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A computational study of the ternary mixtures of
NaPF6–EC and choline glycine ionic liquid

Eudes Eterno Fileti, a Iuliia V. Voroshylova, *b M. Natália D. S. Cordeiro b and
Thaciana Malaspina *a

This study investigates the structural and dynamic properties of ternary mixtures composed of NaPF6,

ethylene carbonate (EC), and the ionic liquid choline glycine (ChGly), with a focus on their potential as

electrolytes for supercapacitors. The combination of NaPF6–EC, known for its high ionic conductivity,

with the biodegradable and environmentally friendly ChGly offers a promising approach to enhancing

electrolyte performance. Through molecular simulations, we analyze how the inclusion of small concen-

trations of ChGly affects key properties such as density, cohesive energy, and ion mobility. Our findings

demonstrate that the NaPF6–EC–ChGly mixture exhibits a complex network of electrostatic interactions

and hydrogen bonding, with the glycine anion significantly influencing the liquid structure. In mixtures

with small additions of ChGly, we observed an optimal balance of diffusion and ionic mobility. These

results highlight the potential of ChGly as a green additive to conventional electrolytes, paving the way

for more sustainable and high-performance energy storage devices.

Introduction

A significant volume of research has focused on the development
of electrolytes, as their properties ultimately determine the max-
imum operational voltage of electrochemical capacitors.1–7 Com-
mercially used electrolytes can be classified into three main
categories. The first category includes aqueous electrolytes, which
exhibit good electrochemical properties, excellent performance in
terms of power, and low cost.3–8 However, a notable disadvantage
of water-based electrolytes is their narrow operational voltage
window, constrained by the thermodynamic stability of water
(approximately 1.23 V).5 The second category comprises organic
electrolytes, characterized by a broad electrochemical stability of
up to 3 V.5,9–11 These electrolytes, however, suffer from high
volatility and flammability, elevated cost, sensitivity to moisture,
and low conductivity.5 The third category refers to ionic liquid-
based electrolytes, which offer advantages such as the ability to
achieve high voltages of up to around 4 V, as well as being non-
flammable and often environmentally friendly.5,12–14 Nonetheless,
their high production cost and low ionic conductivity limit their
application in high-power devices.4

According to many researchers, an ideal electrolyte should
be characterized by a wide potential window, low resistance,
low viscosity, non-flammability, high electrochemical stability,

and environmental friendliness.1,2 Consequently, the develop-
ment of new electrolyte materials requires flexible strategies to
optimize all these properties. In this regard, ternary mixtures of
ionic liquids, consisting of three different components, can be
employed to design electrolytes that combine the unique
properties of ionic liquids with the characteristics of other
components, resulting in solutions with adjustable and opti-
mized properties for specific applications.15–17

Electrolytic solutions of NaPF6 (sodium hexafluoropho-
sphate) in organic solvents such as ethylene carbonate (EC)
are widely used in electrochemical energy storage devices due
to their good solubility and ability to form electrolytes with high
ionic conductivity.18–22 Ethylene carbonate efficiently dissolves
NaPF6, allowing the dissociation of Na+ and PF6

� ions and
enhancing the ionic conductivity of the solution. In super-
capacitors, this solution can increase capacitance through the
adsorption of Na+ and PF6

� ions at the electrode interfaces,
contributing to energy storage.18–22

Ionic liquids based on choline and amino acids (AAILs),
such as choline combined with glycine (ChGly), have been
considered promising electrolytes for supercapacitors due to
their unique physicochemical properties and potential advan-
tages in terms of safety and performance compared to tradi-
tional ionic liquids.23–27 In addition to offering performance
comparable to conventional electrolytes, ChGly and its aqueous
mixtures can help reduce costs, increase ionic conductivity, and
improve electrolyte performance.23–25,28

In this paper, we investigate the structural and dynamic
properties of ternary mixtures of NaPF6–EC with the ionic liquid
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ChGly. The combination of NaPF6–EC, which provides high ionic
conductivity, with ChGly, which possesses environmentally
friendly properties, could result in an efficient, cost-effective,
and less toxic electrolyte. The inclusion of ChGly, even in small
concentrations, can expand the electrochemical window and
improve the thermal stability of the mixture, making the system
more robust under high-power conditions. Another advantage
pertains to the issue of self-discharge in supercapacitors.29,30

This effect leads to voltage and energy loss due to charge

redistribution, redox reactions, and ohmic leakage. One proposed
solution to address this problem is to increase the electrolyte
viscosity near the electrode.31 The alignment of particles by the
electric field enhances viscosity, impeding ion diffusion, thereby
reducing self-discharge and improving device efficiency.31 Given
that ChGly is highly viscous, it may fulfill this role at the
electrode–electrolyte interface.

