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n at the electrified interface of
deep eutectic solvents†
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Herman Terryn,a Johan Deconinck, c Jon Ustarroz ‡*a and Frank De Proft‡b
Deep eutectic solvents (DESs) are a new class of solvents with wider

potential window than that of water and high electrochemical stability,

making them potential candidates for a wide range of electrochemical

systems. However, due to the hygroscopic nature of DESs, the pres-

ence of latent water is unavoidable. Therefore, understanding the

interfacial structure and the electrosorption and distribution of

residual water at the electrified interface is of great importance for the

use of these solvents in electrochemical systems. Using atomistic

molecular dynamics, we explore the electrosorption and distribution

of different amounts of water in 1 : 2 choline chloride–urea DES

(Reline) at the electrified graphene interface. We found that both the

water distribution and the interfacial structure are sensitive to the

electrification of the graphene electrode. As a result, it is found that for

moderately charged electrodes, water shows a preferential asym-

metric adsorption in the vicinity of the positively charged electrode,

partly due to strong intermolecular interactions with anions through

hydrogen bonds. In contrast, for highly charged electrodes, water

adsorbs at both electrodes due to a strongly enhanced external

electrostatic interaction between the electrodes and the water

dipoles.
1 Introduction

Room temperature ionic liquids (RTILs) have attracted consid-
erable attention as a new class of solvents that offer a number of
advantages compared to traditional aqueous and organic
media. The typical advantages of RTILs over traditional solvents
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are, in general, wide electrochemical potential windows which
enable a wide operating voltage; low vapor pressure; high
thermal stability; and their ability to dissolve a wide range of
organic, inorganic and organometallic compounds that would
not be simultaneously soluble in traditional solvents. However,
despite their interesting physico-chemical properties, using
RTILs at the industrial scale has a number of drawbacks, the
most signicant of which is the high cost, and also low biode-
gradability, low moisture tolerance and (for some) their
toxicity.1–3

In this context, deep eutectic solvents (DESs) are a more
sustainable and low-cost alternative to RTILs.4–8 DESs are
considered as RTIL analogues, and share some of their features
while overcoming some of their drawbacks. DESs are composed
of a mixture of at least two components: a hydrogen bond donor
(HBD, such as urea, glycerol and ethylene glycol) and
a hydrogen bond acceptor (HBA, such as choline chloride) in
a eutectic molar ratio. As such, they have a melting point lower
than their individual components. Although the potential
window of DESs is considerably smaller, these solvents offer
several advantages over RTILs. They can be prepared from
sustainable and inexpensive materials with less demanding
preparation methods (no purication is required) and they are
non-toxic.4–6,9,10 Due to these compelling unusual physico-
chemical properties, DESs have been increasingly used in
a vast number of applications with success, including solvent
extraction,11,12 biodiesel production,13 organic synthesis,5,10,14,15

lubrication,5 nanoporous carbon synthesis,16,17 fuel treat-
ment,10,11,18 gas capture19–21 and DNA stabilization.22,23 Besides,
they have also been extensively used as solvents for many elec-
trochemical purposes such as electrodeposition,24–29 energy
conversion,30 energy storage,31–34 etc.4,31,35,36

Extensive experimental and computational studies have
been dedicated to rationalize the correlation between melting
point depression and the hydrogen bond strength and its
inuence on the thermo-physical properties of DESs, with
special emphasis on 1 : 2 choline chloride–urea
(Reline).4–9,35,37–39 Thus, it has been proposed that the DES
Nanoscale Adv., 2019, 1, 2847–2856 | 2847
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mixture melting point depression depends on the lattice ener-
gies of the DESs, the anion–HBD interaction, and the change in
entropy due to formation of the liquid phase.9 Following this,
Perkins et al.40 provided the rst molecular structural insights
using infrared spectroscopy (IR) experiments and molecular
dynamics (MD) simulations. They found a higher number of
HBDs (i.e., urea molecules) around the anions (i.e., chloride
ions) than around the cations (i.e., choline ions). Their simu-
lation results were in good agreement with IR spectroscopy
experimental results. The same problem was studied by Su
et al.37 using MD simulations. Their results revealed that the
addition of urea leads to a signicant disruption of the elec-
trostatic interaction between the choline and chloride, resulting
in urea–chloride interactions being predominant. More
recently, a number of similar computational and experimental
studies have been reported and reviewed.10,15,41–48

