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ABSTRACT

Ionic liquid mixtures show promise as electrolytes for supercapacitors with nanoporous electrodes. Herein, we investigate theoretically and with experiments how
binary electrolytes comprising a common anion and two types of differently-sized cations affect capacitive energy storage. We find that such electrolytes can enhance
the capacitance of single nanopores and nanoporous electrodes under potential differences negative relative to the potential of zero charge. For a two-electrode cell,
however, they are beneficial only at low and intermediate cell voltages, while a neat ionic liquid performs better at higher voltages. We reveal subtle effects of how
the distribution of pores accessible to different types of ions correlates with charge storage and suggest approaches to increase capacitance and stored energy density

with ionic liquid mixtures.

1. Introduction

Electrical double-layer capacitors (EDLCs), also called supercapac-
itors or ultracapacitors, play an important role in sustainable energy
storage [1-4] and open new opportunities for energy harvesting [5-9].
EDLCs store energy by the voltage-induced adsorption of ionic charge
into the pores of their electrodes. Since this process typically does not
involve chemical reactions, EDLCs provide high power densities and cy-
cling stability, but the stored energy densities are moderate compared
to conventional batteries [1,10]. Enhancing energy storage has there-
fore been identified as one of the main directions in the supercapacitor
research [2,10] aimed at making these ecologically-friendly energy stor-
age devices more widely applicable in industry and everyday life.

Ionic liquid (IL) mixtures are promising electrolytes for increas-
ing storage capacity [11-13] and thermal stability [14] of EDLCs and
avoiding the energy-power trade-off in their performance [11]. For
instance, Wang et al. [11] studied experimentally and with classical
density functional theory (DFT) and simulations a mixture of 1-ethyl-
3-methylimidazolium tetrafluorborate ([EMIM][BF,]) and tetramethy-
lammonium tetrafluorborate ([TMA][BF,]) and reported a simultane-
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ous enhancement of capacitance and charging dynamics, though the
effect was relatively moderate, amounting to about 10% to 30 % en-
hancement in the capacitance. These authors found that the capacitance
increased in mesopores (pore widths between 2nm to 50 nm) but de-
creased in micropores (pores smaller than 2 nm), which they related to
the differences in the adsorption of [EMIM] and [TMA] cations into mi-
cro and mesopores [11]. Neal et al. [12] considered a primitive model
of electrolyte consisting of a common cation and differently sized an-
ions. Using DFT, they revealed a non-monotonic relationship between
the integral capacitance of slit micropores and the molar fraction of the
smaller anion. In a more recent work, Cats and van Roij [13] employed
DFT to study a similar electrolyte in slit mesopores and found that the
smaller anion determines the charging behaviour under positive poten-
tials applied to the pore with respect to the bulk electrolyte. Yambou et
al. [14] studied experimentally a more complex IL mixture based on the
[EMIM] cation and bis(fluorosulfonyl)imide ([FSI]), [BF,], and tetra-
cyanoborate ([TCB]) anions, demonstrating that such electrolytes could
be beneficial for energy storage at low temperatures (down to —50 °C),
though they performed comparably to simple and binary electrolytes
when the temperature was raised.

E-mail addresses: svyatoslav.kondrat@gmail.com, skondrat@ichf.edu.pl (S. Kondrat).

https://doi.org/10.1016/j.molliq.2023.123369

Received 25 June 2023; Received in revised form 18 September 2023; Accepted 16 October 2023

Available online 20 October 2023

0167-7322/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/molliq
mailto:svyatoslav.kondrat@gmail.com
mailto:skondrat@ichf.edu.pl
https://doi.org/10.1016/j.molliq.2023.123369
https://doi.org/10.1016/j.molliq.2023.123369
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2023.123369&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Seltmann, T. Verkholyak, D. Gotowicz et al.

J

Journal of Molecular Liquids 391 (2023) 123369

=
Pq (cm®/nm/g)

Pore size (nm)

Fig. 1. EDLCs with a binary cation IL mixture and nanoporous electrodes. (a) Schematic of an EDLC consisting of a binary electrolyte sandwiched between
nanoporous electrodes. Cell voltage v is applied between the two electrodes, leading to charges O, = Q and Q, = —Q on the positive and negative electrodes. (b)
Schematic of a singe-file pore of radius R filled with a binary cation electrolyte. Ions are modelled as charged hard spheres. All anions have the same radius a_,
while cations can have different radii a, ; # a, ,. Potential difference u is applied to the pore with respect to the bulk electrolyte. (c) Schematic of [EMIM][TFSI]
ionic liquid and a potassium cation used in our experiments (Section 2.2.2). (d) Differential (P;,) and cumulative () pore size distributions of activated carbon
black (Section 2.2.1). The inset shows an electron micrograph of the electrode matrix.