While challenges such as component miscibility and visc-
osity control need to be overcome, these ternary mixtures of

Table 1 Composition and size of the simulation cells for each molar fraction of NaPF6 and the corresponding molar fraction of ChGly

x(NaPF6), % x(ChGly), %

Number of molecules or ion pairs

Number of interaction sites Box side length, nmChGly EC NaPF6

0.0 100 500 0 0 15 000 5.03
0.6 89 450 50 3 14 027 4.93
1.4 79 400 100 7 13 053 4.85
2.0 69 350 150 10 12 080 4.76
2.5 58 300 200 13 11 107 4.68
3.3 48 250 250 17 10 133 4.58
3.8 39 200 300 20 9160 4.49
4.4 29 150 350 23 8187 4.39
5.1 19 100 400 27 7213 4.30
5.7 9 50 450 30 6240 4.21
6.2 0 0 500 33 5267 4.09

Fig. 1 The molecular components of the ChGly and NaPF6–EC solutions (top) and typical simulation boxes for these systems at three different NaPF6

concentrations (bottom). In the molecules representation, hydrogen, carbon, oxygen, nitrogen, sodium, fluorine and phosphorus atoms are shown with
white, black, red, blue, orange, green, and tan, respectively; in the snapshots choline, glycine, ethylene carbonate, sodium and hexafluorophosphate
structures are shown in blue, yellow, red, orange and green colors, respectively.
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NaPF6–EC with ChGly could offer a high-performance and
environmentally sustainable electrolytic solution, with the
potential to optimize electrochemical energy storage.

Computational details

To investigate the effect of incorporating a NaPF6–EC solution
into ChGly, the molar ratio of NaPF6 to EC in the 1 M solution
was determined using experimental density data from the
literature.32 The ratio was found to be 33 ion pairs of NaPF6

to 500 EC molecules. Then, the 1 M NaPF6–EC solution was
added to ChGly at various concentrations to determine the
optimal mixture composition, as outlined in Table 1.

Considering the number of interaction sites in all species
involved in the simulations, and acknowledging that an increase
in interaction sites prolongs simulation time, a balance between
system size and computational feasibility was sought. As a result,
the number of interaction sites in the systems ranged from
B5300 for the 1 M NaPF6–EC solution (corresponding to an
x(NaPF6) of 6.2%) to 15 000 for the pure ChGly ionic liquid.

Cubic computational boxes were generated using PACKMOL33

by randomly distributing the species within a volume that approxi-
mately matches the desired density of the mixture. A representative
configuration of these species and simulation boxes are shown
in Fig. 1.

The intermolecular interaction model for all species is based
on the OPLS-AA force field,34 which has demonstrated good
performance in similar systems.11,35–37 For the ChGly system,
its charges were quantum mechanically determined using the
CHelpG method38 as implemented in Gaussian 09 program.39

Each simulation box was energy minimized and then pre-
equilibrated for approximately 5 ns in the NVT ensemble.
Subsequently, two different calculations were performed: one
generated a 10 ns NPT trajectory, which was used to obtain
cohesive energy and density, and another longer trajectory
(100 ns) in the NVT ensemble, to determine dynamic proper-
ties. In all cases, an integration time step of 2 fs was used, with
frames collected every 5 ps for the NPT simulations and every

0.02 ps for the NVT simulations. The systems were subjected to
temperature and pressure coupling using the Nose–Hoover40,41

and Parrinello–Rahman42 schemes, with coupling constants of 2.0
and 1.0 ps, respectively. Electrostatic interactions were simulated
using the direct Coulomb law up to 1.2 nm of separation between
each pair of interaction sites. Beyond 1.2 nm, electrostatic inter-
actions were accounted for by the computationally efficient
Particle–Mesh–Ewald (PME) method.43 The Lennard-Jones 12-6
interactions were smoothly tapered to zero from 1.1 to 1.2 nm
using the classical shifted force technique. All simulations were
performed using the GROMACS 2020.4 program44 using a NaR-
iBaS scripting framework to automate the repetitive tasks and
avoid human errors.45