Nonetheless, bringing these solvents from moisture
controlled laboratory experiments to practical industrial appli-
cations is a big challenge due to their hygroscopic nature. The
presence of water in DESs is almost inevitable and impossible to
eliminate.6,7,24,49,50 The presence of latent water in DESs has
a signicant impact on the physico-chemical properties of DESs
including the structure, dynamics, electrochemical window and
melting point.7,8 Because of this, a number of experimental and
computational studies have been dedicated to the investigation
of the inuence of water on the physico-chemical properties of
DESs, with special emphasis on Reline.4,6–8 It has been reported
that the presence of small amounts of water inuences the bulk
structure and dynamics of Reline.7,8 At lower water concentra-
tions (less than 5 wt%), the water molecules preferentially
hydrate chloride ions by the weakening of the strong hydrogen
bond between chloride and urea and enhancing urea–urea
interaction. In contrast, at higher water fractions (more than
5 wt%), all species are solvated by water molecules. This leads to
drastic changes in the structure of Reline, viscosity and self-
diffusion of choline cations, chloride anions and urea mole-
cules.6 This was also conrmed by an ab initio molecular
dynamics study.39 On the other hand, more recently, it has been
shown that the presence of small amounts of residual or
intentionally added water in Reline could be benecial for
controlling the size, shape and distribution of deposited
nanoparticles.5,24,26,29,49,51,52 Also, in a carbon dioxide gas capture
experiment, it has been shown that the solubility of carbon
dioxide in a mixed water–Reline solvent is strongly dependent
on the amount of water, and that increasing the amount of
water leads to a decrease in carbon dioxide solubility.37

Despite a number of studies of bulk water–DES mixtures, the
effect of residual water on the electried interface in DESs has
not been studied yet. Just recently, when the present work was
completed, Hammond et al.53 reported the inuence of high
concentrations of water (10–50 wt%) on the electrical double
layer structure formation of DESs at a platinum electrode using
contact mode atomic force microscopy (AFM). Alternatively,
studying the electrosorption of residual water as a function of
water content and surface polarization at a molecular scale has
great practical implications for electrodeposition, energy
conversion, energy storage and other electrochemical
2848 | Nanoscale Adv., 2019, 1, 2847–2856
processes. Even though it has been previously reported that
having small amounts of latent/intentionally added water is
benecial for some applications,24,49,54 the effect on the electri-
ed DES–electrode interface can be anticipated to be quite
complex. Since water is a polar molecule, it should interact with
the electried electrode. This may lead to preferential
adsorption/desorption of water in/from the vicinity of the elec-
trode–DES interfacial region.

In practice, electrosorption of water has both positive and
negative impacts. On the positive side, for the synthesis of
nanomaterials, the size and shape of the nanoparticles can be
tuned by varying the amount of water in DESs.4,24,26,49 In addition,
the electrochemical behavior of DESs can be further tuned
according to the application of interest bymixing DESs and water
at a certain ratio.7,8,24,49,54 In contrast, if water molecules accu-
mulate close to the electrode surface, at high electrode surface
polarization, electrolysis of water can take place, producing
hydroxide ions (OH�) and hydrogen gas (H2) at the cathode and
oxygen (O2) at the anode.26,29 The presence of OH

�, generated by
water splitting, at the electrode–electrolyte interface could lead to
the chemical breakdown of DESs,26,29,55 which compromises the
electrochemical potential window. Recently, this has been
conrmed experimentally using combined electrochemical and
surface analysis techniques.56,57 On the other hand, in closed
electrochemical systems, such as batteries and supercapacitors,
high surface polarization leads to electrolysis of water in the
vicinity of the electrode surface which results in formation of
hydrogen and oxygen gas. Because of the gas formation, the
internal pressure increases and the active site/pores of the elec-
trode surface are blocked by the gas bubbles. All of this leads to
current leakage, decrease in capacity and irreversible processes.31

In this work, we have scrutinized for the rst time the elec-
trochemical interfacial structure and electrosorption of latent
water from 1 : 2 choline chloride–urea (Reline) onto a charged
and uncharged graphene surface, at a molecular level, using
atomistic molecular dynamics simulation. In this systematic
study, we focused on the inuence of surface charge polariza-
tion on the spatial distribution of latent water in the electried
Reline–graphene system. The simulations reveal that the water
distribution and electrosorption are sensitive to electrication.
More interestingly, water shows preferential asymmetric
adsorption at moderately charged surfaces. These ndings
provide a signicant benchmark for better control, design and
further optimization of a variety of electrochemical systems that
employ DESs as solvents.