These reports demonstrate the potential of using IL mixtures in
supercapacitor applications. However, understanding charge storage
mechanisms with such electrolytes and their relation to the electrode
structure is still lacking. In this article, we use theoretical modelling and
electrochemical experiments to investigate electrolytes based on a com-
mon anion and two differently-sized cations. We use a computationally
efficient exactly-solvable model [15], which allows us to systematically
investigate the relation among ion sizes, electrolyte composition, pore
sizes and their distribution in the supercapacitor electrodes. We find
that such electrolytes can enhance capacitance of single nanopores and
nanoporous electrodes but perform moderately for EDLC devices con-
sisting of two electrodes. We discuss the origin of these limitations and
possibilities for increasing capacitive energy storage with IL mixtures.

2. Methods
2.1. Theoretical

We consider an EDLC consisting of two electrolyte-filled nanoporous
electrodes separated by a sufficiently large bulk reservoir, with a cell
voltage v applied between the electrodes (Fig. 1a). We assume that the
electrodes consist of cylindrical nanopores of (in general) different radii
R but sufficiently narrow to accommodate only a single file of ions.
Verkholyak et al. mapped this system onto a one-dimensional (1D) off-
lattice model of interacting particles with an exact analytical solution
for the voltage-dependent in-pore ion densities, showing a quantitative
agreement with the results of Monte Carlo simulations of the full (three-
dimensional) model [15]. Although slit pore models, which are often
used to determine a pore-size distribution of nanoporous electrodes [16]
(Section 2.2.1), might be a more realistic representation of nanoporous
electrodes, the analytical solution for single-file pores provides a conve-
nient and computationally inexpensive tool enabling a systematic study
of EDLC’s charging.

For an electrolyte, we take an ionic fluid consisting of a common
anion of radius a_ = 0.25nm and two types of cations of different
radii a, | =a_ and a,, # a, ;. We consider a,, =0.15nm < a,; and
a,,=0.3nm>a, ; and investigate how the EDLC energy storage capa-
bilities depend on the fraction of the second cation in the electrolyte.
We model all ions as monovalent charged hard spheres. Such models
have been ubiquitously used [4] to study ILs [17-26] and IL mixtures
[12,27,28]. We denote by p; = p, ; and p, = p, , the bulk densities of
the first (reference) and second ion pairs, respectively, so that the total
density of ion pairs in the bulk electrolyte is p = p_ = p; + p,. Corre-

spondingly, the total bulk ion density is 2p and the molar concentrations
of the first and second ion pairs are x; =p,/p and x, =1 —x; =p,/p,
respectively.

In equilibrium, electrochemical potentials of ions in the bulk and
inside the pores are equal. Thus, to determine the equilibrium in-pore
ion densities, we need the bulk (electro)chemical potentials yu, (« €
{(+,1);(+,2); —}), which depend on the bulk ion densities, temperature,
and pressure. We first describe the method we used to compute yx, and
then discuss the model employed to calculate the in-pore ion densities.

2.1.1. Bulk chemical potentials of ion pairs

The bulk chemical potentials of ions, yu,, contain the ideal and ex-
cess parts. To calculate the latter, we used Widom’s insertion method
[29], in which a particle or a group of particles is inserted into a
simulation box to compute the energy change A€ in the simulation sys-
tem; the average of exp(—fAE), where f = (kzT)~! with ky being the
Boltzmann constant and T temperature, can be related to the excess
chemical potential [29]. We used the Espresso MD package (https://
github.com/espressomd) [30], which offers an open source implemen-
tation of this method along with molecular dynamics (MD) simulations.
We inserted ion pairs to keep the system electroneutral, thus computing
the excess chemical potential of ion pairs

H =+ 1)
In this way, we obtain two chemical potentials u and U3t for an elec-
trolyte containing a common anion and two different cations. To fully
characterise the system, one needs an additional combination of (elec-
tro)chemical potentials, which we related to the potential of zero charge
for ions in a nanopore or electrode (Sections 2.1.3 and 2.1.4).

In all simulations, the total number of ions was N =200 and the
simulation box length L ~ 5.5 nm for all electrolyte compositions. These
values of N and L correspond to the bulk concentration p, = 1M, typi-
cal for EDLCs [6,31]. To mimic the hard-core interactions between the
ions, we used the generic Lennard-Jones interaction potential with ex-
ponents 50 and 49 and the potential depth feyg = 1.5 [32]. We took
a background relative dielectric constant ¢, = 20, which describes the
dielectric permittivity of bulky ions or weakly polar solvent (for simplic-
ity, and in the absence of simple theory, we follow other publications
[6,9] and ignore its dependence on the pore size and ion density). The
total number of iterations was 10°, with 10> Widom insertions and 10*
MD steps per iteration.

