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In this paper we report classical Molecular Dynamics simulations of the interfacial structure of two ternary 
mixtures, based on both a protic (ethylammonium nitrate, EAN) and an aprotic (1-ethyl-3-methylimidazolium 
tetrafluoroborate, EMIMBF4) ionic liquid. A molecular solvent (dimethylsulfoxide, DMSO) and a lithium salt 
with common anion are the rest of the components of the mixtures. The simulations were performed with 
implicit graphene walls, both neutral and charged with a surface charge density of ±1 e/nm2. Density, charge 
and electrostatic potential profiles as well as integral capacitances were calculated for all systems. For both 
liquids, the evolution of the density profiles throughout the DMSO concentration range are in accordance with 
previously characterized bulk properties of such systems. In the case of charged interfaces, the adsorption of Li+

cations into the negative electrode was found to be possible for the protic liquid, but unfavourable in the case of 
the aprotic one. Moreover, the probability distribution functions for the orientation of all molecular species near 
the interfaces were computed, and they indicate a tendency of the solvent molecules to form a dense layer at the 
interface separating the ionic liquids from the electrodes. The influence of hydrogen bonds in determining the 
dissimilitudes between protic and aprotic mixtures is highlighted.
1. Introduction

A rise in the frequency of extreme climatic phenomena due to the ex-
cess of greenhouse gases has been experienced in the last decade [1,2], 
from which derives a need for clean, alternative energy sources. Re-
newable power generation with photovoltaic panels and wind turbines 
- among others - and electric mobility are being key in this transition 
from fossil fuels. The performance of the first is nevertheless dependent 
on atmospheric conditions, which inevitably makes energy storage a re-
quirement to both ensure the coverage of the power demand on electric 
grids and the appropriate functioning of vehicles [3–6]. Besides, an in-
creasing demand for portable and more powerful electronic devices is 
being experienced, which further brings up the need for efficient elec-
trochemical energy storage [7,8].
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Electrochemical devices are nowadays the most commonly used 
technology to store energy which is to be turned into electricity. Fur-
thermore, they are employed in several processes of industrial and envi-
ronmental interest such as CO2 capture [9–11], production of fertilizers 
[12–15] and water electrolysis for hydrogen fuel cells [16,17]. Alas, our 
understanding of their operating laws is limited. This hinders the devel-
opment of improved devices and methods for the aforementioned ends. 
Researching the fundamental physico-chemical working principles of 
materials is crucial nowadays to guarantee the accomplishment of this 
required change of ecologic paradigm. Those principles are fundamen-
tal for determining the properties of interest for each utility.

The suitability of a material for any specific usage strongly depends 
on its molecular ordering. A matter of special interest for electrochem-
ical devices entails the structure at electrode interfaces, which cannot 
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be experimentally accessed straightforwardly. In this regard, computer 
simulations at the atomic scale may provide a valuable insight into the 
foundations of the matter [18,19]. A high degree of control of the pa-
rameters ruling the interactions of the systems in study is achieved with 
this procedure. Moreover, contrast of results with experiments usually 
results in valuable, reciprocal feedback [20]. Ab initio methods are ex-
pected to provide exact results within chemical accuracy [21], but their 
high computational cost precludes their applicability for exploring the 
properties of systems with a large number of atoms. Molecular Dynam-
ics (MD) simulations based on model Potential Energy Surfaces adjusted 
to ab initio or experimental parameters stand as an optimal alternative 
in terms of efficiency-accuracy balance [22].

Ionic liquids (ILs) are among the most remarkable candidates for 
the next generation of energy solutions. They are room temperature 
molten salts usually made up of a bulky organic cation and an inorganic 
anion [23], which hinders crystal packing and keeps a low melting 
temperature. A set of appealing features such as wide electrochemical 
windows, nonvolatility and non-flammable nature provide them with 
desirable properties for their employment in safe electrochemical de-
vices [24–26]. However, most modern electrochemical storage devices 
rely on the transport of metallic cations from the bulk electrolyte to the 
cathode, such as the widespread lithium-ion battery [27]. In the case of 
pure ILs as electrolytes, transport of Li+ is hindered by their low trans-
ference number and high viscosity.

These issues fundamentally arise from the fact that ILs are tightly 
bound by the long range Coulomb interaction. They can be addressed by 
mixing the IL with a molecular solvent, in which is called a binary mix-
ture. As the solvent replaces charged ions in the mixture, the influence 
of the electrostatic interaction within the system decreases. This causes 
the molecules to diffuse more freely in the mixture, which in turn im-
proves the transport properties of these binary systems. The properties 
of binary mixtures have been thoroughly studied both experimentally 
[28–30] and computationally [31–33]. Moreover, extensive theoreti-
cal work has been carried out in order to characterize the underlying 
mechanism for transport phenomena in these systems, such as the pseu-
dolattice (or Bahe-Varela) theory [34] and the random-alloy model for 
electric conductivity [35].

