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ABSTRACT: Formulating room-temperature ionic liquid (RTIL) mixed electrolytes was recently proposed as an eﬀective and convenient strategy to increase the
capacitive performance of electrochemical capacitors. Here we investigate the
electrical double-layer (EDL) structure and the capacitance of two RTILs, 1-ethyl3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide (EMI-TFSI) and 1-ethyl3-methylimidazolium tetraﬂuoroborate (EMI-BF4), and their mixtures with
onion-like carbon electrodes using experiment and classical density functional
theory. The principal diﬀerence between these ionic liquids is the smaller
diameter of the BF4− anion relative to the TFSI− anion and the EMI+ cation. A
volcano-shaped trend is identiﬁed for the capacitance versus the composition of
the RTIL mixture. The mixture eﬀect, which makes more counterions pack on
and more co-ions leave from the electrode surface, leads to an increase of the counterion density within the EDL and thus a
larger capacitance. These theoretical predictions are in good agreement with our experimental observations and oﬀer
guidance for designing RTIL mixtures for EDL supercapacitors.

E

acetonitrile) and room-temperature ionic liquids (RTILs) are
preferred over conventional aqueous electrolytes in terms of
their wider OPWs. In particular, ionic liquids are often adopted
because of their large electrochemical windows, excellent
thermal stability, and nonvolatility.16 Because cations and
anions of the RTILs typically have diﬀerent electrochemical
stability, the maximum working potentials of the negative and
positive electrodes are asymmetric, and such asymmetry can
also aﬀect the OPW of an EDLC. To utilize the entire working
potential ranges, one may take a variety of approaches including
charge injection,17 mass balancing,18 and asymmetric carbon
selection.19 However, all these methods have negative side
eﬀects on the EDLC performance. Recently, some of us
proposed an alternative yet much simpler strategy: using ionic
liquid mixtures to balance the electrode’s performance during
charging and discharging, thereby increasing the range of the

lectric double-layer capacitors (EDLCs), also known as
supercapacitors, store electrical energy by physisorption
of ionic species at the surface of porous electrodes. In
comparison to electrochemical batteries, EDLCs have the
advantages of faster charging kinetics, higher power densities,
and longer cycling lifespans.1 While surface reactions play a
central role in batteries, the performance of supercapacitors is
strongly correlated with the nonredox ionic behavior inside the
micropores of electrodes.2−7 The energy density per surface
area of an EDLC is proportional to its capacity and to the
square of its operating potential window (OPW), E = CV2/2,
where C is the capacitance per surface area and V the maximum
OPW.8−10 Accordingly, the energy density of an EDLC can be
enhanced by increasing the speciﬁc surface area of the porous
electrode, by maximizing the capacitance of the electric double
layer (EDL), and by using electrolytes with a larger OPW.
Recently, a wide variety of carbon-based electrodes with
diverse pore size distributions, morphology, architecture, and
functionality have been utilized for EDLCs to improve the
capacitive performance.11−15 Among various electrolytes for
EDLCs, organic electrolytes (e.g., propylene carbonate and
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operating potential.20 While the adoption of ionic mixtures is
promising, the origin of such mixture eﬀect is still unclear.
Despite a large amount of theoretical and simulation work on
the capacitance of RTILs in porous electrodes,6,21−31 little is
known about how the properties of EDLCs containing RTIL
mixtures would be aﬀected by the electrolyte composition.32−35
Toward the rational design of the electrolytes and electrode
materials, it would be desirable to understand the following:
How would the EDL structure and capacitance change with the
composition of RTIL mixtures? What is the microscopic
mechanism underlying the capacitance change? Importantly,
what is the functional role of individual ions in the EDL
behavior? To address these questions, we employ classical
density functional theory (CDFT) to study the properties of
EDLs of RTIL mixtures near the electrodes. CDFT is an ideal
computational tool for examining the mixture eﬀects because it
is computationally eﬃcient and applicable to a wide variety of
systems ranging from electrodes with pore size comparable to
the ionic dimensionality to those with pores on the mesoscopic
scales.
As in previous work,25,36 we use the primitive model of
electrolytes to represent RTILs. Whereas the coarse-grained
model lacks chemical speciﬁcities, it accounts for electrostatic
correlations and ionic excluded volume eﬀects that are ignored
in conventional electrochemical theories (e.g., the Poisson−
Boltzmann equation). Both eﬀects are important for describing
the performance of RTIL-based EDLCs. Figure 1 shows a

