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This work deals with the search of polymers apt for the preparation of solid-like chloroaluminate-based elec
trolytes. To accomplish this, the solubility and gelling ability of a large set of polymers in the deep eutectic
solvent AlCl3:urea (uralumina) are studied, followed by the characterization of the electrochemical activity of the
gels. The polymers are directly dissolved in urea:AlCl3 without auxiliary solvents following a fast and scalable gel
preparation methodology previously reported for ultra-high molecular weight (UHMW) polyethylene oxide
(PEO). The list of polymers studied includes diverse chemical structures, different thermal properties and
different aggregation states at the mixing temperature of 70 ◦ C, defined by the thermal stability of AlCl3:urea. To
avoid a molecular weight influence on the ionogel rheological properties, polymers with molecular weight close
to 100,000 g mol− 1 have been chosen. The polymers considered include poly(ε-caprolactone) (PCL), poly
(dimethyl siloxane) (PDMS), poly(vinyl pyrrolidone) (PVP), polyformal, thermoplastic polyurethanes, poly
methacrylates, polyacetates and the elastomer SEBS. It was found that together with polyethylene oxide, only
poly(ε-caprolactone) and poly(dimethyl siloxane) are soluble and produce gel electrolytes with AlCl3:urea. The
solubility rules of polymers in chloroaluminates are discussed. The stripping/plating of Al and the ionic con
ductivity of PEO, PDMS and PCL ionogels are studied by cyclic voltammetry and impedance spectroscopy. PDMS
proves to be as efficient as PEO to produce ionogels at low polymer concentration, that are also self-standing and
electroactive, whereas a higher concentration of PCL is required to produce self-standing gels. The molecular
structure of the ionogels and the modification of the chloroaluminate speciation is studied by vibrational
spectroscopies, and supported by DFT calculations.

1. Introduction
Polymer based materials are progressively gaining quota in energy
storage devices in both functional and structural roles. Polymeric ma
terials are well-known for their excellent mechanical properties (tough,
flexible), their lightness and processability, and also for their diverse
chemistry and rich structural design. In energy storage, polymers have
long participated as structural materials in casings, insulators and sep
arators, offering lightness, toughness, shapeability and recyclability [1].
They are present as structural and functional materials in cathodes, as
cathode binders or as electroactive materials (conducting polymers in
pseudocapacitors) [2,3]. Playing a role in between the structural and the
functional, polymers have been used to produce solid or gel electrolytes,

