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ABSTRACT: Studies of room-temperature ionic liquids showed that electrical diﬀuse
layers in these highly concentrated electrolytes may exhibit spatially extended
nonmonotonic (oscillatory) and monotonic decays. These unconventional properties are
fundamentally diﬀerent from traditional (dilute) electrolytes and demonstrate the limited
mechanistic understanding of highly concentrated electrolytes. Moreover, electrolyte
behavior placed in close proximity of two charged surfaces becomes even more unclear due
to the possible overlap between diﬀuse layers. The latter is important as many applications
require conﬁnement into narrow spaces, e.g., energy and lubrication related applications.
To advance the understanding of electrical diﬀuse layers in highly concentrated electrolytes
(and ionic liquids) we use a semiphenomenological modiﬁed Poisson−Nernst−Planck
equation and regulate weak dilutions. Using spatial dynamics methods and numerical
computations, we analyze distinct diﬀuse layer characteristics (nonmonotonic and
monotonic) and provide for each type the analytic conditions and the validity limits in
terms of applied voltage, domain size, molecular packing, and short-range electrostatic correlations. We also discuss the
qualitative generality of the results and thus believe that these insights will allow us to advance the electrochemical understanding
of conﬁned highly concentrated electrolytes and their technological applications.

■

INTRODUCTION
The eﬃciency of electrochemical renewable energy devices, e.g.,
solar cells, supercapacitors, batteries, and fuel cells, is largely
determined by electrolyte and solid/liquid interface properties.
The former facilitate charge transport, while the latter are
responsible for charge transfer or capacitance (charge/discharge
cycling). In general, electrolyte properties near solid charged
interfaces rely on a standard electrochemical theory developed
for dilute electrolytes1,2 in which ions are regarded as isolated
point charges in a ﬂuid carrier. In this view, under electrical
ﬁeld, ions of opposite charge are attracted toward the
respectively charged electrodes and in the absence of chemical
or charge transfer reactions screen the induced electrical ﬁeld
by forming an electrical diﬀuse layer (EDL).3,4 The spatial
extent of the emergent EDL is characterized by density of these
charges (Poisson−Boltzmann theory), which is being reduced
toward the bulk with a characteristic Debye length scale of
typically nanometer size. As such, electrode screening by the
electrolyte indicates the balance between the charge migration
that is induced due to imposed surface charging and diﬀusion.
Consequently, understanding of the EDL properties is
important to charge transfer processes.5,6
Improvement of electrochemical applications often requires
high charge density and increased active surface area.7 The
latter implies that the electrolyte will be conﬁned in narrow
spaces, speciﬁcally when interfaced with nanostructured
electrodes, e.g., in supercapacitors and dye-sensitized solar
cells. Hereby, both charge density and geometrical conﬁnements fundamentally change the physicochemical intuition
© 2014 American Chemical Society