widely used in electrochemical devices.1 Throughout this work,
both anions and cations are assumed monovalent (Zi = −1 and
+1) as is the case for EMI+, TFSI−, and BF4−. The diameter of
cations (EMI+) is ﬁxed at σ+ = 0.5 nm, and the diameters of
anions are 0.6 and 0.3 nm for TFSI− and BF4−, respectively.
The eﬀective diameters were estimated from their molecular
volumes optimized by Dmol3 module of Materials Studio
version 7.0.37 For all mixtures, the total number density is 2.32
nm−3 for both cations and anions, and the overall charge
neutrality is imposed for the entire electrochemical cell.38
As in standard EDL theories, the electrode is modeled as a
rigid planar wall. The model is a simpliﬁcation of the external
surface of an onion-like carbon (OLC) electrode, as was used in
the experimental investigation of RTIL mixture eﬀects.20 The
OLC particles have a spherical shape with a diameter between 5
and 10 nm and are free of micropores.20,39,40 It has been shown
with molecular dynamics simulation that the curvature eﬀect on
the OLC-EDLCs is relatively insigniﬁcant when the particle size
is beyond several nanometers.41 Therefore, the planar model
mimics the OLC-EDLCs studied experimentally. The charged
wall exerts an external potential on each ion given by
σ
⎧
∞,
z< i
⎪
⎪
2
Vi (z) = ⎨
σ
⎪−2πZ eQz /ε , z ≥ i
⎪
i
0
⎩
2

(2)

where Q stands for the surface charge density and z is the
perpendicular distance.
We calculate the ion distributions and subsequently the
capacitance using CDFT.42 At a given temperature, T, and a set
of ion concentrations in the bulk, ρ0i , CDFT predicts the ion
distributions near the electrode surface
ρi (z) = ρi0 exp[−βVi (z) − βZieψ (z) − β Δμiex (z)]

(3)

Δμex
i (z)

where β = 1/(kBT) and kB is the Boltzmann constant;
accounts for electrostatic correlations and ionic excluded
volume eﬀects.42 The electrical potential, ψ(z), is related to
the local charge density by the Poisson equation
∂ 2ψ (z)
e
=−
2
ε0εbulk
∂z

Figure 1. Schematic representation of a RTIL mixture near the
electrode surface. In the coarse-grained model, cations and anions
are represented as charged hard spheres of diﬀerent diameters and
the electrode surface has a planar geometry.

i

(4)

Δμex
i (z),

Without
eqs 3 and 4 reduce to the conventional
Poisson−Boltzmann equations.
The analytical expression for Δμex
i (z) and numerical details
for CDFT calculations have been reported in our previous
work.36 Brieﬂy, eqs 3 and 4 are solved self-consistently with the
boundary conditions for the electrical potential

schematic representation of our model ionic system. Here,
cations and anions are charged hard spheres, and the electrode
is represented by a planar surface. The pair potential between
the ionic species is given by
⎧∞ ,
r < (σi + σj)/2
⎪
uij(r ) = ⎨
⎪ ZiZje 2 /4πε0r , r ≥ (σi + σj)/2
⎩

∑ Ziρi (z)

ψ (0) = ψ ; ψ (∞) = 0

(5)

In the CDFT calculations, the electric potential at the electrode
surface, ψ, is assumed to be constant. The charge density, Q, is
calculated from the condition of overall charge neutrality. To
solve eqs 3 and 4, we start with an initial guess for the ionic
density proﬁles, ρi(z). The local excess chemical potential for
each ionic species and the local electrical potential, Δμex
i (z) and
ψ(z), are then calculated from the ionic density proﬁles. Next, a
new set of ionic density proﬁles are obtained from eq 3, and the
procedure repeats until convergence (|Δρi/ρ0i | < 10−4 at all
positions). Once we have the ion distributions and the electrical
potential proﬁles, we calculate the surface charge density (Q)
and the integral capacitances from

(1)

where r is the center-to-center distance, e the elementary
charge, and ε0 the permittivity of the free space; σi and Zi are
the diameter and the valence of particle i, respectively.
Following previous publications,25,36 we select the model
parameters (viz. hard-sphere diameters and ionic valences) by
matching the molecular volumes and the charges of ionic
species in 1-ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide (EMI-TFSI) and 1-ethyl-3-methylimidazolium
tetraﬂuoroborate (EMI-BF4), two commercial ionic liquids
22
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Q = −∑ Zie
i

∫0

density due to smaller (BF4−) anions accumulated near the
positively charged surface.
We now consider how the EDLC capacitance changes with
the content of the smaller anions at the same applied potential.
Here, the voltages of cathode and anode are ﬁxed at 1.5 and
−1.5 V, respectively. Figure 3a presents the integral capacitance

