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Deep eutectic solvents (DESs) have emerged as an alternative for conventional ionic liquids in
aluminum batteries. Elucidating DESs composition is fundamental to understand aluminum elec-
trodeposition in the battery anode. Despite numerous experimental efforts, the speciation of these
DESs remains elusive. This work shows how ab initio molecular dynamics (AIMD) simulations can
shed light on the molecular composition of DESs. For the particular example of AlCl3:urea, one of
the most popular DESs, we carried out a systematic AIMD study, showing how an excess of AlCl3
in the AlCl3:urea mixture promotes the stability of ionic species vs neutral ones and also favors the
reactivity in the system. These two facts explain the experimentally observed enhanced electrochem-
ical activity in salt-rich DESs. We also observe the transfer of simple [AlClx(urea)y] clusters between
different species in the liquid, giving rise to free [AlCl4]− units. The small size of these [AlCl4]−

units favors the transport of ionic species towards the anode, facilitating the electrodeposition of
aluminum.
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INTRODUCTION

Today’s modern society is facing an increased energy
demand that must be addressed avoiding the use of fossil-
fuels and its effect in global warming.[1–3] Even though
a number of renewable energy sources like wind and so-
lar are becoming cost competitive with fossil resources
for, e.g. electricity production, they remain inherently
intermittent.[4,5] Hence, the development of new inex-
pensive and scalable energy-storage technologies has be-
come a necessity targeted to an efficient use of renew-
ables. Over the last decades, lithium-ion batteries have
become the energy-storage system of choice, from small
and portable devices up to electric vehicles and short-to-
medium term stationary storage.[6] Despite having the
lowest reduction potential (-3.045 V with respect to the
standard hydrogen electrode), the Li-ion technology re-
lies on critical raw materials (CRM) like cobalt.[7] Post-
lithium energy storage systems is an area of active re-
search, where aluminum is a promising candidate: it is
abundant in the Earth’s crust, and its volumetric ca-
pacity is approximately four times higher than that of
lithium.[8]

Room temperature ionic liquids (RTILs) have been ex-
tensively investigated for battery electrolyte applications,
both for Li- and Al-ion batteries, due to its high ionic con-
ductivity, low flammability, and both thermal and chem-
ical stability.[9–11] However, conventional RTILs, based
on 1-ethyl-3-methylimidazolium (EMIM), are extremely
expensive. For aluminum batteries, a much cheaper al-
ternative to EMIM-based RTILs are deep eutectic sol-
vents (DESs), based on aluminum chloride salts mixed

∗ dcabu@dtu.dk
† jmgla@dtu.dk

with simple organic molecules (e.g., urea - represented
as “ur” thereafter in this work - or acetamide).[12] Apart
from involving low cost precursors in their preparation,
DESs are highly biodegradable compared to EMIM-
based RTILs.[13,14] As a drawback, viscosities in DESs
are typically at least one order of magnitude larger than
those in EMIM-based RTILs.[12]

A notorious difference in the electrochemical processes
in aluminum batteries between EMIM-based RTILs and
DESs is the Al-electrodeposition process. In EMIM-
based RTILs the Al is electrodeposited in the negative
electrode through a process in which only anions take
part:

4 [Al2Cl7]− + 3 e− → 7 [AlCl4]− + Al (1)

By contrast, in DESs electrolytes, apart from the anionic
process described in Equation (1), an electrodeposition
in which cations get involved is also likely to happen.[15]

In the particular case of the DESs based in urea, the
following reaction may also occur:[16]

2 [AlCl2(ur)2]+ + 3 e− → Al + [AlCl4]− + 4 ur (2)