Results and discussion
Structural properties

An initial characterization of all ternary solutions of ChGly, NaPF6,
and EC can be described in terms of the variation in their density
and cohesive energy as a function of NaPF6 concentration. As
illustrated in Fig. 2, the density of the mixtures shows an
approximately monotonic variation, ranging from 1160 kg m�3

for the pure ChGly liquid to 1208 kg m�3 for the pure NaPF6–EC
mixture. Fig. 2 also shows that the cohesive energy density of the
solutions, which is directly related to the strength of intermole-
cular interactions, decreases monotonically from the pure ChGly
liquid to the NaPF6–EC mixture. Here, we observe that at low
concentrations of NaPF6, the cohesive energy is high, indicating
stronger intermolecular interactions between the species that
comprise the solution. In other words, the presence of higher
amounts of NaPF6 reduces the stability of the mixture, which
directly impacts its structural and dynamic properties.

The structure of all ternary solutions of ChGly and NaPF6–EC
was analyzed by calculating the radial distribution functions
(RDFs) of selected sites for each molar fraction, as shown in
Fig. 3. The selected pairs involve atoms with the highest charges,
with one site carrying a positive charge and the other a negative
charge. For all these pairwise interactions, we observed that the

Fig. 2 Density (in kg m�3) and cohesive energy density (in kJ mol�1 nm�3) as a function of NaPF6 concentration. The cohesive energy was calculated
according to the equation Ec = (Epotmix

� N1 � EChGlygas
� N2 � ENaPF6 gas

� N3� EECgas
)/Vmix. In this equation Ec is the cohesive energy, Epotmix and Vmix are

the potential energy and volume of the ternary mixture, N1, N2 and N3 are the numbers of ChGly, NaPF6, and EC molecules, respectively, and EChGlygas
,

ENaPF6 gas
and EECgas

are the energies of the corresponding gas phases (isolated system). The magnitude of the standard deviations for all densities and
energies was below 0.56 kg m�3 and 50 kJ mol�1 nm�3, respectively. The dashed lines represent a second-order polynomial fit of the data points.
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glycine anion, in particular, played a significant role in structur-
ing the liquid, which explains why nearly all the most pro-
nounced RDFs involve this anion. For instance, the RDFs in
Fig. 3(a) and (b) describe the hydrogen bonding between the
polar sites in the glycine anion, which exhibit the highest
opposite partial charges within the anion. In the hydrogen bond
characterized in Fig. 3(b), HGLY� � �OGLY, the involved sites have
partial charges of +0.33e and �0.85e, respectively. In both cases,
there is a first peak around 0.2 nm, corresponding to the
interaction between the donated proton and acceptor atoms of
the anion. This peak gradually increases in intensity as the
NaPF6–EC concentration rises (and consequently the choline
glycine concentration decreases), indicating that the interaction
between glycine anions is favored at lower choline glycine
concentrations. Fig. 3(c) presents the structuring of ethylene
carbonate concerning the carbon of the glycine anion. Unlike the

hydrogen bonds discussed earlier, this interaction shows a
reduced peak as the NaPF6–EC concentration increases. This
represents the only modest contribution of ethylene carbonate to
the liquid structure, as all other RDFs involving EC display less
pronounced peaks and lower coordination with other species in
the solution. The interaction between Ch and Gly ions, which
have a profound impact on the structure of the mixtures, is
described in terms of their hydrogen bonds in Fig. 3(d) and (e),
where we clearly observe strong primary peaks that become even
more intense as the NaPF6–EC concentration increases. These
peaks beyond the first maximum do not represent long-range
hydrogen bond order but rather longer-range correlations
between the corresponding atoms. Specifically, they reflect the
order in the relative alignment of choline and glycine ions,
resulting in preferred distances of their non-hydrogen-bonding
H–O and H–N pairs. This indicates that the interactions between