from PEO (Li conductor and polymer scaffold) to poly(methyl methac
rylate) (PMMA), polyacrylonitrile (PAN) or fluorinated polymers [4].
The solubility, insolubility and interaction of a wide range of polymers
(plastics and elastomers) with Li salts and Li electrolytes are well-known
nowadays, and this background is used for the design and construction
of casing, separators, binders, insulators, cathodes or electrolytes.
Lithium ion batteries (LIBs) have been the cornerstone of a vast
panoply of new applications, but they have also paved the way to other
metal-based batteries, currently an area of intense research efforts.
These essentially comprise of Na, K, Mg, Ca, Zn and Al, each at a
different development stage. Although it is difficult to surpass LIB per
formance [5], the applications of these secondary metal batteries are so
broad that adding other technologies to LIBs is no doubt advantageous
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for several reasons. In the first place, all of the metals mentioned above
are cheaper and more available than Li, which is already an important
advantage in a technology that aspires to be widespread. Secondly, Li is
a scarce resource, and the second-hand Li market does not exist since its
recycling is not yet economically feasible [6]. To date, the Na battery is
the most developed since its technology basically follows the blueprint
of Li [7], and a few Na batteries have already been commercialized. Mg,
Ca, K, Zn and Al [8–11] secondary battery technologies, currently
explored, are at different development stages.
Aluminium-based batteries are appealing because of the abundancy
of Al, the strong background on its electrochemistry and because a
secondary Al battery can display higher volumetric capacity than Li [12,
13]. For these batteries to become a real technology, the challenge is to
find non-aqueous liquid electrolytes where the stripping and plating of
Al occurs. As pointed out by other authors [11], finding suitable elec
trolytes for Al batteries is far more complex than in Li or Na counter
parts, because an Al battery requires electroplating/electrostripping of
Al itself, which will not occur in the vast majority of conventional
organic electrolytes. The stripping and plating of Al have already been
demonstrated in a few liquids [14,15], such as the mixture of imidazo
lium and pyrrolidinium chloride salts (EMImCl and BMPCl) and
aluminium chloride (AlCl3), the deep eutectic solvents (DES) urea/AlCl3
(uralumina) and acetamide/AlCl3 (acetalumina) [16,17], and the room
temperature ionic liquid formed with triethylamonium chloride
(Et3NHCl) and AlCl3 (1:1.6 M ratio) [18]. Compared to the Al ionic
liquids, the Al DES have the advantage of being cheaper and easier to
produce and are an interesting choice because of their wide potential
window and high ionic strength for the redox chemistry of metals.
While Al anodes are stable and easy to manipulate in comparison to
other metals, like Li or Na, Al electrolytes are very reactive: they contain
strong Lewis acids, they are corrosive, and in the presence of humidity
they produce HCl. Al electrolytes attack steel and preclude the use of
aluminium current collectors. The electrochemical activity of Al elec
trolytes relies on the presence of acidic Al2Cl−7 that, together with the
cationic species [AlCl2(urea)n]+, have been proposed to be directly
related to the electrodeposition of Al in urea:AlCl3 electrolytes [19].
Chloroaluminates, Al2Cl−7 in particular, react readily with molecules
bearing lone electron pairs, turning the electroactive anion Al2Cl−7 into
AlCl−4 or neutral species [20] that precludes the use of common solvents
like THF, acetone or acetonitrile in combination with them. The use of
polymers bearing lone electron pairs, like PEO or PAN, frequently
employed to produce gels of Li electrolytes were consequently dis
regarded [12,20]. In effect, in PEO-based Al electrolytes prepared
employing acetone as auxiliary solvent, neither Al deposition or disso
lution was encountered [21]. Moreover, common polymer binders, such
as polyvinylidene fluoride (PVDF) have proved to be incompatible with
chloroaluminates [22]. In short, the use of most common materials
currently employed in Li or Na batteries cannot be taken for granted in
an aluminium one, and a real need to widen our knowledge on this topic
exists.
Because of our interest in exploring the viability of a secondary
aluminum battery, focusing on the polymer role we undertook the
preparation of electroactive polymer ionogels with chloroaluminates.
Avoiding liquid electrolytes is of capital importance when pursuing safe
batteries: electrolytes should not leak and must mitigate or eliminate
dendritic growth during the charging of the Al battery, when Al depo
sition occurs. Thus, unless carefully designed to avoid it, short-circuit of
the cell will occur, especially at high current densities (100 mA/cm2)
[10]. Dendritic growth is mitigated or even eliminated in gel or solid
electrolytes, and finding polymers which can produce gels with the
currently known Al liquid electrolytes is a very suitable strategy. In the
literature few examples of polymer gel electrolytes with an aluminium
electrolyte suitable for secondary batteries can be found. As a matter of
fact all of them rely on the in situ polymerization of polyacrylamide in
different chloroaluminates: 1-ethyl-3-methylimidazolium chloride
(EMImCl) and AlCl3 (EMImCl:AlCl3, 1:1.5, in molar ratio), or