Recently, ternary mixtures of ILs with a solvent and a salt have been 
proposed as a compelling option as electrolytes for electrochemical en-
ergy storage. Addition of organic solvents to reduce the coordination of 
Li+ with the anions has been shown to enhance Li+ transport number in 
the bulk [36]. Oldiges et al. [37] already proved this fact for two salts 
in several ILs with organic solvent mixtures.

In a previous work carried out by the authors in Ref. [38], a ternary 
mixture of a protic IL and one of an aprotic IL with dimethyl sulfoxide 
(DMSO) - an organic solvent receiving growing interest due to its low 
reactivity and high miscibility [39,40] - and lithium salts were stud-
ied. Ethylammonium nitrate (EAN) and 1-ethyl-3-methylimidazolium 
tetrafluoroborate (EMIMBF4) were the protic and aprotic ILs of choice, 
respectively. Lithium salts were comprised of Li+ and the correspond-
ing anion of the IL. Clear differences were found among the structure 
and dynamics depending on whether the employed IL was protic or 
aprotic. The coordination numbers and electrical conductivity of every 
mixture were computed throughout the whole solvent concentration 
range. In both cases, the results were indicative that the composition 
of the solvation shell of the metal cations in the mixtures and the rate 
at which anions in it were replaced by DMSO molecules were the ma-
jor features determining the change of conductivity with solvent molar 
fraction. Furthermore, it was observed that [EA]+ forming hydrogen 
bonds - a common phenomenon in protic IL mixtures [41–43] - with 
DMSO prevented the solvent from substituting the anions in the Li+ sol-
vation shell. These features led to an abrupt rise in conductivity in the 
protic mixture for 60% DMSO molar fraction due to disruption of the 
hydrogen bond network, whereas the conductivity of the aprotic mix-
2

ture grew gradually.
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Regarding interfaces, Li et al. [44] found that ternary mixtures of ILs 
with a solvent and a salt could lead to lithium metal anode stabilization. 
Despite the relevance of these mixtures, the authors had no knowledge 
of MD reports about their properties near neutral and charged inter-
faces so far. Therefore, in the present contribution we aim at expanding 
the insights obtained from the mentioned previous bulk study of these 
systems. To this end, MD simulations of the same mixtures subjected 
to confinement between implicit graphene walls were performed, both 
with neutral and charged walls.

The structure of the paper is as follows. In Section 2, the settings of 
the simulations are thoroughly detailed. Section 3 is devoted to the de-
scription and discussion of the density, orientation and charge profiles 
as well as to an analysis of the electrostatic potential of the mixtures. 
Finally, the conclusions of the work are exposed in Section 4.

2. Methodology

In this work, several MD simulations were performed to study the 
properties of ternary mixtures of solvent + IL + Li+ salt. As previously 
mentioned, EAN and EMIMBF4 were chosen as ILs in order to gauge the 
differences in the behaviour of protic and aprotic ILs when subjected to 
confinement between implicit graphene walls. DMSO was the common 
solvent for both ILs, whereas LiNO3 and LiBF4 were the salts for the 
protic and aprotic ILs, respectively. The mixtures were studied through-
out a wide solvent concentration range for the neutral walls, while only 
concentrations from 70% upwards were simulated in the presence of 
charged walls due to slow, crystal-like diffusion in the other cases.

All systems were simulated using the GROningen MAchine for 
Chemical Simulations (GROMACS) version 2020.4 [45]. The chosen 
force field was the Optimized Potentials for Liquid Simulations in its 
all-atom version (OPLS-AA) [46,47]. The force field parameters for each 
individual molecule were the same as the ones reported in Ref. [38]. A 
constant molar fraction of 7.5% of the corresponding lithium salt was 
used for all simulations.

For all simulations, temperature was held constant using a velocity-
rescale algorithm [48] with a coupling time of 0.1 fs. When pressure 
coupling was employed, it was through the use of a Parrinello-Rahman 
semi-isotropic barostat [49,50]. The compressibility in the xy directions 
was set to be that of water, and the one in the z direction was chosen 
to be zero so as to ensure that the length in that direction remained 
the same for all simulations. System size in the z direction was set at 
10 nm. Coupling time for the barostat was set to 1 fs. Periodic bound-
ary conditions were enforced in the x and y directions, following the 
natural symmetries of the systems at hand. The electrostatic potential 
energy was computed using smooth Particle-Mesh Ewald (PME) electro-
statics [51] with a real space cut-off radius of 1.1 nm, whereas Fourier 
grid spacing was 0.12 nm with cubic interpolation. For all systems, ad-
equate slab geometry corrections [52] were carried out in the Ewald 
summations in order to account for the semiperiodicity of the system. 
Finally, a cutoff radius of 1.1 nm was used to deal with van der Waals 
forces, and the corresponding long range corrections to the energy and 
pressure were taken into account.

