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Interfaces between Charged Surfaces and Ionic Liquids: 
Insights from Molecular Simulations

by Vladislav Ivaništšev and Maxim V. Fedorov

Interfacial effects in (room temperature) 
ionic liquids at charged surfaces are 
very important for ionic liquids 

applications in electrochemistry,1 energy 
storage,2 catalysis3 and other areas (e.g., 
lubrication4,5). However despite the many 
articles published on this subject (several 
hundred papers just in 2013) there is still 
no general agreement in the literature 
about the main factors that govern the 
structure and properties of ionic liquids at 
charged interfaces. This is mainly due to 
a large number of available combinations 
of ionic liquids (and their mixtures) and 
different surfaces. In this article, we make 
an attempt to rationalize recent experimental 
and computational findings on structural 
transitions in ionic liquids at charged 
interfaces. Herein, we present a critical 
(qualitative) analysis of available molecular 
modeling and experimental data using 
a recently developed concept of surface 
charge compensation that allows one to 
compare results for different ionic liquids on 
the same methodological footing.6

Molecular-Scale Interfacial 
Structure in Ionic Liquids

It has been shown in a number of 
experimental, modeling and theoretical 
studies that ionic liquids undergo structural 
changes at a molecular level upon charging 
of the solid-liquid interface. This has 
direct effects on mass and charge transfer 
phenomena occuring at the interface7 as 
well as on the differential capacitance 
(Cdiff) dependence on the electrode potential 
(U)8–10 and temperature.11,12 Changes in 
the interfacial structure of ionic liquids 
at charged surfaces also influence their 
lubrication properties.13,14 Thus, from a 
practical point of view, the response of the 
interfacial ionic liquid structure to changes 
of the surface charge determines the 
performance of these interfaces in a variety 
of applications such as supercapacitors, 
batteries and electrocatalysis.1–3 For recent 
reviews on experimental studies in this area 
we refer the reader to Refs. 15–17; for an 
overview of molecular modeling studies, 
please see Ref. 18.

Many independent experimental studies 
that have used different techniques (high-
energy X-ray reflectivity, nuclear magnetic 
resonance, surface apparatus, and atomic 
force microscopy (AFM)) have reported 
the formation of multilayered structures 
of ionic liquids at charged interfaces with 
alternate layers of cations and anions (see 
e.g., Refs. 19–22). Similar multilayered 

interfacial structures in ionic liquids have 
also been found in a number of Molecular 
Dynamics (MD) studies that have used 
different simulation methods (force fields 
and simulation conditions), ionic liquid 
models (coarse-grained and atomistic) as 
well as electrode models (carbon material, 
structure-less charged surface, metal, etc).18

It has been shown that charging of the 
electrode surface affects the magnitude of 
the ion layering at the interface.8,9,13,14,23,24 
Recent AFM studies have shown that the 
molecular-level structure and, consequently, 
interfacial properties of ionic liquids at 
charged surfaces can be changed by varying 
the surface potential.13,14 It has also been 
shown in these studies that the interfacial 
structure can be changed by varying 
chemical composition of the ionic liquids, 
i.e. varying the length of alkyl chains of 
organic cations or anion type, etc.

However, we note that a multilayer-
like structure is not the only possible 
arrangement of ions at the interface. Indeed, 
monolayer-like interfacial structures of 
ionic liquids at charged surfaces has been 
reported for several ionic liquids systems.25 
Critical analysis of several studies applying 
the sum frequency generation spectroscopy 
technique have led the authors to the 
conclusion that ions at the solid–liquid 
interface in ionic liquids are organized into 

essentially one ionic layer – a structure that 
resembles the classical Helmholtz picture of 
an ionic monolayer at a charged surface,26 
where the structural correlations between 
the ions beyond this layer resemble the bulk 
liquid structure.25

In trying to resolve the apparent 
contradiction between the different views 
on the interfacial structure of ionic liquids 
at charged surfaces, Kirchner et al. have 
recently performed an MD study of 
structural reorganization in ionic liquids 
upon surface charging using a wide scale 
of surface charges.6 The authors of Ref. 6 
used a coarse-grained model of ionic liquids 
that was previously developed in Refs. 8, 9. 
The results of this work have shown that by 
varying the surface charge, one can observe 
both multilayer structure and monolayer 
structure in ionic liquids. Although the 
conclusions were derived from a rather 
crude model that describes ionic liquid 
cations and anions as charged Lennard-Jones 
spheres, we believe that similar arguments 
can be applied when analyzing interfacial 
properties of more complex models and real 
systems.