Further development of DESs requires to gain knowl-
edge on the relative weight of these two reactions paths
in Al electrodeposition. Another critical point is to un-
derstand the origin of the high viscosity of DESs in order
to design possible strategies to remedy it. Prior to tack-
ling these complex questions, two more fundamental ones
have to be solved, namely: i) What is the chemical com-
position of the DES? and ii) How are the relevant species
in the Al electrodeposition transported within the DES?
The speciation and chemical reaction mechanisms of alu-
minum based DES electrolytes is still not well understood
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and a matter of ongoing debate.[16] For the particular ex-
ample of the aluminum chloride-urea DES, it is not clear
what the concentration of neutral species vs. ionic ones
is in the mixture nor what the relative amount of alu-
minum monomer ions (i.e., AlCln) vs. aluminum dimer
ions (i.e., Al2Clm) or even longer Al chains is. A number
of studies have shown that the electrodeposition of alu-
minum is enhanced when using DESs composed of AlCl3
and urea with the molar ratio AlCl3/urea > 1.[15,17,18]

However, it is still not clear how AlCl3/urea ratio affects
the speciation of the DES. Regarding the second ques-
tion, about the transport of the species participating in
the Al electrodeposition, to the best of our knowledge no
work has been reported in the literature.

The focus of this work is precisely to shed light on the
speciation and transport mechanism in the DES formed
by AlCl3 and urea by using state-of-the-art ab initio
molecular dynamics (AIMD) simulations. Due to the
complexity of the system we had to develop a specific
computational framework to identify chemical species in
the DES and track their reactivity. We find that the
larger is the AlCl3/urea ratio the more reactive is the
ionic liquid and more ionic species relative to neutral
ones are present. This aligns well with the experiments,
where more electrochemical activity is observed for DES
mixtures with an excess of aluminum salt. Regarding
the transport of ions, we observe the ease to transfer
aluminum monomer ions from one aluminum dimer to
another, a process in which [AlCl4]− is generated. This
type of process facilitates the transport of ionic units to-
wards the aluminum anode.

The paper is organized as follows. Section “Theoret-
ical Method” describes the theoretical method, research
approaches and strategy followed. The speciation and
chemical reactions are investigated and discussed in sec-
tion “Results and Discussion”. and conclusions drawn in
section “Conclusions” .

THEORETICAL METHOD

The reactivity and speciation of the ionic liquid has
been analyzed for the 1:1 and 1.5:1 mole ratio mixtures of
AlCl3:urea. Ab initio molecular dynamics (AIMD) sim-
ulations within periodic boundary conditions were con-
ducted with the VASP package[19] in the NV T ensem-
ble, where the temperature is kept constant through the
Nosé-Hoover thermostat.[20] In all the simulations the
volume of the simulation box has been fixed so that it
matches the experimental density at 333 K. For the 1.5:1
mixture, the experimental density of 1.5921 g/cm3[21]

was used. No experimental density was found for the
1:1 mixture. An extrapolation of the densities reported
in Ref. [21] for the 1.2:1, 1.3:1, 1.4:1 and 1.5:1 mix-
tures yields a density of 1.5398 for the 1:1 mixture g/cm3,
which is the one used in this work. The Verlet algorithm
is used to integrate Newton’s equations of motion with
a time-step of 1 fs. The valence electrons are described

by a plane-wave basis set with a 400 eV energy cutoff.
Five, six, one, four, three and seven valence electrons
are included, respectively, for N, O, H, C, Al and Cl
atoms. The core electrons are described by the projec-
tor augmented wave method,[22] combined with pseudo-
potentials.[23] The effects from exchange and correlation
are modelled with the PBE functional[24] with the Lan-
greth and Lundqvist van der Waals correlation as im-
plemented in VASP.[25,26]. The break condition for the
electronic self-consistent loop was set to 1 · 10−4 eV and
the minimum number of electronic Self-Consistent Field
(SCF) steps for each ionic step was set to 5. The elec-
tronic minimisation algorithm was set to RMM-DIIS. All
calculations are performed using only the Γ point in the
reciprocal space.

Two different approaches have been followed in this
work. The first approach (c.f. “reactants approach”) is
based on the direct AIMD simulation of AlCl3 and urea
as a starting point. The second approach (c.f. “products
approach”) is based on the AIMD simulation of several
proposed products (more information at the end of sec-
tion “Reactants approach” ).