Regarding the walls, implicit interfaces like the ones used in 
Ref. [53] were employed instead of simulating an interface consist-
ing of individual atoms. This consist in replacing the atomic structure 
of the electrode with a 10-4 Lennard-Jones (LJ) potential. This potential 
is the result of integrating the interaction of an homogeneous distribu-
tion of atoms interacting with a 12-6 LJ potential. The LJ parameters of 
the wall were set to those of the carbon atoms in benzene (opls-145) fol-
lowing the same reference. The number density of the mass distribution 
was chosen to be 38.18 nm−2 to match that of graphene.

In order to properly compare the results, the simulation procedure 
was the same for both ILs and all DMSO concentrations. First, simu-
lation boxes were created with PACKMOL [54]. The total number of 
molecules was set to 2000 in every simulation, with a total of 150 salt 

molecules present in each simulation. All simulation boxes were set to 
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have the same length in the z direction - perpendicular to the interfaces 
- for greater ease of comparison between concentrations. The box sizes 
in the x and y direction differed for each box, and were set to accom-
modate each individual concentration.

Once the simulation boxes were created, energy minimization was 
carried out in GROMACS using a steepest descent algorithm with a 0.1 
kJ mol−1 nm−1 tolerance and an initial step of 0.01 nm. After the en-
ergy minimization, an annealing process was carried out in the NpT 
ensemble for a total of 13 ns, consisting in five distinct steps. Firstly, 
a 1 ns period where the temperature was held constant at 298.15 K, 
followed by a 0.5 ns window when the temperature linearly rose to a 
value of 600 K. The system remained at that fixed temperature for 1 
ns, to then undergo a linear decrease of temperature back to the origi-
nal 298.15 K value, again within a 0.5 ns window. Finally, the system 
evolved during 10 additional nanoseconds at 298.15 K. During the pro-
cess, pressure was held at a constant value of 1 atm, and a timestep 
of 1 fs was employed. Afterwards, a stabilization in the NVT ensemble 
was carried out for 10 ns, with a bigger timestep of 2 fs and a temper-
ature of 298.15 K. Finally, production runs in the NVT ensemble were 
performed at the same temperature using the same timestep for a total 
of 20 ns.

2.1. Charged interfaces

The effects of a constant charge distribution were modeled by intro-
ducing an external electric field calculated to be the same as the one 
generated by a capacitor with a surface electric charge density of ±1
e/nm2, as detailed in Ref. [53]. From direct integration of the Poisson 
equation, the value of the electric field was estimated to be 18.18 V/nm. 
The initial configurations for these simulations were the final ones for 
non-charged implicit interfaces. Once the external field was introduced, 
a stabilization in the NVT ensemble was carried out for 20 ns, followed 
by 30 ns production runs also in the NVT ensemble. These production 
runs were larger than the previous ones in order to better capture the 
slow processes that take place under the effects of the electric field. 
For both stabilization and minimization a timestep of 2 fs was used. 
These simulations were not carried out through the whole concentra-
tion range, and rather only for high DMSO concentrations of 70% and 
above. These concentrations were shown to be sufficiently high for the 
hydrogen network present in EAN to be disrupted by the solvent [38]. 
This way, the slow dynamics that results in the protic mixtures behav-
ing as quasi-solids - which would require larger stabilization runs - was 
avoided.

3. Results and discussion

3.1. Density profiles

To analyze the structure and composition of the molecular layers 
near neutral interfaces, number densities of an atom from each chem-
ical species were computed along the 𝑧-axis of the box for all DMSO 
molar fractions of each mixture. These were normalised to the aver-
age density in the bulk, considered for 𝑧 between 2 and 8 nm, and are 
shown in Fig. 1. In the EMIMBF4 mixtures, densities of chemical species 
were obtained from the positions of nitrogen atoms bonded to the ethyl 
chain and boron atoms in the [EMIM]+ and [BF4]− ions, respectively. 
Meanwhile, nitrogen atoms from both the [EA]+ and [NO3]− ions were 
selected in the EAN mixture. The sulfur atom from DMSO was chosen in 
every case. Obviously, the ion itself was chosen for Li+ number density.

For Li+ ions, a vague layered structure may be appreciated in the 
EMIMBF4 mixture, which is depicted by the peaks being around the 
same positions for all molar fractions. In contrast, it is easily seen that 
the distribution of Li+ in the EAN mixture lacks that ordering and re-
veals a slight depletion of Li+ from the bulk when DMSO concentration 
is raised. A similar tendency may be recognized for the IL cations. While 
3

the layer structure is maintained in the EMIMBF4 mixtures throughout 
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the whole DMSO concentration range, layers get distorted in the EAN 
mixtures. Nevertheless, a well defined first layer of cations is placed 
at about 5 Å from the walls in both cases. Furthermore, [EMIM]+

molecules exhibit a manifest preference for staying close to the walls, 
with ions shifting from the bulk towards the interfaces for the higher 
DMSO molar fractions. This is a common trend in nonpolar ions [55], 
and could be responsible for the lack of Li+ near the walls in the aprotic 
mixture.