developed for traditional (dilute) electrolytes, as was
demonstrated by room-temperature ionic liquids
(RTILs):8−15 (i) ﬁnite size eﬀects of ions and electrostatic
correlations are dominant16−21 and (ii) small separation
distances inheritably facilitate overlap between EDLs and thus
are also sensitive to electrode structure.22−25 RTILs (also
referred to as solvent-free electrolytes or molten salts) become
attractive for electrochemical applications not only due to their
high charge density but also for their tunable anion/cation
design, negligible vapor pressure, and wide electrochemical
windows.7,13,14,26−29 In general, these advantages make RTILs
also attractive for other types of applications,8−14,27,30−34 such
as lubrication, nanoparticle synthesis, ﬁeld-eﬀect transistors, and
drug delivery.
A fundamental and yet unclear characteristic of RTILs
concerns unconventional spatial organizations of anions and
cations near the liquid/solid interfaces,8−15 i.e., the spatial
structure of EDLs. Several recent studies have shown that the
EDL structure in RTILs is profoundly diﬀerent from that in
traditional electrolytes, examples of which include camel shapes
of the diﬀerential capacitance vs voltage curves35−41 and selfassembled charge layering.24,28,42−52 Charge layering near the
liquid/solid interface can be viewed as a spatially oscillatory
(nonmonotonic) EDL, displaying an alternating segregation of
cations and anions that decay toward the bulk region. For metal
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surfaces, this layering has been attributed to “overscreening” of
the electrode potential.19,21,53 On the other hand, it was
recently shown that RTILs may also bare similarity to dilute
electrolytes,54,55 where a decrease in conductivity and
monotonic decay of the EDL was attributed to ion
association/dissociation kinetics.
Consequently, it appears that there are considerable
knowledge gaps in the mechanistic understanding of highly
concentrated electrolytes (and speciﬁcally RTILs) partly due to
limited theoretical development that hinder rational interpretations of empirical results.56,57 Ideally, the physicochemical
complexity should capture several energy scales and short-/
long-range interactions, e.g., electrostatic, van der Waals,
hydrogen bonds.58 However, as in many other complex systems
(e.g., biological or environmental media), a detailed or ab initio
theory that allows intuitive theoretical progress as well as
spatiotemporal computational simplicity is not available. A
plausible compromise was attempted by Bazant et al.19,20 who
proposed modiﬁcations to the widely exploited electrochemical
Poisson−Nernst−Planck (PNP) equations by inclusion of
steric eﬀects59−62 and electrostatic correlations.16,21,63 Although
the model is indeed semiphenomenological and simpliﬁed in
the sense that it is based on local density approximations, it
captured correctly trends obtained by more detailed
computations,20 including the rationale of empirically observed
double-layer diﬀerential capacitance19,64 and even motivating
insights into RTIL/dielectric liquid interfaces.34 Furthermore,
mathematical and computational simplicity make the model
feasible to electrochemical methods due to tractable temporal
analysis.65,66
In a previous paper,66 we showed via a modiﬁed PNP
model19,20,65 why conﬁned RTILs can exhibit either oscillatory
(spatial layering) or monotonic EDL structure. Here we
provide details and show analytically how the spatial EDL
structure depends on applied voltage, electrostatic correlations,
molecular packing, and separation between inert electrodes. We
employ a top-to-bottom approach in the sense that we start
with the highly concentrated case (fully dissociated RTILs) and
discuss the eﬀect of dilation. In reality, RTILs can be diluted by
organic solvents, such as propylene carbonate, ethylene
carbonate, dimethyl carbonate, diethyl carbonate, and ethylmethyl carbonate67−69 or by the control of ion dissociation.54
The analysis combines numerical integrations and analytical
methods of spatial dynamics. The latter allows identiﬁcations of
conditions that lead to global attractors, heteroclinic cycles, that
imply universal properties of highly concentrated electrolytes.
The results thus provide a guiding tool to control the EDL
structure for highly concentrated electrolytes under conﬁnement. The paper is organized as following: At ﬁrst we provide a
brief overview of the modiﬁed PNP equations, and then we
analyze the contributions of the bulk and the condensed charge
layer near the electrodes, to the EDL structure. Finally we
conclude and provide guiding relations for empirical control of
EDLs.

rationale.1,3,19,65 Next, we describe the model equations that
will be used here to study the EDL emergence in highly
concentrated electrolytes.
Modiﬁed Poisson−Nernst−Planck Framework. A binary 1:1, dilute electrolyte can be described by a mean-ﬁeld
approximation, in which ions are regarded as point charges and
the electrical ﬁeld is self-consistently determined by the charge
density in the medium. The ionic transport (with identical
anion/cation mobilities) is described by the continuity
equation, which is also known as the Nernst−Planck
formulation, while the electrostatics is given by the Poisson
equation, together comprising the PNP equations1,3
⎛
⎞
F
= −∇·JC± = D±∇·⎜∇C± ±
C±∇ϕ⎟
⎝
⎠
∂t
RT