2 Methods

Atomistic molecular dynamics simulations were carried out to
study the inuence and distribution of latent water in electried
1 : 2 choline chloride–urea DES using the GROMACS 5.1.2
soware package. The system setup is shown in Fig. 1. Periodic
boundary conditions are applied in the Y and Z dimensions.
There is no periodicity in the direction perpendicular to the
graphene electrode. We adopt parallel graphene sheets (4.55 nm
� 4.31 nm) as positive and negative electrodes. The graphene
atomic positions are frozen throughout the simulations. The
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 System setup: simulated graphene electrified humid Reline
deep eutectic solvent along the x direction. The graphene electrodes
were separated by 9.37 nm for 1 wt%, 9.52 nm for 3 wt% and 10.3 nm
for 10 wt% water content in Reline. Water molecules are represented
as red-white spheres (red, oxygen; white, hydrogen) and all other
molecules and ions are represented by colored lines (choline, ochre;
chloride, tan; and urea, cyan). The blue-colored electrode is negatively
charged and the red-colored electrode is positively charged.
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system studied consists of 500 choline cations (Ch+), 500 chlo-
ride anions (Cl�) and 1000 urea (URE) molecules, mixed with
different amounts of water molecules (1 wt%, 3 wt% and
10 wt%). The distance between graphene sheets is xed to 9.37–
10.3 nm, depending on the amount of water in the system
(1 wt%, 9.37 nm; 3 wt%, 9.52 nm; and 10 wt%, 10.3 nm). The
force eld parameters for Reline species, which were taken from
the SwissParam web server,58 are derived from the Merck
Molecular Force Field (MMFF) and have been validated and
used to predict the physico-chemical properties of mixed water–
Reline with high accuracy, when compared with experiments.7

Water was simulated with the 3-site SPC/E water model.7 The
Lennard-Jones (LJ) parameters used for the graphene carbon
atoms are sc¼ 3.55� 10�1 nm and 3c ¼ 2.9288� 10�1 kJ mol�1.

To determine the simulation domain size for the interfacial
calculation, we rst performed an energy minimization fol-
lowed by a 200 ns isothermal–isobaric (NPT) and a canonical
(NVT) equilibration for each bulk Reline–water mixture at
a temperature of 300 K (maintained with a V-rescale thermostat)
and a pressure of 1 bar (maintained with a Parrinello–Rahman
barostat). Once the nal density of the system was reached, the
resulting conguration was sandwiched between graphene
electrodes and used for an additional 100 ns NVT equilibration,
followed by 300 ns production runs. In all simulations, 1 fs time
steps were adopted. Here it is important to note that, since
Reline is highly viscous, much longer simulation times than
usual7,37 are necessary to obtain reliable results.

Long range electrostatic interactions were computed with
the Particle Mesh Ewald summation (PME) method59 using an
FFT grid spacing of 0.16 nm and a fourth order interpolation. A
cutoff of 1.0 nmwas used for the short-range Lennard-Jones and
Coulomb interactions. The simulation results were analyzed
with GROMACS analysis tools and Visual Molecular Dynamics
(VMD).60 Note that, number density calculations were per-
formed using the center-of-mass of the respective species.
This journal is © The Royal Society of Chemistry 2019
3 Results and discussion
Electrochemical ngerprints of water

An important question is whether the interfacial structure and
electrosorption of water is affected by the presence of a different
humidity percentage in DESs and the change in surface polar-
ization (equivalent to electrode potential) of the graphene
electrode. First, we evaluate the amount of water in the vicinity
of the graphene electrode by integrating and normalizing the
number density of water molecules within the region of 0 to 3.5
Å (Fig. 2). We set these dimensions for the vicinity of the surface
considering that the van der Waals radius of graphene carbon
and water are �1.8 Å and �1.7 Å, respectively. Such a region is
henceforth referred to as the “interfacial region”. Fig. 2 shows
the averaged (a) and the normalized (b) number density of
latent water adsorbed in the interfacial region as a function of
surface polarization for different amounts of water (1 wt%,
3 wt% and 10 wt%). In all considered cases, regardless of the
water concentrations, there is a clear tendency for the adsorbed
water to increase in the interfacial region for large surface
polarization. Fig. 2(b) shows that in the interfacial region of an
uncharged graphene electrode, the amount of water is the same
as that in the bulk section. For the moderately negatively
charged graphene electrode, the water molecules are depleted
compared to the bulk, regardless of the amount of the latent
water in the solution. Besides, a further increase in surface
charge density of the negatively charged electrode (s < �0.16 C
m�2) leads to an increase in water adsorption. This is mainly
due to the enhancement of the electrostatic interaction between
the charged graphene electrode and the water molecules. On
the other hand, for a positively charged graphene electrode,
enrichment of water molecules in the interfacial region also
occurs for low polarization. This implies that water molecules
are preferentially adsorbed asymmetrically on the positively
rather than on the negatively charged graphene electrode. In
addition, from Fig. 2(a) it can be seen that the number of
adsorbed water molecules at the interface at �0.32 C m2 is
higher than that at +0.32 C m2. This is mainly related to the less
sensitive nature of the choline cation for an increase in negative
polarization (see ESI Fig. S1†) and the structural rearrangement
of both molecules (URE and H2O) to a more packed confor-
mation (mixed parallel and perpendicular alignment). This
allows more free spaces for the accumulation of more water
molecules in the vicinity of the negatively charged surface, when
compared to the positively charged side, which features a more
compact conformation (at alignment). This is further dis-
cussed below.