Contrarily to the positive ions, IL anions are acknowledged to keep 
similar behaviours in both mixtures. Likewise to the anions, the DMSO 
density distributions for both IL mixtures are not very distinct from 
one another. A marked tendency to stay near the walls is displayed, 
which would not be desirable for electrochemical devices due to poten-
tial damages that DMSO migrating towards the electrodes could cause if 
unwanted chemical reactions took place. However, one of the remark-
able attributes of DMSO as a solvent is its wide electrochemical window 
[56], which makes it less reactive and thus reduces the risk of degrading 
the battery cell.

To study how the molecular structure of the mixtures changes under 
the presence of a charged interface, the same atoms were selected for 
the normalised number densities of each chemical species. The resulting 
distributions are displayed in Fig. 2.

No remarkable differences are observed between the different mix-
tures for the anion and solvent distributions. Nevertheless, the density 
profiles for the positive ions do display dissimilitudes among both IL 
mixtures. On the one hand, for Li+ we have quite differing maxima 
evolution with solvent concentration. The EAN mixture allows Li+ to 
approach both walls more easily, whereas the negatively charged wall 
is clearly preferred in the EMIMBF4 one. On the other hand, the nonpo-
lar nature of [EMIM]+ compared to [EA]+ is certainly visible from the 
heights of the peaks in both distributions, with a much higher tendency 
of [EA]+ to deplete the bulk zone.

Finally, in the case of EAN and for DMSO concentrations of 80 and 
90%, a Li+ peak is observed at a distance of 2 Å from the negatively 
charged interface. These peaks correspond to Li+ ions that managed to 
cross the DMSO layer present at 3 to 5 Å from the electrode and now 
lay in a stable point next to the implicit interface, as depicted in Fig. 3. 
This indicates the presence of an energy barrier that the metallic cations 
have to surpass in order to traverse the DMSO layer. This barrier can-
not be explained solely on the basis of electrostatic energy, as will be 
made apparent later, and thus its nature has to depend on both chem-
ical and dynamical factors. Moreover, the fact that these adsorbed Li+

ions were not found for every concentration hints at the fact that this 
state of the lithium cations could be unstable and that they could return 
to the major Li+ layer placed at 5 Å from the electrode, where a more 
stable energy minimum is located. The adsorption of Li+ at the interface 
could be an effect of the initial packing of the system. However, we ver-
ified that no Li+ were there at the beginning of the simulation and that 
they were able to cross the energy barrier several times during the simu-
lation. Moreover, similar results for protic ILs enhancing the adsorption
of Li+ at the electrode has already been reported by Gómez-González 
et al. [57]. They report that the underlying mechanism consists in the 
Li+ ion being coordinated with at least one anion and that allows to 
the Li+ to go through the positively charged layer of IL cations. This 
image is congruent with our previous results for bulk systems where 
we found that at high DMSO concentration Li+ ions are always coordi-
nated with at least one NO3

− anion in the protic IL while there are no 
BF4−coordinating anions in the aprotic IL. Therefore, this could explain 
the different behaviour of both ILs.

Generally, all chemical species recover their bulk density for a lower 
DMSO fraction in the EMIMBF4 mixture than in the EAN mixture. This 
seems to be due to the better fluidification of EMIMBF4 as DMSO is 
added, something characteristic of these mixtures in the bulk regime 
[38]. The oscillations in the density distributions of the protic mixtures 
are expected to be caused by the hydrogen bond network hindering sub-

stitutions in the solvation shells. Both systems show that less densely 
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Fig. 1. Number densities along the 𝑧-axis for all chemical species near the neutral walls normalised to the average number density in the bulk of said species.
charged species (i.e. [EMIM]+ and DMSO) have higher tendency to 
deplete the bulk and position themselves near the interfaces, where a 
complex layered structure is present.

Under the effect of an electric field, the density distributions differ 
significantly from those for neutral walls. The resulting layer structures 
are unaltered by the variation in DMSO concentration. Thus, the electric 
field is overtaking hydrophobic effects arising from molecular inter-
actions as the driving force for the layering. DMSO molecules having 
strong dipolar moment make them retain their preference for the in-
terfaces. This results in the formation of a molecular barrier that Li+

cations have to surpass in order to reach the electrodes, which they 
are capable of doing in the protic IL mixtures. This is again in ac-
cordance with the bulk behaviour of the systems, where Li+ cations 
showed higher mobilities in the protic IL [38]. For energy barriers of 
the same height, a greater mobility will result in more collisions with 
the barrier, increasing the probability of getting across it. Furthermore, 
4

H-bond interaction between [EA]+ and DMSO could also participate in 
the interplay to modify the structure and promote Li+ surpassing of the 
barriers.