∂C±

∇·(ε∇ϕ) = −F(C+ − C −)

(1a)
(1b)

In eq 1, C± are the positive and the negative charge densities,
respectively; ϕ is the electrostatic potential; D+ = D− = D are
the diﬀusion coeﬃcients; R is the ideal gas constant; T is the
absolute temperature; F is the Faraday constant; and ε is the
dielectric permittivity of the medium.
The electrolyte (with constant dielectric permittivity) placed
in between two charged planar and inert electrodes (separated
by L) can be approximated by a one space dimensional variant
of eq 1, i.e., C±(x,t) and ϕ(x), with respective boundary
conditions (BCs) at x = ±L̃ /2, given by
J C± = 0

(2a)

ϕ = ± Ṽ

(2b)

Initially at t = 0 the ions are equally distributed in space so that
the whole domain is electroneutral, C±(x, 0) = C0. Once an
external potential is applied (t > 0), ions move retrogradely
toward oppositely charged electrodes and form a diﬀuse layer
to screen the induced electrical ﬁeld, so that far from each
electrode electroneutrality is preserved. Speciﬁcally, the ion
density and the potential within the diﬀuse layer decay
monotonically (exponentially) toward the bulk with a
characteristic Debye (screening) length, λD = εRT/(2F2C0)1/2.
Consequently, in dilute electrolytes the Debye length is used as
a measure of the spatial extent of the EDL.1
For highly concentrated electrolytes (where ions are no
longer viewed as point charges), such as RTILs, appropriate
modiﬁcations are required.3 Many empirical observations have
shown that EDLs in RTILs diﬀer from those described by the
classical PNP theory (eq 1), and therefore they are subjected to
a variety of modeling and computational investigations18−21,24,41,62,65,70−72 including molecular dynamics (MD),
Monte Carlo (MC), and density functional theory (DFT).
Motivated by unconventional capacitance observations, RTIL
modeling incorporated, at ﬁrst, ﬁnite size eﬀects (i.e., steric
interactions) into the PNP framework.41,53,72 Steric interactions59−62 are known to lead to a broadening of the compact
layer near the electrodes (composed of only cations or anions),
a so-called “crowding” eﬀect. In this context, the ionic ﬂuxes in
eq 1 are modiﬁed by19,60

■

FROM DILUTE TO CONCENTRATED
ELECTROLYTES
Partial diﬀerential equations describing the charge transport/
transfer are powerful complementary tools to electrochemical
measurements since they employ a relatively simple framework
(as compared to computationally exhaustive molecular
dynamics and density functional theory methods) that allows
analytical investigations and consequently basic intuitive

J ± = JxC± − D

γC±

∂
(C+ + C −)
1 − γ(C+ + C −) ∂x

(3a)

where γ is the minimum volume available in space for ions
(molecular packing). Steric eﬀects, however, do not capture the
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overscreening eﬀects (spatial charge layering) that were
observed in RTILs.24,28,42−52 Here Bazant et al.19 have
proposed an additional semiphenomenological modiﬁcation:
electrostatic potential was modiﬁed to describe dielectric
response associated with correlated ion pairs (short-range
electrostatic correlations)16,17,21,63
⎛ ∂2
⎞ ∂ 2ϕ
ε⎜le2 2 − 1⎟ 2 = F(C+ − C −)
⎝ ∂x
⎠ ∂x

where le is the electrostatic correlation length. The left-hand
side of the equation is interpreted as a dielectric response in the
charge rearrangement,20 with an eﬀective permittivity operator
deﬁned by the displacement ﬁeld, D = −ε̂∂xϕ, ∂xD = F(C+ −
C−), and ε̂ = ε(1 − l2e ∂xx). The permittivity operator is
suggested to describe a nonlinear response in symmetry
breaking systems, i.e., due to conﬁnement. For further details
and model veriﬁcations we refer the reader to Story and
Bazant.20
2. Nondimensionalization and Control Parameters.
Before turning to analysis, we perform nondimensionalization
by introducing the following scales and dimensionless variables:
x̂ = x/λD, t ̂ = t/τ, c = (C+ + C−)/(2C0), ρ = (C+ − C−)/(2C0),
φ = ϕ/ϕ0, where τ = λ2D/D and ϕ0 = RT/F. Substituting into eq
1 and 3 and dropping the hats, the dimensionless modiﬁed
PNP model reads
(4a)