Fig. 3 Radial distribution function (RDF) for selected ion pairs across the studied molar fractions of NaPF6. The pairs were chosen based on those
exhibiting the highest absolute charge values. Since all relevant ion pairs involve either choline or glycine, the RDF for the 6.2% molar fraction is not
displayed. RDFs for intermediate concentrations were omitted for clarity, as their behavior is similar to the other fractions. The H atoms in panels a, b, d,
and e correspond to the donated proton.
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the OCH� � �HGLY and NCH� � �HGLY pairs persist over longer dis-
tances, confirming that these species in the investigated solutions
are indeed highly interactive. Additionally, we have the interaction
between the HCH� � �OGLY sites, which, besides occurring at longer
distances, results in intense coordination of the choline and
glycine ions, as evidenced by very high first peaks. We will further
discuss the dynamics of this interaction in greater detail later. The
most relevant interaction involving the PF6 anion occurs between
the phosphorus atom and the oxygen of the choline cation.
Despite both sites carrying significant charges of opposite signs,
the P� � �OCH electrostatic interaction is relatively weak, likely due
to the positive charge of the PF6 anion being shielded by the six
negatively charged fluorine atoms. RDFs in Fig. 3(g) and (h) show
that the glycine anion strongly coordinates with the Na cation. For
both interactions, Na� � �NGLY and Na� � �OGLY, the first maximum
and minimum occur at 2.5 and 2.9 nm, respectively, defining a
clear solvation shell of glycine around the cation. Overall, the
analyzed RDFs allow us to assign two distinct characteristics for
the investigated solutions. The first is typical of molecular liquids,
which display smoother distributions and weaker electrostatic
interactions (Fig. 3(a)–(d) and (f)). The second characteristic,
typical of ionic liquids, discloses a much more structured RDF,
with more evident charge distributions and a solvation shell
defined by a strong maximum and a well-defined minimum
(Fig. 3(e), (g) and (h)).

As it can be seen from the analysis of RDFs, the systems
investigated here are characterized by complex interactions:
two anions (one with two polar sites) interacting with two
cations, all solvated by an organic solvent. In our previous
study on ChGly,23 we observed that the RDF peaks for
HCH� � �OGLY and HCH� � �NGLY appear at similar distances, with
the HCH� � �OGLY interaction being more intense, which may
suggest either a preference for the OGLY site by cation or simply
reflect the higher concentration of OGLY atoms in the system.
These RDFs indicate a competition between the anion’s active
sites for coordination with Ch+ cations, typical for complex ion-
molecular systems.46–48 When diluted with water, the peak
positions remain constant, but the intensity of HCH� � �OGLY

decreases and that of HCH� � �NGLY increases, suggesting that
water forms hydrogen bonds with OGLY, thereby favoring
HCH� � �NGLY interactions.23

In this study, we find that in pure ChGly and systems with low
NaPF6–EC content, there is no clear preference for Ch+ to coordi-
nate with either the O or N site of Gly�, as both RDF peaks appear
at similar distances. Still, the HCH� � �OGLY interaction maximum
appears at slightly shorter distances (B0.17 nm) and is more
intense than HCH� � �NGLY (with B0.19 nm peak), indicating that
Ch+ primarily interacts with OGLY. Only at 5.7% of NaPF6–EC do
HCH� � �NGLY interactions occur at the same distance as
HCH� � �OGLY, highlighting that dilution promotes competition
between OGLY and NGLY sites, allowing for HCH� � �NGLY close
contacts. This is consistent with the coordination numbers
(CN): for the 0.6% system, CN is B1 for HCH� � �OGLY and B0.2
for HCH� � �NGLY, while for the 5.7% system, CN shifts to B0.2 for
HCH� � �OGLY and B0.7 for HCH� � �NGLY. These findings align with
our previous observations for aqueous ChGly, where dilution
favored HCH� � �NGLY interactions.23

Regarding competition between Gly� and PF6
� for inter-

action with Na+, the RDFs show that Na+ prefers Gly� over the
PF6

� anion, approaching Gly� more closely at higher NaPF6

concentrations (e.g., OGLY� � �Na peaks at B0.22 nm in 0.6%
NaPF6 and B0.23 nm in 5.7%). Na–FPF6

contacts occur at longer
distances, and no interaction is observed at lower NaPF6–EC
concentrations, confirming that Gly� is more attractive to both
Ch+ and Na+ cations.