The complexity of DESs hinders the analysis of their
composition and the tracking of the reactivity among the
different species in these liquids. Similar to what Ander-
sson et al. recently did for the analysis of highly con-
centrated electrolytes,[27] here we had to develop a spe-
cific computational framework for this purpose. Sections
“Procedure for identifying the species” and “Procedure
for identifying the reactions” briefly describe the algo-
rithms used to identify the molecules present in the DES
and their reactivity, respectively.

Reactants approach

The 1.5:1 mixture is modelled as 18 AlCl3 formula
units and 12 molecules of urea in a cubic simulation box.
In order to mimic the structure of a liquid, ideally all 21
molecules should initially be homogeneously distributed
using all available space so that every molecule is given an
equal opportunity to react with each other. Two differ-
ent strategies were followed to guarantee this situation.
The first strategy ensures a homogeneous arrangement
of molecules through the PACKMOL program,[28] as im-
plemented in the Amsterdam Density Functional (ADF)
graphical user interface.[29] Several random seeds were
initialized with this strategy. All these random seeds but
one were discarded since chemically unstable chloroalu-
minate clusters were detected via the speciation proce-
dure explained in section “Speciation”. These species
were predominant even after 100 ps time and are an arte-
fact of starting at a relatively high temperature (1000 K).
No such species appeared in one of the random seeds,
which will be hereafter labelled as R1 and will be subject
to analysis.

In view of these results, a second initialization strat-
egy was designed. This strategy consists of randomly



3

placing molecules of Al2Cl6 or urea in a grid of evenly
distributed points (i.e., so that the minimum distance
between any two points is as large as possible). Three
random seeds were initialized with this strategy. Two
random seeds were discarded because of the same reason
described above. The third random seed, labelled as R2
in this paper, did not exhibit unstable chloroaluminate
clusters and therefore was saved for analysis.

The 1:1 mixture is modelled as 14 AlCl3 formula units
and 14 molecules of urea in a cubic simulation box. Un-
fortunately, all three random seeds investigated yielded
chemically unstable species. Hence, the 1:1 mixture was
not considered for analysis within the reactants approach.

Both R1 and R2 reactants models were run for approxi-
mately 13 ps at 1000 K to promote reactivity. Thereafter,
the system is progressively cooled down to 300 K for 1
ps followed by a run at 300 K. In total, this corresponds
to an AIMD running history of 161 ps (R1) and 151 ps
(R2).

In principle, one should expect that R1 and R2 should
yield a similar composition, if they were run for long
enough time. However, as it will be shown in section
“Results and Discussion”, models R1 and R2 result in
significantly different compositions, even though both
are apparently thermalized (i.e., no significant change in
composition is observed in the last 20 ps of both runs).
This points out that in order to have converged specia-
tions, the simulations should have lasted and reached a
time-scale well beyond nanoseconds, which is not feasi-
ble for this kind of systems using AIMD simulations. In
view of this lack of convergence, and in addition to the
aforementioned technical difficulties experienced in the
construction of reactant models, a second approach was
designed, i.e., the products approach, where the AIMD
simulation starts from several products we hypothesize to
be the most likely components of the ionic liquid based on
experimental reports[15,18,30–33] and chemical intuition.
This strategy, presented below, aims to elucidate which
of the hypothesized compositions is more stable.

Products approach

A number of Raman experiments have detected
[Al2Cl7]− and [AlCl4]−, in the 1.5:1 mixture
electrolyte.[15,18] Some studies rationalize the oc-
currence of these chloroaluminate anions to participate
in the intercalation/deintercalation in a graphite lay-
ered cathode.[30,31] Others relate these to possible
reactions taking place in a sulfur cathode during charg-
ing/discharging cycles.[32] On the other hand, as we
mentioned in the introduction, cationic species like
[AlCl2(ur)2]+ have been shown to participate in the
electrodeposition of aluminum in the anode.[33]

The following reactions that we will present thereafter
involve one or several of the above species found experi-
mentally.