triethylamonium chloride (Et3NHCl) and AlCl3 (1:1.6 M ratio) [20,23,
24]. The in situ polymerization of polyacrylamide in 1-ethyl-3-methyli
midazolium chloride is cumbersome and time consuming, and in
volves the use of auxiliary solvents, in particular dichloromethane.
Even though polymers such as PEO had been disregarded because of
their electron-rich character and their reactivity with aluminium elec
trolytes [22], in a previous study we demonstrated how it is possible to
produce electroactive chloroaluminate ionogels using PEO, preserving
significant amounts of Al2Cl−7 by using very low concentrations of
ultra-high molecular weight (UHMW) PEO [25,26]. These PEO gels are
obtained by a simple procedure that consists of the dissolution of PEO in
urea:AlCl3 at a temperature above the melting point of the polymer.
They present a remarkable combination of mechanical and electro
chemical properties, together with other features like low cost, pro
cessability and toughness, which make them robust and technologically
very promising.
It seems likely that other polymers may also be employed to gel Al
electrolytes, producing other ionogels with their own combination of
electrochemical and rheological features. These polymers could be used
not only for gel electrolyte formation, but also for cathode binding.
Moreover, as mentioned before, polymers are needed in other elements
of a battery as structural parts (casing, separator, joints) which should be
insoluble in the electrolyte [27,28]. To make Al secondary batteries a
real technological option in the near future, knowledge on the solubility
and gelling ability of polymers in Al electrolytes, and also on polymers
that are inert in chloroaluminates is very much needed. In this sense, this
work presents a systematic study aimed at understanding the factors that
govern the insolubility, solubility and interaction of polymers and
chloroaluminates, and their ability to form electroactive ionogels.
2. Experimental
Materials. Urea:AlCl3 at a molar ratio of 1:1.5 (U150) was supplied
by Scionix Ltd. (London, UK) and the following polymers were
employed: poly(ethylene oxide), PEO (Mw = 100,000 g mol− 1), poly
(vinylpyrrolidone), PVP (Mw = 40,000 g mol− 1), poly(vinyl formal),
PVF (Mw = 70,000 g mol− 1), poly(styrene-b- ethylene-r-butylene-b-sty
rene), SEBS (Mw = 118,000 g mol− 1), poly(vinyl acetate), PVAc (Mw =
500,000 g mol− 1), poly(methyl methacrylate), PMMA (Mw = 120,000 g
mol− 1), poly(butylmethacrylate-co-methylmethacrylate), P(BM-coMMA) (Mw = 150,000 g mol− 1), poly(ethylene-co-vinyl acetate) (EVA)
with 18% vinyl acetate, all from Sigma-Aldrich (Merck KGaA, Darm
stadt, Germany); poly(dimethylsiloxane), PDMS (Mw = 139,000 and
423,000 g mol− 1) from Gelest (Morrisville, USA); poly(ε-caprolatone),
PCL (Mw = 80,000 g mol− 1) from Perstorp (Warrington, UK); polyetherbased thermoplastic polyurethanes (TPUpolyether) and polyester-based
thermoplastic polyurethanes (TPUPCL) from Lubrizol (Wickliffe, USA).
2.1. Preparation method
All gels with solid polymers were prepared as follows: uralumina was
placed in a glass beaker on a heating plate inside a glovebox under argon
atmosphere ([O2]<1 ppm, [H2O]<1 ppm) and the solid polymer was
added as a powder at room temperature while stirring. Batches were
kept under 20 ml. Then, the temperature was slowly increased up to
70 ◦ C while stirring constantly, as reported elsewhere [25]. The mixing
temperature was kept ≤70 ◦ C, which was fixed as the highest temper
ature for the dissolution of the polymer in uralumina, since a further
increase in temperature can deteriorate the liquid electrolyte. Overall,
the preparation is very fast and takes about 20 min.
With polymers that are liquid at room temperature, like PDMS, the
desired quantity was placed in a glass beaker inside the glovebox, and
U150 was poured over it while stirring with a glass rod. For PDMS with a
viscosity (η) of up to 100,000 cSt (Mw = 139,000 g mol− 1) no temper
ature increase was needed to prepare the gel. For PDMS with η up to
2,000,000 cSt (Mw = 423,000 g mol− 1), which behaves as a viscous
2
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paste, the polymer was heated at 90 ◦ C for 10 min, and then U150 was
poured over it at room temperature and stirred with a glass rod. The
blend is rapidly cooled under 70 ◦ C to prevent the U150 degradation.

3. Results and discussion
3.1. Solubility of polymers in U150
To date, the only polymer known to be soluble in chloroaluminates is
PEO [25]. In fact, it has been shown by Raman spectroscopy that this
solubilization involves the modification of the speciation of the chlor
oluminates [26], in particular the decrease of the Al2Cl−7 concentration
and the increase of that of AlCl−4 or neutral species. Strictly speaking
then, the dissolution of PEO in chloroaluminates, is a combination of
solubility and reaction, with reminiscences of what in polymer science is
known as reactive processing [32]. The interactions of the PEO chain
with U150 species crosslink the polymer chains, propitiate the gel
formation.
Solubility of polymers in chloroaluminates requires interacting
chemical groups in the polymer structure (for instance oxygen and/or
nitrogen groups), and also chain mobility and/or free volume to allow
the diffusion of the liquid electrolyte into the polymer bulk. To unravel
the rules of polymer solubility in aluminum electrolytes, the polymers
presented in Table 1 were chosen. Polymers with oxygen and nitrogen
groups populate the list, whereas SEBS is included as it is an elastomer
with high chain mobility and containing only C and H. Among the rest of
polymers, an effort has been made to consider varied aggregation states
at the highest possible mixing temperature of 70 ◦ C. Thus, liquids (L),
glasses (G) and semicrystalline (SC) polymers are included. In the glassy
state, mobility and free volume, both requirements for diffusivity to be
efficient, are significantly higher than in the crystalline state. For each
polymer, Table 1 includes molecular weight, aggregation state, re
laxations and transitions (Tg and Tm) and a solubility classification. All
solid polymers are added to U150 in powdered form at room tempera
ture, after which the mixture is heated while stirring up to 70 ◦ C, the
same procedure previously employed for PEO. Particle size was
considered a relevant experimental feature, and a study of it influence
on solubility was done, which appears summarized in figure S1. The
figure shows how no influence is seen within the particle range
employed, as the largest particle corresponds to a soluble polymer (PCL)
while the smallest particles correspond to two insoluble polymers (PVAc
and P(BM-co-MMA).
Firstly, SEBS, was tested and found to be insoluble. SEBS is an elas
tomer which is very flexible at room temperature but presents no oxygen
or nitrogen atoms in its chemical structure. This was an expected result,
since no favorable interactions between this apolar polymer and the
ionic species in U150 are likely to occur.
PDMS, which is in the liquid state at room temperature, revealed
good solubility and the ability to gel the electrolyte, though these gels

