Journal of Scientific
Kiitahya Dumlupmar University Reports-A
E-ISSN: 2687-6167

Number 49, June 2022

Institute of Graduate Studies

RESEARCH ARTICLE

CONFINEMENT EFFECTS on the TRANSPORT PROPERTIES of ROOM TEMPERATURE
IONIC LIQUID BASED ELECTROLYTES in SUPERCAPACITORS

Betul URALCAN"

“Bogazici University, Department of Chemical Engineering and Polymer Research Center, betul.uralcan@boun.edu.tr, ORCID:
0000-0002-0669-8441

Receive Date:26.05.2022 Accepted Date: 18.06.2022

ABSTRACT

The study of transport properties in supercapacitors is important for optimizing their power density.
Properties that control charging kinetics in supercapacitors include ion self-diffusion coefficients and
ionic conductivity which are significantly different at electrode/electrolyte interfaces compared to
their bulk counterparts. Here, we use molecular dynamics simulations to elucidate the effect of
electrolyte composition and confinement on ion self-diffusion coefficients and ionic conductivity in
mixtures of room temperature ionic liquids with organic solvents. Our results reveal that ion diffusion
significantly slows down at the electrode/electrolyte interface compared to the bulk. In particular,
diffusion coefficients in the dilute regime are found to be several orders of magnitude smaller than
their bulk counterparts. This effect is more pronounced when a potential difference is applied between
the electrodes. We show that the ionic conductivity of the electrolytes also significantly diminishes
due to confinement effects manifested by the decrease in the coordination numbers of ions. Our
findings depict that electrolyte composition also plays an important role in ion dynamics: Introduction
of an organic solvent to a concentrated ionic solution significantly increases both bulk and interfacial
diffusion coefficients while it leads to a maximum in ionic conductivity at intermediate dilution levels.
These results reveal that optimizing the solvent content of an ionic liquid-based electrolyte can
potentially boost the power density of supercapacitors.

Keywords: energy storage, supercapacitors, molecular dynamics, diffusivity, conductivity
1. INTRODUCTION

Supercapacitors are energy storage devices that can deliver bursts of energy at high power densities
through storing charges at an electrode/electrolyte interface [1-3]. Despite their lower energy densities
compared to conventional electrochemical energy storage devices such as batteries, supercapacitors
are already employed in high power applications such as blade angle control systems of wind turbines,
battery-assist and regenerative power systems of electric/hybrid cars, and engine starts for
construction and industrial equipment [4].

The performance of a supercapacitor is based on two principal metrics: energy density (E) in units

(Wh/kg or Wh/cm?®) and power density (P) in units (W/kg or W/cm®) [5, 6]. Energy density dictates
the ability of a device to store energy per unit mass or volume, and is given by
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E=CU 1)
where C is the capacitance and U is the operating voltage.

In contrast to batteries that involve faradaic reactions, supercapacitors store energy through physical
adsorption of ions as a response to an applied potential difference, where electrode charge is balanced
by the accumulation of opposite ionic charges at the interface [7, 8]. The physical charge storage
mechanism through ion adsorption and desorption facilitates fast charge and discharge kinetics in
supercapacitors, and power density describes the charge/discharge rates

UZ

where ESR is the equivalent series resistance of the device. U and ESR strongly depend on both
electrode and electrolyte properties. Consequently, on the electrode side, research on improving power
density is focused on synthesizing electrochemically stable (for higher U) and electrically conductive
(for smaller ESR) carbon-based materials with large surface area and optimized pore structure [8].
Meanwhile, on the electrolyte side, the ultimate goal is to deliver electrolyte materials with high
electrochemical stability and ionic conductivity. Consequently, optimizing power density in
supercapacitors requires elucidating how ion diffusion at an electrode/electrolyte interface is affected
from electrolyte composition [9-11].

