neutral electrode as observed in aqueous
solutions,[25] but the contact adsorption of TEA™ and BF4 ions is more noteworthy than
for those small ions. The significant contact adsorption of the organic ions is due to
several different factors.[86] First, the solvation free energies of these ions are not as high
as those of the small inorganic ions, and thus it is easier for the ions to lose part of their
solvation shell and become contact-adsorbed. Second, because of the large size of these
ions, they will not lose a large fraction of their solvation shell, even upon contact
adsorption. The TEA" and BF4 ions in the first peak near the electrode are found to lose
ca. 30% and ca. 40% of their solvation shell, respectively. Finally, because of the large
ion size and a large number of atoms in each ion, the non-electrostatic ion—electrode
interactions (essentially the van der Waals attractions) are strong, which facilitates the
adsorption of ions on the electrode.

Typical examples of the ubiquitous van der Waals forces are seen in nano-
confined systems, such as the encapsulation of organic molecules in carbon
nanotubes.[108-109] Figure 5.5 shows the potential energies of the TEA™ and BF4 ions
at different positions above a neutral electrode due to such interactions. The valleys of
these potential profiles are deep (-89.3 and —17.8 kJ/mol for the TEA" and BF, ions,
respectively). For TEA" cation, the valley of potential energy profile even becomes
comparable to the ion’s solvation free energy, which means that the energy cost for the

desolvation can be compensated by the non-electrostatic ion—electrode interaction. In
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most double layer theories, the non-electrostatic ion-electrode interactions are neglected.
However, the above results suggest that, for bulky ions, such interactions are major
driving forces for the partial desolvation of ions as they move toward electrode, and must
be considered in order to accurately predict the ion adsorption on the electrode. Figure
5.4b also shows that TEA" and BF, ions form alternating layers near the electrode,
which is not typically observed in agueous media but is prevalent in RTILs.[62, 104] The
alternating layers of cations and anions are caused by the strong correlation between
these ions, as is evident in Figure 5.2a. Figure 5.6 summarizes the arrangement of ACN

molecules, TEA", and BF, ions near a neutral electrode.
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Figure 5.5: Potential energy of the TEA" cation and BF4 anion at different position
above a neutral electrode due to non-electrostatic ion-electrode interactions.
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Figure 5.6: Schematic of the arrangement of ACN molecules, TEA", and BF4 ions near
a neutral electrode. The ellipses denote ACN molecules.

clectrode

We next study the charge separation and electrical potential distribution of the
above EDLs. The space charge density profiles were computed from an MD trajectory
and the electrical potential distribution was obtained by solving Poisson equation with the
space charge density as input.

Figure 5.7 shows the space charge density and the electrical potential distribution
near the neutral electrode. Although the alternating ion layers (see Figure 5.4b) suggest
that there may be significant charge separation near the electrode, a careful examination
of the space charge density near the electrode (see Figure 5.7a) shows that the space
charge density due to the TEA" and BF, ions largely cancels each other out in the
0.3—1.0 nm region. This is mainly due to the fact that, unlike simple ions such as Na* and
CIl', the net charge of complex organic ions is distributed among their multiple atoms
rather than localized at their center of mass. Further examination of the space charge

density profiles (see Figure 5.7a) indicates the local space charge density is dominated by
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the ACN molecules at most locations. The non-zero local space charge due to ACN
molecules is caused by their preferential orientation near the electrode. Overall, a small
potential difference of 168 mV develops between the electrode and the bulk electrolyte,

which represents the PZC of the electrode/electrolyte system studied here.
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Figure 5.7: (a) Space charge density of ACN molecules, TEA" cations and BF4 anions.
(b) Electrostatic potential distribution near a neutral electrode.

5.3.2 Structure of EDLs near Negative Electrodes

As the potential difference between the upper and lower electrodes increases, the

electrode surface charge density increases. Here we focus on the EDLs adjacent to the
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lower electrode at a potential difference of 0.9 V and 2.7 V, when the surface charge

density on the lower electrode is —0.04 C/m? and —0.105 C/m?, respectively.
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Figure 5.8: Concentration profiles of TEA™ cations and BF, anions near electrodes with
charge densities of —0.04 C/m? (panel a) and —0.105 C/m? (panel b).

Figure 5.8a and Figure 5.8b show the concentration profiles of the TEA™ cation
and BF, anions near the negative electrode at 6 = —0.04 and —0.105 C/m?, respectively.
We observe that, as o increases, more TEA" cations become contact-adsorbed, and the
first TEA" concentration peak moves slightly towards the electrode. The accumulation of
TEA" cations near the electrode is accompanied by the depletion of BF4 anions in the
same region: contact adsorption of BF, becomes minor at ¢ = —0.04 C/m? and vanishes

at 6 =—0.105 C/m?. However, a large number of BF, anions accumulate at a position of
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0.72 nm from the electrode, and this BF, peak is followed by a weak TEA" peak located
at z = 0.92 nm. The alternating counter-ion/co-ion peaks are again caused by the strong
association of BF;, and TEA" ions as shown in Figure 5.2a. The TEA" and BF4 ion
concentrations become the same only when z > 1.1 nm.

The ion distributions shown in Figure 5.8 cannot be adequately described by the
current classical EDL models. Even though the Helmholtz model predicts distinct
counter-ion concentration peaks near the electrode similar to those found here, the
Helmholtz model also indicates that the ion concentration becomes homogeneous beyond
the first counter-ion peak, which contradicts the alternating counter-ion/co-ion peaks
shown in Figure 5.8. In addition, the Helmholtz model specifies that the charge of the
counter-ions within the Helmholtz plane exactly balances the net charge of the electrode,
in sharp contrast to what we have found. To show this, we computed the “effective ion

accumulation” (EIA) factor

EIA(Z) = Lx I-y _[OZ [p:ounter—ion (S) _pgo—ion (S)]dS (52)

where z and s are the distance from the electrode, Ly and L, are the size of the simulation
box in the x- and y-directions, o3 i, @Nd oo 0, are the number density of the counter-
ion and the co-ion. EIA(z) indicates the difference between the number of counter-ions
and co-ions in the space within position z from the electrode. The Helmholtz model
predicts that EIA(z) reaches the number corresponding to the net charge (in unit of
elementary charge) on the electrode at the Helmholtz plane and shows no change at other

positions. The trend of EIA(z) is the same near electrodes with 6 = —0.04 and —0.105
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C/m?, and we show only EIA(z) near the electrode with ¢ = —0.105 C/m? in Figure 5.9a.
We observe that, at z = 0.49 nm (the right edge of the first TEA™ concentration peak, see
Figure 5.8b), EIA reaches 9.46, which is 1.64 times of the total number of electrons on
the electrode. Since the BF, anion concentration is zero for z < 0.5 nm, we conclude that
the number of TEA" cations adsorbed on the electrode exceeds the total number of
electrons on the electrode, in qualitative disagreement with the Helmholtz model. The
above EIA(z) profile indicates that the electrode may be over-screened at z = 0.49 nm, but
the delocalized nature of charge on the ions prevents a quantitative conclusion to be
drawn.

To better quantify the charge screening, we introduce a charge screening factor

Cf (Z) = J.OZ [pceo—ion (S) B pceounter—ion (S)]dS lo (53)

where o7 erion @Nd 05 0, are the space charge density of the counter-ion and the co-ion,

respectively. C«(z) = 1.0 corresponds to a complete screening of the electrode charge at
position z, and C¢(z) > 1.0 corresponds to an over-screening of the electrode charge. The
Helmholtz model predicts that C¢(z) reaches 1.0 at the Helmholtz plane and remains 1.0 at
positions beyond that. The more sophisticated Poisson—Boltzmann (PB) or
Stern/Helmholtz + PB models predict that C¢(z) reaches 1.0 at several Debye lengths from
the electrode but never exceeds 1.0. Figure 5.9b shows that the variation of C¢(z) near the
electrode with ¢ = —0.105 C/m?. Cs(z) is larger than 1.0 in the region 0.5 nm < z < 0.86

nm. This is not entirely surprising since strong correlation between the counter-ion and
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co-ions, which is not accounted for in the classical PB model, is known to cause over-

screening of the electrode (often termed “charge inversion”).[102]
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Figure 5.9: Variation of the effective ion accumulation (EIA) factor (panel a) and the
charge screening factor (Cs) (panel b) near an electrode with & = —0.105 C/m?’.

The dense packing of TEA" cations near the electrode can potentially lead to
changes in the solvation of the interfacial ions, i.e., some TEA" cations might lose more
of their solvation shell due to their small separation with other TEA" cations adsorbed on
the electrode. To determine to what extent the contact adsorbed TEA™ cations lose their
solvation shell in the direction parallel to the electrode, we compute the average distance
between the contact-adsorbed TEA™ cations by assuming that these ions are packed

hexagonally on the electrode. The average distance between these TEA™ cations were
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found to be 1.32 nm and 1.04 nm for ¢ = —0.04 and —0.105 C/m?, respectively. Since
these separations are smaller than the diameter of solvated TEA" cations (1.58 nm, see
Figure 5.2a), we conclude that, for the electrode charge densities studied, TEA™ cations
contact-adsorbed on the electrode shed part of their solvation shell. This is not only due
to the geometrical confinement by the electrode, but also due to the lateral confinement
by other TEA" cations. In particular, at 6 = —0.105 C/m?, there are few ACN molecules
between the TEA" cations adsorbed on the electrode.

The adsorption of counter-ions on the electrode also changes the structure of
interfacial solvents. Figure 5.10a shows the concentration profiles of ACN molecules
near the electrodes with 6 = 0, —0.04, and —0.105 C/m?. The first ACN peak decreases
significantly as the electrode charge density increases. This is caused by displacement of
ACN molecules by the bulky TEA" cations adsorbed on the electrode. Note that the sharp
ACN concentration peak at 6 = 0 and —0.04 C/m?” is broadened and has a much lower
peak when o increases to —0.105 C/m?. This is partly due to the large change in ACN
orientation. Figure 5.10b shows the orientation of the NC vector of ACN molecules
within 0.56 nm from the electrode with respect to the normal direction of the electrode, at
different electrode charge densities. We observe that, as o becomes more negative, the
ACN molecules orient their methyl group closer to the electrode than their nitrogen atom.
At o =—0.105 C/m?, ca. 50% of the ACN molecules in the first ACN layer are oriented
with their NC vector pointing at an angle equal to or larger than 1209with respect to the
normal direction of the electrode, consistent with that inferred from the SFG

measurements.[106] Compared to the situations at 6 = 0 or o = —0.04 C/m? such an
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orientation of the ACN molecules reduces the overall non-electrostatic attraction exerted
on the ACN molecules by the electrode, and leads to a less sharp but wider span of the
first ACN peak compared to those when ¢ = 0 and —0.04 C/m% The orientational
ordering of the NC vectors of ACN molecules becomes weak for z > 0.56 nm and thus

are not shown.
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Figure 5.10: (a) Concentration distribution of ACN molecules near electrodes with
various charge densities. (b) Orientation distribution of the NC vector (defined in the
caption of Figure 5.3) of ACN molecules within 0.56 nm of the electrode with respect to
the normal direction of electrodes.
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5.3.3 Structure of EDLSs near Positive Electrodes

Figures 5.11a and 5.11b show the concentration distribution of TEA" and BF,
ions near electrodes with 6 = +0.040 and +0.105 C/m?. The trends of the counter-ion and
co-ion distribution, such as significant contact adsorption of the counter-ion on the
electrode, alternating counter-ion/co-ion concentration peaks, and over-screening of the

electrode charge, are similar to those observed near the negative electrode.
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Figure 5.11: Concentration distribution of TEA" and BF, ions near electrodes with
charge densities of +0.04 C/m? (panel a) and +0.105 C/m? (panel b).

The primary difference between the EDL structures near the positive and negative
electrodes lies in the solvation of the counter-ions contact-adsorbed on the electrodes.

The average lateral spacing between the BF, anions adsorbed on electrodes with ¢ =
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+0.040 and +0.105 C/m? was found to be 1.43 nm and 0.98 nm, respectively. Since the
diameter of solvated BF, anion in bulk is 1.2 nm (cf. Figure 5.2a), we conclude that, the
solvation of contact adsorbed BF, anions is hardly perturbed by their neighbors near
electrodes with 6 = +0.040 C/m?, but becomes moderately perturbed when o = +0.105
C/m?. As expected,[106] the structure of ACN, near the electrodes becoming more

positively charged, changes as well as those of ions.
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Figure 5.12: (a) Concentration distribution of ACN molecules near electrodes with
various charge densities, (b) Orientation distribution of the NC vector of ACN molecules
within 0.56nm of the electrode with respect to the normal direction of electrodes.