The solutions investigated here exhibit an intricate network
of electrostatic interactions, not only consisting of hydrogen
bonds but also of intense and diverse electrostatic linkages.
Among the hydrogen bonds, those formed between glycine
anions and between glycine and choline stand out, as discussed
earlier. Key intense electrostatic interactions manifest in the
solvation structures surrounding sodium ions. One way to
visually capture this complex network of interactions is through
the contact matrix displayed in Fig. 4. In this matrix, the rows
and columns correspond to all the most relevant and non-
equivalent interaction sites (with the highest absolute charges).
The determination of each matrix element was based on the
calculation of the radial distribution function, which identified
the distance and height of the first maximum. As a result, the
matrix was constructed in a way that, if there is no contact
between a specific atom pair, the corresponding matrix element
is marked with a cross, whereas if a contact exists, the matrix

Fig. 4 Connection matrices between specific sites of the electrolyte components for three selected molar fractions. The colors represent the intensity
and distance of the first maximum in the corresponding RDF as defined in the 2D colormap.
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element is colored based on a two-dimensional color scale
shown in Fig. 4. Cells with colors tending towards red represent

stronger electrostatic interactions, characterized by very short
distances and high intensities at the RDF’s first peak.

Similarly to the above analysis of RDFs, the competition
between ions is clearly reflected in the connection matrixes
(Fig. 4). The distances and intensities of HCH� � �OGLY and
HCH� � �NGLY interactions are nearly indistinguishable, indicating
no strong preference between the two. At low NaPF6–EC content,
there is no detectable interaction between Na+ and PF6

�; this
interaction begins to emerge at intermediate concentrations and
reaches its peak at higher NaPF6–EC concentrations. Throughout,
the Na� � �OGLY/NGLY interactions remains consistently significant,
highlighting strong affinity of Gly� anion for Na+ regardless of the
PF6
� presence.
A more detailed and specific approach to investigating the

interactions within ChGly mixtures is through the use of Sankey
diagrams.49 In these, the positively charged atomic sites
(including proton-donating hydrogen atoms) are depicted on
the left side of the circular diagram, while the negatively
charged atomic sites (such as proton-accepting oxygen atoms)
are displayed on the right. Due to the ternary nature of the
mixtures studied here, these diagrams are more complex than
those typically analyzed for binary mixtures.23,50

In this context, the width of each band corresponding to a
positively charged group is proportional to the number of
bonds formed with the respective negatively charged group.
For the three molar fractions presented, we observe that the
interactions predominantly involve the sodium cation, which
interacts frequently with nearly all negative sites (with an
interaction count ranging from 4.7 to 5.8), particularly the
polar sites of the glycine anion, as already noted in the RDF
analyses. This characteristic highlights and quantifies the sig-
nificant role of the sodium ion in structuring the mixtures
investigated here. The interaction involving the carbon of the
glycine anion (CGLY), which predominantly interacts with the
oxygen of the choline cation, is also noteworthy. Being non-
directional in nature, this interaction appears crucial for the
stability of the mixture’s structure. Another strong electrostatic
interaction involves the phosphorus atom of the PF6

� anion. At
low NaPF6–EC concentrations (0.6%), this site preferentially
interacts with the oxygen of the choline cation, but at higher
concentrations, these interactions shift towards those with the

Fig. 5 Sankey diagrams depicting the topology of hydrogen bonds and electrostatic interactions for three different molar fractions. The numbers in
square brackets represent the average number of interactions per positive/negative site, as defined by the first minimum of the corresponding radial
distribution function.

Fig. 6 Dynamic properties as a function of NaPF6 concentration in the
solutions. (a) Logarithm of the diffusion coefficient, (b) logarithm of
viscosity, and (c) ionic conductivity.
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oxygen or nitrogen atoms of the glycine anion. The Sankey
diagrams clearly show that hydrogen bonds are mainly formed
between the choline and glycine ions, with the most numerous
bonds being those between the hydrogen of choline and the
oxygen of glycine (HCH� � �OGLY). This fact still corroborates our
discussion about ions competition, since here we observe that
the HCH, forms relatively more contacts with the oxygen accept-
ing anion glycine than with its nitrogen, which can be observed
comparing the correspondents of Sankey diagrams for 0.6%
and 5.7% concentrations. Overall, we also observe that hydro-
gen bonds are far less numerous than the intense electrostatic
interactions, indicating that the mixtures studied here are
primarily dominated by electrostatic forces.