In supercapacitors, dilute electrolytes comprised of salts dissolved in organic solvents (e.g.,
tetraethylammonium tetrafluoroborate in acetonitrile) are commonly used as electrolytes [12]. These
electrolytes offer relatively high electrochemical stability at operating voltages around ~2.5 V and
high ionic conductivities at room temperature (up to ~60 mS/cm) [13]. Aqueous electrolytes provide
even higher conductivities (exceeding 100 mS/cm) and are cost effective, yet, unless cost is the
primary factor, they can not compete with organic electrolytes as their electrochemical stability
window is limited to ~1 V [12, 13]. Room temperature ionic liquids (RTILS) emerge as
electrochemically stable electrolytes (~4 V) that deliver high energy densities (Equation 1) [14].
However, the enhanced energy density of RTIL-based supercapacitors comes at a cost, namely low
power density associated with the diminished ionic conductivity and slow ion transport at room
temperature. Consequently, elucidating the charge storage mechanisms and kinetics of supercapacitors
is critical in optimizing transport properties in supercapacitors to boost power performance [2, 8, 15—
19].

While a wide literature exists on bulk electrolyte properties, interfacial transport properties of RTIL-
based electrolytes at charged electrode/electrolyte interfaces remain to be explored. Previous studies
have shown that diffusion properties of confined liquids are significantly different from their bulk
counterparts [20-22]. In particular, computational studies have shown anomalies in the diffusion
coefficients of hard sphere fluids, water, oxygen and alkanes under confinement[23-25] that behave
significantly different than they do in bulk. These findings have been of interest in applications that
include ion transport through desalination membranes and drug delivery [23]. However, Kinetics of
concentrated ionic solutions under confinement and near charged interfaces remain to be explored. For
this purpose, experimental techniques including NMR spectroscopy [26], scattering approaches [27],
electrochemical quartz crystal microbalance [28] and IR spectroscopy [29] are used to show that
charging properties of supercapacitors are sensitive to electrode and electrolyte materials
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combinations. Nevertheless, experiments lack the spatiotemporal resolution to fully elucidate charge
storage mechanisms and kinetics at the atomistic level. Here, molecular modeling becomes significant
in studying the effect of electrolyte properties on charging kinetics.

In this work, we study the relationship between solvation, electrolyte diffusion and ionic conductivity
at an electrode/electrolyte interface. The rest of this paper is organized as follows. First, we describe
the simulation system and introduce the model parameters that we use to set up the simulation
systems. Then, we establish connections between the local structuring of confined electrolytes and the
anomalous behavior of self-diffusivities. We show confinement slows down ion transport, and this
effect is enhanced near charged surfaces. We then depict how a maximum in ionic conductivity
emerges due to the presence of competing forces associated with solvation. To the best of our
knowledge, self-diffusion and ionic conductivity in RTIL-based electrolytes under confinement has
not been studied before. Finally, we provide concluding remarks and potential future directions.

2. COMPUTATIONAL DETAILS

2.1. Simulation Setup for Bulk Electrolyte

Bulk electrolytes are comprised of molecular simulation models of the ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM™][PF¢]) [30] and organic solvent acetonitrile
(ACN) [31]. These simulations are used to compute the bulk density of the electrolytes used in
Section 2.2. In particular, seven different electrolytes are prepared: pure [BMIM*][PFs] and its
corresponding ion fraction (p) = 0.03, 0.12, 0.26, 0.36, 0.47 and 0.67 solutions with ACN. For all
electrolyte species, parameters of the coarse-grained models with site-site Lennard—Jones and
Coulombic interactions are given in Table 1. The cross-parameters are computed using the standard
Lorentz-Berthelot combination mixing rules. The solvent and cation are kept rigid using the SHAKE
algorithm for computational efficiency [32]. The simulations are conducted in a cubic box. The
isobaric-isothermal ensemble simulations at 5 atm and 400 K are done with the LAMMPS software
[33] using the Nosé—Hoover thermostat and barostat. For the Lennard-Jones interactions, a 16 A cut-
off was used which corresponds to the half of the simulation box length. The particle-particle particle-
mesh solver is employed for Coulombic interactions [34]. Equilibration simulations were run for 5 ns.
Additional 5 ns production runs are carried out and the trajectories are used to compute bulk densities.