2.2. Characterization
Vibrational Spectroscopy. Transmission FT-IR spectroscopy was used
to study the structure of the gels. The electrolytes were sandwiched
between 2 mm thick ZnSe windows (Crystran, Poole, Dorset, UK) inside
the glovebox, and their IR spectrum recorded using a PerkinElmer
Spectrum-One FT-IR (PerkinElmer Inc., Waltham, Massachusetts, USA),
employing 10 scans at a resolution of 4 cm− 1. The transmission FT-IR
spectra of neat uralumina and the polymer liquids at room tempera
ture were recorded in the same way. ATR-FT-IR spectra were obtained
from the polymers. Raman spectra were obtained in the back-scattering
mode using a PerkinElmer System 2000 NIR FT-Raman system (Perki
nElmer Ltd., Beaconsfield, UK), using 1064 nm wavelength Nd3+:YAG
laser excitation, with a power of between 200 and 500 mW at the
sample, employing 200 scans at 4 cm− 1 resolution. The samples for the
Raman measurements were prepared by filling in an inert atmosphere a
Wilmad Precision Class A (300 MHz) NMR tube (Wilmad Lab Glass,
Vineland, New Jersey, USA) with the corresponding electrolytes. A high
quality spectrum obtained from the NMR tube was appropriately scaled
and used to remove the glass background from the Raman spectra of the
electrolytes. All spectra obtained were analysed using PerkinElmer
Spectrum software.
Optical microscopy. The average particle size of the polymers has been
estimated by optical microscopy using a Zeta-20 optical profilometer of
Zeta Instruments (KLA Co. Milpitas, California, USA).
Rheological and mechanical behavior. Because of the sensitivity of the
electrolytes to humidity, their rheology was studied qualitatively inside
the glovebox using the tube inversion test, habitually employed in gel
characterization [29]. 5 g of each blend were introduced into a beaker or
vial, which was then inverted. The gel was observed for time periods of
several minutes to hours with the aid of a video camera. Their elasticity
was evaluated taking advantage of their stickiness, which allows pulling
the ionogel with a glass rod.
Ionic conductivity and electrochemistry. To perform the measurements
outside the glovebox, a lab-made cell filled with the gel electrolyte was
placed into a glass recipient and sealed. This cell was fabricated from
PET-g (glycol-modified polyethylene terephthalate) using a 3D printer,
and is able to resist contact with U150 without apparent degradation or
swelling for at least several days. The lid of the recipient is wired, and
each electrode was connected before closing the isolating encapsulation.
The whole set-up was removed from the glovebox to evaluate the elec
trochemical properties in an Autolab PGSTAT 302 potentiostat/galva
nostat (Metrohm AG, Herisau, Switzerland), controller as reported
elsewhere [25]. Impedance measurements were carried out at an
amplitude of 20 mV from 106 to 103 Hz. Ionic conductivity (σ) was
obtained from the equivalent circuit obtained after adjusting the Nyquist
diagram. For the voltammetry, the same electrochemical cells were
employed with a third Al electrode as a pseudo-reference. Cyclic Vol
tammetry (CV) was undertaken between − 1 V and 1 V vs Al/Al3+ at 20
mV s− 1, for about 100 cycles. After around 10 cycles the steady-state
current was reached.
DFT Calculations. The modeling of the interactions in the electrolytes
was performed using the Gaussian 16 package [30]. Geometries were
optimized using M06–2X [31] DFT functional and 6–311++G(d,p) basis
set. The effect of a surrounding liquid was modelled using the
conductor-like polarizable continuum model (C-PCM) with the dielec
tric constant set to be 15, corresponding to that of uralumina. To mimic
the polymer chain, short oligomers were considered that comprised of
dimers in case of PEO and PCL, and trimers in case of PDMS and PVAc.
The interaction energies were calculated as a difference in energy be
tween the formed complex and the separated molecules.