To get a better understanding of the preferential adsorption
and distribution of water in the vicinity of the electrode inter-
face, we closely examined the details of the electrochemical
double layer structure (EDLS) and intermolecular interactions
for the case of a 3 wt% humidity. For simplicity, choline is
denoted as Ch+, urea as URE, chloride as Cl�, water as H2O and
graphene electrode as GRE. Fig. 3 shows the normalized
number density of all species (a–d) and the snapshots of the
residual water distribution (e–h), which are computed along the
Nanoscale Adv., 2019, 1, 2847–2856 | 2849
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Fig. 2 Electrosorption of water on graphene. The averaged (a) and normalized (b) number density of adsorbed water in the interfacial region as
a function of surface charge density. The amount of residual water molecules in bulk Reline is 1 wt%, 3 wt% and 10 wt%. The interfacial region is
taken to be 3.5 Å from the graphene surface.
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x-axis perpendicular to the graphene electrode with different
surface charge polarizations (s ¼ 0 C m�2 to �0.32 C m�2). In
the snapshots, the water molecules are represented by white-red
spheres and other molecules, cations and anions are repre-
sented by colored lines. Fig. 4 shows the evolutions of the
intermolecular interaction between each Reline species with the
graphene electrode (URE–GRE, black bar; Ch+–GRE, red bar;
Cl�–GRE, green bar; and H2O–GRE, blue bar) as a function of
surface charge density.

From Fig. 3(a–d), it can be seen that in all cases, the number
density shows strong oscillations close to the graphene elec-
trode. These oscillations gradually disappear at a distance of
about 2 nm from the electrode. Similar oscillations occur at the
interface with RTILs,61,62 where multiple alternating (cations
and anions) layers are formed. However, the interfacial struc-
ture of the humid Reline in particular and DESs in general is
substantially different from that of a dilute solution (a compact
layer followed by a diffuse layer)63–65 and that of RTILs (over-
screening or crowding).61,62 As noted in our previous work,66 the
interfacial structure of dry Reline (0 wt% H2O) DES on the
graphene electrode is characterized by a mixed structure of two
components (urea and either chloride or choline) followed by
a mixed charged clustered layer of the three components
(clusters of either urea with more chloride than choline or urea
with more choline than chloride) regardless of the surface
polarization.

From Fig. 3, it is clearly seen that the interfacial structure of
humidied Reline varies as a function of surface charge density.
In the absence of surface charge (Fig. 3(c), s ¼ 0 C m�2), the
interfacial region is composed of choline cations (Ch+, red
curve) and urea molecules (URE, black curve) with a smaller
contribution from water molecules (H2O, blue curve), which is
a mixed charged clustered layer.66 This can be mainly explained
by the strength of the intermolecular interactions between
humidied Reline species and their affinity with the graphene
electrode. Fig. 4 shows that for an uncharged electrode, the
URE–GRE and Ch+–GRE interactions are dominant, whereas
H2O–GRE interactions are remarkably weaker. This is mainly
due to the hydrophobic nature of the graphene electrode. As
2850 | Nanoscale Adv., 2019, 1, 2847–2856
a result, water slightly accumulates preferentially outside the
interfacial region (lower density region) rather than in the
interfacial region (higher density region) (see Fig. 3(c)).

For a moderately negatively charged electrode, Fig. 3(b, f and
g), water is completely depleted from the interfacial region,
which corresponds to the region in between the blue electrode
and the nearby vertical black broken line in Fig. 3(f and g). The
interfacial region is mainly composed of choline cations (Ch+,
red curve) and urea molecules (URE, black curve) (see also ESI
Fig. S1†), which is a mixed layer structure. Here it is important
to note that, from the number density, Fig. 3(b), we observe
a preferential accumulation of water outside the interfacial
region at a distance around 8.1 Å, which corresponds with an
accumulation of urea (black curve) and chloride (green curve).
This is due to the strong local intermolecular interaction
between these species and water molecules, as shown in ESI
Fig. S3.† Fig. S3† shows the average local intermolecular inter-
actions of water (H2O) with each Reline species (URE, Ch+ and
Cl�). The results show strong local intermolecular interaction
between H2O and Cl� (green bar), followed by H2O and URE,
regardless of the surface polarization. This is an important
nding for cathodic electrochemical processes such as electro-
plating because at a moderate surface charge (moderate
potential) water is not present in the vicinity of the electrode;
hence, material deposition proceeds with a high cathodic effi-
ciency and in the absence of water reduction. This will allow us
to control the thickness and the morphology of the deposited
layers precisely.57