Table 1. Force field parameters for PFs (A) [30], BMIM® (C1, C2, C3) [30], acetonitrile (ME, CA, N)
[31] and electrodes (C) [35].

Particle ID A c1 c2 C3 ME CA N C
MW (g/mol) 144.96  67.07 1504  57.12 1504 1201 1401 12.01
q () 078 04374 01578 01848 0269 0129  -0.398 -

e (A) 5.06 4.38 3.41 5.04 360  3.40 3.30 3.37

€ (kcal/mol)  1.126 0.612 0.086 0.437 0.38002 0.10038 0.10038  0.055

2.2. Simulation Setup for Supercapacitor Systems

Supercapacitor models are comprised of the electrolytes with p values given in Section 2.1, confined
by flat electrodes representing graphene sheets modelled as three layers of carbon atoms arranged in a
honeycomb lattice. Electrode model parameters are adopted from Cole et al. [35] and reported in
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Table 1. The cross parameters between electrodes and electrolyte molecules are computed using the
Lorentz-Berthelot rules. The force-field combination in Table 1 has been previously used in modelling
ionic solutions both in bulk and under confinement, and has shown good agreement with experiments
[8, 36-39]. Isochoric-isothermal ensemble simulations are conducted using the Nosé—Hoover
thermostat. Periodic boundary conditions are employed in the directions parallel to the electrode
surface, while boundaries are fixed in the direction normal to electrodes. Simulation systems are set
up so that the bulk electrolyte mass densities (computed in Section 2.1) are reproduced in the bulk
electrolyte region (Qb) of the supercapacitor systems (Figure 1). This is achieved by tuning the
location of the electrodes in the z-direction and conducting 0.5 ns equilibration runs until the target
density is reached. Once the target density is reached, systems are further equilibrated for 2 ns,
followed by 10 ns production runs at zero charge. The production data is used to compute transport
and structural properties of the systems with uncharged electrodes. Afterwards, electrodes are charged
to maintain a 1.5 V potential difference between the electrodes. 1.5 V corresponds to potential
difference limit under which an RTIL-based electrolyte in an organic solvent remains
electrochemically stable [12, 14]. 10 ns simulations of the charged systems are carried out for
equilibration, followed by additional 10 ns production runs at constant charge. The equilibration
simulations are run long enough to maintain the equilibrium charge ordering at the
electrode/electrolyte interface. The production runs are extended until the convergence of kinetic
properties are ensured (see Section 2.3 for details.)
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Figure 1. Simulated supercapacitor consists of a room temperature ionic liquid (orange for [BMIM™]
and purple for [PF¢]) - organic solvent (green for ACN) electrolyte sandwiched between two
electrodes modelled as three layers of hexagonal carbon lattices. Three regions are defined within the
system, namely the bulk electrolyte (Q2b) and interfacial regions (Q2n and Qp). The electrolyte has p =
0.67.

2.3. Self-diffusion Coefficient and Conductivity Calculations

Self-diffusion is a measure of the average displacement of a molecule from its initial position due to
thermal molecular motion. It describes how fast a material can diffuse through a medium. Self-
diffusion coefficients for the bulk electrolytes are computed using the Einstein relation where the
mean-square displacement (MSD) of molecules is computed as a function of time and the linear
regime of the MSD profile is used to compute the self-diffusion coefficient D;
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Di — limt_mo ((ri(t);:i(o))2> (3)
with r;(t) as the instantenous center of mass of ion type i and <...> as the average over all type i ions in
the ensemble. Diffusion coefficients are computed from the production run trajectories block-averaged
in 1 ns long sections. The position-dependent self-diffusion coefficients are computed for the ions in
bulk (Q2b) and at the electrode/electrolyte interface (Q2n and Qp) following Zhang et al. [40]. Since
ions can penetrate in and move out of the interface during a simulation, only the ions that remain in
the defined regions during 1 ns blocks are considered to compute D;. Electrolyte ionic conductivity (k)
is calculated using the Nernst-Einstein equation via the weighted sum of the ion self-diffusion
coefficients.