3.2. Orientational order

The orientations of molecules within the first 5 Å of distance to 
the electrodes were computed for both neutral and charged interfaces. 
These contain the orientational order within the electric double layer, 
since it was found that beyond that distance an homogeneous probabil-
ity distribution is reached.

In Fig. 4 the probability density distribution of the cosine of the an-
gle between a vector perpendicular to the interfaces and a characteristic 
vector for each molecule are represented for non charged interfaces. 
The characteristic vectors were chosen as follows. [EA]+: the vector 
originating from the nitrogen atom that points to the geometric cen-
tre of the hydrogen atoms bonded to it. [NO3]−: the vector originating 

from the nitrogen atom pointing perpendicular to the plane defined by 
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Fig. 2. Number densities along the 𝑧-axis for all chemical species near the charged walls normalised to the average number density in the bulk of said species. 
Positive wall is red-coloured, negative wall is black-coloured.
the molecule. [EMIM]+: the vector originated in the geometrical centre
of the imidazolium ring, pointing in the direction perpendicular to it. 
[BF4]−: the vector along the direction of one of the B-F bonds. DMSO: 
the vector pointing in the direction of the S-O bond. These characteristic 
vectors are displayed in Fig. 4.

It can be seen that both EAN and EMIMBF4 cations present a robust 
orientational structure that is not perturbed by the addition of DMSO 
to the mixture. [EMIM]+ cations show a clear reflection symmetry ex-
pected from the geometry of the species, presenting a preference for 
orientating the imidazolium ring parallel to the interface. This effect 
was already found by Rajput et al. [58] for pure EMIMTFSI confined by 
graphene walls with the same separation. Interestingly, in Ref. [59] it 
is reported that in the case of pure EMIMBF4 and for a smaller distance 
between the interfaces (ranging from 10 to 28 Å), the imidazolium ring 
did not show such a strong interaction with the interface. Instead, the 
5

alkyl chain of the cation was placed closer to the walls, with the ring 
orientated perpendicularly to the interfaces. Thus, the orientational or-
der of IL cations near the interface is shown to greatly depend on the 
confinement level of the mixtures. On the other hand, [EA]+ cations 
show two distinct favourable orientations, one sharp peak representing 
the polar head pointing to the interface and a wider distribution repre-
senting that head orientated towards the bulk.

Anions show a stronger response to variations in DMSO concentra-
tion in both the protic and aprotic IL mixtures. For low DMSO molar 
fractions, both anions show a clear orientational preference. [NO3]−

anions tend to align their molecular planes with the interface, whereas 
[BF4]− anions orientate the base of the tetrahedral complex towards 
the interface. In both cases, the probability density flattens once DMSO 
concentration is increased, signalling the loss of orientational ordering. 
Interestingly, [NO3]− anions develop a new orientational preference 

consisting of a 90◦ rotation from the previous ones, corresponding to 
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Fig. 3. Snapshot of adsorbed Li+ cations taken from the final configuration of 
the EAN simulation at 90% DMSO concentration. The size of the metal cations 
(purple) is greatly enlarged for clarity purposes. Hydrogen atoms have been 
omitted. The implicit negative electrode has been represented as black bonds 
for clarity too.

the anions orientating their molecular plane perpendicular to the inter-
faces for high DMSO concentrations.

Finally, a clear difference in the orientational structure of solvent 
molecules can be seen between the protic and aprotic IL. For high 
DMSO concentrations, similar probability distributions are found. These 
depict DMSO molecules pointing their oxygen atom towards the bulk, 
favouring the appearance of a thin electropositive layer near the in-
terfaces due to the positively charged hydrogen atoms in the solvent 
molecules. However, in the case of the protic IL it can be seen that 
a peak around cos𝜃 = 0.75 is developed for low DMSO concentrations, 
corresponding to the oxygen atom in DMSO pointing to the bulk. This 
peak gradually decreases as DMSO concentration is raised, but even for 
high DMSO concentrations it remains higher than the corresponding 
one for EMIMBF4.

This difference between the two liquids can be explained by the 
protic nature of EAN. As previously reported in Ref. [38], the hydrogen 
atoms bonded to the nitrogen atoms in [EA]+ cations form hydrogen 
bonds with the electronegative oxygen atoms in DMSO molecules. From 
the orientational order of [EA]+ cations, it can be seen that they ex-
hibit a preference for orienting the nitrogen atom towards the interface. 
Thus, in order for a hydrogen bond to be formed between cations and 
solvent molecules, it is required that the oxygen in DMSO aligns itself 
with the N atom in [EA]+. This results in the S-O bond orienting it-
self towards the bulk. This effect is not present in EMIMBF4 due to its 
aprotic nature, and thus that peak does not show a relevant dependence 
with DMSO concentration.