Figure 5.12a shows the concentration profiles of ACN molecules near the
electrodes with o = 0, +0.04, and +0.105 C/m®. Near positive electrodes, the evolution of

the ACN concentration profile near the electrode as the magnitude of electrode charge
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density increases is similar to that observed near the negative electrode (cf. Figure 5.10).
Figure 5.12b shows the orientation of the NC vector of ACN molecules within 0.56 nm
from the positive charged electrode with respect to the normal direction of the electrode,
at different electrode charge densities. In contrast to the EDLSs near negative electrodes
(cf. Figure 5.10), when the electrode charge density becomes more positive, the NC
vectors of the interfacial ACN molecules become more aligned with the normal direction

of the electrode.
5.3.4 EDL Capacitance

Since the electrical potential in the central portion of the MD system is constant,
the potential drop across the EDLs near each of the electrodes, ¢.,, , can be computed
separately. Using Equation 5.1, we computed ¢, for EDLs near the positive and

negative electrodes as the potential differences between the two electrodes increases from

0 to 2.7 V (Figure 5.13a). To compute the capacitance Ceq Of the EDLS, we first fitted

the ¢, —o correlation to a fourth-order polynomial and then computed Ceq by Equation
3.1. In the literature, Ceqi is often computed by Ceqi = o/ ¢, , Which is a good

approximation to the exact definition given by Equation 3.1 only when Cgq >> PZC. In
the present study, 4., is less than 1.5 V and PZC = 0.168 V, hence it is necessary to use
Equation 3.1 to accurately compute Ceq. Figure 5.13b shows Ceq as a function of the
electrode charge density and the magnitude of the capacitance is similar to that found in
experiments, e.g., the capacitance of planar carbon electrode immersed in TEABF4/ACN

electrolyte extrapolated from capacitance of carbon mesoporous pores is 0.09 F/m2.[15]
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We observe that Ceq is relatively insensitive to the electrode charge density — Ceq
remains nearly a constant between ¢ = 0 to +0.105 C/m? and Ceq for EDLS near negative
electrodes decreases moderately (ca. 27%) as o increases from 0 to —0.105 C/m® The
weak dependence of Ceq IS consistent with the experimental observation in the
galvanostatic charge/discharge, where the slope of cell voltage versus time is nearly
independent of voltage window.[84] Near electrodes with |o| = 0.105 C/m?, Ceqis 27%
higher when the BF4 anions are the counter-ions compared to when TEA" cations are the
counter-ions. This is due to the smaller size of the BF, anions compared to that of the

TEA" cations, which allows them to approach closer to the electrode.
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Figure 5.13: (a) Relation between electrode charge density and potential drop across the
EDLs adjacent to the electrodes, (b) Capacitance C.q of the EDLs adjacent to the
electrodes with different surface charge densities.
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The good agreement between the capacitance predicted by MD simulations and
that inferred from experimental studies suggests that the key aspects of the EDLs are
captured. However, we note that many aspects of the EDLs have yet to be incorporated
with sufficient details. Most importantly, the electronic degrees of freedom of the
electrode have largely been neglected in the existing literature. In our simulations, the
electrode is modeled as an object of uniform potential and the electrostatic interactions
between the electrode and charges inside the system are treated classically. In addition,
the quantum nature of the electrode is only considered via the concept of electrode image
plane, positioned 0.08 nm away from the electrode. However, the effective location of the
image plane of an electrode is known to shift as its surface charge density changes.[110]
Therefore, the dependence of the capacitance on the electrode charge density should be
taken as semi-quantitative. A more accurate modeling of the EDLs and calculation of the
capacitance should take into account the coupling between the electronic degrees of
freedom of the electrode and the solvent/ion structure on the electrolyte side. Simulations
of this type have been attempted for EDLSs in aqueous electrolyte[111] but have not been

reported for EDLSs in organic electrolytes.

5.4 Dynamics of EDLs

5.4.1 Solvent Rotational Dynamics

The electrochemical decomposition of organic solvents is closely related to the

translational and rotational dynamics of the interfacial solvents. Here we first quantify the
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rotational dynamics of ACN molecules by computing the dipole autocorrelation function

dacr

where p; is the dipole moment of an ACN molecule i.
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Figure 5.14: Dipole autocorrelation function for ACN molecules at different locations
from the electrodes. (a): ACN molecules in region z < 0.56 nm; (b): ACN molecules in
region 0.56 nm <z <1.12 nm.

A faster decay of dacg(t) corresponds to a more free rotation of the molecule.

Figure 5.14a shows dacr(t) for the ACN molecules in the regions of z < 0.56 nm (i.e., the

first ACN layer). We observe that the rotation of the ACN molecules in the first ACN
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layer is significantly retarded compared to that in the bulk, even at zero electrode charge
density. As the electrode becomes electrified, the rotation of these ACN molecules, are
generally more hindered. For same magnitude of electrode charge density, the rotation
has an asymmetric dependence on the sign of the electrode charge. Interfacial ACN
molecules rotate more freely near electrodes with ¢ = +0.04 C/m® than that near
electrodes with 6 = —0.04 C/m® and the opposite trend is observed when [o| = 0.105
C/m?. To understand these observations, we note that compared to that of the ACN
molecules in bulk, the rotation of interfacial ACN molecules is retarded by several
additional mechanisms: (1) hindrance by the electrode, and (2) interference by the ions
adsorbed on the electrode. As the electrode becomes electrified, hindrance of ACN
rotation by the electrode and by the ions adsorbed on the electrodes increases
simultaneously since the ACN—electrode interactions become stronger and more counter-
ions are adsorbed on the electrode. Consequently the quasi-free rotation of ACN
molecules decreases. At |o| = 0.04 C/m? the average distance between the TEA* cations
adsorbed on the negative electrode (1.32 nm) is smaller than that between the BF,
anions adsorbed on the positive electrode (1.43 nm). This fact, along with the larger size
of the TEA" cations, indicates that the interfacial ACN molecules occupying the space
between TEA" cations adsorbed on negative electrodes are more confined in the lateral
direction. Hence their rotation is more difficult than that of the ACN molecules adjacent
to positive electrodes. At || = 0.105 C/m?, the geometrical confinement created by the
TEA" cations adsorbed on the negative electrode is still stronger compared to that of BF,

anions adsorbed on the positive electrode. However, since the ACN—BF, interactions are
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stronger than the ACN-TEA" interactions (see Figure 5.2), the rotation of ACN
molecules adjacent to the positive electrodes slows down slightly more than those
adjacent to the negative electrodes.

Figure 5.14b shows dacg(t) for the ACN molecules in region 0.56 nm <z < 1.12
nm. The decay of these dipole autocorrelation functions is similar to that in the bulk and
is not strongly affected by the electrification of the electrodes. This shows that the
influence of the electrode on the ACN rotation dynamics is limited primarily to the first
ACN layers adjacent to the electrode. This is consistent with the observation that ACN
structure (e.g., concentration and orientation) becomes nearly homogeneous beyond the

first ACN layer adjacent to the electrode.

5.4.2 Solvent and lon Diffusion

The self diffusion coefficients of TEA", BF; and ACN molecules in our MD
system were determined by integrating their velocity autocorrelation functions. We found
that the diffusion coefficients deviate from bulk values primarily in the region within 0.56
nm from the electrode. Therefore, only the diffusion coefficients in this region are shown
in Table 5.1. For the ACN molecules adjacent to the electrodes, we observed that their
diffusion coefficients show several features: (1) the diffusion is strongly anisotropic: near
the same electrode, the diffusion coefficients in directions parallel to the electrode (D)
are ca. 2.6-2.9 times larger than those in the direction normal to the electrode (D,), (2) Dy

near the electrodes is always smaller than that in the bulk and decreases moderately as the
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electrodes become electrified, (3) there is an asymmetry in the dependence of D; on the

sign of electrode charge.

Table 5.1: Self diffusion coefficients of molecules (in unit of 10~° m?/s) in the region of
0.56 nm from the electrode.

Gelectrode ACN TEA" BF,
(C/m?®) Dy D1 Dy Dy Dy DL
0 1.9240.18 0.6840.06 0.8740.13 0.1540.02 1.0040.13 0.17#0.03
-0.04 1.66#0.10 0.63#40.03 0.7940.11 0.13#40.02 NA NA
+0.04 1.9040.13 0.6520.07 NA? NA 0.8940.05 0.2340.04
—0.105 1.5340.04 0.5240.02 0.80#0.08 0.0940.03 NA NA
+0.105 1.2540.10 0.4640.07 NA NA 0.7420.09 0.1940.01
In bulk 2.3440.06 0.9640.02 0.8240.05

% NA indicates that D, and D, cannot be accurately computed due to the scarcity of
molecules in the region.

Similar asymmetry can also be observed for D,, but it is much weaker.
Observation 1 can be rationalized by the geometrical confinement imposed on the ACN
molecule by the electrode, and similar anisotropy has long been observed for other
interfacial fluids.[112] Observation 2 is related to the fact that as the electrodes become
electrified, they interact stronger with the ACN molecules and more counter-ions become
contact-adsorbed on the electrodes, both of which restrict the diffusion of ACN
molecules. Observation 3 has the same origin with the asymmetric dependence of
rotational motion on the sign of electrode charge as discussed in Section 5.2. Specifically,
at o] = 0.04 C/m?, the slower diffusion of ACN molecules near electrode with o = —0.04

C/m? is due to the weaker lateral confinement imposed by the TEA* cations adsorbed on
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the electrode. At |o| = 0.105 C/m?, the slower diffusion of ACN molecules near electrodes
with 6 = +0.105 C/m? is due to their stronger interactions with the BF,~ anions adsorbed
on the positive electrode. As these mechanisms primarily constrain the motion of ACN
molecules in the direction parallel to the electrode, the asymmetrical dependence of D,
on the sign of electrode charge is much weaker.

The diffusion of TEA" and BF, ions show similar features as those of the ACN
molecules, e.g., anisotropy and decrease of D, as the electrode charge density increases.
An interesting difference is that, D, of interfacial ions is only weakly affected by the
electrode. For TEA" cations, Dy near all electrodes is only slightly smaller than that in the
bulk, and their dependence on the electrode charge is negligible. For BF, anions, D, near
electrodes with 6 = 0 and +0.04 C/m? are even larger than that in the bulk. To understand
these phenomena, we note that TEA" and BF, ions form contact ion pairs in bulk
electrolytes, which significantly deteriorate their diffusion. When these ions are adsorbed
on the electrodes, the number of ion pairs that they participate in is reduced by the
electrode and thus, their diffusion is much less constrained. While the ion diffusion in
directions parallel to electrode is made more difficult by the electrode—ion interactions,
this effect is less important because of the atomically smooth electrodes used in this
study. Therefore, the lateral diffusion of ions near moderately charged electrodes is
comparable to, or faster than, that in the bulk. In addition to the above mechanism, the
diffusion of interfacial ions is also hindered by other interfacial ions. The diffusion
coefficient of interfacial ions is a result of the competition between these mechanisms.

The results collated in Table 5.1 show that, for larger TEA" cations or BF4 anions near
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highly charged electrodes, the latter mechanism dominates; for smaller BF, anions near

neutral or moderately charged electrode, the first mechanism dominates.

5.5 Conclusions

The solvation of TEA" and BF, ions in bulk ACN was studied using MD
simulations. The solvation of TEA" and BF, ions [113] were found to be much weaker
than those of typical small inorganic ions. The ACN molecules in the solvation shell of
both ions show impotent packing and orientational ordering, which are caused by the
large size, charge delocalization, and irregular shape (in the case of TEA" cation) of these
ions. TEA" and BF,4 ions form contact ion pairs in bulk ACN solution.

The structure and capacitance of the EDLSs at the interface of organic electrolytes
consisting of TEABF4#/ACN and model electrodes were also studied using MD
simulations. The results indicate that:

1. Near neutral electrodes, the double-layer structure in the organic electrolyte is
not a homogeneous mixture of ions and solvent as expected from classical continuum
theories, but exhibits a number of notable features: the solvent shows strong layering and
orientational ordering, ions are significantly contact-adsorbed on the electrode, and
alternating layers of cations/anions penetrate about 1.1 nm into the bulk electrolyte.
Although some of these features can also be observed in aqueous electrolytes, the
significant contact-adsorption of ions and the alternating layering of cation/anion are new

features found for EDLSs in organic electrolytes. These features essentially originate from
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the fact that van der Waals interactions between the organic ions and electrode are strong
and the partial desolvation of these ions occurs easily, both of which stems from the large
size of the organic ions.