3. RESULTS and DISCUSSION

Diffusion in confined liquids differ from diffusion in bulk. In particular, diffusion near walls is
influenced by liquid-solid interactions which results in density fluctuations at the interface [23]. In
order to compute the bulk and interfacial ion self-diffusion coefficients for the simulation system
presented in Figure 1, three regions are defined within the system, namely the bulk electrolyte 25 A
away from the electrode surface (Qb) and interfacial regions encompassing the first two solvation
layers of the ions near the electrode (Qn and Qp).
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Figure 2. (a) Position dependent number density profile of the electrolyte parallel to the basal plane of
the electrodes (left axis) and spatial evolution of the anion (circles) and cation (squares) diffusion
coefficients for Qn, Qp and Qb (right axis) for the system with p = 0.67, (b) Self-diffusion
coefficients of cation (orange) and anion (purple) as a function of ion fraction near uncharged
electrodes.

Figure 2a shows the number density profile of the electrolyte confined between the uncharged
electrodes (py) normalized by the bulk number density (ppui) in Figure 1. Near the electrode surfaces
(©n and Qp), there is a non-uniform particle distribution. In particular, electrolyte that is close to the
electrodes shows large density fluctuations due to strong electrode/electrolyte interactions that restrict
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kinetics. Meanwhile, at the center of the pore (Qb), the confinement effect vanishes. Hence, while the
self-diffusion coefficients in the bulk are on the order of 4.5*10° cm?/s, near the electrodes they are
only around 1.2*10° c¢m?s as confinement slows down the dynamics (Figure 2a). The difference
between
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Figure 3. Composition dependence of pairwise radial distribution profiles for (a) anion-anion, (b)
cation-cation, and (c) anion-cation interactions. Blue, green and red represent p = 0.26, 0.67 and 1.0,
respectively.

the interfacial and bulk diffusion coefficients entails a pure confinement effect: In particular, the
structuring of the ions within the first two adsorbed layers near the electrodes depicted by the peaks of
the number density profile (Figure 2a) slows down ion Kinetics.

The question that is next to be addressed is how this surface effect depends on the dilution of the ionic
liquid by a solvent. In particular, Figure 2b shows the diffusion coefficients near the uncharged
electrode surfaces when [BMIM™] [PFg] is diluted with the organic solvent ACN. At the interface,
introduction of the solvent significantly increases the self-diff usion coefficients for the anion and the
cation (Figure 2b). In particular, decreasing the ion fraction from p = 1 to p = 0.03 enhances the ion
self-diff usion coefficients by more than an order of magnitude.
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Figure 4. Composition dependence of self-diffusion coefficients for anion (purple), cation (orange)
(a) in the bulk, (b) near the negative electrode, and c) near the positive electrode.
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Figure 5. Charge density profile as a function of distance from the (a) negative and (b) positive
electrode surface for p = 0.26 (blue), 0.67 (green) and 1.0 (red).