Dynamic properties

The determination of dynamic properties is essential for elucidat-
ing the transport mechanisms in these systems. These properties
not only offer valuable insights into ion and molecular mobility,
solvation efficiency, and the structural stability of the mixtures,
but also have a direct impact on their performance as electrolytes
in electrochemical energy storage applications. Determining
dynamic properties through molecular dynamics simulations is
often challenging, particularly when it comes to viscosity.36,51 This
is especially true for highly viscous liquids, such as pure ChGly,
where the calculation becomes even more complex. The accuracy
of these calculations is contingent upon several factors, including
the simulation time, sample size, the force field model employed,
and critically, the specific methodology applied, such as the
Green–Kubo or Einstein approaches. For viscosity, in particular,
rigorous protocols have been proposed due to the fact that
small variations in simulation conditions or data processing can
lead to significant discrepancies in the viscosity results.51

Therefore, obtaining precise results for the dynamic properties of
the solutions investigated here is virtually impossible. Consequently,
the results presented at Fig. 6 should be considered as qualitative
indicators of the dynamics of NaPF6–EC solutions in ChGly.

Fig. 6(a) presents the diffusion coefficient for each compo-
nent of the mixtures and shows that, at lower concentrations of
ChGly, ionic mobility is significantly enhanced. However, the
diffusion coefficient reaches a peak at a concentration of 5.7%
and then decreases back to the value for the pure NaPF6–EC
solution (without ChGly). Fig. 6(b) illustrates the variation in
viscosity as a function of NaPF6–EC concentration. For this
property, the data is less precise due to the fact that our
methodology involved a single trajectory, which was relatively
short (only 50 ns). Nonetheless, the qualitative behavior of
viscosity, which shows an approximately exponential reduction
between the pure extremes of ChGly and NaPF6–EC, can be
observed. Finally, the results for ionic conductivity (Fig. 6(c))
reveal that, across the concentration range, the ionic conduc-
tivity of the mixtures is relatively low but increases significantly
with concentration, peaking at 5.7%.

The enhancement of ion self-diffusion and electric conduc-
tivity in systems with high NaPF6–EC content is expected. In
concentrated ionic liquid systems like pure ChGly or those with
low NaPF6–EC content, the ions form a dense network of
electrostatic and hydrogen bonding interactions, as seen in
Fig. 4 and 5, resulting in high viscosity, restricted ion mobility,
and low diffusion and conductivity. As NaPF6 and the EC
solvent are added, this network disrupts, reducing cation–
anion interactions and increasing ion and solvent mobility.
NaPF6 introduces more ions, enhancing charge transport,
while EC lowers viscosity by solvating the ions. According to
ref. 13 and 52, at around 10–20 molar percent of ionic liquid,

Fig. 7 Van Hove correlation function (VHCF) for the HCH� � �OGLY distance in ChGly and NaPF6–EC mixtures. VHCFs for intermediate concentrations
were omitted for clarity, as their behavior closely resembles that of the other fractions.
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molecular solvents stabilize ion pairs while disrupting larger
ion clusters, as suggested by analysis of clusters on the same
systems.53 The system with 5.7% NaPF6, corresponds to nearly
10% of ChGly, supporting this behavior. In contrast, in the
NaPF6–EC system without ChGly, weaker ion–ion interactions
and less efficient ion pairing in EC lead to reduced ion
mobility, explaining the drop in conductivity and diffusion.
Therefore, the enhanced behavior with dilution is due to the
balanced interactions between NaPF6, ChGly, and EC, promot-
ing better ion transport, while the absence of ChGly weakens
the system’s overall performance.

The RDF can be combined with temporal correlation func-
tions to investigate how local interactions evolve over time,
which is crucial for understanding mobility and diffusion
processes in liquid mixtures. In this context, the Van Hove
correlation function (VHCF) extends the structural analysis of
the RDF by incorporating time dependence.54 Thus, the VHCF
describes the probability of finding a site at a given distance
from another site at different time intervals.