Figure 1 schematically presents two main 
types of the molecular-scale structure of an 
electrified electrode–ionic liquid interface 
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Fig. 1. Electrostatic potential φ(z) across two model interfaces representing multilayer (LEFT) and 
monolayer (RIGHT) structures in a model ionic liquid. For the sake of simplicity, here both anions and 
cations are represented by spherical particles of the same size. In the underlying simulation snapshots 
the electrode, cations and anions are depicted as gray, red and blue spheres, respectively. The opacity 
level of the snapshots is adjusted proportionally to the variation of the amplitude of φ(z).
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that can be formed in a model ionic liquid: 
the multilayer structure (LEFT) and the 
monolayer structure (RIGHT).27

The multilayer structure in Fig. 1:LEFT 
is characterized by segregation of ions 
into cationic and anionic layers; this 
type of interfacial structure is related to 
the overscreening phenomena in ionic 
liquids.8–10,28 Overscreening implies that 
the innermost layer contains more charge 
than is needed to compensate the surface 
charge (σ). The excess of charge in the 
innermost layer (λ1, see the definition 
below) is compensated by subsequent 
ionic liquid layers in the transition region. 
The interfacial layering of ionic liquid 
particles is reflected in the oscillations of 
the electrostatic potential (φ(z) in Fig. 1), 
ionic number density (ρN in Fig. 2a), and 
ionic charge density and its derivatives, like 
the excess of charge in the i-th layer (λi in 
Fig. 2c). Thus, in the multilayer regime, the 
molecular-scale structure of ionic liquid at a 
charged interface can be divided into three 
regions: (i) the innermost layer of counter-
ions in direct contact with the surface, (ii) 
the transition zone, several nanometers 
thick, that consists of alternating ion layers, 
and (iii) the bulk-like structured ionic liquid 
at larger distances from the surface.

We note that, in contrast to the multilayer 
regime, there is no transition zone in the case 
of the monolayer structure. Consequently 
there are no oscillations in the electrostatic 
potential (Fig. 1: RIGHT) – the innermost 
layer coexists directly with the bulk-like 
structured ionic liquid.

Surface Charge  
Compensation Phenomena

To perform a quantitative analysis of 
structural transitions in the interfacial 
region, we introduce a parameter θmax that 
corresponds to the maximum charge density 
that can be stored in a monolayer for a 
selected type of ionic liquid ions (that would 
correspond to a densely packed monolayer 
of ions at physically possible maximum of 
ion packing density).6

By its definition, for a given ionic liquid 
θmax depends only on the ion charge and 
geometric parameters of the selected ion 
type (size and shape).

The essential features of the monolayer 
structure are – (i) a linear electrostatic 
potential drop across the interface;29 (ii) 
the charge density stored in the monolayer 
equals to θmax; (iii) the electrode counter-
ions that form the monolayer completely 
compensate the surface charge, i.e. σ = θmax. 
Due to the fact that θmax depends only on 
the charge and geometry of the ions, one 
can use the surface charge renormalized 
by θmax to compare different ionic liquid 
systems on the same universal footing. The 
dimensionless surface charge compensation 
parameter (κ) is then defined as:

            κIon=  θmax

Figure 2 illustrates the relationships 
between the structure of the transition 
region and packing of the innermost layer 
of counter-ions for different electrode 
charge densities.27 Figure 2a shows the 
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Fig. 2. (a) Left: Dependency of anion (dark, blue) and cation (light, red) number density (ρN) on the distance from the electrode (z) and renormalized surface 
charge density (κIon). Dashed lines divide the interface into the innermost, transition and bulk regions. The contour interval equals to ρbulk, the first contour 
starts at 1.5ρbulk, and the ρN(z,κIon) peaks are cut at 7.5ρbulk to facilitate the visual analysis. (b) Middle: The top subfigure shows dislocation of anions (blue) 
and cations (red) within 1.7 nm from the surface (gray) at σ = −8 µC cm−2 and κCation = 0.5. The bottom subfigure shows dislocation of ions within 1.7 nm from 
the surface (gray) at σ = −16 µC cm−2 and κCation = 1. (c) Right: Excess of charge in the first (λ1, filled marks) and in the second (λ2, empty marks) interfacial 
layers. The κIon values of 1 correspond to ±16 µC cm−2 on the σ-scale shown on the left. Areas corresponding to the multilayer and monolayer structures are 
highlighted in color and with dotted lines.