At a highly negatively charged surface (Fig. 3(a and h),
s ¼ �0.32 C m�2), the number density prole as well as the
water distribution close to the interface follows a completely
different trend. The water molecules (H2O, blue curve) prefer-
ably accumulate in the interfacial layer, followed by urea
molecules (URE, black curve) and choline cations (Ch+, red
curve). However, the intermolecular interaction with the elec-
trode surface (Fig. 4) shows a slightly different trend: the
interaction is highly dominated by URE–GRE (black bar), fol-
lowed by Ch+–GRE (red bar) and H2O–GRE (blue bar). This
presumable contradiction is cleared up by re-emphasizing the
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Electrical double layer structure. The normalized number density profiles of all species (urea, URE; choline, Ch+; chloride, Cl�; and water,
H2O) as a function of the distance from the electrodes for different surface charge densities (a–d) for 3% wt H2O. Snapshots of the water
molecule distribution (e–h). The uncharged electrode is colored grey, whereas negatively and positively charged electrodes are colored blue and
red, respectively. Water molecules are represented as red-white spheres (red, oxygen; white, hydrogen) and all other molecules and ions are
represented by colored lines. The vertical black dashed line marks the distance 3.5 Å from the electrode surface.
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fact that the number density is normalized according to the
density of the cations/anions/molecules in the bulk of the
humid Reline. Hence, an increase in the number of water
molecules, which are a minority in the humid Reline compared
to urea (URE) and choline (Ch+), will have a more pronounced
effect on the normalized number density prole compared to
the one of urea (URE) or choline (Ch+). Here it is also important
This journal is © The Royal Society of Chemistry 2019
to mention that prior studies of electrodeposition of nickel from
Reline DES with different amounts of water (#10 wt%) showed
the adsorption and electrolysis of water are remarkable at high
cathodic potentials (E # �0.9 V vs. Ag QRE).56

Alternatively, at the positively charged electrode, the inter-
facial region starts accommodating water even at a lower
surface charge and further increasing the electrode charge leads
Nanoscale Adv., 2019, 1, 2847–2856 | 2851
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Fig. 4 Influence of surface polarization on intermolecular interaction energy: intermolecular interactions between urea and graphene (URE–
GRE, black bar), choline and graphene (Ch+–GRE, red bar), chloride and graphene (Cl�–GRE, green bar) and water and graphene (H2O–GRE,
blue bar) as a function surface charge density.
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to the accumulations of a higher amount of water molecules in
the interfacial region. This is shown in Fig. 3(d) and (f–h) (i.e.,
the region between the red electrode and the nearby vertical
black dashed line). The interfacial region is mainly composed of
chloride anions (Cl�), urea (URE) and water molecules (H2O),
a mixed charged clustered layer.66 This is mainly due to the
synergistic effect of the intermolecular (hydrogen bonding:
URE–Cl� and H2O–Cl

�) and the electrostatic interactions with
the polarized electrode surface.

Further, we also investigated the local charge density as
a function of distance from the electrode surface for different
surface polarizations. Fig. 5(a–c) show the local charge density
proles of urea (red curve), choline (black curve) and chloride
(green curve) and the normalized number density of water (blue
dashed curve) as a function of distance from the electrode
surface. Fig. 5(a–c) show that water adsorption peaks (blue
dashed curve) are strongly correlated with local excess charge
regions (the maxima of the absolute value of the local charge
density, |re|). This implies that there are strong local electro-
static interactions, specically ion–dipole and dipole–dipole
interactions. Since, water is a dipolar molecule, its local elec-
trostatic interaction with ions is quite strong, and specically,
the H2O–Cl

� interaction is stronger than that of H2O–Ch
+ (see

ESI Fig. S3†). This implies that water molecules are preferen-
tially adsorbed on the positively charged electrode following
chloride anions rather than on the negatively charged electrode
where choline cations accumulate. This argument is well in line
with the simulated normalized number density of water mole-
cules and chloride anions for different surface charge densities
as a function of distance from the electrode surface, shown in
ESI Fig. S2.† Fig. S2† shows that increasing the negative surface
polarization up to �0.16 C m�2 results in a positive shi
(shiing away from the electrode surface) of both chloride and
water accumulation. On the other hand, increasing the positive
surface charge leads to accumulation of both chloride and water
2852 | Nanoscale Adv., 2019, 1, 2847–2856
in the interfacial region. This can also explained by the inter-
molecular interactions (Fig. 4). For positively and moderately
negatively polarized surfaces, the evolution of the H2O–GRE
interaction strictly follows the trend of Cl�–GRE interaction.
Alternatively, at a highly negatively charged electrode (s <�0.16
C m�2) the water molecules no longer follow the chloride
anions. This is related to the strong electrostatic interaction
between charged graphene and the water dipole, which is
enhanced by increasing the surface polarization (see Fig. 3(a
and h) and 4). It is also important to note that Ch+–GRE and
URE–GRE interactions follow different trends. The Ch+–GRE
interaction increases monotonically from +0.32 C m�2 to �0.32
Cm�2, which is expected and can be explained by an increase of
the electrostatic interaction between the choline cation and the
negatively charged graphene. In contrast, the URE–GRE inter-
action rst decreases, following the Cl–GRE interaction from
+0.32 C m�2 to �0.08 C m�2, and then increases with stronger
negative polarization. This can be explained by the fact that at
moderate polarization, the local intermolecular interaction
between urea molecule and the other species (URE–Ch+, URE–
Cl� and URE–H2O) becomes predominant, whereas for a high
surface polarization the local intermolecular predominance is
overtaken by the strongly enhanced external electrostatic
interaction between the urea dipole and graphene.66
Interdependency of the electric eld distribution and
preferential adsorption of water