The results obtained for neutral interfaces are in good agreement 
with the density profiles presented in the previous section. The affinity 
of [EMIM]+ cations to place themselves near the interfaces is displayed 
in the orientation of the first layer, where those molecules tend to 
6

align with the walls. In both liquids, DMSO shows a richer orientational 
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Fig. 4. Probability density distributions of the cosine of the angle between a 
vector perpendicular to the neutral interfaces and the characteristic vector for 
each molecule, represented inside of each plot. The characteristic vector of each 
molecule is represented by a green arrow.

Fig. 5. Probability density distributions of the cosine of the angle between a 
vector perpendicular to the positive interfaces and the characteristic vector for 
each molecule, represented inside of each plot. The characteristic vector of each 
molecule is represented as a green arrow.

structure than the ions, which often only have a couple of preferred ori-
entations, whereas the solvent seems to be more lenient in this regard. 
This is consistent with the fact that the DMSO layer near the interfaces 
is much wider than those for the other species. A wider layer accom-
modates more molecules, and thus interactions among those molecules 
can result in a rich variety of orientations. This is not the case for thin 
layers, where the interaction with the walls dominates and thus results 

in a few preferred orientations.
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Fig. 6. Probability density distributions of the cosine of the angle between a 
vector perpendicular to the negative interfaces and the characteristic vector for 
each molecule, represented inside of each plot. The characteristic vector of each 
molecule is represented as a green arrow.

For the charged systems, in Figs. 5 and 6 the probability density 
distributions for the positively and negatively charged interface, re-
spectively, are represented. Only the orientation of the species with the 
highest concentration in each region are represented, since the low con-
centration of anions (cations) in the negative (positive) interface leads 
to insufficient statistical accuracy. For the positive interface (Fig. 5), it 
can be seen that the orientational structure is very robust with respect 
to variations in solvent concentration. This again implies that, when 
present, the external electric field takes over from the intermolecular 
interactions as the driving factor behind the microscopic structure of 
the molecular layers.

In both cases, DMSO molecules orientate their negatively charged 
oxygen atom towards the interface, in a wide range of orientations. As 
for the anions, [BF4]− shows the same tendency that was observed for 
low solvent concentrations between non charged walls, orientating the 
base of the tetrahedral parallel to the wall, while [NO3]− anions present 
again two preferred orientations differing in a 90◦ rotation, with the 
molecular plane either parallel or perpendicular to the interface.

A similar behaviour can be seen in the negatively charged interface 
showing no, major changes with variations in DMSO concentration. In 
the case of EMIMBF4, [EMIM]+ cations show two distinct orientations 
(taking into account the symmetries of the ring): the imidazolium ring 
parallel to the interfaces - a behaviour already observed for the neutral 
walls - and a secondary orientation around cos𝜃 = ±0.5 corresponding 
to the imidazolium ring being slightly tilted.

For both ILs, DMSO molecules show a clear preference to orien-
tate their oxygen atoms away from the interface, facing their positively 
charged hydrogen atoms towards the interface, which can be seen in 
Fig. 3. Finally, for the protic cations, some differences can be seen as 
DMSO concentration varies. While [EA]+ cations show a tendency to 
point their polar heads towards the bulk, which again results in the for-
mation of a layer of hydrogen atoms near the interface, a secondary 
orientation can be seen around cos𝜃 ≃ −0.2, corresponding to the C-N 
bond being almost parallel to the implicit interface. This peak is found 
for the intermediate simulated DMSO concentrations, while for the ex-
7

tremes it does not appear to be as prevalent.
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Fig. 7. Charge densities along the 𝑧-axis for both mixtures without an external 
field.

3.3. Charge profiles

Charge density distributions of both mixtures with neutral walls 
along the 𝑧-axis are shown in Fig. 7. The extrema in both distributions 
reveal that the layer structure is better preserved along the DMSO con-
centration range in the EMIMBF4 mixture. In contrast, the charge layers 
in the EAN ternary mixture suffer a displacement towards the bulk as 
DMSO is added.

The first peak in the charge distributions can be directly related 
to the orientational ordering presented in the previous section. It can 
be seen how a thin positive layer is formed immediately next to the 
interfaces for both mixtures. This layer is created by the hydrogen atoms 
of the DMSO which, as can be seen in Fig. 4, favours orientations where 
its oxygen atom points towards the bulk.

The resulting charge profiles when the external electric field is ac-
tivated are displayed in Fig. 8. It is evident that there is no notable 
variation between mixtures in this case, which again points to the fact 
that the presence of the electric fields overrides the hydrophobic effects 
present in the systems.