dependency of the ion number density (ρN) 
on the distance from the electrode (z) and the 
renormalized surface charge density – in the 
form of a contour map of ρN(z, κ). As seen 
from this figure, vertical valleys divide the 
interface into the distinct regions discussed 
above: the innermost layer, the transition 
region and the bulk ionic liquid.

We note that the number of layers in 
the transition region (within ∼1 to ∼4 nm 
from the surface for the coarse-grained 
model) depends on the κIon. It increases 
with increasing the surface charge until 
κIon ≈ 0.5 and then decreases revealing a 
bare monolayer at κIon = 1. The horizontal 
valleys on the density contour map (Fig. 2a) 
at κIon = 1 confirm the coexistence of the 
monolayer with bulk-like ionic liquid.

Molecular-Scale  
Structural Reorganization

For the sake of comparison of molecular 
organization in ionic liquids for the two 
regimes (multilayer vs monolayer), Fig. 2b 
shows anions (blue) and cations (red) within 
1.7 nm from the charged surface at κCation 
= 0.5 (TOP) and κCation = 1 (BOTTOM). 
As can be seen from this figure, already at 
κCation = 0.5 the innermost layer is dominated 
by the electrode counter-ions. In previous 
studies, observations of similar structures 
were associated with the lattice saturation 
effect and the maximum of the differential 
capacitance curve (Cdiff vs. U).30 However, 
Fig. 2 shows that within a distance of 1.7 
nm from the electrode, there are also co-ions 
coordinated with several (2 to 4) counter-
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ions. Thus, we believe that the correlations 
between cations and anions actually define 
the distance between the counter-ions in the 
innermost layer at κIon = 0.5.

The packing density of ions at the 
interface can be further increased upon 
surface charging without crowding up 
to the monolayer structure formation 
(from κIon = 0.5 to κIon = 1.0). To our best 
knowledge, the corresponding regime of 
electrostriction has not been previously 
described in the literature, although similar 
effects have been discussed before in terms 
of the Cdiff vs. |U| dependence.28,31–33

The transition from the multilayer 
structure to the monolayer structure is 
illustrated using the charge excess in the 
i-th layer (λi) in Fig. 2c. The parameter λi 
is defined through the cumulative charge 
density as follows:

           

where zi corresponds to an extremum (or a 
step height) of |cnQ(z)/σ| on the interval that 
defines the i-th layer. , 
where  
and A is a unit area. Thus the electrostatic 
potential φ(z) Sas well as ρQ(z), cnQ(z) 
and λi are all derived from the ion number 
densities at the interface. We note that the 
screening factor (|cnQ(z)/ σ|) as well as 
similar conceptions of the excess charge 
magnitude and the normalized surface 
charge density have been employed in 
several previous studies on ionic liquids at 
charged interfaces.8,34–36

The increase of the absolute charge excess 
in the interfacial layers with increasing κIon 
from 0 to 0.5 manifests the transition from 
the disordered to the multilayer structure, 
while the further decrease of the charge 
excess after κIon= 0.5 indicates the vanishing 
of the multilayer structure towards exposure 
of the monolayer structure at κIon = 1. The λi 
vs. κIon dependence represents an analog of 
dimensionless “reaction coordinate” for the 
reorganization process.

On the larger κ-scale, the monolayer 
structures in the coarse-grained models are 
formed at integer values of κIon (adjusted 
for the compressibility of ions),37 similar to 
the one-dimensional lattice Coulomb gas 
model (with lower fugacity).38 An exact 
solution for the latter model also indicates 
that the maximal charge layering happens 
at renormalized surface charge densities of 
0.5. The presented results reveal that similar 
effects can happen in three-dimensional 
ionic liquids models.