Three reactions have been considered for the 1.5:1 mix-

[Al2Cl7]− [AlCl4]−

[Al2Cl5(ur)2]+same

[AlCl2(ur)2]+

[Al2Cl5(ur)2]+
diff

[Al2Cl6(ur)] [AlCl3(ur)]

Figure 1. Species formulated throughout Equations (3)-(7)
for the products approach.

ture:

3 AlCl3 + 2 ur→ [Al2Cl7]− + [AlCl2(ur)2]+ (3)

3 AlCl3 + 2 ur→ [AlCl4]− + [Al2Cl5(ur)2]+ (4)

3 AlCl3 + 2 ur→ [Al2Cl6(ur)] + [AlCl3(ur)] (5)

Similarly, two reactions have been considered for the
1:1 mixture:

2AlCl3 + 2 ur→ [AlCl3(ur)] + [AlCl3(ur)] (6)

2AlCl3 + 2 ur→ [AlCl4]− + [AlCl2(ur)2]+ (7)

The products in Equations (3)-(7) are presented in
Figure 1 and were presented in a previous work we
conducted.[16]

The motivation for this approach is to model a 1.5:1
mixture formed by each of the two ionic pairs shown in
the right hand side of Equations (3) and (4) on one hand,
and the two neutral products from Equation (5) on the
other hand. Similarly, a 1:1 mixture is modelled by the
two neutral species shown in the right hand side of Equa-
tion (6) and the two ionic pair of products shown in Equa-
tion (7).

In the case of the products approach, since the frag-
ments are ionic, initializing the simulation with a ran-
dom distribution of molecules in the box (similar to that
of the reactants approach) leads to enormous Coulombic
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repulsions. Thus, a special procedure for placing cationic
and anionic fragments had to be designed so that the
Coulombic attraction and repulsion forces were correctly
balanced. A balanced spatial distribution of charges can
be achieved by respectively placing these cationic and an-
ionic fragments in the cationic and anionic positions of
an ordered crystalline structure, e.g. NaCl type.

A special procedure was followed to place the ionic and
neutral fragments into the rocksalt structure. Because of
these fragments are large, a conventional substitution of
these in the lattice positions of rocksalt structures typi-
cally yields to a situation where atoms are close in space
and yet again large forces arise. Thus, all fragments need
to be oriented in such a way that the interactions be-
tween neighbour atoms are reduced to a minimum. This
has been achieved following a pairwise approach: given
two fragments 1 and 2, the three Euler angles of the first
fragment are rotated a certain angle so that the distance
between all atoms of fragment 1 and all atoms of frag-
ment 2 is minimized. In order to simplify the problem to
computing the distance between atoms of two fragments
only, we have worked over the rhombohedral primitive
cell of NaCl (i.e., with a = b = c and α = β = γ = 60◦).
Once the fragments have been rotated to minimize inter-
actions, a volume and shape constrained optimisation is
conducted (ISIF=2 setting in VASP) using a 2 × 2 × 2
Monkhorst-Pack k-point mesh.[34] The resulting struc-
ture is then expanded to a 2× 2× 2 supercell over which
the AIMD simulations will be performed.

A similar approach has been followed taking as a model
the CsCl lattice for all 1.5:1 and 1:1 products models.
By the time 30 ps were reached, it was observed that in
vast majority of the cases the energy was higher than the
structures coming from the NaCl template. Because of
limited computational resources, it was decided to reach
the 120 ps goal only for those NaCl-based structures.

As it can be seen in Table 1, four models (P1, P2a,
P2b, P3) for the 1.5:1 mixture and two models (P4, P5)
for the 1:1 mixture are formulated with this approach,
where 8 cationic and 8 anionic fragments form part of
the starting AIMD structure.