∞

dz ρi (z)

(6)

and
C = Q /(ψ − PZC)

(7)

where PZC stands for the potential of zero charge.
In parallel to the theoretical investigations, we performed an
experiment on the eﬀects of ionic composition on the
capacitance of OLC-EDLCs. As in previous work,20,40,43 a
symmetric supercapacitor device was tested with two identical
OLC electrodes in a traditional sandwich setup. The electrodes
were ∼100 μm thick and 12 mm in diameter, and their weight
was in the range of 9−10 mg of OLC per electrode.
Electrochemical characterization was performed on a VMP3
potentiostat/galvanostat (Bio-Logic) using cyclic voltammetry
to measure the performance. The capacitance is calculated from
2
C=
I(t )dt
(8)
Vm

∫

where C is the electrode capacitance (F/g), I(t) dt the discharge
current as a function of time (As), V the operating voltage
window (V), and m the mass of a single electrode (g). For
more experimental details, we refer the reader to ref 20.
To illustrate the mixture eﬀects on EDL performance, we
consider ﬁrst the ion distributions and surface charge densities
for EMI-TFSI-BF4 mixtures at various electric potentials. Figure
2 shows the CDFT predictions for the surface charge density

Figure 3. (a) Calculated integral capacitance for the positive,
negative, and total electrodes when the operating potential window
(OPW) is ﬁxed as 3.0 V. (b) Experimental results for a symmetric
supercapacitor operating at 3.0 V. The electrode capacitance is
shown as a function of the concentration of the RTIL mixture for
diﬀerent scan rates.

of individual electrodes C+ and C−, and that of the entire cell,
CT. We calculate CT from the integral capacitance corresponding to the negative and positive surfaces
1/C T = 1/C+ + 1/C −

Figure 2. Charge density as a function of the electrode potential at
several compositions of the EMI-TFSI-BF4 mixture. Here, x
represents the mole fraction of EMI-BF4 in the RTIL mixture; x
= 0 means pure EMI-TFSI, while x = 1 is for pure EMI-BF4.

(9)

Figure 3a reveals that the integral capacitance for both the
positive and negative electrodes ﬁrst increases upon the
addition of EMI-BF4 until a peak is achieved at around x =
0.25, and a further increase of the BF4 concentration reduces
the capacitance. A similar trend is observed for the total integral
capacitance. The maximum capacitance for CT at x = 0.25 is
∼45% higher than that of pure EMI-TFSI and ∼15% higher
than that of pure EMI-BF4.
To study the concentration eﬀect experimentally, we
performed cyclic voltammetry (CV) measurements for onionlike carbon (OLC) electrodes in contact with EMI-BF4-TFSI
mixtures of diﬀerent anion compositions. The cyclic voltammograms are given in the Supporting Information. Figure 3b
shows the experimental results for the integral capacitance of
the OLC-EDLC at diﬀerent scan rates. As expected from the
supercapacitor performance, the capacitance decreases with
increasing the scan rate for all mixture concentrations. The
concentration eﬀect becomes more pronounced at slower scan
rates, most likely because the system has more time to organize
diﬀerent ions and optimize the charge stored. Additionally, the

versus the electrode potential for diﬀerent mole fractions of
EMI-BF4, x. While the surface charge density rises monotonically with the electrode potential, we observe a notable change
of the curvature at various EMI-BF4 contents. Diﬀerent from
previous studies of symmetric ionic systems (cations and anions
have the same size and absolute valence),4,36,38 the Q−ψ curves
are noticeably asymmetric for RTIL mixtures. Interestingly, the
potential of zero charge (PZCs) for pure EMI-TFSI and pure
EMI-BF4 are positive and negative, respectively. The sign of the
PZC can be explained in terms of the asymmetry between the
diameters of cations and anions, i.e., near a neutral electrode
larger ions are distributed closer to the surface than smaller
ions. Increasing the composition of EMI-BF4 in the RTIL
mixture shifts the PZC from slightly positive to neutral or
negative. For the positive electrode, introduction of EMI-BF4 to
EMI-TFSI results in a dramatic increase of the surface charge
23
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4b). The concentration eﬀect is also shown in the oscillatory
integrated charge density (Figure S1). The oscillation of local
electrical charge is reduced when the amount of small anions in
the bulk is increased. The smaller ions reduce the thickness of
ionic layers because of the smaller excluded volume and
enhanced electrostatic interactions. In the ionic mixture, the
electrode surface is preferentially in contact with small anions
(BF4−), which decreases the eﬀective thickness of EDLs44−46
while increasing the overall ionic packing density.46 As a result,
adding smaller anions to pure EMI-TFSI raises the electrical
charge at the electrode surface, thus resulting in a larger integral
capacitance. Similarly, the total contact density of counterions
for the RTIL mixture is larger than that of pure EMI-BF4 (x =
1, Figure 4c), suggesting a better capacitive performance than
pure EMI-BF4.
The enhanced performance of the ionic liquid mixture is also
evident by examining the density proﬁles of cations and anions
near a negatively charged surface. As shown in Figure 5, the