2. Near charged electrodes, distinct counter-ion concentration peaks,
corresponding to the contact adsorption of counter-ions, are observed and the alternating
layering of counter-ion/co-ion remains. The ion distribution cannot be described by the
Helmholtz or Helmholtz + PB models, because the number of counter-ions adsorbed on
the electrode exceeds the electron charge on the electrode, and electrode is over-screened
in part of the EDL. At o= £0.105 C/m?, the counter-ions adsorbed on the electrode are
partly desolvated in directions parallel to the electrode. The orientation of ACN
molecules in the first ACN layer adjacent to the electrode is consistent with that expected
from simple electrostatic theories, and the orientational ordering of ACN molecules
becomes weak beyond the first ACN layer. The capacitance of the EDLs was determined
to vary from 0.065 F/m? to 0.092 F/m’ as the electrode charge density changes from
—0.105 C/m? to +0.105 C/m?, in good agreement with that inferred from experimental
measurements.

The rotation of interfacial ACN molecules is slowed down and this becomes more
significant as the electrode is electrified. Retardation of the rotation of interfacial ACN
molecules shows an asymmetric dependence on the sign of the electrode charge and was
understood as a result of different ACN—ion interactions near electrodes with different
signs of surface charge density. The diffusion of interfacial ACN, TEA", and BF,™ ions is

strongly anisotropic with the diffusion in directions parallel to the electrode (D;) much
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larger than that in the direction normal to the electrode (D). Dy of the interfacial ACN
generally decreases as the magnitude of the electrode charge density increases. Similar to
the rotation motion, the translational diffusion of interfacial ACN molecules also shows
asymmetrical dependence on the sign of electrode charge. D, of interfacial ions has much
less dependence on the magnitude of the electrode charge density. For BF, anions
adsorbed on the positive electrode, their diffusion coefficient is higher than that in the
bulk because their motion near the charged electrode is less constrained by their pairing
formed with TEA" cations. The rotation/diffusion of ACN and the diffusion of ions in the

region beyond the first ACN or ion layer differ only weakly from those in the bulk.
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CHAPTER 6

EDLS IN IONIC LIQUIDS NEAR PLANAR ELECTRODES

Chapter 5 reveals that the layering of cation/anion and the charge overscreening
are key features of EDLs in electrolytes containing polyatomic ions, which would be
rationally anticipated to occur in ILs since the cations and/or anions in ILs are also
polyatomic. Therefore, we studied the microstructure and capacitance of the EDLSs at the
interface of ILs and planar electrodes by modeling the electrode and ILs with full
chemical details using a classical MD method. The objective of this chapter is to explore
(1) what’s the role of the “ionic” nature and “liquid” nature of ILs in shaping EDLs near
planar electrodes, (2) to what extent the charge delocalization of ions could influence the
EDL structure, (3) whether the capacitance-potential (C—V) curves obtained in MD
simulation agree with those in the literature, (4) what’s the origin of the trend of C-V
curves, and (5) whether there is a direct connection between the microstructure and

macroscopic capacitance of an EDL.

6.1 MD Simulation Setup

We performed molecular dynamics simulations of [BMIM][NO3] liquids enclosed
between two oppositely charged channel walls to exploit EDLSs in ILs near the open solid
surface. Each wall was modeled as a slab of a-quartz oriented in the [100] direction. The
channel width was set as 6.63 nm (measured between the innermost layers of the

opposing channel walls) to produce a bulklike behavior in the channel center. Thirteen
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cases with surface charge densities (o) ranging from 0.00, #0.01 to #0.12 C/m? were
studied. To produce a given wall charge density, a small charge was added to the atoms
in the innermost wall layers. To evaluate the dependence of EDL observables on the IL
density in the channel center, we performed additional simulations for the channel system
with surface charge densities of #0.10 C/m? by reducing/increasing the number of IL
molecules in the system by 2.38%. The simulation results on the EDL structure and
electrical potential inside EDL were found to vary only marginally as the number of IL
molecules inside the system changed, thus indicating that the result obtained in this work
is insensitive to the precise value of the IL density at the channel center. To compute the
electrostatic interactions in the two-dimensionally periodic geometry adopted here, the

slab-PME method was used.

6.2 EDL Microstructure

Figure 6.1a and b shows the number density of [NOs]™ and [BMIM]" ions near
positively charged electrodes. The location of cations and anions are computed on the
basis of the geometrical center of the imidazolium ring and the entire anion, respectively.
Figure 6.1a indicates that as the surface charge density (o) increases, the [NOs] ion
density near the electrode increases dramatically, and the location of the first peak moves
toward the electrode. At ¢ = 0.09 C/m? a single [NOs]™ ion layer can be clearly
delineated in the region z = 0.15—0.41 nm, which seems to support the Helmholtz model

for the EDL. However, the MD results also point to several new features unavailable in
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the Helmholtz model. First, a distinct Helmholtz layer is difficult to delineate at relatively
low electrode charge densities; for example, o < 0.03 C/m?. Second, there is a significant
accumulation of [BMIM]" ions within the first counter-ion layer, particularly at low c. As
c increases, the [BMIM]" density peak becomes lower and moves away from the
electrode, but a significant [BMIM]" ion accumulation can still be observed in the region
of 2= 0.27 — 0.45 nm, even at 6 = 0.09 C/m? (see Figure 6.1b). Third, the thickness of the
EDL is much larger than that of the first counter-ion layer. This is seen clearly from the
space charge density profile near the electrode, as shown in Figure 6.1c, where charge
separation is observed at a position as far as z = 1.0 nm from the electrode. Finally, ILs
exhibit a rich structure at positions much beyond the first counter-ion layer. For example,
rather than being a constant, the density of the IL near a neutral electrode exhibits
significant oscillation at a position within 1.0 nm from the electrode. The IL structure is
also quantified by computing the order parameter of the ions P,(cosd) = <(3cos’d —
1)/2>, where @ is defined as the angle formed by the normal vector of the electrode and
the normal vector of the imidazolium ring of the [BMIM]" ion or the plane formed by the
three oxygen atoms of the [NOs] ion. Figure 6.1d and e shows the distribution of
P,(cos#) near the electrode for the [NOs]™ and [BMIM]" ions, respectively. We observe
that at a position very close to the electrode, both [BMIM]" and [NO3]  ions orient nearly
parallel to the electrode and become more random as they move away from the electrode.
However, the orientational ordering disappears only at a position about 1.1 nm from the

electrode.
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Figure 6.1: Number density of the [NO3]™ (panel a) and [BMIM]" (panel b) ions near
neutral and negatively charged electrodes. (c) Space charge density profiles near the
electrodes. (d, e) Orientational order parameter Py(cos#) of [NOsz] (panel d) and
[BMIM]" (panel ) ions near neutral and negatively charged electrodes.
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Figure 6.2: Number density of [BMIM]" (panel a) and [NOs] (panel b) ions near neutral
and negatively charged electrodes.

Figures 6.2a and 6.2b show the number density profiles of the [BMIM]" and
[NOs]™ ions near negatively charged electrodes. We observe that the [BMIM]" ions
exhibit a distinct peak at a position of 0.31 nm from the electrode, and the height of the
peak increases weakly as o becomes more negative. Unlike the [NO3] ions near
positively charged electrodes, the [BMIM]® layer near negative electrodes can be
delineated even at very low charge densities. We also observe that as 6 becomes more

negative, although the first density peak of the [NOs] ion moves away from the
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electrode, its magnitude increases notably. At 6 = —0.09 C/m?, the density of the [NO3]
ion at its first peak (z = 0.59 nm) is 2.4 times of that in the bulk. Such a phenomenon is
not only rarely observed in aqueous electrolytes and high-temperature molten salts but
also difficult to explain by the recent EDL models developed for ILs. The orientational
ordering of the [BMIM]" and [NO3] ions shows a feature similar to that near positively
charge electrodes and is not shown.

Although the above results are obtained for a specific type of IL, they can provide
useful insights into the generic picture of the EDLSs in ILs.

First of all, the liquid nature of ILs and short-range interactions play a key role in
shaping the EDL structure. The “ionic” nature of the ILs (i.e., IL molecules carry net
charges) is clearly important in determining the long-range electrostatic interactions and,
thus, the EDL structure. But we also note that, as far as the molecular structure at the IL-
electrode interface is concerned, ILs are also “liquids”, and the interfacial structure of the
ILs near electrodes (i.e., the structure of the EDLSs) should at least partly observe the
generic theory for the molecular structure at liquid—solid interfaces. Specifically, the
short-range (electrostatic or non-electrostatic) IL—IL and IL—electrode interactions (or,
equivalently, the short-range ion—ion and ion-electrode correlations) play an important
role in determining the structure of the ILs near the electrode.[29] We expect that the
effects of these interactions and correlations on the EDL structure to be particularly
significant at low surface charge densities and should remain important at high surface
charge densities. These expectations are confirmed by the results shown in Figure 6.1 and

Figure 6.2. First, as shown in Figures 6.1a and 6.1b, near neutral electrodes, ILs exhibit
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significant density oscillation that is a characteristic of the interfacial liquid structure,[29]
and such oscillation penetrates about 1.0 nm into the ILs. Since the electrode is
electrically neutral, such rich structure is induced mainly by the short-range interactions
and correlations. At o = +0.03 C/m? these density oscillations persist, and the shape of
the space charge density profile near the electrode remains similar to that near neutral
electrodes (see Figure 6.1c). This suggests that the EDL structure is still strongly affected
by the short-range IL-IL and IL—electrode interactions. Similar conclusions have also
been reached for the EDLs in high-temperature molten salts.[114-117] However, in high-
temperature molten salts, the density oscillation penetrates much deeper (about 2 nm)
into the bulk salts.[114-116] Such a difference is most likely caused by the fact that the
short-range correlation between the smaller ions in molten salts is much stronger as
compared to that between bulky ions in ILs, and thus, the structuring of liquids caused by
such short-range correlations extends deeper into the bulk liquids of molten salts. In
addition, as indicated by the high density peak at z = 0.31 nm (see Figure 6.1b), [BMIM]"
ions are adsorbed persistently on the electrodes, even when they are positively charged.
Such a phenomenon appears to be consistent with the experimental observation[118]
[119] and has also been observed in the MD simulation of [DMIM][CI] near structureless
electrodes[120]. Such adsorption, although unfavorable from a long-range electrostatic
interactions perspective, is favorable, considering the van der Waals interactions between
the cation and the electrode. In fact, for a cation ring oriented parallel to the electrode, the
non-electrostatic interaction energy between the ring and the electrode is —2.42 kgT (Kg is

the Boltzmann constant, and T = 360 K) at a ring—electrode separation of 0.31 nm, which
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can induce significant [BMIM]" adsorption on the electrode. Finally, as shown in Figure
6.2, the peak of the [NO3] density profile near negatively charged electrodes increases as
o becomes more negative. Such a phenomenon is caused by the strong interactions
between the [BMIM]" and [NOs] ions. Specifically, as the ¢ becomes more negative,
more [BMIM]" ions are adsorbed onto the electrode, and they bring more anions toward

the electrode.
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Figure 6.3: (a) Number density profiles of the [BMIM]" ions near the negatively charged
electrode with a surface charge density of —0.09 C/m?. (b) Mean electrical field near the
electrode. (c) The space charge density due to the presence of a [BMIM]" ion centered at
a position 0.34 nm away from the electrode (this position is indicated by a vertical dash
line in panel a).
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Second, the charge delocalization can play an important role in determining the
EDL structure. Unlike in simple electrolytes, the charge of the ions in ILs is distributed
among many atoms. Since the characteristic length of such delocalization is on the order
of 3-5 A, which is comparable to the thickness of the EDLs in ILs, the charge
delocalization can potentially have profound impact on the long-range electrostatic
interactions in EDLs. Specifically, the mean electrostatic force acting on an ion centered
at position r, which affects heavily the EDL structure, depends not only on the electrical
field at position r but also on the electrical field in the vicinity of r and the ion
orientation. To appreciate this, we consider the mean electrostatic force acting on a
[BMIM]" ion located at position 0.33 nm from an electrode with 6 = —0.09 C/m? (the
position of this ion is marked by the vertical dash line in Figure 6.3a). The total mean
force acting on the [BMIM]" ion located here can be computed by fios = —kgT dInp(z)/dz =
25.5kgT/nm, where kg is the Boltzmann constant and T is the temperature. Figure 6.3b
shows the mean electrical field near the electrode (the calculation of the mean electrical
potential and field will be discussed in the Section 6.3). On the basis of Figure 6.3b, a
naive calculation without considering the charge delocalization indicates that the mean
electrostatic force acting on the [BMIM]" ion centered at z = 0.33 nm is —207.7 kgT/nm,
which differs qualitatively from the total mean force computed above. Figure 6.3c shows
the distribution of the space charge density due to the [BMIM]" ion centered at z = 0.33
nm, and we observe that the charge of this ion is distributed in the broad region of
0.1-0.58 nm from the channel wall. Using the mean electrical field in Figure 6.3b and the

space charge density profile in Figure 6.3c, the mean electrostatic force acting on the
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[BMIM]" ion is found to be 19.6 kgT/nm, which is close to the total mean force
calculated above. Although a firm conclusion on the effects of charge delocalization on
EDL structure cannot yet be drawn without further detailed study, the above results do
suggest that charge delocalization can play an important role in affecting the mean
electrostatic force acting on the ions in ILs and, thus, the ion distribution in EDL.