Interestingly, Figure 2 also shows that the anion and cation self-diffusion coefficients are significantly
close to each other throughout the entire concentration regime, indicating that cations and anions
remain strongly correlated even when they are solvated, indicated by Figure 3c with the pronounced
first peaks of the anion-cation radial distribution profiles normalized by the number in bulk (i.e., when
the molecules are further apart and uncorrelated). The pairwise radial distribution functions (RDFs)
suggest a preferential interaction should result in a higher peak in the radial distribution functions: In
Figure 3, the first peak height is the highest for anion-cation interactions. This indicates that anions
are preferentially located around cations in the electrolyte. The broader and lower first peaks in the
anion-anion (gaa(r)) and cation-cation (g.(r)) profiles indicate that co-ions interact weakly. The RDFs
of the anion around the cation indicate the first peak is near 5 A. The peak distance is not correlated
with solvent composition as the peak does not shift with dilution (Figure 3c), but the peak height
decreases with increasing solvent concentration. This indicates that cation-anion correlations decrease
with solvation. Figure 3a-b show that, although the effect of solvation is not significant when the
electrolyte concentration changes from p =1 to p = 0.67, when the electrolyte is diluted to p = 0.26,
the first peak heights of g.a(r) and ge(r) decrease with dilution. Furthermore, the first peak shifts to
larger distances when the pure ionic liquid is diluted from p = 1 to p = 0.26. This indicates that
correlations between ions of the same charge weaken with solvation and ion pairs become more
separated improving diffusion kinetics.

We next investigate the diffusion kinetics of the electrolytes near charged electrode surfaces under
equilibrium. The difference between diffusion coefficients in the bulk and at the interface further
increases when the system is charged, i.e., a potential difference is applied between the electrodes.
Figure 4 shows the ion self-diff usion coefficients in the bulk and near the positively and negatively
charged electrodes as a function of ionic liquid fraction. Compared to the bulk (Figure 4a) and
noncharged interfaces (Figure 2b), confinement at a charged interface significantly slows down ion
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kinetics (Figure 4b-c). The charge density profiles in Figure 5 sheds light onto this behavior. Near the
charged electrodes, the electrolyte is highly charge-ordered as shown in Figure 5. This is due to the

a

0 o i i . E"I‘;{‘J),A, \ Ii.
.0 2 4 4 2 0 0 2 4 4 2 0
z (A) z (A) z (A) z (A)

Figure 6. Number density profiles for anion (purple), cation (orange) and solvent (green) molecules
as a function of distance from the positive (left) and negative (right) electrodes for (a) p = 0.26, (b) p =
0.67 and (c) p = 1.0.

layering of the ions (Figure 6) to screen the electrode charges. In particular, since the electric field
stabilizes the ions in the direction normal the basal plane of the electrodes, confined electrolytes at
charged surfaces have an order of magnitude slower kinetics than their bulk counterparts.

When the electrolyte near a charged surface is diluted, charge ordering weakens, and ions can move
more freely enhancing diffusion kinetics. This is shown by the dampening of the charge density
profile peaks with dilution in Figure 5. When the electrolyte is pure ionic liquid, charge ordering at the
interface is highly structured as anions and cations are significantly correlated and this leads to
overscreening and crowding effects [41-43]. When the electrolyte is diluted, anion-cation interactions
weaken hence the peak heights of the charge density profile dampens leading to improved kinetics
depicted by the diffusion coefficient profiles in Figure 4b-c.

15||||[|||| T T T [ T T T 4_||||||

a PTTI b ]c -
L SN ] - T = pulid
- ?/O R ] 6 Q.‘O' 'E)i i E B g;
r/ O, 1 o o--Pz2f,8 ]
E10 n & 1 [P 30 be’ ]
a :'l AN 1 L 4 /’@ /e O~ ] 0 FH——— } ———t ]
= é \\' S r;jIOO 14d - - - -§
5T o 2 g, 4 =5 2 EE
2
r ] [¢] 1 O IG
- 4 2 E L 8,U
O 8’:8|8|-@191- = o1 Ly vy ] Ogu PR T T
0 0.5 1 0 0.5 1 0 0.5 1
[ p 2