∂ρ
∂φ
νρ ∂c ⎞
∂
∂ ⎛ ∂ρ
⎜
⎟
= − Jρ =
+c
+
∂t
∂x
∂x ⎝ ∂x
∂x
1 − νc ∂x ⎠

(4b)

⎞ ∂ 2φ
⎛ 2 ∂2
⎜lc 2 − 1⎟ 2 = ρ
⎠ ∂x
⎝ ∂x

(4c)

ELECTRICAL DIFFUSE LAYER STRUCTURE

In reality, technological (e.g., electrochemical) devices impose
distinct spatial scales for which the EDL structure becomes
crucial,22 such as overlap between EDLs in small separating
distances. Besides the external constraints such as applied
voltage and conﬁnement, the EDL structure in RTILs is also
subjected to contributions from molecular interactions
designated here by lc and ν. Under weak applied voltages
(ΔV ≤ 1) and large separation distances (L ≫ 1), the emerged
EDLs exhibit spatial oscillations (charge layering) as long as
lc > 0.5 and monotonic decay otherwise.20 This happens since
the ionic bulk density exhibits only minor deviations from the
initial equilibrium conditions so that bulk electroneutrality
would prevail.66
Once applied voltage is increased [ΔV ∼ 6(10)] and/or the
separation distance is decreased [L ∼ 6(100)], one observes a
relation66 between the ion/charge saturation (due to steric
eﬀects) and the overscreening (due to electrostatic correlations): attraction and accumulation of charges at the electrodes
and the respective depletion in the bulk. These are
demonstrated by numerical integrations of eqs 4 and 5 in
Figure 1. The initial conditions in all numerical integrations are
(c,ρ,ϕ) = (1,0,0). Numerical solutions admit a front-like
structure between the plateau in ionic and charge densities near
the boundaries (electrodes) and the bulk region. The resulting
plateau is due to steric (ﬁnite size) eﬀects that admit an upper
limit to ionic density and depend on molecular properties
through ν (as will be shown next). It is also evident that the
width of the plateau near the interface increases with the
applied voltage.19 For the sake of the analysis, we further
simplify the system by assuming a sharp interface limit in which
each plateau near the boundary has a width of χ and investigate
the respective EDL structure for two cases:

(3b)

∂φ
∂c
∂
∂ ⎛ ∂c
νc ∂c ⎞
⎜
⎟
= − JC =
+ρ
+
⎝
1 − νc ∂x ⎠
∂t
∂x
∂x ∂x
∂x

Article

(i) moderate thickness EDL for which 2χ/(L − 2χ) ≪ 1;
(ii) thick EDL for which 2χ/(L − 2χ) ∼ 6(1).

where ν = 2γC0 and lc = le/λD. The supplementary BCs at x = ±
L/2 are given by19,20,65
JC = J ρ = 0

(5a)

φ = ±V

(5b)

∂ 3φ
=0
∂x 3

(5c)

Case (i): Spatially Moderate Thickness EDLs. To study
the characteristics of the moderate thickness EDL structure,
namely, under which conditions EDL develops either nonmonotonic (spatial oscillations) or monotonic decay, we
employ spatial dynamics methods. The focus is on the bulk
and the saturated plateaus near the electrodes (i.e., boundaries).
In the standard theory of dilute electrolytes bulk is not analyzed
since it has passive properties. However, as we will show, highly
concentrated electrolytes show diﬀerentlybulk has a hidden
structure that is stabilized once external voltage (ΔV) is
applied. The situation is similar to reaction−diﬀusion−
migration systems for which spatial bulk properties strongly
depend on BCs in a fashion that the latter select one of the
possible states of the system.73,74 Thus, the knowledge about
the spatial bulk properties provides important information
about asymptotic solutions to the whole system. Similar
methods have been also applied to electrochemical systems
under charge regulation.23
Spatial Dynamics and Asymptotic Behavior. Since ﬂuxes JC
and Jρ are conserved, it is convenient to rewrite eq 4 together
with E = −∂xφ, as a set of ordinary diﬀerential equations