Table 1
Molecular weight (Mw), aggregation state at 25 ◦ C and at the mixing T (70 ◦ C),
liquid (L), semicrystalline (SC) and glassy (G), Tg and Tm of the polymers, and a
solubility classification: soluble polymers in green, polymers which swell in
orange and insoluble polymers in red.
Polymer

PEO
PCL
PDMS
TPUPCL
TPUPolyether
PVP
PVF
SEBS
PVAc
EVA
PMMA
P(BM-coMMA)

3

Mw × 10−
mol− 1)
100
80
139
–
–
40
70
118
500
–
120
150

3

(g

Aggregation
state
25 ◦ C

70 ◦ C

SC
SC
L
SC
SC
G
G
G
G
SC
G
G

L
L
L
SC
SC
G
G
L
L
SC
G
L

Tg
(◦ C)

Tm
(◦ C)

Solubility

− 54
− 60
− 125
30
− 48
163
86
28
40
65
98
47

65
57
− 40
244
171

✓
✓
✓
swollen
swollen
swollen
swollen
⨯
⨯
⨯
⨯
⨯

89
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showed no elastomeric behavior. PDMS is especially interesting for the
gelling of aluminium liquid electrolytes because it is available in
UHMW, allowing tuning of the electrochemical and rheological perfor
mance by balancing the amount of PDMS and its molecular weight in the
gel. Gels prepared with PDMS of 1 × 105 and 4 × 105 g mol− 1 are further
studied in next sections of this work.
Since the interaction with Lewis bases deactivates the electrochem
ically active species Al2Cl−7 in aluminium electrolytes [24,26], it is
important to find polymers where the interacting groups in the chain are
in a lower concentration than in PEO. With this purpose in mind, PCL
was tested. This polyester is semicrystalline and melts close to 60 ◦ C, and
similarly to PEO, its Tg is low, at − 60 ◦ C. PCL was insoluble in U150 at
room temperature, but solubilized on reaching its melting point, i.e. as
PEO. Contrary to the cases of PDMS or PEO, no increase in the viscosity
of the blend was observed. This is attributed to a lower number of
interaction sites in this polymer, since each backbone ester group is
separated by five methylene groups, and also to its lower Mw. PCL does
not exist as UHMW and in this case the only way to induce the chlor
oaluminate gelling is by increasing the polymer concentration in the
blend. Gels prepared with increasing PCL concentration are further
studied in the next sections of this work.
Table 1 includes polymers containing oxygen not only in the back
bone, but also in a side group: PMMA, PVAc, EVA copolymer and the
copolymethacrylate P(BM-co-MMA). All of these are insoluble and did
not even swell in U150. PMMA was chosen because its Tg is close to
100 ◦ C and it is a glassy polymer, which means that diffusivity of species
into its bulk is presumably higher than in semicrystalline polymers.
Since the reason for the insolubility of PMMA could be its high Tg, above
the mixing temperature, a methacrylic copolymer with a Tg at 47 ◦ C, P
(BM-co-MMA), was tested and also found to be insoluble. EVA co
polymers and PVAc were also tested, and found insoluble too, under the
preparation conditions employed in this work.
It is interesting to note that PVF did swell in U150. This polymer has
formal groups in the chain backbone and it has a Tg of 86 ◦ C, i.e., only
slightly above the mixing temperature, and so it may be soluble in
chloroaluminates that endure mixing temperatures above 70 ◦ C, such as
imidazolium chloride-based electrolytes [33], stable up to 100 ◦ C.
Three polymers containing nitrogen groups were also tested: PVP
and two TPUs, comprising ether and PCL blocks. These three polymers
show, like PVF, some swelling in U150. PVP has a Tg of 163 ◦ C, so
contrary to the PVF case, finding a chloroaluminate stable at such
temperatures is not easy. More interesting is the synthesis of PVP co
polymers with a comonomer that reduces the final Tg, facilitating their
solubility in chloroaluminates. In this connection, the TPUs in this work
are block copolymers with a hard phase consisting of an aromatic iso
cyanate, and a flexible block either of PCL or polyether. Both were found
to swell in U150 and, as in the case of PVF and PVP, it is likely that only
their high Tg impedes their solubility.
These observations are graphically summarized in Fig. 1, where the
effect of Tg and Tm on the solubility of the polymers is represented in a
bar diagram. The aggregation state at the mixing temperature is very
relevant: all three soluble polymers have both Tm < 70 ◦ C and low Tg, i.
e., they were mixed with U150 in the liquid state. Polymers that swell
but do not dissolve all have Tg and Tm values > 70 ◦ C, so it is tempting to
relate their lack of solubility with chain stiffness at 70 ◦ C. While the
aggregation state at the mixing temperature seems to be a necessary
condition for solubility, the two insoluble polymers with oxygenated
side groups (PVAc and P(BMA-co-MMA)) and Tg < 70 ◦ C evidence the
existence of other requisites for solubility that could be related to steric
or kinetic factors.