In Fig. 7, we present the Van Hove correlation function for
the HCH� � �OGLY distance in the ternary mixtures investigated
here. The choice of this particular distance is justified by the
impact of the interactions between choline and glycine ions on
the mixture structures. In each frame of Fig. 7, the correlation
time, which measures the time lag between the positions of the
two sites from different trajectory frames, is shown as a func-
tion of the distance between the sites. At t = 0, we reproduce the
RDF from Fig. 3(e), but as the correlation time increases, the
RDF features quickly fade. We observe that the first peak of the
functions, between 150 and 200 pm, is very prominent for t
close to zero and gradually but rapidly diminishes as t pro-
gresses. Under high NaPF6–EC concentrations, the deteriora-
tion of the RDF characteristics becomes more pronounced,
which is especially evident at concentrations of 5.1% and 5.7%.

Conclusions

In this study, we investigated the structural and dynamic proper-
ties of NaPF6–EC–ChGly ternary mixtures as potential electrolytes
for supercapacitors through molecular simulations. Overall, the
analyzed solutions exhibit a complex network of electrostatic
interactions. Structural analysis, via radial distribution functions,
revealed that the glycine anion plays a crucial role in structuring
the liquid, showing significant interaction peaks at lower NaPF6–
EC concentrations. Additionally, the hydrogen bonding between
the glycine anion sites is strong, while the contribution of ethylene
carbonate is modest. Interactions between choline and glycine
ions intensify with increasing NaPF6–EC concentration, indicating
a highly interactive behavior. The preference of the Na+ cation to
coordinate with the glycine anion over PF6

� highlights the attrac-
tiveness of glycine, which may have significant implications for
the development of advanced electrolytes and electrochemical
systems. Both contact matrices and Sankey diagrams further
support the complexity of these mixtures, emphasizing the impor-
tance of hydrogen bonds between choline and glycine.

The dynamic properties, essential for understanding the trans-
port mechanisms in the studied mixtures, were analyzed qualita-
tively. We observed that the diffusion coefficient, at lower ChGly
concentrations, indicates an increase in ionic mobility, peaking at a
concentration of 5.7% before decreasing again. Viscosity, while less
precisely measured, exhibits an exponential reduction between the
extremes of ChGly and NaPF6–EC, while ionic conductivity signifi-
cantly increases with concentration. The addition of NaPF6 and EC
disrupts the dense network of electrostatic interactions and hydro-
gen bonds in ChGly, enhancing ionic mobility. The Van Hove
correlation function, analyzed for one of the key observed interac-
tions (HCH� � �OGLY), reveals that the structure of the mixtures
deteriorates rapidly over time, particularly at higher NaPF6–EC
concentrations, indicating a decline in RDF characteristics.

These findings highlight the potential application of this
innovative mixture in next-generation supercapacitors, particu-
larly in contexts requiring long-term stability, improved energy
storage capacity, and environmentally responsible solutions.
Future research could focus on experimentally validating these
results and further exploring the role of other ionic liquids in
enhancing electrolyte properties for energy storage systems.
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the Fundação de Amparo à Pesquisa do Estado de São Paulo –
FAPESP (TM 2023/12286-8). Support from FCT/MCTES through the
Portuguese national funds (LA/P/0008/2020 DOI 10.54499/LA/P/
0008/2020, UIDP/50006/2020 DOI 10.54499/UIDP/50006/2020 and
UIDB/50006/2020 DOI 10.54499/UIDB/50006/2020, REQUIMTE
LAQV) are also acknowledged. The authors acknowledge the
National Laboratory for Scientific Computing (SDumont super-
computer, LNCC/MCTI, Brazil) for providing computational
resources for the calculations reported in this paper.

References

1 M. Saha, A. Kumar, R. Kanaoujiya, K. Behera and S. Trivedi,
A Comprehensive Review of Novel Emerging Electrolytes for

Paper PCCP

Pu
bl

is
he

d 
on

 2
6 

D
ec

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 1
1/

1/
20

25
 4

:3
2:

03
 P

M
. 

View Article Online

https://github.com/voroshylova/ChGly-NaPF6-EC
https://github.com/voroshylova/ChGly-NaPF6-EC
https://doi.org/10.1039/d4cp04061a


2098 |  Phys. Chem. Chem. Phys., 2025, 27, 2090–2100 This journal is © the Owner Societies 2025

Supercapacitors: Aqueous and Organic Electrolytes Versus
Ionic Liquid-Based Electrolytes, Energy Fuels, 2024, 38,
8528–8552, DOI: 10.1021/acs.energyfuels.4c00685.