where L = L̃ /λD and V = Ṽ /ϕ0.
Equation 4 describe two generalized features of highly
concentrated electrolyte properties:19 ν ≤ 1 stands for the ratio
of the bulk ion density to the maximum possible density and lc
that can be eﬀectively thought of as a dilution measure. The
latter becomes signiﬁcant for dilution of RTILs following
experiments which suggested that molten salts behave like
dilute electrolytes.54,55 For fully dissociated ions of RTILs λD ∼
Å < le ∼ nm leading to lc > 1. However, if RTILs are indeed
only partially dissociated,54,55 λD increases toward the nanometer size, and since electrostatic correlations bounded by the
Bjerrum length are also about nanometer size (due to large ion
sizes), lc signiﬁcantly decreases and marks the weak electrolyte
limit,17 i.e., lc ≤ 1. In the next section we will use lc, V, and L as
control parameters and show how characteristic relationships
between these parameters shape the EDL structure.

dv
= T−1Mv = Nv
dx

(6)

where
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Figure 1. (a) and (c) demonstrate characteristic asymptotic proﬁles of (c,ρ,φ) obtained via eqs 4 and 5. (b) and (d) show a zoom in into the EDL
region, and the dotted line is a guide to the eye for φ = 0. Equations 4 and 5 were integrated numerically with ν = 0.5, L = 50, (a,b) lc = 0.6, (c,d) V =
10, and other parameters as indicated in the ﬁgures (a) and (c), respectively.

⎛
⎜
⎜
⎜1
T=⎜
⎜
⎜⎜
⎝

1
vρ
− vc
0
0
0

0 0 0 0⎞
⎟
1 0 0 0⎟
⎟
0 1 0 0⎟
⎟
0 0 1 0⎟
⎟
0 0 0 0⎠

⎛ 0 (1 − vc)E
⎜
0
⎜E
⎜
0
M= 0
⎜
0
0
⎜
⎜
−lc−2
⎝0
⎛ 0 (1 − vc)E
⎜
− vρ E
⎜E
⎜
N = ⎜0
0
⎜0
0
⎜⎜
−lc−2
⎝0

0

0

0
0
0

0
1
0

0 −lc−2
0

0

0

0

0
0

1
0

0 −lc−2

empirical accessibility makes applied voltages and domain size
as preferable control parameters and thus will be employed in
what follows.
Bulk Region. In the absence of applied potential, i.e.,
assuming an inﬁnite bulk, eq 6 admits a continued set of
uniform states v0 = (c, ρ, E, u, w)T = (c*, 0, 0, 0, 0)T, where the
superscript stands for transpose. Ionic density c* is allowed to
vary due to depletion of ions once the voltage is applied, as
shown in Figure 1. Weak spatial deviations about the uniform
bulk state can be viewed in this framework as a spatial
“instability”.73,75 Here space takes the form of a time-like
variable, and the midplane (x = 0) is thought of as an initial
condition with respect to dynamical systems (i.e., t = 0). Such
an analogue allows us to determine the spatial deviation nature
from x = 0 toward x → ±∞ and eventually characterization of
the EDL decay toward the bulk, a.k.a., spatial dynamics.
We perform a linear analysis by expanding ﬁrst the solution
to eq 6 as