Fig. 1. Tg and Tm of the different polymers studied. In green, soluble polymer,
in orange, polymers which swell but are not dissolved and in red, insoluble
polymers. The dashed red line indicates the mixing temperature of 70 ◦ C at
which the PGEs are prepared. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

It was shown that for a 9 × 105 g mol− 1 PEO, gels containing 5 wt% are
self-standing and quite stiff, whilst for a 1 × 105 g mol− 1 PEO at the same
weight fraction, a very soft gel is produced that is not self-standing. This
dependence of the gel rheology on the polymer chain length is a
well-known and studied behavior in polymer science. In the particular
case of chloroaluminate gelling, it is of key importance that a low con
centration of polymer is used to achieve gelling for, as already
mentioned, the solubilization of the PEO produces adverse modifica
tions to the chloroaluminate speciation, decreasing the concentration of
the electroactive species, Al2Cl−7 . Therefore UHMW polymers need to be
employed. However, it cannot be disregarded that the dissolving and
gelling of other polymers may occur via a different set of interactions,
less detrimental to the electroactivity of the chloroaluminate, in which
case the use of UHMW polymers would not be so critical.
PDMS and PCL of Mw ≈ 105 g mol− 1 are soluble in U150, and hence
potentially useful as gel forming polymers. In this section we explore the
possibility of producing electroactive gels with PCL and PDMS as was
done with PEO [25]. For the sake of comparison, gels prepared with PEO
Mw ≈ 105 g mol− 1 have also been studied. All these gels appear in
Table 2. These blends are named in the following way: Pn-m/U150,
where P is the polymer acronym, and n and m are its Mw × 10− 5 and
Table 2
Nomenclature, composition, rheology and ionic conductivity (σ) of the gel
electrolytes prepared in this work.
Electrolyte

3.2. Gels of U150 and the soluble polymers PDMS, PCL and PEO
According to previous work [25] the gelling ability of PEO depends
on the molecular weight of the polymer; the higher the molecular
weight, the higher the gel elastic modulus for the same polymer fraction.
4

polymer

σ × 103 (S

Rheology

Mw
(g⋅mol− 1)

wt.
%

U150
PEO1-5/U150

n.a.
100000

n.a.
5

Liquid
Gel

PEO50–2.5/
U150
PDMS1-5/
U150
PDMS4-5/
U150
PCL1-5/U150

5000000

2.5

Gel

100000

5

Gel

420000

5

Gel

80000

5

Liquid

PCL1-10/U150

80000

10

PCL1-20/U150

80000

20

Viscous
liquid
Gel

cm− 1)