In addition to fixing the total ion concentration when varying the
electrolyte composition (i.e., x,), as described above, we also performed
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calculations for a constant bulk pressure. We first computed the pres-
sure for x, =0 and then determined the equilibrium simulation box
lengths for each molar fraction x, providing the same pressure. To this
end, we conducted MD simulations of the same model in NPT ensemble
with the LAMMPS simulation package [33] (https://www.lammps.org).
Before starting a series of NPT runs, we equilibrated the x, = 0 system
in NVT ensemble for 150ns (5fs step) using Nosé-Hoover thermostat
provided by LAMMPS. We used the generic Lenard-Jones potential and
the system parameters as described above in this section. The computed
pressure of the equilibrated x, =0 system was approximately 67.73 bar
(such high pressures are typical and result form the absence of attractive
dispersion interactions). We next ran NPT simulations with the Nosé-
Hoover barostat and thermostat for the systems with x, =0, 0.2, 0.4,
0.6, 0.8, and 1 at the same pressure. Each NPT run was 150ns long (5fs
step). We calculated the box size for each equilibrated system and then
performed MD simulations with the Widom insertion as described above
using the same parameters except for the box sizes.

The total bulk chemical potential 4; of ion pair i is a sum of the ideal-
gas and excess parts. The results for y; are shown in Figs. S1 and S2.

2.1.2. Single-file pores: mapping to a 1D model and its analytical solution
We describe an ionic system inside a single-file nanotube using a
grand canonical ensemble, with the concentration of each component
determined by the bulk chemical potential of ions (along with the tem-
perature, nanotube and ion radii, and potential difference u applied to
a nanopore relative to the bulk electrolyte). Its mapping onto a 1D sys-
tem of interacting hard-core particles can be done by associating the ion
positions along the cylinder main axis with the ion coordinates in the
1D model and integrating out the degrees of freedom in the remaining
two directions. This procedure leads to a shift in the electrochemical
potentials of ions in the 1D model [15],
A =00 = Wa @
where /2P is the electrochemical potential of species « in a 3D nanopore
(which in equilibrium is equal to the bulk chemical potential y,), and

Ry—a,

B, =—In|27 / e Pva®r gy 3
0

results from integrating over the degrees of freedom perpendicular to
the nanopore symmetry axis [15]. In Eq. (3), y,(r) is the interaction en-
ergy of ion a with the nanotube wall. In this work, we consider steric
and image charge interactions (Section S1 B in the Supplementary Ma-
terial) and neglect dispersion forces. R, = R — a, is the accessible pore
radius, where q, is the radius of the wall atom (in all calculations, we
took a, = 0.1685 nm, which corresponds to the radius of carbon atom).
The upper limit in the integral in Eq. (3) ensures hard-core exclusion be-
tween an ion and the pore wall. Following our previous work [9,15,34],
we included the thermal de Broglie wavelength in ji*C, whose contribu-
tion is identical in the bulk and in the pore.

The electrostatic interactions between ions inside a conducting nan-
otube are screened by the charge carriers (electrons and holes) on the
nanotube walls [35-38]. For an ideally metallic nanotube, this screen-
ing is exponential with the leading-order decay length determined by
the nanotube radius [37,38]; we present the corresponding interaction
potential in Section S1 A in the Supplementary Material. Quantum
density functional calculations suggest [39-41] that this interaction
potential provides a reliable approximation also for gold and carbon
nanotubes (CNTs). However, a finite density of states (DOS) of CNT
walls leads to a finite quantum capacitance C, (C, = co for ideally
metallic pores) [42], which tends to reduce the total (measured) ca-
pacitance [43-46] and may give rise to interesting effects such as an
energy storage enhancement at high applied potential differences [34].
In this work, we neglect these effects and note that we expect a sim-
ilar qualitative behaviour as discussed below also for CNTs and other

Journal of Molecular Liquids 391 (2023) 123369

carbon-based electrodes provided the in-pore ions do not significantly
modify their DOS [47].

The exponential screening of in-pore ion-ion interactions allows one
to neglect the interactions beyond nearest-neighbour ions in single-file
pores. For a one-dimensional system of particles interacting only with
their nearest neighbours, one can analytically calculate the equilibrium
particle densities for given electrochemical potentials, temperature, and
interaction energy (which depends on the pore radius) [15,48]. The
details of these calculations and the resulting expressions are presented
in Section S2 in the Supplementary Material.