Similar to the reactants approach, each of these mod-
els are heated at 1000 K, but only for approximately 1.5
ps, since we consider the system is already starting from
some sensible candidate products, and no extensive heat-
ing is required to promote reactivity as was the case with
models R1 and R2 that start from the reactants AlCl3
and urea. A cool down to 300 K is conducted in 1 ps,
followed by a run at 300 K. In total, this corresponds to
an AIMD running history of approximately 120 ps.

While only 168 atoms formed part of both mixtures in
the reactants approach, the products approach consists
of a total number of 224 and 192 atoms for the 1.5:1 and
1:1 mixtures respectively. Hence, the subsequent AIMD
simulations for the products are computationally more
demanding, particularly for the 1.5:1 mixture.

Approach
AlCl3:urea

mixture
Model
(label)

Model
(Initial Composition)

Shape
Length (Å)

Reactants 1.5:1
R2

9 [Al2Cl6] + 12 ur
cubic
14.820R1

Products
1.5:1

P1 8[Al2Cl7]− + 8[AlCl2(ur)2]+

rhomb.
18.309

P2a 8[AlCl4]− + 8[Al2Cl5(ur)2]+same

P2b 8[AlCl4]− + 8[Al2Cl5(ur)2]+diff

P3 8[Al2Cl6(ur)] + 8[AlCl3(ur)]

1:1
P4 8[AlCl3(ur)] + 8[AlCl3(ur)] rhomb.

16.773P5 8[AlCl4]− + 8[AlCl2(ur)2]+

Table 1. Models studied in this work: reactants approach
R1 and R2 for the 1.5:1 mixture and products approach P1,
P2a, P2b, P3 (for the 1:1 mixture) and P4 and P5 (for the
1.5:1 mixture). The length and shapes (cubic and rhomb.
for rhombohedral) of the simulation boxes are shown in the
last column. The starting xyz configuration for each of these
models are provided in the Supporting Information.

Analysis tools

As mentioned in the Introduction, the complexity of
the AlCl3:urea mixture led us to develop specific analy-
sis tools to identify molecules (speciation - section “Spe-
ciation”) and to discern between “open” and “closed”
reactions (reactivity - section “Reactions”). The details
of this framework are described below.

Procedure for identifying the species

As will be mentioned in section “Speciation”, for each
AIMD image, a connectivity matrix is constructed, where
for any pair of i and j atom indices, the matrix elements
read like:

Cij =

{
0 if i is not bonded to j

1 if i is bonded to j
(8)

Atoms i and j are bonded if the distance di,j is less
than the sum of their radii. The radius criteria assigned
to each atom is the following: Al: 1 Å, Cl: 1.7 Å, H: 0.37
Å, O: 1 Å, N: 1 Å, C: 1 Å. Additionally, Cl atoms are only
considered to be bonded to Al. The radii of the different
species, which is a compromise between the ionic and the
van der Waals radii of each element, was chosen such as
the different species could be properly identified.

Procedure for identifying the reactions

As will be mentioned in section “Reactions”, not only
the speciation, but also the reactions taking place in the
ionic liquid have been analyzed. By subtracting the ma-
trix elements of the connectivity matrices involving two
times t1 and t2, three cases can be found:
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Ct2
ij − C

t1
ij =


−1 if bond i− j has been cleaved

1 if bond i− j has been formed

0 if bond i− j remains unchanged,

(9)
so that it is then possible to uniquely identify the in-

dices of those atoms that form part of a reaction involving
bond cleavage or formation.

The workflow of programs that both identify the
species and track “open” and “closed” reaction mech-
anisms can be found in Ref. [35]

RESULTS AND DISCUSSION

Speciation

The identification of the species formed in the ionic liq-
uid is described in this section. For each image of a given
trajectory, a neighbour list and a subsequent connectiv-
ity matrix are constructed with the help of the Atomic
Simulation Environment (ASE)[36] software (more details
in section “Procedure for identifying the species”).