Video 1
SI
Video 2
SI
Video 3
SI
Video 4
SI
Video 5
SI
Video 6
SI
Video 7
SI

0.760
0.290
0.410
–
0.440
0.350
0.065
0.003
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wt.% in the electrolyte, respectively. Then, PEO1-5/U150 stands for an
electrolyte prepared with a 5 wt% of a PEO Mw = 105 g mol− 1. The
videos mentioned in Table 2, which appear as supplementary informa
tion, show how both PEO and PDMS of Mw = 105 g mol− 1
(PEO1-5/U150 and PDMS1-5/U150) at a 5 wt% strongly increase the
viscosity of U150, while the blend with PCL (PCL1-5/U150) remains a
liquid with little or no viscosity change. To illustrate the effect of Mw on
these gels, an electrolyte prepared with UHMW PEO (50 × 105 g mol− 1)
is also included in Table 2.
As detailed in the experimental section, PDMS is a polymer which
can be found at high molecular weight (423,000 g mol− 1) and a gel was
prepared with it (PDMS4-5/U150) that is more viscous than PDMS1-5/
U150, as expected. As compared to PEO, the gelling ability of PDMS is
similar and gel electrolytes are obtained with low polymer concentra
tion. Interestingly however, the PDMS gels are not elastomeric as can be
shown in the videos included in Table 2.
The highest available molecular weight for PCL is 8 × 104 g mol− 1,
and the only strategy that can be employed to promote gelling with this
polymer is to increase its concentration in the blend. Electrolytes pre
pared with PCL at higher polymer wt.% (PCL1-10/U150; PCL1-20/
U150) have increasing viscosity, PCL1-10/U150 still being liquid and
PCL1-20/U150 a gel (not elastomeric), as shown in the videos of Table 2.
For comparable molecular weight, the gelling ability of PCL is lower
than that of PEO and PDMS at the same wt.%. This is likely due to its
shorter chain length, and lower weight fraction of interacting groups per
gram of polymer, as compared to PEO or PDMS, as the PCL, PDMS and
PEO repeat units are respectively 114, 74 and 44 g mol− 1.
In Fig. 2, the cyclic voltammetry (CV) of the gels of comparable
viscosity PCL1-20/U150, PEO1-5/U150, PDMS4-5/U150 and
PEO50–2.5/U150 in Table 2 are shown, together with some images of
their appearance. This figure is an illustration of how to balance elec
trochemistry and rheology in these gel electrolytes. PEO1-5/U150 and
PDMS4-5/U150 contain the same polymer wt.% and are of similar vis
cosity. Their CV curves show stripping/plating of Al, with similar cur
rent density. On the other hand, PEO50–2.5/U150 and PCL1-20/U150

are stiffer than PDMS4-5/U150 and PEO1-5/U150 gels. PCL1-20/U150
contains 20 wt% of PCL and shows no electroactivity under these testing
conditions, though some activity could occur at lower rates. PEO50–2.5/
U150, with 2.5 wt% of UHMW PEO, is by far the one with the best
electrochemical performance in Fig. 2. Comparing the videos and σ of
PEO50–2.5/U150 and PEO1-5/U150 gels in Table 2 demonstrates how
by increasing the polymer chain length, stiffer gels can be obtained with
lower polymer concentration, and how this benefits the gel
electroactivity.
The gels’ σ at 25 ◦ C appears in the last column of Table 2. The blends
with 5 wt% of polymer all show similar σ, about half that of U150 (0.76
mS cm− 1 at 25 ◦ C). It is surprising that albeit the PCL blend is much less
viscous than the blends with PEO and PDMS, σ is not very different.
Fig. 3 shows the decrease in σ and j of the gels in Table 2 as a function

Fig. 3. σ (red) and j (blue) decrease as a function of the wt% of PEO (star),
PDMS (square) and PCL (circle). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Cyclic voltammetry of PEO50–2.5/U150 (blue), PEO1-5/U150 (green), PDMS4-5/U150 (orange), and PCL1-20/U150 (red) at cycle 20. Scan rate, 20 mVs− 1.
Pictures showing the gels appearance are included in the figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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of the polymer wt.%. For PCL gels, the three different compositions are
compared. In relation to U150, σ of PCL1-20/U150 (the only gel elec
trolyte achieved with PCL) falls by 200-fold while in the CV it exhibits no
stripping/plating of Al. The electrochemical activity of PDMS4-5/U150
is similar to or even slightly better than that of PEO1-5/U150. Thus, gels
with lower concentration of UHMW PDMS can eventually be prepared to
tune rheology and electroactivity, as done with PEO, and PDMS is seen
as a very promising candidate for aluminium gel electrolytes.
The findings regarding PDMS stability in the presence of chlor
oaluminates opens up further unexplored applications as, for example,
its potential use as binder in S cathodes as it happens in the case of PEO
in Li batteries [34,35].