It is again possible to relate the charge layers closest to the walls to 
the orientation of the molecules that conform them. For both systems, a 
negative layer is seen next to the positive electrode, which is caused by 
DMSO molecules pointing their electronegative oxygen atoms towards 
the walls, in an attempt to balance electric charge, which can be seen in 
Fig. 5. On the other hand, the positive layer found next to the negatively 
charged interface is also due to DMSO molecules, which as seen in Fig. 6
have a preference to point their electropositive hydrogen atoms towards 
the interface, much like in the bulk mixtures. This orientation can even 

be seen in the snapshot represented in Fig. 3. Of course, in the case of 
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Fig. 8. Charge densities along the 𝑧-axis for both mixtures in the presence of an 
external field. Positive wall is red-coloured, negative wall is black-coloured.

the EAN mixtures, the occasional adsorption of metallic cations in the 
interfaces will also contribute to these positively charged structures.

It can be seen then that for all systems, both with and without an 
electric field, the charge distribution in the interfaces can be explained 
on the basis of the orientation of DMSO molecules. This is a direct con-
sequence of their affinity for the interfaces, as evidenced by the density 
profiles in Figs. 1 and 2.

3.4. Electrostatic potential

The difference in electrostatic potential between the interfaces and 
the bulk can be found in Fig. 9. The potential at each point is calculated 
by direct integration of the Poisson equation, assuming that each indi-
vidual point charge is smeared into a homogeneous planar distribution. 
This integration yields

⟨𝜙(𝑧)⟩ = − 1
𝜀0

⟨∑
𝑖

𝑞𝑖𝑧𝑖𝜃(𝑧− 𝑧𝑖)

⟩
, (1)

where the sum runs over all particles in the system, 𝜀0 is the permitivity 
of free space, 𝜃 is the Heaviside step function and ⟨⟩ denotes the time-
average. Bulk potentials were calculated by averaging the value of the 
electrostatic potential between 4 and 6 nm.

In Fig. 9a the potential of zero charge (i.e. the potential drop in ab-
sence of charge) is plotted. This takes relatively low values, ranging 
from 0.05 V to 0.4 V. In those systems, a clear difference can be seen be-
tween the protic and aprotic ILs. While for EMIMBF4 the behaviour of 
the potential drop is smooth and exhibits a steady growth as DMSO 
concentration is increased, in the case of EAN a much more erratic 
8

behaviour can be seen. Although the potential drop seems to overall 
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Fig. 9. Potential drop between the interfaces and the bulk for neutral (a) and 
charged (b) interfaces as a function of concentration. In the case of charged 
interfaces, the upper values represent the potential drop from the positive in-
terface to the bulk, whereas the lower ones represent the potential drop from 
the negatively charged interface. Errorbars show the standard deviation of the 
bulk potential.

increase with DMSO concentration, it does so less smoothly than in the 
case of its aprotic counterpart. This could be due to the quasi-solid be-
haviour of EAN in the bulk region for low DMSO concentration, where 
the effects of the hydrogen bond network hold together the mixture hin-
dering diffusion [38], thus resulting in the density oscillations seen in 
Fig. 1 and a less homogeneous potential. This is also reflected in the 
size of the errorbars, which reveal a greater standard deviation for the 
value of 𝜙bulk.

Remarkably, beyond a DMSO concentration of 70%, where the hy-
drogen bond network has been disrupted by the presence of the solvent, 
the addition of DMSO causes the potential drop to decrease in the case 
of EAN, while for EMIMBF4 it continues to increase. It is also interest-
ing to note that the potential drop is bigger for the protic IL throughout 
the whole concentration range. This can be related to the charge dis-
tributions seen in Fig. 7, where the charge layers near the interfaces 
are more pronounced in the case of EAN. The difference in the layer-
ing properties of each liquid, which in turn depends on the particular 
orientation of IL molecules near the interfaces, has an impact on the 
electrostatic potential, with higher charge concentrations near the elec-
trodes resulting in a greater potential drop.

When an electric field is added, the behaviour of the potential drop 
changes depending on which interface one considers. In Fig. 9b it can 
be seen that the potential drop is larger for the negatively charged inter-
face than in the positive one by a factor of 1 V, which can be attributed 
to the different composition of the molecular layers in each interface. 
Following the same trend as for the neutral interfaces, the magnitude of 
the potential drop seems to be greater for the protic IL, except for the 
90% DMSO concentration mark, where EMIMBF4 surpasses EAN. More-
over, it is important to note that the potential drop in the electropositive 
interface only varies about a quarter of a volt through the concentra-
tion range considered, whereas in the negatively charged interface, the 
potential drop encompasses a range between −4.2 V and −4.7 V.

Finally, the integral capacitance of the charged systems was calcu-
lated as 𝐶 = 𝜌∕|Δ𝜙|, with 𝜌 the aforementioned 1 e/nm2 charge density 
of the implicit electrodes. The results are shown in Table 1, where the 
total capacitance is represented, as well as the capacitances of both 

implicit interfaces, calculated from the potential drops in Fig. 9. The 
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Table 1

Capacitances of the charged systems.