Figure 7. Composition dependence of ion dynamics in the electrolyte. (a) lonic conductivity (x), (b)
cation-anion coordination number (CN™), (c) cation-cation coordination number (CN*™), (d) anion-
anion coordination number (CN™) as a function of electrolyte ion fraction. Black, dark gray and light
gray circles represent the bulk electrolyte and the electrolye near the negative and positive electrodes,
respectively. Lines are guides to the eye.
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The ionic conductivity profiles of the electrolyte in bulk and near charged surfaces as a function of ion
content (Figure 7a) shows how ionic conductivity is affected from dilution. The electrolyte
composition dependence of «k in bulk (black circles) is in qualitative agreement with experimental
measurements [44-45]. In the dilute regime, solvation decreases ionic conductivity. This is attributable
to the decrease in the number of free ions in bulk with solvation. To illustrate this point, Figure 7b-d
shows how the coordination number of ions around each other (CN™ for anions around cations and
CN*™ (CN") for cations around cations (anions around anions)) changes with concentration. Both in
bulk and at the interface, solvation decreases the number of ions around each other. In particular, bulk
CN™ decreases from 6.8 to 1.6 as the electrolyte is diluted down to p = 0.03. In agreement with the
Nernst-Einstein theory, the effect of decreasing free ions becomes dominant at high dilution, leading
to a drop in ionic conductivity. In the concentrated regime, on the other hand, the dominant factor is
solvent’s ability to enhance ion mobility, thus solvation improves conductivity by increasing ion
diffusivities. Consequently, these two competing forces, namely the trade-off between decreasing ion
content with solvation dominant in the dilute regime and improved diffusivity with dilution dominant
in the concentrated regime, results in a maximum in conductivity at intermediate dilution levels. As a
result of this competition, for [BMIM™][PFs ] in ACN, the maximum in ionic conductivity is observed
near p = 0.26 at 13.9 S/m. We note that a similar nonmonotonic behavior is also observed near the
charged and uncharged interfaces albeit with nearly an order of magnitude smaller ionic conductivity
values (Figure 7a). CNs are slightly smaller at interfacial regions Qn and Qp due to the presence of
carbon electrode/electrolyte interactions. Yet, qualitatively similar CN profiles are obtained near
charged and uncharged surfaces as a function of solvation (Figure 7b-d). While total CN values (CN*™*
+ CN™+ CN™) are similar in magnitude both near charged and uncharged electrodes, near the charged
surfaces counter-ions are replaced by co-ions as seen from the decrease in CN*" and increase in CN™"
and CN™ profiles upon charging (Figure 7c-d). This is reflected in the small decrease in interfacial
conductivity upon charging due to the strong charge ordering of the ions, as reflected in Figure 7a.

4. CONCLUSION

Transport properties of room temperature ionic liquids and their solutions in ACN are investigated
using molecular dynamics simulations. The simulations reveal that ion kinetics under confinement
significantly differ from the kinetics of their bulk counterparts. Bulk simulations indicate that the
introduction of the solvent enhances ion self-diffusion coefficients while weakening the correlations
between ions. The same solvation effect is also observed at the charged interfaces, but the magnitude
of the diffusion coefficients at the interface are significantly lower than the ones in bulk. This is
attributable to the charge ordering at the interface due to the layering of the ions to balance the
electrode charges. Our results show introduction of the solvent drastically improves ion kinetics at the
interface. The simulations also reveal that dilution imposes two competing effects on conductivity
both in bulk and at the interface. At the concentrated regime, conductivity is improved with dilution as
solvent dampens ion correlations and charge ordering. Meanwhile, in the dilute regime, diluting the
electrolyte further decreases the conductivity due to decreasing free ion concentration. This
competition results in a conductivity maximum both at the interface and in bulk. Our work
demonstrates the kinetics of supercapacitors can be improved by tailoring electrolyte properties with
the support of molecular modelling to facilitate supercapacitor design with improved power density.
Extending the findings of this work to supercapacitor models with more complex electrode structures
can facilitate designing supercapacitors with improved energy storage performance.
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