2 T. Zhou, C. Gui, L. Sun, Y. Hu, H. Lyu, Z. Wang, Z. Song and
G. Yu, Energy Applications of Ionic Liquids: Recent Devel-
opments and Future Prospects, Chem. Rev., 2023, 123,
12170–12253, DOI: 10.1021/acs.chemrev.3c00391.

3 W. Raza, F. Ali, N. Raza, Y. Luo, K.-H. Kim, J. Yang,
S. Kumar, A. Mehmood and E. E. Kwon, Recent advance-
ments in supercapacitor technology, Nano Energy, 2018, 52,
441–473, DOI: 10.1016/j.nanoen.2018.08.013.

4 M. Salanne, Ionic Liquids for Supercapacitor Applications, Top.
Curr. Chem., 2017, 375, 63, DOI: 10.1007/s41061-017-0150-7.

5 L. Xia, L. Yu, D. Hu and G. Z. Chen, Electrolytes for
electrochemical energy storage, Mater. Chem. Front., 2017,
1, 584–618, DOI: 10.1039/C6QM00169F.

6 C. Zhan, C. Lian, Y. Zhang, M. W. Thompson, Y. Xie, J. Wu,
P. R. C. Kent, P. T. Cummings, D. Jiang and D. J. Wesolowski,
Computational Insights into Materials and Interfaces for Capa-
citive Energy Storage, Adv. Sci., 2017, 4, 1700059, DOI: 10.1002/
advs.201700059.

7 P. Simon and Y. Gogotsi, Materials for electrochemical
capacitors, Nat. Mater., 2008, 7, 845–854, DOI: 10.1038/
nmat2297.

8 V. V. Chaban and N. A. Andreeva, Aqueous electrolytes at the
charged graphene Surface: Electrode-Electrolyte coupling, J. Mol.
Liq., 2023, 387, 122724, DOI: 10.1016/j.molliq.2023.122724.

9 I. V. Voroshylova, S. R. Smaga, E. V. Lukinova, V. V. Chaban
and O. N. Kalugin, Conductivity and association of imidazo-
lium and pyridinium based ionic liquids in methanol, J. Mol.
Liq., 2015, 203, 7–15, DOI: 10.1016/j.molliq.2014.12.028.

10 V. V. Chaban and N. A. Andreeva, Shorter-chained trialk-
ylsulfonium cations are preferable as admixtures to lithium-
ion and sodium-ion electrolytes in acetonitrile, J. Mol. Liq.,
2023, 385, 122399, DOI: 10.1016/j.molliq.2023.122399.

11 N. M. Figueiredo, I. V. Voroshylova, V. A. Koverga,
E. S. C. Ferreira and M. N. D. S. Cordeiro, Influence of
alcohols on the inter-ion interactions in ionic liquids: A
molecular dynamics study, J. Mol. Liq., 2019, 111538, DOI:
10.1016/j.molliq.2019.111538.

12 V. V. Chaban and N. A. Andreeva, Magnesium-based elec-
trolytes with ionic liquids chloride additives: Quantum
chemical stationary point analysis, J. Mol. Liq., 2024,
402, 124804, DOI: 10.1016/j.molliq.2024.124804.

13 O. N. Kalugin, A. V. Riabchunova, I. V. Voroshylova,
V. V. Chaban, B. A. Marekha, V. A. Koverga and A. Idrissi,
Transport Properties and Ion Aggregation in Mixtures of
Room Temperature Ionic Liquids with Aprotic Dipolar
Solvents, Mod. Probl. Mol. Phys., Springer, Cham, 2018,
pp. 67–109, DOI: 10.1007/978-3-319-61109-9_5.

14 I. V. Voroshylova, E. S. C. Ferreira, V. A. Koverga,
C. M. Pereira and M. N. D. S. Cordeiro, Chapter 4 – Structure
and noncovalent interactions in ionic liquids mixtures and
deep eutectic solvents, in Theor. Comput. Approaches Predict.
Ion. Liq. Prop., ed. A. Joseph and S. Mathew, Elsevier, 2021,
pp. 105–157, DOI: 10.1016/B978-0-12-820280-7.00013-9.

15 E. Karpierz, L. Niedzicki, T. Trzeciak, M. Zawadzki, M. Dranka,
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