2.1.3. Electrochemical potentials of ions and a one-electrode setup
The electrochemical potentials of ions can be presented as (i = 1,2)

A=l +eu, @
AP = P —eu, ®)

where y;D is the corresponding chemical potential, ¢ is the proton
charge and u is the electrostatic potential measured with respect to the
bulk electrolyte. From MD simulations (Section 2.1.1) and using Egs. (2)
and (3), we obtain chemical potentials of ion pairs; correspondingly, we
use

AP = 7D 4 71D = 1D 4 1D, ©

Since our electrolyte consists of three types of ions, we need an ad-
ditional electrochemical potential or a combination of electrochemical
potentials to characterize the ionic system; we chose

N N
apP = - 2 (5 -i) = o 2 (1= ulP) +eu= >+ e )
where N is the number of different types of ion pairs (in our case
N =2, except for x, =0 and x, =1 when N =1). For a symmet-
ric IL, ﬁf} = ji'® and hence Au'P = —eu is determined solely by the
applied potential difference u. For asymmetric ILs, we computed the
electrode charge Q (the negative of the ionic charge accumulated in the
electrode pores) as a function of Au'® and determined Ay " as a solu-
tion of Q(Au'P) =0, which defines the potential of zero charge (PZC)
upze = (AP — ApgP)/e. We cannot determine the value of upyc with-
out knowing Ai'P, as it depends on the electrochemical potentials of
individual species 4\ and 4#!°. Therefore, we measure the applied po-
tential difference with respect to upy, that is, we present all results for

a single nanotube or electrode as functions of u — upyc.

2.1.4. Averaging over a pore size distribution

A distribution of pores in an electrode can be measured experimen-
tally through gas adsorption isotherms [49] or computed numerically
for model porous materials using, e.g., the Gelb-Gubbins method [50].
Both methods provide a cumulative pore volume Q(¢) defined as a vol-
ume of pores of sizes # and smaller. Note that # is the accessible pore
size so that for a cylindrical pore # =2R,. The pore size distribution
is conventionally defined as [51] P, = —dQ/d¢; the quantity Py (£)d?
gives the volume of pores of sizes between ¢ and ¢ + d¢. Fig. 1d shows
differential and cumulative PSDs of activated carbon black used in our
experiments (Section 2.2.1).

As discussed in Ref. [19], the relevant distribution function for aver-
aging capacitance and energy density is the normalised distribution of
the number of pores of size ¢:

o~ (O)Py(?)

P)=—— 2277
W) J7 dea= (&YPy(6)

(8
where w(?) is the volume of a pore of width #. For a cylindrical pore of
width (= diameter) # and length H, the volume w(¢) = x H¢? /4, while
for slit pores w(#) = H*¢. Examples of P,(#) for activated carbon black
assuming slit and cylindrical pores are shown in Fig. S3.
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With P,(¢) at hand, one performs averaging of any #-dependent
quantity A as usual

S}

(A)p, = / dEP,(E)AC). ©
0

We used Eq. (9) to compute the electrode charge and capacitance,
(Q(AﬂlD))pn and (C(Ale))p", where Apu'P follows from Eq. (7). To
compute the potential of zero charge, we solved numerically the equa-
tion (Q(AM]D))pn =0, similarly as for a single nanopore.

2.1.5. Two-electrode cell

Under applied cell voltage v, the equilibrium charge on two elec-
trodes of an EDLC must be equal in absolute value and opposite in sign,
ie.

Ql(u1)=—Q2(l42), (10)

where u; [u,] is the potential at the first [second] electrode with re-
spect to the potential of the bulk electrolyte so that v =u; —u,. To
find u;, we solved Eq. (10) numerically with £solve routine from
the Scipy python package using the data for Q(Au'P) calculated for
a given electrode in a single electrode setup. We differentiated numer-
ically Q(v) = Q,(u;) with respect to v to compute the total capacitance
of a two-electrode cell.

2.2. Experimental

2.2.1. Nanoporous electrodes

Commercial highly-porous carbon black (BP2000 from Cabot) was
used to prepare the electrodes for supercapacitors. First, 95 mass%
of the active material (BP2000) was mixed with 10 mass% of binder
(polytetrafluoroethylene, 60 mass% dispersion in water, Sigma Aldrich)
within a mortar, and the mixture was triturated until a homoge-
neous dough was obtained. Next, the obtained dough was rolled with
a calendaring machine (HRO1 hot rolling machine, MTI) to form a
(250.0 + 0.6) um thick sheet, from which electrodes disk of 11 mm di-
ameter were punched out and dried at 120 °C for 12 h under vacuum at
60 mbar. The electrode density was (0.29 + 0.05) gcm™3.

The analysis of nitrogen sorption at 77 K was conducted using a
Quadrasorb IQ system (formerly Quantachrome, now Anton Paar) to
investigate the porous structure of PTFE-bound electrodes. Before the
measurements, the electrodes were degassed for 12h at 100°C un-
der vacuum conditions. Porosity analysis was performed using a two-
dimensional non-local density functional theory, assuming a slit-shaped
pore configuration. The resulting cumulative and differential distribu-
tion of pores is shown in Fig. 1d.

A ZEISS GEMINI 500 scanning electron microscope (SEM) was used
to determine the carbon material micrograph (the inset in Fig. 1d)
by applying an accelerating voltage of 1kV at a working distance of
4.5 mm. For the measurements, the samples were mounted on an alu-
minum stub fixed with copper tape.