Integral Capacitance (𝜇𝐹∕cm2)

EAN

Positive-Negative Positive-Bulk Negative-Bulk

70% DMSO 1.991 4.307 3.703
80% DMSO 1.930 4.294 3.501
85% DMSO 1.941 4.365 3.496
90% DMSO 1.982 4.497 3.542

EMIMBF4

Positive-Negative Positive-Bulk Negative-Bulk

70% DMSO 2.073 4.564 3.799
80% DMSO 2.038 4.507 3.720
85% DMSO 1.996 4.499 3.587
90% DMSO 1.930 4.486 3.388

two interfaces show different capacitances, with the positive electrode 
displaying a higher one than the negative electrode for both ILs. The 
values obtained for the capacitance are similar to the ones obtained by 
Kislenko et al. [60] for EMIMPF6, an aprotic IL similar to EMIMBF4, in 
contact with graphene interfaces. The integral capacitance is larger for 
the aprotic IL except for the limiting case of very high DMSO concentra-
tions, although the values of the capacitance for both ILs are relatively 
close to one another.

4. Conclusions

A study of the interfacial features of two ternary IL mixtures by 
means of MD simulations has been presented. Density distribution func-
tions, orientational profiles, charge distribution and electrostatic poten-
tial of the mixtures when confined between implicit graphene walls 
were computed for several DMSO molar fractions. A protic IL (EAN) 
and an aprotic IL (EMIMBF4) were selected in order to find the differ-
ences arising from the influence of hydrogen bond networks, a common 
feature in protic ILs due to the formation of proton donor and acceptor 
sites during their synthesis. Both cases of neutral and charged interfaces 
were simulated with the aim of identifying the effects arising from the 
activation of an electric field.

The density oscillations observed in the protic mixtures denote a 
hindered fluidification of the IL upon DMSO addition due to hydrogen 
bond networks precluding substitutions in ion solvation shells. Orienta-
tional profiles with uncharged walls show that chemical species either 
favour adopting orientations of maximal approach to the walls or that 
maximize the amount of hydrogen atoms facing them. Regarding metal-
lic cations, the addition of DMSO is shown to favour the formation of 
structures near the interfaces, which in turn is reflective of enhanced 
Li+ mobility, as seen in bulk simulations. The interfacial structures 
and orientations change upon charging of the walls, showing increased 
adsorption of densely charged and polar species. Analysis of the electro-
static potential revealed that the ability of Li+ to reach the electrodes in 
the protic mixtures is unlikely to depend on the potential alone. There-
fore, there is evidence that while the static properties of the system are 
mainly driven by the external potential, some dynamical features still 
depend on the molecular environment.

Overall, our results point at the fact that addition of DMSO is a 
beneficial approach for the utilization of the presented mixtures as elec-
trolytes in electrochemical cells. Not only does it improve Li+ transport 
numbers in the bulk, it also helps fluidification of the confined systems. 
Furthermore, orientations of the species near the walls are shown to 
be affected by the solvent concentration. The joined effects of this flu-
idification and the changes in orientations suggest a promotion of the 
appearance of paths for further approach of the metal ions to the elec-
trodes upon addition of DMSO, specially in mixtures with protic ILs. 
9

This could be caused by a better mobility and greater ease for rear-
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rangement under these conditions, as well as the smaller cation size in 
the protic IL.

The study presented here is another proof of the great differences 
among protic and aprotic IL mixtures. Hydrogen bond network for-
mation and cation sizing result in generally differing behaviours. The 
authors had already observed this for the bulk properties and have now 
proved that the effect of these differences extends into the realm of in-
terfacial properties. Activating the electric field reduces the influence 
of these differences in relation to the case of uncharged walls. How-
ever, our observations about the behaviour of metal cations suggest 
that they still can have an effect on phenomena that ultimately deter-
mine the performance of the mixture as an electrolyte, e.g. the ability 
of Li+ to reach the electrodes. The interplay of the electrode-metal and 
electrolyte-metal interactions needs a proper modelling of the intricate 
electronic interactions present at the interface. Using a polarizable force 
field could help in the characterization of the lithium atom behaviour 
at the interface through the energy barrier. However, this method lacks 
the possibility of having true charge transfer between atoms that may 
be needed for an accurate description. Therefore methods like DFT or 
AIMD may be needed for a better understanding of this effect.

The results presented in this manuscript were obtained using the 
equivalent of a constant charge simulation. However, the results should 
not differ much from that obtained with constant potential methods, as 
it has been shown that, for planar electrodes, the general features of 
the structure remain mostly unchanged. Using constant potential simu-
lations can lead to small changes on the distance of the first electrolyte 
layer to the electrode, and also to small changes in its width [61]. Using 
atomistic electrodes should also have minimal impact to the results. It 
has also been previously shown that the structure of the first layer close 
to the electrode shows the same features for implicit electrodes as that 
for pristine graphene [62].
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