0⎞
⎟
0⎟
0⎟
⎟
1⎟
⎟
0⎠
0⎞
⎟
0⎟
⎟
0⎟
1⎟
⎟⎟
0⎠

v = v0 + δ v1e λx + δ 2 v2 + ···

(7)

where |δ| ≪ 1 is an auxiliary parameter. By substituting eq 7
into eq 6, one obtains at the leading order in δ
λ v1 = JN (c , ρ , E , u , w)v1

⎛c ⎞
⎜ρ⎟
⎜ ⎟
v = ⎜E⎟
⎜u ⎟
⎜ ⎟
⎝w⎠

(8)

where JN(c, ρ, E, u, w) is the Jacobian matrix of N. Taking the
determinant
|JN (c , ρ , E , u , w) − λ I| = 0

(9)

and solving for λ, we obtain ﬁve eigenvalues
λ0 = 0

As will be shown next, eq 6 allows an eﬃcient investigation of
the asymptotic EDL structure. First, we analyze the spatial
properties of the bulk and next show how BCs and domain size
aﬀect (together with the bulk) the EDL nature. Notably,

λ±2 =
5719

(10a)

1
(1 ±
2lc2

1 − 4lc2c* )

(10b)
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As expected, λ0 corresponds to the translational invariance of
the ionic bulk concentration (c*). The other four eigenvalues
are either real or complex conjugated according to
lc* =

1
2 c*

(11)

We note that eigenvalues λ± are identical to an ansats that was
used by Storey and Bazant20 for the limiting case of weak
electrolytes (ΔV < 1 and c* = 1).
Criterion 11, along with the distinct conﬁgurations of the
spatial eigenvalues, is presented in Figure 2. At lc = l*c (middle
inset), the eigenvalues take the double multiplicity at both sides
of the real axis, i.e., λ+ = −λ−. For lc < lc* (left inset), all
eigenvalues are real, while for lc > lc* (right inset), the
eigenvalues are complex conjugated. In practice, applied
voltages induce antisymmetric [φ(x) = −φ(−x)] force with
respect to x = 0 which is responsible for the ion depletion in the
bulk, i.e., change in c*. In this respect Im λ± are viewed as
wavenumbers where the real eigenvalues correspond to a
monotonic approach toward x → 0±, and complex conjugated
eigenvalues correspond to spatially decaying oscillations
(charge layering). Consequently, estimation of c* becomes
paramount since it determines the form of the spatial decay and
will be discussed next.
Plateau Region near the Solid/Liquid Interface. Due to
charge conservation, the depletion level of the ion density in
the bulk depends mainly on the width of the plateau region
near the boundaries, while the plateau width depends on the
applied voltage, as demonstrated in Figure 1. Notably, while c
and ρ exhibit saturation and thus form an interface (front)
between the plateau near the boundary and the bulk, the
potential (ϕ) exhibits a distinct (larger) decay scale which is
determined by ΔV. Using this scale separation, evaluation of
the saturation plateau width (χ) will allow us eventually to
determine the bulk ion density c* and thus the EDL decay
nature.
To estimate the plateau width, we rescale the space ξ = x/L
and rewrite eq 6 as
dc
= L(1 − νc)ρE
dξ

dρ
= L(c − νρ2 )E
dξ

(12b)

dE
= Lu
dξ

(12c)

du
= Lw
dξ

(12d)

lc2 dw
=u−ρ
L dξ

(12e)

Equation 12e admits distinct limits of the plateau thickness
which correspond to the ratio between electrostatic correlations
and the domain size, l2c /L.
For moderate plateau thickness l2c /L ≪ 1, the left-hand side
of eq 12e vanishes and leads to |u| ∼ |ρ| (sign of u and ρ
depends on the BCs, see eq 5b). Now, since E varies over the
plateau region, eqs 12a and 12b provide the saturation limit for
the uniform solutions of ions and charges, 1 − νc = c − νρ2 = 0,
leading to c = |ρ| = ν−1. The latter within the plateau region
allows to linearly approximate the electrical ﬁeld E ∝ ξ (see eq
12c). Integrating over the plateau domain and rescaling back to
x, we obtain