2.2.2. Electrolytes

A mixture of IL electrolyte was prepared by dissolving potas-
sium trifluoromethanesulfonimide ([K][TFSI]; >99 %, Iolitec) salt in
a dried 1-ethyl-3-methylimidazolium-bis(trifluoromethylsulfonyl)imide
([EMIM][TFSI]; >99 %, Iolitec) in 1:9 molar ratio ([K],[EMIM] -
[TFSI]). The mixture was stirred inside a glovebox (MBraun, H,O <
0.1 ppm, and O, < 0.1 ppm) under an argon atmosphere and used as
an electrolyte in the supercapacitor cell assembly. The ionic conductiv-
ity of each electrolyte was assessed following the procedure described
in [52] by utilizing a Microcell HC electrochemical cell (RHD Instru-
ments) equipped with Pt electrodes. We obtained at 25 °C the following
values: 8.7 uScm~! for pure [EMIM][TFSI] and 5.1 uSem~! for [K] ;-
[EMIM] o [TESI]. The measurements were conducted using a Modulab
electrochemical workstation with ESC software (Solartron Analytical).
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First, 400 pL of each electrolyte was carefully injected into the mea-
suring cup into the glove box. Subsequently, the Pt electrode crucible
was securely sealed. The closed cell was then affixed to the Peltier el-
ement of a temperature-controlled base unit (Eurotherm 2000) using
heat sink paste to enhance heat transfer between the Peltier element
and the crucible. After allowing 10 min for temperature stabilization,
potentiostatic impedance was at a standard temperature of 25 °C. The
impedance measurements were performed over a frequency range from
700 kHz to 1 Hz at open circuit potential. To determine the cell constant
K, the conductance obtained from a 0.1 M potassium chloride (KCI)
aqueous standard (VWR) with a known conductivity of 12.88 mScm™!
at 25 °C was utilized, employing the following equation:

A
G= 70=Kce“0, an

where G is the conductance, A is the area of the electrode surface, / the
height of the electrolyte level, and ¢ is the conductivity. The cell con-
stant was obtained using the impedance data for different temperatures
of the 1 M KCl solution with a known conductivity of 12.88 mScm™! at
25°C.

2.2.3. Electrochemical measurements

For electrochemical investigations, we used two-electrode poly-
ethylene-ether-ketone (PEEK) cells equipped with spring-loaded tita-
nium pistons [45]. The cells were assembled using a glass microfiber
membrane (GF/A, Whatman) as a separator sandwiched between two
carbon electrodes soaked with the IL electrolyte. All electrochem-
ical measurements were done at (25+1)°C in a climate chamber
(Binder) using a potentiostat/galvanostat (Bio-Logic VMP300) con-
trolled with EC-Lab software. Cyclic voltammetry (CV) at different
scan rates (2mVs~!' to 500mVs~!), galvanostatic cycling with poten-
tial limitation (GCPL, at 200mA g~!), and electrochemical impedance
spectroscopy (EIS, at 0V with a sinusoidal signal of 5mV in the fre-
quency range from 100kHz to 1 MHz) were carried out in the voltage
range from O to 3 V. The specific capacitance C, (in Fg~!) was calcu-
lated by using the following equation:

o 2

= , 12
U (12)

s
ax,corr

where 14 (s) is the discharge time, I (mA) is the applied current, m,
(mg) is the mass of the electrode, and U,y .oy (V) is the maximum cell
potential corrected from the ohmic drop. For a better comparison of
experimental and theoretical results, the areal capacitance values were
calculated by dividing the specific capacitance by the specific surface
area of the BP2000 carbon electrode. Accordingly, the energy efficien-
cies (EE) were determined by integrating the charge and discharge areas
of the GC/GD as a function of time:

[pUdt
JeU®adr’

where C and D denote charge and discharge parts of the GC/GD curve
(cf. Fig. 6b).

EE = 100 13)

3. Results and discussions

In our theoretical calculations and experiments, we consider an
electrolyte containing cations and anions of comparable sizes and in-
vestigate how the capacitive properties of nanoporous electrodes and
EDLCs change when we mix this electrolyte with an ionic fluid having
the same anion but a differently-sized cation. We first address this prob-
lem theoretically using a model of single-file nanopores (Fig. 1b). The
analytical solution for the ion densities inside such pores (Section 2.1.2)
allowed us to investigate the capacitance-electrolyte-pore size relations
in detail (Section 3.1). In Section 3.2, we use this analytical solution
to study charging of a single nanoporous electrode, and in Section 3.3,
we consider a two-electrode EDLC. We then present our experimental
results for EDLCs using pure [EMIM][TFSI] and [EMIM][TFSI] mixed
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Fig. 2. Voltage dependence of ion densities inside a nanotube. An electrolyte consists of anions of radius a_ = 2.5 A and two types of cations of radii a =25 A
and (a-d) a,, = 1.5 A and (e-h) a 2= 3 A. The results are plotted for different values of molar fraction of the second IL x,. Temperature T = 400K and pore radius

R=5.6A. up, is the potential of zero charge.

with [K][TFSI] (Section 3.4). In Section 3.5, we discuss the role of pore
size distribution in charge storage and how to match it with an IL mix-
ture to enhance capacitive energy storage.