These insights point to important directions for improving the theoretical models
for the EDLs in ILs. For example, it is important to account for the effects of short-range
IL-IL and IL—electrode interactions and charge delocalization on the ion distribution
inside the EDL, which are neglected in most EDL models. These insights also open up
new avenues for controlling the microstructure and macroscopic properties of the EDLs
in ILs. For example, since the short-range IL—electrode interactions depend strongly on
the surface chemistry of the electrode, it is possible to manipulate the structure and
properties of the EDL (e.g., capacitance) by tuning the surface functionalization of the

electrodes.

6.3 EDL Capacitance

For each case studied, the electrical potential distribution, ¢(z), inside the channel

is computed by solving Equation 3.4 based on the total space charge density shown in

Figure 6.1c. With the corresponding boundary conditions: (1) ¢(0) =0and (2) d¢ =0,

bulk

we obtain the solution of Equation 3.4 as
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#(2) == [  @-v)p,@)du-Z 2 (6.1)
& &

This formula is suitable for EDLs near planar electrodes carrying surface charge
density of o, i.e., no electrode curvature effects on EDLSs (e.g., the electrodes shown in

Figure 1.3a and c¢ and the EDL structures shown in Figure 6.1 and Figure 6.2).
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Figure 6.4: Distribution of the electrical potential across the channel (channel wall
charge density: #0.03 C/m?). Because the electrical potential in the central portion of the
channel is flat, the potential drop across the EDLs, ¢@., , near the upper and lower

channel walls can be evaluated from the electrical potential profile shown here.
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Figure 6.4 shows the electrical potential distribution when the surface charge
density on the two opposite channel walls is #0.03 C/m? Similar to that in high-
temperature molten salts, significant oscillation of the electrical potential is observed near
the electrified surface.[114, 116] Since the electrical potential in the central portion of the

channel is constant, the potential drop across the EDLS, ¢, , near each of the channel
walls was then identified as shown in Figure 6.4. Using this procedure, ¢, for EDLs

near channel walls with a surface charge density ranging from —0.12 to +0.12 C/m? was

obtained.
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Figure 6.5: (a) Correlation between the electrode charge density and the electrical
potential drop across the EDLSs at the interface of [BMIM][NOs] and planar electrodes. (b)
Correlation between the effective EDL capacitance, Cetf = o/ ¢, , and the electrical
potential drop across the EDL for systems studied in this paper. (c) Correlation between
the EDL differential capacitance, C =do/dg.,, , and the electrical potential drop across

the EDL.

95



Figure 6.5a shows the computed ¢, — o correlation. In the literature, the EDL

capacitance has been computed in two different ways. An effective EDL capacitance,

Cefr, can computed by using Cetr = o/ ¢, ,[114] and a differential EDL capacitance, C,
can be computed by using C=do/dd¢., . Here, we computed the EDL capacitance
using both approaches. When computing the differential capacitance, the ¢.,, — o

correlation was first fitted to a fourth-order polynomial, and the differential capacitance
was then obtained by analytically differentiating the polynomial. Figure 6.5b and ¢ shows
the dependence of the effective capacitance, Ces, and the differential capacitance, C, on
the potential drop across the EDL, respectively. The effective capacitance, Ces, Shown in
Figure 6.5b shows a trend similar to that reported for the EDL in high-temperature
molten salts; that is, Cer exhibits a discontinuity near the potential of zero charge (PZC)
and decreases as the potential increases from PZC and increases as the potential
decreases from the PZC.[114] We note that the negative capacitance near PZC is caused
by the definition of Ce¢+ and should not be confused with the negative differential
capacitance discussed in the literature.[121] Since the differential capacitance has more
detailed information on the charge storage capability of the EDL, we will focus on the
differential capacitance in the rest of our discussion. An examination of the
capacitance—potential (C—V) correlation shown in Figure 6.5¢ shows that (1) at positive
electrode polarization, the EDL capacitance increases sharply as the electrode potential
becomes more positive, and (2) at negative electrode polarization, the EDL capacitance
varies only weakly as the electrode potential becomes more negative. These trends agree

very well with those observed experimentally at the interface of [EMI][BF,] and mercury
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electrodes,[55] although they differ qualitatively from the bell-shaped and camel-like
C-V curves obtained at the interface of [BMIM][CI] and glassy carbon electrodes.[54]
Below, we explore the molecular origins of trends of the C—V correlation shown in
Figure 6.5c. To this end, we first establish the connection between the structure and the
capacitance of an EDL and then investigate the dependence of the differential capacitance

on positive and negative electrode polarizations.
6.3.1 Relation between EDL Structure and Capacitance

The differential capacitance is a macroscopic manifest of how the structure of the
EDL near an electrode responds to a change of the electrode potential or surface charge
density. To obtain a mathematical model for this, we consider the EDL near an open
planar electrode with a surface charge density of ¢ and take a deeper examination on the
potential distribution across the EDL based on Equation 6.1. As the boundary conditions
show that the potential on the electrode is set to zero, the potential drop across the EDL

should be

boow =40 ~9(L) = [ 2p, (D) 62)

Here, the potential drop is obtained always by subtracting the potential in the bulk
electrolyte from that on the electrode (one can image that, as the surface charge density
on the electrode becomes more positive, the potential in the bulk will become smaller,
i.e., the potential drop becomes larger, and vice versa). When the charge density of the

electrode changes by a small amount, Ac, there will be a corresponding change in the
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space charge density (thereafter denoted as Ap,(z)) inside the EDL. Because of the

linearity of Equations 3.4 and 6.2 with respect to the space charge density, the change in

the potential drop across EDL as the electrode surface charge density increases from ¢ to

6+ Ac (Adep ) IS

1 cL
A¢EDL = ¢EDL |o‘+Ao‘ _¢EDL |0: _g_jo ZApe(Z)dZ (6-3)
0

Since C = Ao/ Ay and Ao = [ ~Ap, (y)dy ,

C-= %o =% (6.4)

. 2(-0p.(2)dz! [ (-2p,(2))dz o

Equation 6.4 provides a connection between the differential capacitance of an
EDL and how its microstructure changes as the charge density on the electrode changes.
Interestingly, it shows that the differential capacitance of an EDL can always be casted
into a form similar to the capacitance of the EDLs observing the Helmholtz model.
However, there are distinct differences between this general model and the Helmholtz
model. Specifically, in the Helmholtz model, C = &/d, where ¢ is the permittivity inside
the EDL and d is the distance between the counter-ion layer and the electrode. In the
present model, which is more useful when the EDL is explicitly resolved at the atomistic
scale, the vacuum permittivity is used, and des; is an effective separation. Mathematically,
desr can be interpreted as the mean separation between points in EDL and the electrode

weighted by the variation of space charge density (—Ap,(z)) at these points when a
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small charge is added to the electrode. Therefore, in the present model, the capacitance is
not directly controlled by the separation between the counter-ion and the electrode, as in
the Helmholtz model, but is directly controlled by how the variation of space charge
density is distributed as a change in electrode charge density is introduced. For a given
Ac > 0, the Ap,(z) will be predominately negative in order to screen the increased
electrode charge. In principle, the EDL capacitance can only be determined by using the

distribution of Ap, (z) . However, typically, the capacitance will be higher if the increased

electrode charge Ac is screened at a shorter distance from the electrode by Ap,(z), since

the integral IOL—zApe(z)dz in Equation 6.4 tends to be smaller in such a case.

6.3.2 Capacitance at Positive Electrode Polarization

To understand the molecular mechanisms of the trends of the C—V correlation
shown in Figure 6.5c, we selected two representative points on the C—V curve (point 1,

with ¢, = 0.80 V and & = 0.09 C/m?, and point 2, with ¢, = 0.21 V and 6 = 0 C/m?)

and investigate why the capacitance at point 1 is higher than that at point 2. To this end,
we study the response of the EDL structure at these points as the electrode charge density
o increases. We will first show how and why the change of the ion number density is
different at these operating points when the same small Ao is introduced. We next show
how the different change in ion number density leads to different changes in space charge

density and, thus, different capacitance at these two operating points.
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Figure 6.6: Response of the EDL structure at operating points 1 and 2 (see Figure 6.5¢c)
as the electrode charge density increases by 0.01 C/m?.

Figures 6.6al and a2 shows the variation of [NO3] density (Ap, ) at operating

points 1 and 2 when o increases by 0.01 C/m?. Both figures show similar trend in Ap,:a
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distinct peak is observed next to the electrode, followed by alternating valleys and peaks;
that is, as the electrode charge density increases, a large number of [NO3] ions are added

to the region next to the electrode; meanwhile, some [NOs] ions are added/removed in

other regions. The appearance of alternating peaks and valleys beyond the first Ap, peak

is caused by the correlation between [NOs] ions. For example, the first Ap, valley

appears because as more [NO3z] ions accumulate in the first [NO3s] layer near the
electrode, their repulsive interactions with the [NO3] ions located at positions near the
first [NOg] layer tend to deplete [NO3z] ions at these positions. Such a depletion process
is observed clearly by comparing the [NO3] ion density in the region 0.30 nm < z < 0.55

nm at different electrode charge densities (see Figure 6.1a). A key difference between the
Ap, profiles at operating points 1 and 2 is that the first Ap, peak is closer to the

electrode at operating point 1. This is mainly due to the stronger [NOs] —electrode
interaction at operating point 1. The accumulation of [NO3] ions in the region next to the
electrode is favored by their electrostatic interactions with the electrode but is also
hindered by the “desolvation effects”; that is, as a [NO3] ion moves toward the electrode,
it becomes less “solvated” by the [BMIM]" ions due to geometrical confinement. We
note that the importance of such “desolvation effects” has long been recognized in the
study of high-temperature molten salts.[114] At point 1, where o is higher, the first factor
dominates, and thus, the added ions accumulate at nearly the closest approach to the
electrode. At point 2, where ¢ is small, the second factor becomes important. Thus, ions

accumulate at positions further away from the electrode. To further quantify how the
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[NOs] ions are added into the EDL, we integrate the Ap, profile from the electrode
toward the bulk IL. The results are shown in Figures 6.6c1 and c2. At operating point 1,
we observe that the [NO3] ion added to the first Ap, peak and valley (0.2 nm <z < 0.60
nm) is nearly 100% of the total amount of the [NO3] ion added into the EDL. However,
at operating point 2, the [NO3] ion added to the first Ap, peak and valley (0.2 nm <z <

0.61 nm) is close to zero; that is, effectively, no [NOs] ion is added into the region 0.2
nm < z < 0.61 nm. Such a difference is mainly caused by the desolvation effect, which
significantly hinders the accumulation of [NO3] ion within a distance of ~0.68 nm from
the electrode surface. Specifically, on the basis of the [BMIM]*—[NO;3] pair correlation
function, the solvated radius of [NO3] ion is ~0.68 nm.[122] Therefore, a [NO3] ion will

start to lose its “solvation” ions when it approaches the electrode surface closer than 0.68

nm. Figures 6.6b1 and b2 shows the variation of [BMIM]" density (Ap;) at points 1 and
2 when o increases by 0.01 C/m?. Both parts of the figure show a Ap,; valley near the
electrode, followed by alternating Ap, peaks and valleys. Integrations of the Ap.
profiles are shown in Figures 6.6c1 and c2. Comparison of the integration of Ap, and

Ap, profiles indicates that, for both operating points 1 and 2, the change in the number of

[NOs] ™ ions inside the EDL is more than 3.75 times larger than that of the [BMIM]" ion.
This suggests that the response of the EDL structure to a change in the electrode charge is

dominated by the [NOs] ions.
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Figures 6.6al, a2 and bl, b2 also shows the changes of space charge density
(Ap, and Ap;) associated with the change in [NO3]™ and [BMIM]" ion density when the
electrode charge increases by 0.01 C/m? at points 1 and 2. We observe that although the
overall trends of Ap, profiles are similar to that of the Ap, profiles, these profiles do not
match exactly. This is caused by the charge delocalization of the IL ions. Specifically,
Ap,at a position z depends on the Ap, in its vicinity and the orientation of IL ions. For
example, the positive Ape in 0.2 nm <z < 0.29 nm is mainly a result of the positive Ap,

in 0.17 nm < z < 0.25 nm and the fact that positively charged nitrogen atoms of the

[NOs] ions centered in this region are located in 0.2 nm < z < 0.29 nm.