It is well known that the electric potential oscillates in the EDLS
region due to the overscreening phenomena and gradually
damps out as a function of distance from the electrode surface.
This results in the oscillation of the electric eld. Since the
water molecule is polar with a high dipole moment, it will
experience a net force due to a nonuniform electric eld. If we
consider water as a point dipole oriented in the direction of the
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00331b


Fig. 5 Correlation between electrosorption of water and local interactions. The local space charge density profile of URE, Ch+ and Cl� (re, left
axis) and the normalized number density of water molecules (rn/r

bulk
n , right axis) for surface charge densities �0.32 C m�2 (a), 0 C m�2 (b) and

0.32 C m�2 (c) as a function of distance from the graphene electrode.
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electric eld, then, the net force experienced by the water
molecule in the interfacial region can be written as:

Fx

�! ¼ Px

d Ex

�!
dx

(1)

where~Fx is the net force on the dipole, Px is the dipole moment
and~Ex is the average electric eld perpendicular to the charged/
uncharged graphene electrode. Hence, in the electrical double
layer region, the water molecule will move toward the direction
where the magnitude of the electric eld (|~Ex|) increases and
will accumulate at the position where the net force is zero 
d Ex
�! ¼ 0
dx

!
. Thus, the water molecules are preferentially

accumulated in positions that satisfy the extrema of the electric
eld (i.e., local minima/maxima and global minimum/
maximum). Hereaer, we refer to the local minimum and
maximum as metastable positions and absolute minimum and
maximum as stable positions.

To support the above arguments we calculated the average
electric eld perpendicular to the surface of the electrode as
a function of distance. Fig. 6 shows the averaged electric eld
(red curve) and the normalized number density of water (blue
dashed curve) as a function of distance from the surface of the
electrode for a surface charge of �0.32 C m�2 (a), 0 C m�2 (b)
and 0.32 C m�2 (c). Even though this model does not consider
the nite size of water dipoles, it nevertheless provides a good
This journal is © The Royal Society of Chemistry 2019
correlation between the preferential adsorbed water peaks and
the metastable and stable positions of the averaged electric
eld. However, in some cases this correspondence does not
hold. For instance, for the uncharged electrode, Fig. 6(b), one
could have anticipated that there would be an accumulation of
water molecules at the electrically stable position, x ¼ 5.2 Å.
However, at this position water is depleted whereas the highest
accumulation of water was found at x¼ 7.8 Å. This can be due to
two reasons. First, at lower surface charge densities, the local
intermolecular interactions between water molecules and the
surrounding Reline species are predominant, as shown in
Fig. 3–5 and ESI Fig. S2.† Second, since there exists another
polar molecule (i.e., urea) in the system, there will be competi-
tion between H2O and URE to accumulate at the metastable and
stable positions. On top of this, it is also important to note that,
since the water molecule is not a point dipole, exact corre-
spondences between the water accumulation peak and stable
and metastable positions are not expected.

The other interesting point is that at the interfacial region,
where the electric eld is not homogeneous, both polar mole-
cules (i.e., urea and water) exhibit distinct orientations (see
Fig. 7(a–c)). Fig. 7(a–c) show the orientational arrangement of
urea (le column) and water (right column) molecules in the
vicinity of the electrode surface for a surface charge density of
�0.32 C m�2 (a), 0 C m�2 (b) and 0.32 C m�2 (c). To explain the
orientation of the two polar molecules in the vicinity of the
Nanoscale Adv., 2019, 1, 2847–2856 | 2853
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Fig. 6 Contributions of the electric field for preferential electrosorption of water. The evolutions of electric field (Ex, left axis) and normalized
number density of water (rn/r

bulk
n , right axis) as a function of distance from the electrode surface for (a) �0.32 C m�2, (b) 0 C m�2 and (c) 0.32 C

m�2.
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electrode surface, we used the following denitions: “perpen-
dicular” and “parallel” refer to the direction of the dipole with
respect to the electrode surface, whereas “at” refers to the
orientation where all the atoms are nearly at the same distance
from the electrode surface. On the uncharged electrode,
Fig. 7(b), there is no a preferential orientation of any of the
molecules; instead, both are oriented randomly. However, when
the electrode is charged negatively/positively both polar mole-
cules show a preferential orientation. At the negatively charged
electrode (blue electrode), Fig. 7(a), both urea and water mole-
cules are aligned in a mixture of perpendicular (i.e., the dipole
moments of both molecules point toward the bulk of the
solvent, and the CO