In the recent atomistic MD simulations of 
Paek et al. and Hu et al. there is evidence 
supporting monolayer formation in the case 
of more complex atomistic ionic liquid 
models (see Table II in Ref. 34 and Fig. 4 
in Ref. 39). Therefore, in our opinion, the 
κ-scale can be used for rationalizing general 
trends in realistic systems. Figure 3 shows 
the relationship between the size of ions 
and the maximum packing charge density 
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Fig. 3. Left: Dependence of sterically determined maximum charge density (θmax) on ionic radius (r). 
Dashed lines denote a range of surface charge densities commonly used in electrochemical experiments 
with ionic liquids. For complex ions the radii were estimated from their molecular volumes taken from 
Refs. 47, 48 assuming (as a first approximation) that ions are spherical in shape. The radii of halogenide 
anions and alkali metals cations were taken from Ref. 49. Right: ball-and-stick models of chosen ions 
amplified relative to the presented scale.

in the ion monolayer θmax (that corresponds 
to κIon = 1). As a first approximation, it 
is assumed here that the ions are nearly 
round and are non-polarizable (we note 
that the former assumption is practically 
true for the alkali, halogenide and, perhaps, 
PF6

− and BF4
− ions). However, it should 

be noted that the presented θmax values are 
quite approximate and can be adjusted by 
considering compressibility and specific 
packing of the ions.

According to the approximate ion-
θmax relationship presented on Fig. 3, the 
formation of the monolayer structure both 
in the cathodic and anodic regimes can 
be expected at realistic electrode charge 
densities (~±35 μC/cm2)24,26 for a number 
of relatively large ions such as CnMIm+ 
and CnMPyr+ with n ≥ 4, TFSA−, FAP−, etc. 
These ions are electrochemically stable due 
to the presence of stabilizing functional 
groups and larger contact distances from the 
electrode40,41 and, therefore, relatively high 
electrode charge densities necessary for the 
formation of the monolayer structures can be 
achieved experimentally in these systems.

We note that the curve presented on Fig. 3 
should be taken only as a qualitative guide 
because it does not take into account effects 
of complex geometric shapes of (some) ions, 
specific interionic interactions and (partial) 
charge transfer between the ions and the 

charged surface. These effects may change 
the specific conditions of the monolayer 
formation in realistic systems. Overall, 
the ideas discussed above require further 
development and an extensive validation by 
direct experiments and more sophisticated 
molecular models. Nevertheless, we note 
that a number of characteristic structures 
at electrochemical conditions have been 
observed experimentally that could serve 
as partial evidence of monolayer formation 
in real ionic liquid systems. For example, 
formation of ordered ionic adlayers has 
been observed via scanning tunneling 
microscopy;42–44 a “monolayer” to “bilayer” 
restructuring induced by confinement has 
been observed by surface forces apparatus45 
and solid-like multilayers in ionic liquids 
have been recently reported.22,46

Conclusions

MD simulations of ionic liquid–electrode 
interfaces show that a transition from 
a multilayer ion structure to an ordered 
monolayer structure can be observed at 
certain values of the surface charge density. 
Upon this transition, a distinct change in 
the surface charge excess in the first two 
interfacial layers can be seen as a function 
of the renormalized surface charge density 



68 The Electrochemical Society Interface • Spring 2014

Ivaništšev and Fedorov
(continued from previous page)

(on the κ-scale). The degree of ordering 
in the innermost ion layer increases upon 
increasing the surface charge density, while 
the transition region exhibits systematic 
transformations upon surface charging. 
The point of maximum layering in the 
transition region depends on the density of 
the ionic liquid as well as on the ion-ion and 
ion–electrode interactions. For the coarse-
grained ionic liquids models from Refs. 6, 
8, 9 the point of the maximum layering is 
typically situated at κIon ≈ 0.5. This range 
of κIon corresponds to frequently used 
surface charge densities in experimental and 
simulation studies on ionic liquids (see Fig. 
3 as a guide) and this may explain the fact 
that multilayered structures in ionic liquids 
have often been reported in the experimental 
and modeling literature.15-18 However, upon 
further increase of the charge density, the 
multilayer structure gradually transforms 
to a monolayer structure while approaching 
an integer value of κIon. Herewith integer 
κIon values serve as transition points for 
the structural reorganization processes 
happening in both regions. We suggest that 
the surface charge densities that correspond 
to κIon ≈ 1 (and consequently to the regime 
of monolayer formation) can be used as 
“landmark” points for qualitative and 
quantitative comparison of theoretical, 
simulations and experimental data on ionic 
liquids structure at charged surfaces.
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