Since the total variation of space charge density isAp, =Ap, +Ap, , using the

Ap, and Ap, obtained above and Equation 6.4, one can prove mathematically that the

EDL capacitance at point 1 is higher than that at point 2. However, to obtain a more
intuitive, albeit qualitative, understanding of how these different Ap, profiles lead to
different capacitance, we adopt a different approach here. As mentioned earlier, the EDL
capacitance is typically higher if the increased electrode charge, Ao, is screened at a

shorter distance from the electrode by Ap,(z) . To quantify this screening, we integrate
the Ap, profiles from the electrode surface toward the bulk ILs. The results are shown in

Figures 6.6d1 and d2. Figure 6.6d1 and d2 shows that the increased electrode charge (Ac
= 0.01 C/m? = 0.0625 e/nm?) is essentially screened at a position about 0.65 and 1.0 nm
from the electrode at point 1 and point 2, respectively, thus confirming that the

capacitance at point 1 is higher than that at point 2. To trace the molecular origins of the
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different screening of Ac (and, thus, the capacitance) at these points, we first note that the
screening of Ac is dominated by the addition of [NO3] ions into the EDL at both points 1
and 2. By correlating Figure 6.6 part d1 with parts c1 and al, we next note that the

effective screening of Ac at a small distance from the electrode at point 1 is mainly due to
the closeness of the first Ap, peak to the electrode and the fact that nearly all [NOs] ions

necessary to screen the increased surface charge are added to the region z < 0.60 nm. In

contrast, at point 2, the effective screening of Ac is achieved at a larger distance from the
electrode because the first Ap, peak is farther away from the electrode, and essentially,

no additional [NOs] ion is added to the region z < 0.61 nm as the electrode charge
density increases from 0.09 to 0.10 C/m?.

To summarize, the response of EDL structure at positive electrode polarization to
a change of electrode charge is dominated by the addition of [NO3] ions into the EDL.
The addition of [NO3] ions into the EDL is controlled by both electrode—ion interactions
and the desolvation effects. At high surface charge density (polarization), the
electrode—ion interactions dominate, and many [NOg] ions are introduced at their closest
approach to the electrode, and almost all [NO3] ions needed to screen the increased
surface charge are introduced within 0.60 nm from the electrode, thus leading to a high
capacitance. At low surface charge, the desolvation effects dominate, and the net number
of [NOs] ions added to the region z < 0.61 nm, in which [NOsz] ion experiences

desolvation, is nearly zero. As such, a low capacitance is observed.
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6.3.3 Capacitance at Negative Electrode Polarization

Here, we select two representative points on the C—V curve shown in Figure 6.5c,

point 3 with ¢, =—0.20 V and 6 = —0.03 C/m* and point 4 with ¢, =—1.24 V and ¢ =

—0.09 C/m®. We investigate why the capacitance at these points is similar by studying the

response of the EDL structure to a change in the electrode charge.
Figures 6.7al and a2 shows the variation of [BMIM]" density (Ap;") at operating

points 3 and 4 when o decreases by 0.01 C/m% Both parts of the figure show trends
similar to those observed for the [NO3] ion in Figures 6.6al and a2. Figures 6.7b1 and
b2 shows the variation of [NO3] density at operating points 3 and 4 under the same
conditions. Both parts show a significant valley (i.e., removal of ions) in the region 0.2
nm < z <0.5 nm because of the increased electrostatic repulsion by the electrode. This is
followed by a peak (0.50 nm < z <0.7 nm), which is caused by the increase of [BMIM]"
ion near the electrode and the strong [BMIM]*—[NOs] ™ correlations. This peak induces
another valley in the region (0.70 nm < z <I.1 nm) due to the correlations between
[NOs] ions. To quantify how many ions are added to (or removed from) the EDL as the

electrode charge decreases by Ac, we again integrate the Ap, profiles from the electrode

toward the bulk IL; the results are shown in Figures 6.7c1 and c2. We observe that, at
both operating points, (1) the total number of [NO3z] ions removed from the EDL is

much larger than the number of [BMIM]" ions added into the EDL, and (2) the total
number of [NO3] ions removed in the first Ap, peak and valley is only a small fraction

of the total number of [NOs] ions removed from the EDL. Observation 1 suggests that
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the response of EDL structure to a change in electrode charge is dominated by the [NOs]
ions, even at negative electrode polarization, which is different from the situations in
aqueous electrolytes, in which the response of the EDL structure to a change in the
electrode charge is typically dominated by the counter-ions. This phenomenon is caused
by (1) unlike the EDLs in aqueous electrolyte, in which the co-ion density is low, there
are a large number of co-ions inside the EDLs in ILs available for removal, and (2) a
large number of [BMIM]" ions pack closely near the electrode at zero charge (see Figure
6.7al). Therefore, as the electrode becomes more negatively charged, it is much more
difficult to insert a bulky [BMIM]" ion into the densely packed EDL than removing a
smaller [NO3] ion. Observation 2 is mainly caused by the strong correlations between
[NOs]™ and [BMIM]" ions. Specifically, the removal of [NO3] ions from the region z <
0.7 nm is hindered by the attractive forces exerted on these ions by the large number of
[BMIM]" ions accumulated near the electrode. Such attractive forces do not depend
strongly on the electrode charge density since the [BMIM]" ion accumulation near the

electrode varies weakly with the electrode charge (see Figure 6.2a).

106



6 =-0.03 — -0.04 C/m?2

6=-0.09 - -0.1 Cim?

(#nm%)
(elnma)

+
n
+
e

Ap
Ap,

0.5

n
Ap. (e/nm3)
[=]

Ap: (#nm?)
-]

o
n

2
J'(Z]Apndz (#nm%)

0 0.5 1 15 2 0 0.5 1 1.5 2
& 0.1} (d2)
e 0.08
TR USROS NASRNY -~ NGO NN SRNURINY A W ST NN . N N
-’;o 0.06f..AL XL .. Nfo NN R
<
+’;o 0.04
)
no 0.02
0 . - . 0 . - .
0 0.5 1 1.5 2 0 0.5 1 1.5 2
distance from the electrode (nm) distance from the electrode (nm)

Figure 6.7: Response of the EDL structure at operating points 3 and 4 (see Figure 6.5¢)
as the electrode charge density decreases by 0.01 C/m?,

Figures 6.7al, a2 and bl, b2 also shows the changes of space charge density
(Ap;and Ap;, ) associated with the change in [BMIM]" and [NOs]  ion density when the

electrode charge decreases by 0.01 C/m? at points 3 and 4. Integration of these profiles
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from the electrode surface toward the bulk ILs provides information on how the increased

negative charge (Ac) is screened by the variation of the space charge density
(Ap, =Ap, +Ap,) inside the EDL. The results are shown in Figures 6.7d1 and d2. We

observe that the Ac is effectively screened at a position ~1.05 nm from the electrode at
both operating points, which suggests that the capacitance at these two operating points is
similar. By correlating Figure 6.7, parts d1, d2 with parts b1, b2 and al, a2, we note that
the effective screening of Ac at such a relatively large distance from the electrode
originates from the fact that very few [NOs3] ions are removed from the region z<0.7 nm
due to the strong attractive force exerted on these ions by the [BMIM]" ions adsorbed on
the electrode.

To summarize, the response of the EDL structure at negative electrode
polarization to a decrease in the electrode charge is dominated by the removal of [NO3]
ions from the EDL. Because the removal of [NO3z] ions from the region near the
electrode is hindered by their attractive interactions with the large number of [BMIM]*
ions accumulated near the electrode, [NO3z] ions are mainly removed from the region
away from the electrode. Consequently, the capacitance is small. Since the
aforementioned attractive interactions depend weakly on the electrode charge, the

capacitance is insensitive to the electrode charge density.

6.3.4 Discussion

Although the differential capacitance of an EDL is one of its most important

macroscopic properties, its current understanding is limited. The above results provide
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new insights into this problem and point out possible directions to improve the current
EDL models. First of all, the EDL capacitance in ILs does not depend simply on the
closest approach between the counter-ion and electrode, as often assumed in the
literature. For example, the closest approach between the [NO3] ion and the electrode
reduces by 17% as the electrode potential increases from 0.21 to 0.80 V, but the
capacitance increases by 140%. In addition, the results near a negatively polarized
electrode suggest that the co-ion also plays a critical role in determining the EDL
capacitance. Second, the cation—anion correlations and the significant adsorption of
cations on the electrode at zero electrode charge can strongly affect the EDL capacitance.
It will be worthwhile to systematically study these effects and incorporate them into
theoretical EDL models. An exciting possibility with these effects is that they may
explain the very diverse trends of C—V curves observed experimentally. For example,
since the adsorption of ions on electrodes (and thus, the capacitance) depends strongly on
their surface chemistry and the surface chemistry of electrodes made of even the same
materials can differ significantly due to different fabrication details, it is possible that the
diverse C—V correlations observed by different research groups originate from the
different surface chemistries of the electrodes used by them.

Another important property of the EDL is the potential of zero charge of the
electrode. On the basis of the data shown in Figures 6.5a and c, it was determined that the
PZC of the present electrode is 0.21 V, whereas the potential at which the EDL
capacitance reaches minimum is —0.5 V. This differs from the typical expectation that the

PZC coincides with the minimum of the C—V curve. However, since not all physical
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processes (e.g., the specific adsorption of ions on the electrodes) are accounted for in the
present simulations, further studies are needed to clarify the relation between the PZC

and the minimum of C—V curves in ILs.

6.4 Conclusions

The structure and capacitance of the EDLs at the interface of an IL [BMIM][NOs]
and planar electrodes were studied at various electrode surface charge densities by using
classical MD simulations. The complex shape of the ions and their delocalized charge
distribution are modeled explicitly, and the non-electrostatic interactions between ions
and the electrodes are also accounted for.

The study of EDL structure near electrodes with different surface charge densities
indicates that a Helmholtz-like interfacial counter-ion layer exists when the electrode
charge density is negative or strongly positive but becomes not well-defined when the
electrode charge density is weakly positive. However, regardless of the presence of a
distinct Helmholtz layer, the charge separation (i.e., nonzero space charge locally) and
orientational ordering of the ions persist to a depth up to 1.1 nm into the bulk ILs. These
results support the composite EDL structure proposed in the literature.[50-51] Further
analysis of these results suggests that structure of the EDL is affected strongly by the
liquid nature of the IL and the short-range ion-electrode and ion—ion interactions,

especially at low electrode charge densities. In addition, the charge delocalization is
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found to affect the mean force experienced by the bulky ions near the electrode and, thus,
can play an important role in shaping the EDL structure.