E = ν−1χ

(13)

On the other hand, the electrical ﬁeld within the plateau
domain can also be approximated as capacitance, E = ΔV/(2χ),
which together with eq 13 yields

ΔVν
2

χ=

(14)

and consequently
c* =

Lν − 2 νΔV /2
ν(L − 2 νΔV /2 )

(15)

The moderate plateau thickness limit provides via eq 15 an
additional scale η ≪ 1 and a relation between applied voltage
and domain size, η = (ΔV/2)1/2/L

(12a)

c* ≃ 1 − 2

1−ν
η − 4(1 − ν)η2
ν

(16)

In Figure 3, we show that eq 16 agrees well with direct
numerical solutions of eq 4 (we avoid plotting eq 15 since the
results (in this range) are quite indistinguishable). Notably, by
combining eqs 15 and 11 we can also approximate the critical
applied voltage that indicates the transition from monotonic to
nonmonotonic EDL
ΔVc ∼

2 2
νL2 ⎛ 1 − 4lc ⎞
⎜
⎟
2 ⎝ ν − 4lc2 ⎠

(17)

The above derivations clarify the connection between the
ionic reduction in bulk c = c* and plateau widening (near the
electrodes). Speciﬁcally, this connection indicates how diﬀerent
molecular and external system properties inﬂuence the decay of
charges toward the bulk to be either monotonic or nonmonotonic (oscillatory). From a spatial dynamics point of view,
the solutions take the form of a heteroclinic cycle-like
connection75 by replacing x → ±∞ with x → 0± (time-like
reversal). Figure 4 shows an approach to a heteroclinic
connection at c = |ρ| = ν−1, once the applied voltage is

Figure 2. Parameter space showing the transition criterion 11 from
nonmonotonic to monotonic spatial decay of EDL toward the bulk
region. At the onset, the spatial eigenvalues correspond to one trivial
(○) and a double multiplicity (×) at the real axis (middle inset).
Above the onset, the real eigenvalues become complex (right inset)
implying spatial oscillations, while below the onset the eigenvalues
split and remain on the real axis (left inset) implying spatially
monotonic decay. The eigenvalues are given by eq 10.
5720
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connections.75 Consequently, the described behavior is rather
general and can be obtained by either changing electrostatic
correlations (lc), molecular packing (ν), applied voltage (ΔV),
or domain size (L) as long as the moderate thickness limit is
preserved, l2c /L ∼ (ΔV/2)1/2/L ≪ 1.
Case (ii): Spatially Thick EDLs. Once the applied voltage
increases signiﬁcantly and/or separation distance decreases, i.e.,
l2c /L ∼ (ΔV /2)1/2 /L ∼ 6(1), the width of the plateau region
becomes comparable with the extent of the bulk, 2χ/(L − 2χ)
∼ 1 and c* → 1/2, as shown in Figure 5. In this case, scale
separation is invalid; however, the transition from oscillatory to
monotonic behaviors still obeys eq 11. We demonstrate such a
transition in Figure 5, where the separation distance is reduced
from L = 22 to L = 20 for ﬁxed lc = 1 and ΔV = 20. Notably, in
such situations screening of the electrical ﬁeld is impossible,
and electroneutrality cannot be approached, as shown in the
inset of Figure 5(b). Yet, charge and electrical ﬁeld proﬁles can
still be rationalized.

Figure 3. Comparison between the ionic bulk density obtained
through numerical integration of eqs 4 and 5 (marked by symbols)
and the approximated (solid line) form (eq 16) with ν = 0.5. Several
compositions of V and L were taken according to η = (ΔV/2)1/2/L =
V1/2/L ≪ 1, i.e., L ∈ [80,400] and V ∈ [10,30], respectively.