The trajectory is divided into consecutive blocks of 0.5
ps every 1 fs step. Both the average concentration of each
species and the average energy are computed for each of
these blocks as displayed in Figure 2. Results for the last
10 ps are summarised in Table 2. The energy for each
of the models has been normalized with respect to the
energies of the solid phases of urea and AlCl3 as follows:

EModeli =
E(AIMD Modeli)

Nureas

−
(
n1

E(AlCl3 (s))

4F.U.
+ n2

E(urea (s))

2F.U.

)
,

(10)

where F.U. is the number of formula units in the solid
phases, n1 = 1.5 and n2 = 1 for the AlCl3:urea 1.5:1 mix-
ture and n1 = 1 and n2 = 1 for the 1:1 mixture. Nureas

is 16 and 12 for the products and reactants approach re-
spectively. Positive energies indicate solid phases being
more stable than the deep eutectic liquid.

Among the models constructed from the products ap-
proach, P2a is the most stable ionic liquid . The initial
composition of 50% [AlCl4]−, 50% [Al2Cl5(ur)2]+same de-
creases to ≈ 18% each, while [AlCl2(ur)2]+ and [Al2Cl7]−

composition rises to 31.3 % each. The occurrence of
these last two species can only be explained because
[Al2Cl5(ur)2]+same isomer allows to cleave in such a way
that generates free [AlCl3] and [AlCl2(ur)2]+ (Figure
1). The reaction yield is far from 100% since 18.3% of
[Al2Cl5(ur)2]+same remains unbroken. On the other hand,
no [AlCl3] is observed in P2a, which suggests that all
[AlCl3] generated from that cleavage reacts with [AlCl4]−

to produce [Al2Cl7]− (31.3%). The remaining [AlCl4]−

sums up to 18.4%.

P2a and P2b initial composition only differ on the type
of [Al2Cl5(ur)2]+ isomer. The structure of diff isomer
present in P2b does not allow for a cleavage that would
generate [AlCl2(ur)2]+ or [Al2Cl7]− (Figure 1), hence
the occurrence of these two species in P2b is null. In-
stead, the diff isomer cleaves into [AlCl3(ur)] (18.2%)
and [AlCl2(ur)]+ (5.1%). Similar to P2a, the yield of this
cleavage is not 100%, since [Al2Cl5(ur)2]+diff composition
remains 28.1%. The occurrence of 12.6 % of [Al2Cl6(ur)]
can be explained by the reaction of [AlCl3(ur)] previously
generated in the cleavage with [AlCl3].

Despite Model P1 being almost isoenergetic with P2b,
it scarcely generates new species different from the ini-
tial components at the investigated time-scales, i.e., its
composition remains [AlCl2(ur)2]+ (48%) and [Al2Cl7]−

(48%). These are the same species that appear abun-
dantly in P2a, which points out the fact that these two
species are very likely to be formed in the 1.5:1 mixture
as we hypothesized in a previous work,[16] where we stud-
ied isolated solvated pairs. In that work we observed the
pair [AlCl2(ur)2]+ + [Al2Cl7]− to be the most stable one,
with the pair [Al2Cl5(ur)2]+same + [AlCl4]− less than 0.1
eV above in energy.

1.5:1 mixture 1:1 mixture
R1 R2 P1 P2a P2b P3 P4 P5

Energy (eV) 0.762 0.778 0.738 0.712 0.738 0.731 0.311 0.338
Speciation (%)
[AlCl2(ur)2]+ 8.4 22.2 48.0 31.3 50.0
[Al2Cl7]− 7.7 48.1 31.3
[AlCl4]− 33.1 23.4 1.1 18.4 33.7 7.0 50.0
[Al2Cl5(ur)2]+ 16.4 1.2 18.3 28.1
[AlCl3(ur)] 8.4 23.3 18.2 62.5 100.0
[Al2Cl6(ur)] 16.7 12.6 16.0
[AlCl2(ur)]+ 6.4 5.1
[Al3Cl9(ur)2] 1.6 1.7
[Al5Cl15(ur)2] 6.5
[Al5Cl14(ur)3]+ 4.4
[Al3Cl9(ur)] 15.5
[AlCl(ur)3]2+ 8.4
[Al3Cl10]− 8.3