For the specific system studied here, the EDL capacitance is nearly constant under
negative electrode polarization but increases dramatically with the electrode potential
under positive electrode polarization. The capacitance is interpreted as a response of the
EDL structure to a change in the electrode charge. It is found that the [NO3] ion
dominates the response of EDL structure to the change in the electrode charge under both
positive and negative electrode polarization. Detailed analysis shows that the
cation—anion correlations and the strong adsorption of [BMIM]" ions on the electrode are

responsible for the capacitance—potential correlation observed here.
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CHAPTER 7
EFFECTS OF ION SIZE AND ELECTRODE CURVATURE ON EDLS

IN IONIC LIQUIDS

As Chapter 6 shows, the nature of cations/anions ultimately plays a key role in
determining the physicochemical properties of ILs and consequentially affects the
structure and capacitance of EDLs in ILs near the planar electrodes. However, some
questions are still not answered clearly. For instance, how would the ion size influence
EDLs in ILs? What’s the difference between the EDLs near planar electrodes and those
on cylindrical surfaces? In addition, Figure 6.6d and Figure 6.7d both reveal that the
electrode surface charge is overscreened by the charge inside the EDLs rather than
compensated equivalently as the classical EDLs predicted. To deeper understand the
fundamentals of the structure and capacitance of EDLs in ILs, we use classical MD to
model ILs near planar/cylindrical electrodes with chemical details to gain the insights on

the importance of ion size and electrode curvature on the EDLs in ILs.

7.1 Simulation System and Methods

We performed MD simulations of ILs in contact exohedrally[15] with planar and
cylindrical electrodes modeled by graphene sheets and carbon nanotubes (CNTS),
respectively. In the planar electrode simulations, ILs are enclosed between two planar
electrodes (see Figure 7.1a), and the gap between two electrodes was set to 6.0 nm to

produce a bulk-like behavior in the channel center. The size of the simulation box was

112



5.94 nm in both x- and y-directions. The coordinate system is defined such that z = 0
corresponds to the geometrical plane of the lower electrode. In the cylindrical electrode
simulations, a (5,5) CNT with a diameter of 0.67 nm was placed at the center of a box of
ILs (see Figure 7.1b). The length of CNT is 6.1 nm, pointing along z, and the size of
simulation box along x- and y-directions was set to 6.0 nm, which is large enough to
obtain a bulk-like behavior at positions far from the CNT. Three different surface charge
densities (0, 0.112, and -0.112 C/m?) were studied by assigning a net partial charge to the
atoms of the electrode. [BMIM][CI] and [BMIM][PFs] were chosen as ILs due to their
different anion size (the diameter of the CI~ and PFs ions are 3.62 A and 5.10 A
respectively[123]). The force field for the electrode atoms (carbon) was taken from Ref.
[71]. The force fields for the BMIM" and PFs ions were taken from Ref. [122], and the
force field for the CI ions was taken from Ref. [124]. Periodic boundary conditions were
applied in x- and y-directions for simulations with planar electrodes, and in all three
dimensions for simulations with CNT electrodes.

For each MD simulation, the number of ions in the system was tuned such that the
ion concentration of the bulk-like region in the simulation with electrodes matched that of
the pure bulk ILs. The PME method was used to compute the electrostatic interactions.
Specifically, an FFT grid spacing of 0.12 nm and cubic interpolation for charge
distribution were used to compute the electrostatic interactions in reciprocal space. A
cutoff distance of 1.0 nm was used in the calculation of electrostatic interactions in the
real space. The non-electrostatic interactions were computed by direct summation with a

cutoff length of 1.0 nm. The LINCS algorithm[98] was used to maintain the bond length
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and bond angles of the BMIM" and PF¢ ions. In each simulation, we first heated the
system to 1000 K, and then annealed to 365.15 K in 3 ns. The system was then allowed to
equilibrate for another 6 ns to obtain an equilibrium state. Finally, a 50 ns production run
was performed. To ensure statistical accuracy, each simulation case was repeated five

times with different initial configurations.

(al (b)

6.0 nm
6.1 nm

1 ; : L=6.0nm

L =594 nm
Figure 7.1: Snapshots of simulation system with graphene sheets (panel a) and CNT

(panel b) as electrodes. The blue, green, and yellow spheres represent BMIM™ ions, PFg
ions, and electrode atoms.

The microstructure of the EDL, e.g. ion number density and space charge density
profiles, was obtained using the binning method. The capacitance of the EDL was
computed by Equation 3.1 with attaining the potential distribution across the EDL. With
space charge density obtained from simulations, the potential distribution near the planar
electrode was calculated by Equation 6.1. Similarly, in the cylindrical electrode

simulations, the space charge density, p,(r), in the radial direction can also be obtained

from MD simulations. The boundary conditions for Equation 3.4 are considered as: (1)
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the potential on the electrode surface was set as zero, i.e., ¢(0)=0; (2) the derivative of

potential is zero in bulk electrolytes far from the cylindrical electrodes when the EDL

forms near the exohedral cylindrical surface (cf. Figure 7.1b or Figure 1.3e), i.e.,

dg

r =0. Then, the potential distribution can be calculated by solving Equation 3.4 as
r bulk

¢(r)=—iUrUpe(u)ln£du+Raln£} (7.1)
& LR u R

where R is the radius of exohedral cylindrical electrode surface. If the EDL formed inside

a cylindrical pore with its inner surface having a radius of R (e.g., pores in Figure 1.3b

dg

and d), the second boundary condition will be E:Oat the pore axis, and then the

potential distribution between the inner surface and the pore axis along radial direction

can be computed by

#(r) == up, I au (7.2)
& R u

Using Equations 6.1 and 7.1, in this work, the PZCs of the planar and cylindrical
electrodes in contact with [BMIM][CI] were found to be 414 mV and 458 mV,
respectively. The former PZC value is very close to the value of 420 mV reported in a
recent experimental study.[54] The PZCs of the planar and cylindrical electrodes in
contact with [BMIM][PF¢] are both nearly zero, and the PZC at planar electrode is

consistent with that reported for graphite surface in a recent MD simulation study.[125]
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7.2 lon Distribution at EDLs

For the distribution of BMIM®, CI, and PF¢ ions and the orientation of BMIM*
ions near neutral and electrified electrodes, we found trends similar to those reported
earlier, regardless of the electrode curvature. For example, (1) BMIM® ions adsorb
significantly on neutral and negatively charged electrodes.[62, 125-126] The first peak of
their concentration profile is systematically located ~0.35 nm from the electrode surface.
From the DFT calculations, a BMIM™-surface distance of 3.44 A was determined for a
(9,0) CNT and 3.40 A inside a defect-free graphene slit,[127] in remarkable agreement
with MD results. This agreement provides evidence that the image charge model and
potentials used in the classical MD simulations adequately capture the interactions at the
interface. (2) MD simulations indicate that the cations and anions form alternating layers
due to the strong cation-anion correlations, and the layering penetrates about 1—1.5 nm
into the IL bulk.[29, 62] The strong ion-ion correlations also manifest from the co-
adsorption of cations and anions on the electrode surface. We note that the co-adsorption
of a cation and an anion onto a neutral CNT leads to a packing where the PFg" anion
associates to the C2 position of the BMIM" cation. This leads to a “staggered-pair”
packing at the nanotube surface that repeats both around the circumference and along the
nanotube axis to give complete coverage, which agrees with the existence of the
hydrogen bonding between anions and C2 atom of the imidazolium ring.[128-129] (3)
The imidazolium ring of BMIM" ion becomes more parallel to the electrode, as the

electrode charge density (c) becomes more negative, and tends to be more vertical to the
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electrode, as o becomes more positive.[57, 126] With confirming above relatively
generally characteristics of EDLs in ILs, below we focus on how the anion size and

electrode curvature affect the EDL structure and capacitance.
7.2.1 lon Size Effects

In Figure 7.2 we compare the density distribution ( p,) of ions in [BMIM][CI]

and [BMIM][PFg] near neutral planar electrodes. We observe the following trends: (1)
Comparing the CI” and PFg ion density profiles adjacent to the first peak of the BMIM”*
ion profile, Cl" ions spread in a wider region, but with a lower peak, and the CI ion
density peak is closer to the electrode than that of the PF¢ ions. (2) The second peak of
BMIM" ion profile is closer to the electrode, when the anion is CI™. These observations
are closely related to the smaller size of Cl" ions compared to PFs ions. To understand
observation 1, we note that the CI™ ions adsorbed on the electrode (signified by the first
peak of CI" ion profile) can approach the electrode closer than the PFs ions due to their
smaller size. However, the adsorption of PFg ions is much stronger because the van der
Waals force between the electrode atoms and ions, a key driving force for ion adsorption,
is stronger for the polyatomic PFg ion than for the monoatomic CI ion. The densely
packed PFg¢ ions adsorbed on the electrode prevent more PFg ions approaching them. It
follows that we observe a near depletion of PFg ions in region 0.54 to 0.68 nm from the
electrode, and such a phenomenon doesn’t occur for the loosely packed CI" ions adsorbed

on the electrode. Observation 2 is caused by the different size of the anions, i.e., the
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densely packed PFs ions in the first layer adjacent to the electrode prevent the second

BMIM" layer from approaching too closely to the electrode.

(b) A —BMIM*

0 05 1 1.5 2 25
distance from the electrode (nm)

Figure 7.2: lon number density profile in [BMIM][CI] (panel a) and [BMIM][PFs] (panel
b) near neutral planar electrodes. The position of the cation and the anion are represented
by the geometrical center of the imidazolium ring and the entire anion, respectively.

Figures 7.3a and 7.3b show the density distribution of ions near planar electrodes
with 6 = 0.112 C/m?. A distinct BMIM* ion layer, located at z = 0.35 nm, follows closely
the first CI™ layer (see Figure 7.3a). However, such a BMIM" ion layer is not observed
near the first PR layer in [BMIM][PFg] (see Figure 7.3b). The smaller size of CI ions is
responsible for this difference. Specifically, although the adsorption of BMIM™ ions is
reduced by the electrostatic repulsion from the electrode, it is facilitated by the strong

attraction between the anions and BMIM™ ions. Such attraction is stronger for the smaller
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Cl" ions. In addition, because of their smaller size, ClI" ions leave more space near the

positive electrodes for the BMIM™ ions.
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Figure 7.3: lon number density profile in [BMIM][CI] (panels a and c) and [BMIM][PF]
(panels b and d) near positive and negative planar electrodes.

Figures 7.3c and 7.3d show the number density distribution of ions near planar
electrodes with ¢ = -0.112 C/m? We observe that (1) the density profile of BMIM® ions
shows two peaks (a doublet) at z = 0.35 nm and z = 0.45 nm from the planar electrodes in
both Figures 7.3c and 7.3d, and (2) when CI ion is the anion, the two peaks have similar
height. However, when PF¢ ion is the anion, the second peak becomes much lower than

the first peak. To understand observation 1, we analyzed the molecular structure for the
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systems of Figures 7.3c and 7.3d and found that the BMIM" ions in both peaks are

contact-adsorbed on the electrode.
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Figure 7.4: Distribution of the angle 6 formed between the normal of imidazolium ring

in the twin-peaks of BMIM™ ion gsee Figures 7.3c and 7.3d) and the normal direction of
the electrode with 6 =—0.112C/m".

As shown in Figure 7.4, the imidazolium rings of BMIM" ions in the first peak
are almost parallel to the electrode, while those of BMIM™ ions in the second peak
become more random. The formation of the doublet, or equivalently the different
orientation of contact-adsorbed BMIM" ions, mainly arises from the incommensurate
shape of the “flat” BMIM" ions and spherical CI/PFs ions. Specifically, the nearly

spherical anions accumulated near the first BMIM" peak can’t be packed effectively with
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the BMIM™ ions adsorbed on the electrode if all BMIM™ ions lie parallel to the electrode.
The second observation follows from the fact that more CI ions accumulate in the region
(0.44nm < z < 0.89 nm) very close to the negatively charged electrode, which forces
more contact-adsorbed BMIM" ions to orient less parallel to the electrode to achieve a
better packing with the CI ions. The larger accumulation of CI" ions in this region is
caused by its stronger attraction to the BMIM™ ions than the larger PFg~ ions.