�!
vector (a vector from the carbon to oxygen)

of urea and the H–O–H plane of water are perpendicular to the
Fig. 7 Orientation of urea and water molecules near the electrode surfac
vicinity of the electrode surface for different surface polarizations �0.32
uncharged electrode is colored grey, whereas negatively and positively
coding of the atoms of urea and water is: white, hydrogen; cyan, carbon

2854 | Nanoscale Adv., 2019, 1, 2847–2856
graphene surface) and parallel arrangements (i.e., the OC
�!

vector
of urea and one of the HO

�!
vectors of water are oriented parallel

to the electrode surface). This is also conrmed by the evolution
of the normalized number density at the highly negatively
charged surface (s ¼ �0.32 C m�2), Fig. 3(a), where the number
density of both polar molecules (URE and H2O) exhibits two
peaks in the rst layer. The rst peak corresponds to a perpen-
dicular conguration and the second peak corresponds to
a parallel orientation. The mixed orientation can be explained
by competition between the electrostatic repulsion (between the
negatively charged carbon and partially negatively charged
atoms of urea and water) and van derWaals interactions. On the
other hand, near the positively charged electrode (red elec-
trode), Fig. 7(c), both molecules lay nearly at on the surface of
e: a snapshot of the final orientation of urea and water molecules in the
C m�2 (a), 0 C m�2 (b) and +0.32 C m�2 (c) for the 3 wt% system. The
charged electrodes are colored blue and red, respectively. The color
; blue, nitrogen; and red, oxygen.

This journal is © The Royal Society of Chemistry 2019
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the electrode (i.e., all the atoms are nearly at the same distance
from the electrode surface). This orientation can be explained
by two synergistic interactions: rstly, the electrostatic interac-
tion between the positively charged electrode and the partially
negatively charged atoms of both the molecules (oxygen of urea
and water) and secondly, the strong hydrogen bonding of both
molecules with the chloride anions adsorbed in the vicinity of
the positively charged electrode. Overall, these results (Fig. 2–7)
underscore the importance of in-depth investigation of the
interfacial structure of humidied DESs for optimizing the
performance of various electrochemical devices. Therefore, by
varying the electrode potential (equivalent to surface charge
density) and changing the anion/cation type, it is possible to
tailor the interfacial structure, the amount of water in the
interface and therefore the electrochemical process that take
place at the electrode–electrolyte interface.
4 Conclusions

In conclusion, with the growing demand for DESs as solvents
for electrochemical processes and due to their hygroscopicity,
fundamental understanding of water electrosorption in the
DESs–electrode interface is indispensable. In this study, using
atomistic molecular dynamics, we have investigated the elec-
trosorption of water in a graphene conned 1 : 2 choline chlo-
ride–urea (Reline) system across a wide range of surface
polarizations. The use of such an approach allows investigating
all the possible interactions in the bulk (intramolecular and
intermolecular interactions) as well as at the interface (inter-
molecular and external electrostatic interactions). The simula-
tion results show that the interfacial structure and the
distribution of water are sensitive to the electrode surface
polarization. The water electrosorption is mainly dependent on
two factors: the local intermolecular interactions with Reline
species and electrostatic interaction with the charged or
uncharged graphene electrode. For the uncharged surface, the
interfacial region is composed of both Reline species (choline
cations and urea molecules) and residual water molecules: the
electrosorption of water is mainly related to the strong inter-
molecular interaction with urea and chloride. For a moderate
charge, the water molecules are depleted from the negatively
charged electrode and accumulated in the vicinity of the posi-
tively charged electrode, due to the preferential hydration of
chloride anions. In contrast, for the highly charged graphene
surface, water accumulates at both electrodes. This is linked
with the strong correlation between the nonhomogeneous
electric eld in the vicinity of the graphene electrode and the
water dipole, which results in the accumulation of water at
a position where the electric eld displays maximum or

minimum

 
d Ex
�! ¼ 0
dx

!
. Hence, a further increase in surface

polarization leads to further increase in water in the interfacial
region, which implies that the electrostatic interactions are
predominant. In addition, both water and urea molecules show
distinct orientation on the graphene electrode upon charging:
mixed perpendicular and parallel orientations on a negatively
This journal is © The Royal Society of Chemistry 2019
charged electrode and a at orientation on a positively charged
electrode. These ndings are important to predict and control
the amount of water at the vicinity of the interfacial region and
to optimize the performance of DESs for a wide variety of elec-
trochemical systems.
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43 G. Garćıa, M. Atilhan and S. Aparicio, Chem. Phys. Lett., 2015,
634, 151–155.