3.1. Charging a single nanopore

The equilibrium ion densities inside a nanopore are determined—
among other parameters —by the bulk chemical potentials of ion pairs
ﬂ?D, where i denotes an ion pair. As described in Section 2.1.1, we com-
puted ﬂ?D for two cases: (i) when the total ion concentration and (ii) the
pressure of a bulk electrolyte is kept constant when varying the molar
fraction x, of the second IL (case (i) implies the presence of a solvent,
assumed implicit in this work). In both cases, we obtained qualitatively
similar results. We discuss here the constant pressure case and show the
results for the constant ion concentration in Supplementary Material
(Figs. S4 and S5).

In Fig. 2a-d, we show 1D ion densities p!° = N, /L, where N, is
the number of particles of type « and L is the pore length, as func-
tions of the potential difference u (measured relative to the potential
of zero charge, upyc, see Section 2.1.3) for four values of molar frac-
tion x, of the second cation, which in these plots is smaller than the
cation of the first IL. By increasing x, even slightly from zero, the den-
sity of the larger cation becomes bell shaped as a function of u, and its
magnitude decreases with increasing x,. Conversely, the density of the
smaller cation becomes a monotonic function of u (for x, > 0) and sat-
urates at a maximum value p!® =1/a_ , at high potentials. Thus, with
increasing x,, the charging becomes more and more determined by the
smaller cation, similarly as for slit mesopores investigated by Cats and
van Roij [13].

In contrast, adding to the neat IL an IL featuring a larger cation (i.e.,
choosing a, , > a, ;) exerts only a minor influence on the ion densities
(Fig. 2e-h). In this case, the density of the added cation has a bell shape
as a function of u, while the density of the first (smaller) cation remains
monotonic for all molar fractions x, < 1. This result aligns with the
conclusion that nanopore charging is predominantly governed by the
smaller cations.

b Ay = 3A

—Q (Cem™?)

30

LT»—4

g 20}

&)

S 107

0'..;....|.... ..i. P I

0 0.5 1 0 0.5 1
upzc — U (V) upzc — U (V)

Fig. 3. Charging a nanotube with binary cation IL mixtures. An electrolyte
consists of anions of radius a_ = 2.5A and two types of cations of radii a, , =
25A and @ a,,= 1.5A and (b) a,, = 3A. Electrode charge (top plots) and
capacitance (bottom plots) are plotted for different values of molar fraction of
the second ion pair x,. Temperature T = 400K and pore radius R = 5.6 A. upyc
is the potential of zero charge.

These differences in ion densities become evident in the charge and
capacitance behaviour, which we illustrate in Fig. 3. For upzc —u >0,
adding an IL with a smaller cation (a, ; < a, ;) results in an augmen-
tation of accumulated charge and the corresponding enhancement in
capacitance (Fig. 3a). At high negative potentials, the maximum capac-
itance is attained at approximately x, ~ 0.2, indicating a non-monotonic
dependence on x,. Consistent with the observations from Fig. 2e-h, mix-
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Fig. 5. Charging a symmetric EDLC. (a) Total capacitance C, of a two-
electrode cell obtained as described in Section 2.1.5. C,, is plotted as a function
of the cell voltage v. (b) Stored energy density (Eq. (14)) as a function of the
cell voltage. Parameters are the same as in Fig. 4.

ing a symmetric IL with an IL containing a larger cation yields only
a marginal impact on charge storage and capacitance, as indicated in
Fig. 3b. Henceforth, we consider IL mixtures composed of comparably-
sized cations and anions with an addition of an IL possessing the same
anion and a smaller cation.

3.2. Charging a single nanoporous electrode

To study charging of nanoporous electrodes, we averaged the ana-
lytical results for single nanotubes of different radii over the pore size
distribution (PSD), P,, of the carbon black used in our experiments.
The corresponding distribution of the number of pores, obtained as de-
scribed in Section 2.1.4, is shown in Fig. 4a.

Fig. 4b shows that for up;c —u 2 0.5V, the accumulated charge (Q)p,
increases by about 60 % for the IL mixtures compared to the pure IL
(x, =0). This increase is mainly driven by the charge storage enhance-
ment of single nanopores due to the presence of smaller cations in the
mixture (Fig. 3a). Similarly, the capacitance, (C)p , also increases for
u < upzc when using the IL mixtures (Fig. 4c). Overall, (C)p has a
similar structure as in the case of single nanopores (Fig. 3a) and, in
particular, shows a non-monotonic behaviour as a function of x,.