Table 2. Energy and composition (in percentage) found in the
last 10 ps trajectory for each models investigated for the 1.5:1
and 1:1 AlCl3:urea mixtures. The energy has been normalized
with respect to the energies of the solid phases of urea and
AlCl3 as shown in Equation (10).

Model P3, initially composed of [AlCl3(ur)] and
[Al2Cl6(ur)], predominantly evolves towards breaking the
latter dimer into [AlCl3(ur)] monomers (62.5 %). Despite
exhibiting some reactivity, it is noticeable that this model
is still mainly composed by neutral species (there is only
approximately 10 % of ionic species) and that its energy
is well above that of model P2a (the most stable one),
which is exclusively composed by ionic species.

The models coming from the 1:1 mixture (P4 and P5),
show two striking differences with respect to those from
the 1.5:1 mixture: i) 1:1 mixtures hardly present reactiv-
ity, since the initial composition is maintained through-
out the trajectory. (i.e., P4: 100% [AlCl(ur)3] and P5:
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Figure 2. Energy and composition against time in picoseconds for each of the models studied in this work. The energy has
been normalized with respect to the energies of the solid phases of urea and AlCl3 as shown in Equation (10).

50% [AlCl2(ur)2]+, 50% [AlCl4]−). ii) The neutral model
(P4) is more stable than the ionic one (P5), in contrast
to the 1.5:1 mixture. Thus, it is expected that the con-
centration of ionic species will be much higher in eutectic
mixtures with an excess of salt, being this the explanation
for the experimentally observed superior electrochemical
activity in DESs with high salt/urea ratios.

Regarding the models constructed from the reactants
approach, R1 is 0.015 eV more stable than R2 and
presents [AlCl4]− as the most relevant species (33.1%),
followed by [Al2Cl6(ur)] (16.7%) and [Al2Cl5(ur)2]+

(16.4%). On the other hand, three species are equally
relevant in R2 model: [AlCl2(ur)2]+ (22.2%), [AlCl4]−

(23.4%) and [AlCl3(ur)] (23.3%). It is remarkable that,
despite having been run for a long period and having ap-
parently reached equilibrium, models R1 and R2 yield
significantly different compositions. In addition, the en-
ergies in R1 and R2 models are well above the energies
in any of the product models. This points out the im-
possibility of obtaining any meaningful conclusion based
on models initialized from the original components of the
DES mixture if the time scale and size of the system are
not well beyond what is affordable in AIMD simulations.

Reactions

A detailed study of the chemical reactions has been
conducted for each of the models studied in this work.
Because the indices of the atoms that participate in these
reactions are tracked, it is possible to accurately evaluate
if the indices involved in the cleavage/formation at a time
t1 participate in the reverse formation/cleavage reaction
at any other given time t2 (more details in section “Pro-

cedure for identifying the reactions” If this scenario takes
place, it has been named as a “closed reaction”, which is
no other than a chemical equilibrium. If otherwise, the
situation has been classified as an “open reaction”, where
broken/formed indices never form/break back again.

“Closed reactions” are described in section “Closed
reactions” of the Supporting Information. They typi-
cally involve Al−Cl bond breaking and formation of long
chains of [AlkCll(ur)m] with k > 3.