The above results indicate that the size of anions affects the distribution of cations
near both negatively and positively charged electrodes. At the most fundamental level,
these effects originate from the different attractions between cations and anions with
different size, which plays a key role in determining the ion distribution in EDLSs inside

ILs.
7.2.2 Curvature Effects

Figures 7.5a to 7.5d show the ionic density profiles in [BMIM][CI] and
[BMIM][PFs] near CNT electrodes with o =+0.112 C/m?, i.e., the same as for the planar
electrodes used in Figures 7.3a to 7.3d. At o = 0.112 C/m?, the peaks of the anion
concentration profiles (CI™ ion in Figure 7.5a and PFg ion in Figure 7.5b) are much lower
than those shown in Figures 7.3a and 7.3b. In addition, the cation layer near the first peak
of anion layer becomes higher (this is especially obvious in Figure 7.5b). Near the
negative CNT electrodes, the doublet-peaks of BMIM™ ions are replaced by a single
peak, and the height of the first anion peak (CI ion in Figure 7.5¢ and PF¢ ion in Figure

7.5d) is not substantially changed. The reduced first counter-ion peak and enhanced first
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co-ion peak are both caused by the reduced electrical field near exohedral cylindrical
electrodes, compared with those near planar electrode with the same o. Specifically,
Gauss’ law predicts that at the same distance from the electrode with the same o, the
electric field is weaker near cylindrical electrodes than near planar electrodes. This leads
to reduced driving force for the counter-ion adsorption and co-ion desorption on the

electrode, which in turn leads to the above observations.
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Figure 7.5: lon number density profile in [BMIM][CI] (panels a, ¢) and [BMIM][PF]
(panels b, d) near positive (panels a, b) and negative (panels c, d) CNT electrodes.
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7.3 lon Size and Curvature Effects on EDL Capacitance

7.3.1 Results of EDL Capacitance

Figure 7.6 shows the capacitances of EDLs with different counter-ion/co-ion near
planar/cylindrical electrodes with surface charge densities of ¢ = +0.112 C/m?. We note
that the capacitance of EDLs in [BMIM][PFs] is similar to that reported in Ref. [126]. We
observe that near planar electrodes, the EDL capacitance as a function of the counter-ion
type follows the order CI" > PFg =~ BMIM" (PFs as co-ion) = BMIM" (CI™ as co-ion).
Such an order is consistent with the expectation based on the classical Helmholtz model,

i.e., EDL capacitance decreases as the counter-ion size increases.
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Figure 7.6: The capacitance of EDLs near planar and CNT electrodes with ¢ = +0.112
C/m? in contact with different ILs.
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Figure 7.6 also shows that for EDLs with the same counter-ion and co-ion, the
capacitance increases by 30% — 44% as the electrode shape changes from planar to
cylindrical. This enhancement of capacitance due to the electrode curvature is consistent
with the prediction by the exohedral electrical double-cylinder capacitor (XEDCC)
model,[130] i.e., for the same EDL thickness, the capacitance increases with increased
electrode curvature. The above results demonstrate that the dependence of EDL
capacitance on the ion size and electrode geometry is in qualitative agreement with
available theories. However, to use these models to guide the optimization of EDL
capacitance by exploiting ion specificity and electrode curvature effects, the accuracy of
these models must be examined quantitatively. Below, we use the data from Figure 7.6 to

examine the Helmholtz and xEDCC models.

7.3.2 Quantitative Examination of Helmholtz and XEDCC Models

Based on the Helmholtz model, the capacitance of an EDL near a planar

electrode, C_ , is given by

C, == (7.3)

where ¢ _and d_ are the permittivity and thickness of the Helmholtz layer. Based on the

XEDCC model, the capacitance of an exohedral EDL near an cylindrical electrode, C, is

given by[131]

Co=——— (7.4)
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where, & is the permittivity in the EDL, d. is the separation between the counter-ion layer
and the electrode surface, and R is the radius of the exohedral surface of the cylindrical
electrode.

In principle, the accuracy of Equations 7.3 and 7.4 can be studied by comparing

their prediction of C_and C. with simulation data. In practice, such comparison is not
straightforward. Specifically, althoughd_and d. can be measured in MD simulations or
experiments, ¢, and & are difficult to obtain. In fact, the permittivity in EDLs at the

interface of IL/electrode in the direction normal to the electrode is extremely difficult to
compute.[132] At present, only the static dielectric constant in bulk ILs can be measured
with accuracy,[131, 133] and experimental measurement of the dielectric constant of
interfacial ILs has not been reported yet. Hence, it’s unclear whether the dielectric
constant in the EDL is the same as that in the bulk ILs. However, it is well-known that,
for the EDLs in aqueous electrolytes, the dielectric constant in the Helmholtz layer can be
5 to 10 times smaller than that in bulk electrolytes.[82, 134-136] The direct evaluation of
Equations 7.3 and 7.4 is difficult since it requires a precise permittivity value in the EDL.
To avoid this difficulty, we test these models by examining the enhancement of EDL
capacitance (7 ) due to the increased electrode curvature, i.e., we compute 7 as
&, d

—c/c =% %
T e Rin(L+d, /R) (7.5)

Here we assume that & ~¢_, i.e., the dielectric permittivity is the same for ILs near

electrodes with different curvature but the same surface charge density. Although this
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assumption is not ideal, it’s far less restrictive than other assumptions such as assuming &

~ gyuik- With this proviso, we obtain

n=C,/C,=d,/RIn(l+d,/R) (7.6)

Testing the accuracy of Equation 7.6 requires the thickness of the EDL, i.e.,
d_and dc, as input parameters. However, d_and d. can be identified without ambiguity
only when three conditions are met simultaneously, i.e., (a) the electrode charge is
screened exactly by a single layer of counter-ions, (b) the electric charge of each counter-
ion is centralized on a single atom, and (c) there is no charge separation in the electrolyte
near neutral electrodes. However, the ion concentration profiles (see Figures 7.2, 7.3, and
7.5) and the delocalized nature of ion’s charge in ILs indicate that none of these
conditions is rigorously satisfied for the EDLs in ILs. Consequently, there are several
possible choices when evaluating EDL thickness from MD data. Specifically, if the

number density profiles of counter-ions and net charge density profiles near electrodes

with a surface charge density of o, i.e., p; uer_ion @Nd o7 , are given, then the EDL
thickness near a charged electrode may be obtained from the following three choices:
1. the distance between the first peak of o7 . ..r_io, @nd the electrode surface, i.e.,

the EDL thickness is based on p? ;

2. the  distance  between the  first peak of the  profile

o o 0 H
Alon,counter—ion :pn,counter—ion _pn,counter—ion to the 9|eCtr0de Surface’ 1.e., the EDL

thickness is based on Ap? ;
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3. or the distance between the first peak of the profile Ap? = p7 — o to the

electrode surface, i.e., the EDL thickness is based on Ap] .

Choice 1 is the most frequently adopted choice in the literature. It amounts to
neglecting the ion charge delocalization, the ion adsorption on neutral electrodes, and the
charge separation beyond the first counter-ion layer. With choice 2 the ion charge
delocalization and the charge separation beyond the first counter-ion layer are ignored.
Choice 3 is equivalent to neglecting the charge separation beyond the first space charge
density peak. The capacitance predicted by Equation 7.6 using EDL thickness following
choices 1 and 2 are similar. For brevity, we present the examination of Equation 7.6 using
EDL thickness defined with choices 2 and 3. Figures 7.7a-d show Ap;and Ap; for
[BMIM][CI] adjacent to planar electrodes with ¢ = +0.112 C/m?. In these figures, z = 0

corresponds to the electrode surface. We retrieve d_ using the Ap, and Ap, profiles
shown in Figure 7.7, and the results are listed in Table 7.1. Note that when the Ap, has

two closely-spaced peaks (e.g., in Figure 7.7d), the position of an “effective” first peak of

the Ap, profile is taken as geometrical center of such peaks. Using similar method, d. for
the EDLs in [BMIM][CI] adjacent to CNT electrodes and d_ ( dc) in [BMIM][PFs]

adjacent to planar (CNT) electrodes were retrieved and listed in Table 7.1. Ultimately,

can be computed using Equation 7.6, and the results are summarized in Table 7.1.
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Figure 7.7: Change of ion number densities (panels a and c¢) and space charge densities
(panels b and d) in [BMIM][CI] near planar electrodes as the electrode charge density is
changed from zero to #0.112 C/m?,

Table 7.1: The EDL thickness based on different choices described in the text and
comparison of curvature-induced capacitance enhancement predicted by Equation 7.6 and
MD simulations.

Counter-ion BMIM* BMIM* cl PFgs
Co-ion Cl PFe BMIM® BMIM®
d»(d;) based on: Ap, Ap, Ap, Ap, Ap, Ap, Ap, Ap,
d. (nm) 0.44 0.34 041 033 031 0.31 0.39 0.29
de (nm) 039 035 039 033 0.33 0.33 0.39 0.29

n=C./C, (Equation 7.6) 1.70 142 158 144 135 135 151 1.39

n=C./C, (MD) 1.30 1.43 1.44 1.33
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We observe that the relative error in » predicted by Equation 7.6 using Ap; -
based d_and d. is about 6%-31%, while the error in 7 predicted by Equation 7.6 using
Ap? -based d_and d. is about 1%-10%. These results suggest that EDL thickness based
onAp7 and Apy can both provide a moderately accurate prediction of 7, although the
accuracy is better if an EDL thickness based on Ap;” is used. The fact that EDL thickness
based on Ap; gives a poorer prediction of 7 is expected, because EDL capacitance is
most directly related to the change of space charge density rather than ion number density

as the electrode is electrified. Another more subtle reason is as follows. Ap; shown in

Figure 7.7 is significantly affected by the change in anion concentration as the electrode
is electrified even near electrodes with negative surface charge density (similar

phenomenon has also been found in our earlier studies[62]). Hence, Ap, uner-ion PrOfile is

a poorer identification of the change of EDL structure than Ap., as an electrode is

electrified, which in turn leads to poorer prediction of the EDL capacitance.

In summary, the above discussions suggest that, despite the rich structure of EDLs
in ILs, if the EDL-thickness is suitably parameterized (in particular, if the EDL thickness
is based on the change of space charge density as the electrode is electrified), the
Helmholtz and XEDCC models can predict the EDL capacitance within reasonable

accuracy.
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7.4 A New Capacitance Model for EDLs in ILs

Although the Helmholtz and XEDCC models can predict EDL capacitance values
with reasonable accuracy, they constitute quite crude simplifications of the actual EDLSs
in ILs. The fundamental assumption of these models is that the electrode charge is
screened by a single layer of counter-ions adsorbed on the electrode surface and the
electrolytes beyond this single layer are structureless. This assumption is in contradiction
with the alternating layering of counter-ion/co-ions observed in ILs. It is therefore
desirable to develop more elaborate models for the EDLs in ILs. Prior studies have led to
interesting models for EDLs in ILs from mean-field theories. However, due to the
complicated nature of EDLSs in ILs, a number of assumptions had to be made in a mean-
field approach, e.g., ion-ion correlations are neglected to a large extent. Consequently,
some important features of the EDLs cannot be described by these models. Here we take
a more phenomenological approach with the objective of capturing key features of the
EDLs observed in MD simulations.

As shown in Figures 7.2, 7.3, 7.5, and 7.7, the alternating layering of ions
adjacent to the electrode is one key feature of the EDLs in ILs. The layer alternation
becomes weaker as the position moves further from the electrode. The overscreening of
electrode charge is another key feature of the EDLs in ILs. It is known that, in
concentrated ionic systems, the strong ion-ion correlation can lead to overscreening of the
electrode charge. The overscreening of electrode charge in ILs was perhaps first

envisioned by Kornyshev and was subsequently observed in a model IL made of charged
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Lennard-Jones spheres.[50, 58, 64] In our current simulations, in which the ILs are
modeled with chemical details (e.g., complex shape and charge delocalization), we also
observed the similar phenomena. To quantify the charge overscreening, similar as

Equation 5.3, we take the charge screening factor as

B(2) =— joz AP (s)ds I (7.7)

near planar electrodes, and

B(r) = — f;%Apg’(s)ds Jo (7.8)

near cylindrical electrodes. At positions with > 1.0, the electrode charge is
overscreened.