3.3. Charging a symmetric EDLC

We next calculated the total capacitance (C,,,) for a symmetric EDLC
consisting of two identical nanoporous electrodes as in Section 3.2. The
results are shown in Fig. 5a and demonstrate that, while capacitance
increases slightly, the effect is much weaker than for a single electrode

and occurs only in a small voltage window around ~ 0.3 V. This is par-
tially expected, as the EDLC electrodes form two capacitors in series,
thus reducing the total capacitance compared to a single electrode. As
the voltage increases, the capacitance becomes virtually independent of
x, and does not show any enhancement. The reason is that the nega-
tive electrode (i.e., the electrode with a negative charge on it) does not
match the higher charge accumulated in the positive electrode. Thus, a
two-electrode symmetric EDLC does not utilize the IL mixture-enhanced
performance of the positive electrode. This behaviour is also reflected
in the stored energy density,

v

E(v):/v’Cmt(v')dv’,

0

14)

which shows only minor changes for the IL mixtures compared to the
pure IL.

3.4. Charging a symmetric EDLC: experimental results

To verify the validity of our theoretical predictions, we performed
electrochemical experiments in two electrodes PEEK cells examined us-
ing cyclic voltammetry (CV), galvanostatic charge/discharge (GC/GD),
and electrochemical impedance spectroscopy (EIS). Fig. 6a-b show the
cyclic voltammograms (at 5 mV s~!) and galvanostatic charge/discharge
(at 200mA g~!) up to 3 V with neat [EMIM][TFSI] and [K],, [EMIM] o-
[TFSI] electrolytes. The cyclic voltammograms of the two cells display
rectangular shapes (Fig. 6a) and the GC/GD has a triangular shape char-
acteristic of charging an electrical double-layer [53].

At a specific current of 200mAg~! (Fig. 6b), the two cells dis-
played almost comparable specific capacitance values of (122 +5)Fg™!
and (118 +5)Fg~! for the capacitors using [EMIM][TFSI] and [Klp,-
[EMIM] o [TESI] electrolytes, respectively. Previous works reported
comparable capacitance values for supercapacitors in organic elec-
trolytes using the same carbon as studied in this work [54,55]. At
lower scanning rates of 2mVs~! and 5mVs~! (Fig. 6¢), the cell us-
ing the neat [EMIM][TFSI] demonstrates a slightly higher capacitance
value than the cells made with [K], ; [EMIM], o [TFSI] electrolyte. More-
over, the potassium-containing IL showed an energy efficiency of 97 %,
whereas the cell with neat [EMIM][TFSI] provided a slightly higher
value of 99 %. Compared to the cell made with [K], ; [EMIM], o [TFSI]
electrolyte, the relatively higher capacitance and efficiency value of the
cell with neat [EMIM][TFSI] at lower rates can be linked to the lower
viscosity of the neat electrolyte, which facilitates ions mobility within
the pores of the carbon electrode material [53].

The electrochemical impedance spectroscopy data (Fig. 6d-f) con-
firm a better electrochemical performance for the cells made of pure
[EMIM][TEFSI], as evidenced by the low-frequency region of its Nyquist
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curves at a specific current of 200 mA g~!. Specific capacitances as a function of (¢) scanning rate and (d) frequency. (e) Bode plot and (f) Nyquist plot obtained in

the frequency range from 100 kHz to 1 MHz.

plot being more parallel to the imaginary axis (Fig. 6f). The potassium-
based cell data demonstrate lower capacitance values (Fig. 6d) and
lower phase angles (Fig. 6e) versus frequency. The phase angle at
a frequency of 1MHz is 84° for the pure [EMIM][TFSI] compared
to 81° for the [K],;[EMIM],o[TFSI] cell. The time constant calcu-
lated at 45° phase angle is 19.2s and 43.5s for the device made with
[EMIM][TFSI] and [K],[EMIM],[TFSI] electrolyte, respectively. In
the high-frequency region of the Nyquist plots (Fig. 6f), the device using
the neat ionic liquid electrolyte revealed a lower ionic resistance (Ri)
than the cell with the mixed electrolyte. The obtained Ri is 0.38 Qcm?
and 0.49 Qcm? for the device made with [EMIM][TFSI] and [K];-
[EMIM] o [TFSI] electrolytes, respectively. Thus, adding potassium salt
increases the electrolytes’ viscosity due to the interaction between [K]*
and [TFSI]~ ions [56], influencing the ion transport within the pores
[571.