“Open reactions” have only been detected in models
P2a, P2b and P3, and are summarized in Figure 3. Valu-
able information can be extracted from the analysis of
these events. In model P2a, the charged species [Al2Cl7]−

releases one neutral [AlCl3] unit to be captured by the
charged species [AlCl2(ur)2]+ to form [Al2Cl5(ur)2]+same .
This reaction occurs through a [Al3Cl9(ur)2]same tran-
sition state that lives 167 fs. This type of open re-
action can be classified as the transfer of one neu-
tral species ([AlCl3]) released from one charged species
([Al2Cl7]−), to be captured by another charged species
([AlCl2(ur)2]+). The opposite process can also occur,
and is indeed the mechanism seen in model P2b (Fig-
ure 3): the transfer of one charged species ([AlCl2(ur)]+)
released from one neutral species ([Al2Cl6(ur)]), to be
captured by another neutral species ([AlCl3(ur)]). Un-
like the previous case, the unit released is not neutral
but charged ([AlCl2(ur)]+), and has a lifetime of 12 fs.

Both mechanisms described so far show the relatively
ease for this ionic liquid to generate low diffusivity
[AlCl4]− ions, which opens up the possibility for a faster
anionic transport across the electrolyte, since the diffu-
sivity of smaller [AlCl4]− is expected to be much faster
than that of [Al2Cl7]−. Such diffusion of negatively
charged chloroaluminate ions is key to promote the elec-
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Model P2a: 

Model P2b: 

Model P3: 

Figure 3. Open reactions observed in the last 10 ps trajectory for models P2a, P2b and P3. No open reactions have been
reported for the rest of the models. Three videos and trajectory files showing the mechanism of these three reactions are
included in the Supporting Information.

trochemistry at the electrode interface.
A hybrid mechanism, combination of the above two,

has also been detected in model P3, where the trans-
fer of neutral ([AlCl3]) takes place between neutral
([Al2Cl6(ur)]) and charged ([Al3Cl8(ur)2]+) units.

CONCLUSIONS

We performed AIMD simulations to shed light on the
composition of the AlCl3:urea DES. Due to the com-
plexity of the liquid we had to develop a computational
machinery for the identification of species and tracking
of chemical reactions, which could be useful to investi-
gate similar DESs. In a first attempt, we set up the
AIMD model starting from the reactants in the DES,
AlCl3 and urea, heating the system to promote reactiv-
ity. This method resulted in being impractical, showing
unreliable speciation, or giving rise to high energy con-
figurations, even after running for more than 100 ps. In
a more pragmatic approach, we carried out AIMD simu-
lations starting from different sets of products that have
been experimentally observed in this DES and compared
their relative energies. This methodology allowed us to
extract relevant conclusions about the AlCl3:urea DES
speciation and reactivity, namely:

• The stability of ionic pairs vs. neutral species and
the reactivity of the DES increase notably upon
increasing the amount of aluminum salt vs. urea
in the deep eutectic mixture. This explains the

experimentally observed enhanced electrochemical
activity in DESs with a high AlCl3-to-urea ratio.

• We observed the transfer of simple [AlClx(urea)y]
clusters, both neutral and charged, between differ-
ent species in the liquid, giving rise to free [AlCl4]−

units. We hypothesized this as a plausible mecha-
nism to enhance the transport of electrochemically
relevant species, such as [AlCl4]−, from the bulk of
the electrolyte towards the anode.

• For the 1.5:1 AlCl3:urea DES, the most relevant
from the experimental point of view, we found a
purely ionic model formed by approximately 2/3
of [AlCl2(ur)2]+ + [Al2Cl7]− pairs and 1/3 of
[AlCl4]− + [Al2Cl5(ur)2]+ pairs to be the most sta-
ble one.

The most stable composition points out that in prin-
ciple, both the anionic and cationic paths for Al elec-
trodeposition sketched in Equations (1) and (2) could be
possible in the 1.5:1 AlCl3:urea DES. Elucidating which
of the two routes is more favorable would require AIMD
simulations explicitly including the aluminum anode and
spanning much longer time and length scales than those
presented in this work. The cost of such models would
be prohibitive using conventional AIMD calculations. We
envisage machine learning potentials, trained on data like
the one presented here, as a viable route to carry out such
simulations. Further work along this line is now under-
way.
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