Figure 7.8 shows the charge screening factor 8 near planar and CNT electrodes
with 6 = 0.112 C/m®. We observe that 4 always exceeds 1.0 at a position near the first
counter-ion concentration peak (see Figures 7.3 and 7.5). Beyond this position, g
oscillates around 1.0 and the oscillation becomes weaker as the distance from the
electrode increases. Similar trends have also been observed in the simulations of IL
[BMIM][NO3].[137] Therefore, we conclude that the overscreening of electrode charge is

a universal feature of the EDLs in ILs.
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Figure 7.8: The charge screening factor g in [BMIM][CI] (panel a) and [BMIM][PF¢]
(panel b) near negative planar/cylindrical electrodes. The electrode charge density is -

0.112C/m? in all cases.
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Figure 7.9: A schematic of the “multiple ion layers with overscreening” (MILO) model.
The charge of the electrode (Aoc), the first counter-ion layer (-fAc), and the adjacent co-
ion layer ((8-1)Aoc) are assumed to be localized at positions 0, 1 and 2.
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In this work, we propose a “Multiple Ion Layers with Overscreening” (MILO)
model for the EDLSs in ILs to take into account the alternating layering of ions adjacent to
the electrode and the overscreening of the electrode charge. Figure 7.9 shows a schematic
of the MILO model. In essence, we assume that the EDL consists of a counter-ion layer

that overscreens the electrode charge and an adjacent co-ion layer. The counter-ion layer

is located at a distance S from the electrode, and the net charge of this layer is Ao,

where 4 is the charge overscreening factor at position S, . ¢ and A are the charge density

and area of the electrode surface, respectively. The excess charge of the counter-ion layer
is balanced exactly by the adjacent co-ion layer located at position S, from the counter-
ion layer. Note that the layering of ions beyond the first two layers is much weaker and is

therefore neglected. Using elementary electrostatic theory, the capacitance of EDLs near

planar and CNT electrodes described by the MILO model is found to be

gOO
C, = S7 (B, -Ds: (7.9)

C, = = i c (7.10)
RIIn(+2)~ (4, ~D)In(L+ Rissc )]

p

where the superscripts «o and ¢ denote planar and cylindrical electrodes, respectively.

Note that in the limit of g = 1, Equations 7.9 and 7.10 reduce to Equations 7.3 and 7.4,

respectively. The parameters of Equations 7.9 and 7.10 include S, S, and 8. The values

of S, and S; can be deduced from the size of the counter-ions and co-ions.
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Determining S, however, is more difficult. In principle, # can be derived from more
advanced models. In this work, we focus on the predicting power of Equations 7.9 and
7.10 for the EDL capacitance for a given value of . To test Equations 7.9 and 7.10 based
on the MILO model, we again adopt the approach used in Section 7.3 to circumvent the
difficulty of obtaining precise value of dielectric constant in EDLs by studying the

enhancement of EDL capacitance due to electrode curvature. Specifically, assuming &

~¢,, Equations 7.9 and 7.10 predict that the enhancement of EDL capacitance by the

electrode curvature follows

C Sy —(B.-DS!
]7:—: A

C, S, S¢
RIIN(L+2) = (8, =D InfL+ )]

p

(7.11)

The predicted enhancement of EDL capacitance near a CNT electrode over that

near a planar electrode, 77, is compared to that computed directly from MD simulations in

Table 7.2. We observe that relative error of prediction by Equation 7.11 is about 5%
except for EDLs in [BMIM][CI] adjacent to electrode with ¢ = -0.112 C/m? where the
relative error is about 14%.

The agreement between the MD data and the prediction made with Equation 7.11
suggests that the MILO model is capable of capturing some of the essential physics of
EDLs in ILs. Although the accuracy of the prediction by Equation 7.11 is comparable to
that of the Helmholtz/xEDCC models, the new model can potentially explain other
phenomena that are difficult to explain within the framework of these prior models. For

example, Equation 7.11 predicts that charge overscreening tends to lead to an increase in
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EDL capacitance. Since charge overscreening generally decreases as the electrode
potential (or the electrode surface charge density) increases,[64] Equation 7.11 provides a
possible way for understanding the decreased capacitance of EDLs as the electrode
potential increases, which is hard to achieve using the classical Helmholtz model, since
the EDL thickness is known to change little as the electrode potential changes.[62] The
next step in developing the MILO model is to compute g self-consistently without using
MD simulations, and work along this line is currently under way.

Table 7.2: Key parameters of the MILO model measured in MD simulations and

comparison of curvature-induced capacitance enhancement predicted by Equation 7.11
and MD simulations.

Counter-ion BMIM* BMIM* cl PFgs
Co-ion Ccr PFs BMIM® BMIM®
/5 1.76 2.08 2.26 1.86
Pe 2.25 2.60 2.73 2.56
Sp” (nm) 0.47 0.37 0.36 0.33
S¢* (nm) 0.16 0.06 0.15 0.04
S,° (nm) 0.45 0.37 0.37 0.34
Ss¢ (nm) 0.10 0.06 0.17 0.03
n=C./C, (Equation 7.11) 1.48 1.49 1.38 1.39
n=C./C, (MD) 1.30 1.43 1.44 1.33
Relative error 13.8% 4.2% 4.2% 5.3%
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7.5 Conclusions

We studied the structure and capacitance of the EDLs in ILs with BMIM™ cations
and CI'/ PFg anions using MD simulations. The size of the anions is found to affect the
position/height of the BMIM™ ion concentration peak near both positive and negative
electrodes. At the most fundamental level, these effects stem from the different
attractions between cations and anions with different sizes. However, regardless of the
anion size, overscreening of the electrode charge was observed in all the EDLs studied,
suggesting that it is a universal feature of the EDLs in ILs. We note that the
overscreening for ILs is also related to their efficiency in exfoliating carbon nanotube
bundles and graphite. For EDLs with different counter-ions, we found that the
capacitance of the EDLSs follows the order: BMIM™ (CI as co-ion) = BMIM" (PFs as co-
ion) =~ PFg < Cl near both planar and cylindrical electrodes. For the same counter-
ion/co-ion and electrode charge density, the EDL capacitance is higher near cylindrical
electrodes. These trends are consistent with the expectations from the Helmholtz and
XEDCC models. Using the EDL structure and capacitance data obtained from the MD
simulations, we examined the accuracy of the Helmholtz and XEDCC models, and found
that, if the EDL thickness is suitably parameterized, these models can predict the EDL
capacitance with good accuracy despite the dramatically simplified EDL structure
assumed.

To account for the two critical features of the EDLSs in ILs, namely, the alternating

layering of cations and anions near the electrode and the overscreening of electrode

136



charge, we propose a “Multiple Ion Layers with Overscreening” (MILO) model for the
EDLs in ILs. The capacitance computed from the MILO model agrees well with the MD
prediction, although at present, some input parameters of the MILO model must be
obtained from MD simulations. However, we emphasize that the MILO model provides a
new framework for understanding many interesting and important aspects of EDLs in
ILs, in particular, the dependence of EDL capacitance on the electrode potential, which is

very difficult to rationalize using the classical EDL models.
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CHAPTER 8

CONCLUSIONS

The fundamental understanding of EDLs in ECs is the key to design an EC with

desired performance. To obtain such fundamentals by examining the structure,

capacitance, and dynamics of EDLs, we used atomistic simulations methods to study the

molecular physics of EDLs at the interfaces of different electrolytes and electrodes with

different pores.

First, we studied the distribution of K* ions in electrified slit-shaped micropores

with pore widths ranging from 9.36 A to 14.7 A using MD simulations. The ion

distributions and their physical origins are found as follows.

1.

In slit pores with widths larger than or equal to 14.7 A, K" ions form separate
layers near each slit wall and the ion distribution is in qualitative agreement
with the prediction from the classical EDL theories, i.e., the long-range
electrostatic ion-ion repulsion and the non-electrostatic ion-slit wall
attractions, driving ions towards the two slit walls, are responsible for the ion
accumulation on each wall.

In slit pores with pore widths between 10 A and 14.7 A, the K* ion
distribution differs qualitatively from that described by EDL theories. In those
pores most K* ions are fully hydrated and accumulate primarily in the central
plane of the slit pores, which is caused majorly by the ion hydration effects.

In the pore with a width narrower than 10 A, most K ions are partially

dehydrated and again form separate layers near each slit wall. In such a
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transition, the electrostatic ion-ion repulsion plays a minor role. Instead, the
enthalpic effects associated with the interactions between the hydration water
molecules of a K* ion with their surrounding water molecules were found to
lead to this interesting behavior.

Based on the observation that counter-ions form a single layer midway between
the opposing walls in slit pores between 10 and 14.7 A in width, we proposed a new
sandwich capacitance model to describe the capacitance of EDLs formed by counter-ions
enclosed in charged slit-shaped micropores. This model is capable of predicting the
anomalous enhancement of capacitance experimentally observed in micropores.

Second, for the organic electrolyte of TEABF4/ACN near planar electrodes, we
examined the solvation of organic ions, and the structure, capacitance, and dynamics of
the EDLs in the electrolyte using molecular dynamics simulations. The solvation of
TEA" and BF, ions is found to be much weaker than that of small inorganic ions, and
the ACN molecules in the solvation shell of both types of ions show only weak packing
and orientational ordering. These solvation characteristics are caused by the large size,
charge delocalization, and irregular shape (in the case of TEA" cation) of the ions. Near
neutral electrodes, the double-layer structures in the organic electrolyte exhibit a
comprehensive organization: the solvent shows strong layering and orientational
ordering, ions are significantly contact-adsorbed on the electrode, and alternating layers
of cations/anions penetrate ca. 1.1 nm into the bulk electrolyte. The significant contact
adsorption of ions and the alternating layering of cation/anion are new features found for

EDLs in organic electrolytes. These features essentially originate from the fact that van
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der Waals interactions between organic ions and the electrode are strong and the partial
desolvation of these ions occurs easily, as a result of the large size of the organic ions.
Near charged electrodes, distinct counter-ion concentration peaks form, and the ion
distribution cannot be described by the Helmholtz model or the Helmholtz +
Poisson—Boltzmann model. This is because the number of counter-ions adsorbed on the
electrode exceeds the number of electrons on the electrode, and the electrode is over-
screened in parts of the EDL. The computed capacitances of the EDLs are in good
agreement with that inferred from experimental measurements. Both the rotations (ACN
only) and translations of interfacial ACN and ions are found to slow down as the
electrode becomes electrified. We also observed an asymmetrical dependence of these
motions on the sign of the electrode charge. The rotation/diffusion of ACN and the
diffusion of ions in the region beyond the first ACN or ion layer differ only slightly from
those in the bulk.

Third, we investigated the EDLs in the IL of [BMIM][NO3] near planar
electrodes. MD simulations confirm that a Helmholtz-like interfacial counter-ion layer
exists when the electrode charge density is negative or strongly positive, but the counter-
ion layer is not well-defined when the electrode charge density is weakly positive. The
thickness of the EDL, as inferred from how deep the charge separation and orientational
ordering of the ions penetrate into the bulk ILs, is about 1.1 nm. The liquid nature of the
IL and the short-range ion—electrode and ion—ion interactions are found to significantly
affect the structure of the EDL, particularly at low electrode charge densities. Charge

delocalization of the ions is found to influence the mean force experienced by the ions
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and, thus, can play an important role in shaping the EDL structure. The differential
capacitance of the EDLs is found to be nearly constant under negative electrode
polarization but increases dramatically with the potential under positive electrode
polarization. We showed that the differential capacitance is a quantitative measure of the
response of the EDL structure to a change in electrode charge density. It is found that the
[NOs] ion dominates the response of EDL structure to the change in electrode charge
under both positive and negative electrode polarization, which is qualitatively different
from that in aqueous electrolytes. Detailed analysis indicated that the cation—anion
correlations and the strong adsorption of BMIM" ions on the electrode are responsible for
the capacitance—potential correlation.
Finally, we studied the effects of ion size and electrode curvature on the EDLS in
ILs of [BMIM][CI] and [BMIM][PF¢]. The results presented three key characteristics of
such EDLs:
1. The sizes of the counter-ion and co-ion affect the ion distribution and
orientational structure of EDLSs.
2. The EDL capacitances near both planar and cylindrical electrodes are found to
follow the order: [BMIM][CI] (near the positive electrode) > [BMIM][PFs]
(near the positive electrode) ~ [BMIM][CI] (near the negative electrode) =
[BMIM][PFs] (near the negative electrode).
3. The EDL capacitance is found to increase as the electrode curvature increases.
We can fit the capacitance data well to the Helmholtz model and the recently

proposed XEDCC model when the EDL thickness is properly parameterized, even though
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key features of the EDLs in ILs are not accounted for in these models. To improve the
existing models, we proposed an MILO model for the EDLSs in ILs that takes into account
two critical features of such EDLSs, i.e., alternating layering of counter-ions/co-ions and
charge overscreening. The capacitance computed from the MILO model agrees well with
the MD prediction. Although some input parameters of the MILO model must be
obtained from MD simulations, the MILO model provides a new framework for
understanding many important aspects of EDLs in ILs (e.g., the variation of EDL
capacitance with the electrode potential) that are difficult to interpret in the classical EDL

models and experiments.
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