3.5. Can IL mixtures enhance energy storage?

Our theoretical calculations and electrochemical experiments
showed that the binary cation IL mixtures used in this work did not
substantially enhance capacitance (and even lowered it) compared to
the neat IL (Figs. 5 and 6). To understand this result, we analysed the
distribution of pores in the activated carbon black used in the calcula-
tions and experiments. By integrating the corresponding PSD computed
for slit pores (Fig. S3) and using the average dimension of [EMIM]*
cation (~ 0.37 nm), we estimated that about 86 % of pores are accessible
to all cations and about 14 % of pores are accessible only to the potas-
sium ion (radius 0.28 nm). Thus, the percentage of pores accessible to
the potassium cation and inaccessible to the [EMIM]* cation was rela-
tively small and even those pores were likely not fully utilized during
charging with high scan rates used in our experiments, explaining the
negligible effect of using [K] ; [EMIM] o [TFSI] mixture (Fig. 6).

To get deeper insights into the interplay between pore-size distri-
bution and ion sizes and how they relate to capacitance and energy
storage, we carried out theoretical calculations for a model electrode
generated in a computer [58] using Gaussian random fields [59,60].
This model electrode reproduces well the SAXS intensity and the distri-
bution of pore sizes of titanium carbide-derived carbons chlorinated at

600 °C (CDC600) [61]. Fig. 7a shows a PSD of the CDC600 electrode as-
suming cylindrical pores. For our model IL mixture, we estimated that
about 51 % of the CDC600 pores are accessible to all ions (pore radii
above 0.25 nm) and 49 % are accessible only to the smallest cation in the
mixture (radius 0.15nm). The abundance of such narrow pores makes
the IL mixture work more efficiently and enhance the capacitance much
more substantially than in the case of the activated carbon black (com-
pare Fig. 7b with Fig. 4c).

Consequently, the binary cation electrolytes deliver elevated capac-
itances and stored energy densities also with two-electrode cells, albeit
only under low and intermediate cell voltages, as depicted in Fig. 7c,d.
At higher voltages (above approximately 0.8 V), the enhanced perfor-
mance of the positive electrode encounters constraints imposed by the
negative electrode, whose subnanometer pores remain unoccupied be-
cause of bulky anions. This observation suggests that the energy stored
by EDLCs can be increased by incorporating quaternary electrolytes
comprising dual anionic and cationic species or by deploying asymmet-
ric electrodes featuring different pore size distributions to counterbal-
ance the charge accumulation on the electrodes.

4. Conclusions

We have explored IL mixtures comprising a shared anion and two
distinct cations of varying sizes, scrutinizing the interplay between
these IL mixtures and nanoporous electrodes concerning capacitive en-
ergy storage. Our theoretical approach involved a model of electrolyte-
filled single-file pores, which we mapped onto a one-dimensional,
off-lattice model endowed with an exact analytical solution, allow-
ing us to systematically investigate the relationship among the elec-
trolyte, porous electrode, and capacitance. The investigation showed
that adding an IL featuring a small cation to an IL containing bulky
ions can substantially augment the capacitance of single nanopores and
nanoporous electrodes when subject to negative potential differences
relative to the potential of zero charge (Fig. 4). We found a non-
monotonic relationship between capacitance and the relative concentra-
tion of ILs in the mixture (Figs. 3 and 4). However, this non-monotonic
behaviour ceased to manifest in nanoporous electrodes characterized by
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Fig. 7. Charging a symmetric EDLCs with model CDC600 electrodes. (a) Normalised distribution of the number of pores determined for model CDC600 electrodes
using Eq. (8) and the volumetric pore-size distribution (PSD) from Ref. [58]. The inset shows a 3D illustration of the CDC600 pore structure. (b) Average capacitance
per surface area as a function of the potential difference applied to the electrode relative to the potential of zero charge, up,-. The averaging has been performed
using Eq. (9) and the PSD from panel (a). (¢) Total capacitance C,,, of a two-electrode cell obtained as described in Section 2.1.5. C,, is plotted as a function of the
cell voltage v. (d) Stored energy density as a function of cell voltage. An electrolyte is a mixture of anions of radius a_ = 2.5A and of two types of cations of radii

a,; =25 A and a,,=15 A. Temperature T = 400K.

an abundance of micropores and in two-electrode EDLC devices (Figs. 5
and 7).

In the case of EDLCs, our findings indicated a weaker capacitance
enhancement when employing binary cation electrolytes compared to
single electrodes (Figs. 5 and 7). Particularly at elevated cell voltages,
the neat IL exhibited superior performance over binary cation IL mix-
tures. This result can be attributed to the limitations of the EDLC’s
performance by one of its electrodes, whose narrow pores could not
be optimally utilized due to the presence of sizable anions. Our elec-
trochemical experiments followed similar trends, demonstrating com-
parable capacitances for neat [EMIM][TFSI] and for its mixture with
[K][TFSI] (Fig. 6). Slight enhancements in cell properties with the use of
[EMIM][TFSI], compared to the potassium-containing cell, likely stem
from the lower conductivity of the mixed electrolyte.
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