■

CONCLUSIONS
The growing interest in highly concentrated electrolytes and
speciﬁcally RTILs stems from a broad range of potential
technological applications, examples of which include electrochemical applications,7,9,14,28 catalysis,77−79 lubrication,32,80−84
and nanoparticle stabilizations.31,70,85−88 However, despite the
wide empirical investigations, RTILs still impose fundamental
challenges regarding the distinct spatial structures of EDLs and
the respective conditions at which each type emerges:
nonmonotonic (spatially oscillatory charge layering)
decay24,28,42−52 vs monotonic type.54 To further discourse
and advance the subject, we have chosen to study binary RTILs
(solvent-free electrolytes) and regulated weak dilutions. For
this purpose, we analyzed a modiﬁed PNP model suggested by

Figure 4. Phase plane representation for (a) ionic density and (b)
charge density. Equations 4 and 5 were numerically integrated with ν =
0.5, lc = 10, and L = 100 with V = 1 (thick/dark line) and V = 10
(thin/light line).

increased; note that qualitatively similar behavior persists also
for monotonic connections. Since heteroclinic cycles are globalphase plane ﬂow attractors (here spatial ﬂow is an analogue of
temporal ﬂow), they indeed imply that these unconventional
connections between the boundary plateaus and the bulk
regions, are general. This behavior has similarities to structural
connections in multiphase systems76 even though not all ﬁelds
in solutions to eq 4 show approach to uniform states; i.e., the
potential does not saturate near the boundaries, as shown in
Figure 1. However, while potential depends on the spatial
charge density, it in turn aﬀects only the plateau widening via
BC (see eq 5). Thus, even though not all ﬁelds approach
uniform states, solutions to eq 4 can be viewed as heteroclinic

Figure 5. Ion density (a) and charge density (b) proﬁles, above (solid
line) and below (dashed line) the onset. Equations 4 and 5 were
numerically integrated with V = 10, lc = 1, ν = 0.5, L = 22 (solid line),
and L = 20 (dashed line).
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Bazant et al.19 The advantage of this semiphenomenological
simpliﬁed model is that it apparently captures the critical
physicochemical basis for RTILs and is simple enough to allow
analytic/numerical explorations.20,65 Consequently, the model
has the potential to produce a nonlinear intuition that extends
the standard electrochemical theory of dilute electrolytes.1−3
Through asymptotic methods of spatial dynamics, we have
analytically analyzed both moderate thickness EDLs (where the
EDL width is much smaller than the bulk region) and thick
EDLs (where the EDL widths are comparable with the bulk
region); thin EDLs under weak potentials (ΔṼ < RT/F) and
large domains had been discussed elsewhere.20,65 The analytical
results were shown to agree well with direct numerical
simulations of the full model system, eq 4. Speciﬁcally, we
have shown that EDLs can exhibit either nonmonotonic or
monotonic decays and identiﬁed the analytical conditions and
validity limits in terms of applied voltage, domain size,
molecular packing, and short-range electrostatic correlations.
In addition, we showed the universal nature of the results, and
as such we anticipate them to persist under inclusion of
additional physicochemical modiﬁcations, such as ionic
dissociation kinetics54,55 or micellization.53
To summarize:
•The moderate thickness EDL can be expected providing
l2c /L ≪ 1 and (ΔV/2)1/2/L ≪ 1 which, respectively, in real
units read
L̃
≫
2
le C0
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L̃ 2C0
1ε
≫
ΔṼ
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,
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•In the moderate EDL thickness limit, transition from
nonmonotonic to monotonic decay of EDLs is anticipated after
combining l2c /L ≪ 1 and lc* = 1/(2(c*)1/2)
L̃(C+bulk + C −bulk )
C0

≫

1
2

εRT
2F 2

•In the thick EDL limit, transition from nonmonotonic to
monotonic decay is anticipated about lc* = 1/21/2
le* C0 =

εRT
2F

To this end, since EDL structure is very basic to technological
applications,8−14,27,30−32 we hope that the approach and results
provided here will allow new vistas and guiding lines for further
explorations of conﬁned highly concentrated electrolytes.
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