44 D. V. Wagle, G. A. Baker and E. Mamontov, J. Phys. Chem.
Lett., 2015, 6, 2924–2928.

45 D. V. Wagle, C. A. Deakyne and G. A. Baker, J. Phys. Chem. B,
2016, 120, 6739–6746.

46 S. Zahn, Phys. Chem. Chem. Phys., 2017, 19, 4041–4047.
47 D. Wagle, L. Adhikari and G. Baker, Fluid Phase Equilib.,

2017, 448, 50–58.
48 C. R. Ashworth, R. P. Matthews, T. Welton and P. A. Hunt,

Phys. Chem. Chem. Phys., 2016, 18, 18145–18160.
49 C. Du, H. Yang, X.-B. Chen, L. Wang, H. Dong, Y. Ning,

Y. Lai, J. Jia and B. Zhao, J. Mater. Sci., 2018, 53, 10758–
10771.

50 M. Forsyth, P. C. Howlett, A. E. Somers, D. R. MacFarlane
and A. Basile, npj Mater. Degrad., 2017, 1, 18.

51 H.-G. Liao, Y.-X. Jiang, Z.-Y. Zhou, S.-P. Chen and S.-G. Sun,
Angew. Chem., 2008, 120, 9240–9243.

52 A. P. Abbott and K. J. McKenzie, Phys. Chem. Chem. Phys.,
2006, 8, 4265–4279.

53 O. S. Hammond, H. Li, C. Westermann, A. Y. Al-Murshedi,
F. Endres, A. P. Abbott, G. G. Warr, K. J. Edler and
R. Atkin, Nanoscale Horiz., 2019, 4, 158–168.

54 Y. Dai, G.-J. Witkamp, R. Verpoorte and Y. H. Choi, Food
Chem., 2015, 187, 14–19.

55 F. P. McCullough, Flexible carbon ber electrode with low
modulus and high electrical conductivity, battery
employing the carbon ber electrode, and method of
manufacture, US Pat. 5,532,083, 1996.

56 E. A. Mernissi Cherigui, K. Sentosun, M. H. Mamme,
M. Lukaczynska, S. Bals, H. Terryn and J. Ustarroz, J. Phys.
Chem. C, 2018, 112, 23129–23142.

57 M. Lukaczynska, E. A. Mernissi Cherigui, K. Van Den, J. De
Strycker, H. Terryn and J. Ustarroz, Electrochim. Acta, 2019,
319, 690–704.

58 V. Zoete, M. A. Cuendet, A. Grosdidier and O. Michielin, J.
Comput. Chem., 2011, 32, 2359–2368.

59 T. Darden, D. York and L. Pedersen, J. Chem. Phys., 1993, 98,
10089–10092.

60 W. Humphrey, A. Dalke and K. Schulten, J. Mol. Graphics,
1996, 14, 33–38.

61 M. V. Fedorov and A. A. Kornyshev, Chem. Rev., 2014, 114,
2978–3036.

62 S. Baldelli, Acc. Chem. Res., 2008, 41, 421–431.
63 S. Lamperski, C. Outhwaite and L. Bhuiyan, J. Phys. Chem. B,

2010, 114, 3075.
64 D. C. Grahame, Chem. Rev., 1947, 41, 441–501.
65 G. Jiang, C. Cheng, D. Li and J. Z. Liu, Nano Res., 2016, 9,

174–186.
66 M. H. Mamme, S. Moors, H. Terryn, J. Deconinck, J. Ustarroz

and F. De Pro, J. Phys. Chem. Lett., 2018, 9, 6296–6304.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00331b

	Water distribution at the electrified interface of deep eutectic solventsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00331b
	Water distribution at the electrified interface of deep eutectic solventsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00331b
	Water distribution at the electrified interface of deep eutectic solventsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00331b
	Water distribution at the electrified interface of deep eutectic solventsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00331b
	Water distribution at the electrified interface of deep eutectic solventsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00331b
	Water distribution at the electrified interface of deep eutectic solventsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00331b

	Water distribution at the electrified interface of deep eutectic solventsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00331b
	Water distribution at the electrified interface of deep eutectic solventsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00331b
	Water distribution at the electrified interface of deep eutectic solventsElectronic supplementary information (ESI) available. See DOI: 10.1039/c9na00331b