lower scan rates are better for comparing to the DFT
calculations because the systems are closer to equilibrium. In
all cases, the diﬀerential capacitance exhibits a volcano curve
similar to that predicted by the theory, with the peak
capacitance occurring at x = 0.2. At both higher and lower
values of x, the capacitance decreases. Apparently, the
theoretical predictions corroborate experimental results that
the RTIL mixture with 20% EMI-BF4 and 80% EMI-TFSI gives
the best capacitive performance for the OLC electrodes. The
device capacitance predicted by CDFT is 5−8 μF/cm2 at
equilibrium, which agrees well with the experimental results
(∼6 μF/cm2) at low scan rates and is larger than the
experimental value at high scan rates. As shown in Figure 3,
the local maximum is about 20% higher than that expected
from a linear interpolation of capacitance versus composition.
Given the extremely simpliﬁed model we used for the EMITFSI/EMI-BF4 mixtures, the quantitative agreement between
the experiment and our CDFT results is quite remarkable.
Why is there a volcano-shaped trend in the capacitance
versus electrolyte composition curves? To answer this question,
we analyze the EDL structure for the pure RTILs and for the
ionic mixtures. Figure 4 shows the density proﬁles of cations

Figure 5. Distributions of cations (red line for EMI) and anions
(green line for BF4 and blue line for TFSI) in EDLs of pure and
mixed RTILs near a negative surface with ψ − PZC = −1.5V.
Figure 4. Distributions of cations (red line for EMI) and anions
(green line for BF4 and blue line for TFSI) in EDLs of pure and
mixed RTILs near a positive surface with ψ − PZC = 1.5V: (a) x =
0, (b) x = 0.25, and (c) x = 1. Inserts are schematics of the EDL
structures.

height and width of the ﬁrst counterion peak is similar for all
systems modeled at the negatively charged surface, because the
counterion (EMI+) is the same for the diﬀerent electrolyte
systems. This explains why the change of capacitance with
mixture concentration at the negatively charged electrode is not
as large as that of the positive electrode. Figure 5 also shows
that the total contact density of counterions for the mixture is
larger than that for pure RTILs, which explains the increased
capacitance. However, for the pure RTIL with cations and
anions of approximately the same size (0.5 and 0.6 nm,
respectively), there is strong alternating cation/anion layering
extending at least 4 nm from the surface, whereas the increasing
addition of the smaller BF4− anions dampen this long-range
oscillation, down to <2 nm for the pure EMI-BF4. Previously,47
we showed that the oscillating cation/anion layering in RTILs
composed of equally sized cations and anions is also dampened
in a similar way when the RTIL is diluted with polar solvents
with dipole moments >∼2 D but not for solvents with weaker
polarity. In other words, we can manipulate the total
capacitance and the extent of interfacial structuring of

and anions for the pure RTILs and for the ionic mixture that
yields the maximum overall capacitance (viz., x = 0, 0.25, and
1.0) near a positively charged surface (ψ − PZC = 1.5V). As
expected, the EDL structure consists of a strong layer of
counterions in contact with the surface (blue peak for TFSI and
green peak for BF4 in Figure 4). For pure EMI-TFSI (x = 0),
the cations and anions have similar ion diameters. In this case,
we observe alternating layers of cations and anions near the
charged surface beyond about 10 times the ionic diameter. As
indicated in our earlier work,25 formation of the multiple ionic
layers can be attributed to overscreening and the ionic excluded
volume eﬀects, and the layering structure cannot be captured by
the Poisson−Boltzmann equation or lattice models. Adding
small anions (BF4−) reduces the number of ionic layers near the
surface and makes the layering structure less distinctive (Figure
24
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■

electrode−electrolyte systems by controlling the cation−anion
size disparity and/or by diluting with a polar solvent.
We can also understand the volcano-shaped trend of the
capacitance versus the composition curve (Figure 3) by
counting the number of counterions (e.g., ions of opposite
charge to that of the electrode surface) per unit area in the
region near the electrode where the charge overscreening
dominates. For all systems considered in this work, the region
of excess counterion density extends to about 0.8 nm from the
electrode surface. Figure 6 shows that, at the same applied
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