Table 3
Variation in anion concentration estimated from integrated Raman bands cor
responding to Al2Cl−7 (312 cm− 1) and AlCl−4 (348 cm− 1), and the urea band for
I312
[Al2 Cl−7 ]
normalization at 1057 cm− 1. Column 2 is
∼
, column 3
[urea]
I1057
−
−
I348
[AlCl4 ]
I312 [Al2 Cl7 ]
is
, column 4 is
and column 5 represents the
∼
∼
[urea]
[AlCl−4 ]
I1057
I348
overall anion concentration related to the urea concentration.

3.3. Structure of the ionogels by vibrational spectroscopy and DFT
calculations

Electrolyte

I312
I1057

I348
I1057

I312
I348

(I312 + I348 )
I1057

U150
PEO1-5/U150
PDMS1-5/U150
PCL1-5/U150

0.99
0.41
0.40
0.49

0.99
1.21
1.04
1.14

1.00
0.33
0.38
0.44

1.98
1.62
1.43
1.63

assigned to Al2Cl−7 (312 cm− 1) and AlCl−4 (348 cm− 1) has been
normalized using the 1057 cm− 1 band intensity, corresponding to urea
(associated with the symmetric CN stretch [39]). In all the ionogels, a
significant reduction of the Al2Cl−7 species is observed, in the order
PDMS > PEO > PCL, clearly suggesting that bidentate coordination to
the aluminium center is not favored in the presence of polymer chains.
The abundance of the AlCl−4 anions is seen to increase only for
PEO1-5/U150 and PCL1-5/U150, in the order PEO > PCL, whilst in the
case of PDMS1-5/U150, the Al2Cl−7 decrease is not accompanied by an
increase in AlCl−4 . These results point towards a strong modification in
the uralumina speciation of these ionogels, different for each polymer
but always detrimental for the Al2Cl−7 species concentration.
From Raman spectra recorded as a function of the urea:AlCl3 mole
ratio, for a urea:AlCl3 ratio of 1:1.4, Angell et al. [39] estimated ion
concentrations for AlCl−4 and Al2Cl−7 of 1.5 and 1.7 M, respectively.
Comparison with the Raman in Angell’s work would suggest that the
Al2Cl−7 concentration of this work gel electrolytes is similar to that of
uralumina with a urea:AlCl3 molar ratio of 1:1.2, slightly over for PCL
and slightly under for PEO.
At 5 wt%, the moles of PEO, PDMS and PCL per 100 g of electrolyte
are 0.114, 0.068 and 0.044 mol/100 g, respectively, i.e., the molar
concentration of PEO repeat units is 2.6 times that of PCL, and 1.5 times
that of PDMS. Then, per mole of polymer repeat unit, PEO is in fact the
polymer less affecting the speciation of uralumina, followed by PDMS
and PCL. Considering that these polymers are basis as urea is, the (urea
+ polymer):AlCl3 ratio is 1:1.1 for the PEO1-5/U150, 1:1.2 for PDMS15/U150 and 1:1.3 for PCL1-5/U150, in very good agreement with the
Raman results in Fig. 4 and their comparison to Angell et al. [39]. This
suggests that these polymers compete with urea as basic counterparts of
AlCl3, each changing the speciation of uralumina in a different way.

3.3.1. Raman spectroscopy
As stated before, the stripping/plating of Al relies on the presence of
the ions Al2Cl−7 and AlCl2(urea)+
2 [19]. Previous work [25], demon
strates that in PEO gels the stiffness (viscosity) of the gel and its elec
troactivity are inversely correlated. This occurs because the same
interactions that promote the formation of the gel reduce the concen
tration of Al2Cl−7 [26]. The concentration of chloroaluminate anions is
best characterized by Raman spectroscopy. In Fig. 4 the Raman spectra
of PEO1-5/U150, PDMS1-5/U150, PCL1-5/U150 and neat U150 are
compared over the region from 200 to 650 cm− 1. The U150 spectrum
observed is highly characteristic, observing the strongest features due to
the dimeric Al2Cl−7 and monomeric AlCl−4 anionic species at 312 and 348
cm− 1, respectively [36–38], with evidence for a non-negligible con
centration of neutral species seen in the spectrum. The spectrum cor
responds closely to that observed by Angell et al. [39] for an AlCl3:urea
ratio of 1.4.
Careful deconvolution of the region using mixed GaussianLorentzian curves has allowed us to assess the change in the ratio be
tween these species [37] as a function of the polymers used in the gel
electrolyte at the same relative mass composition of 5 wt%, and the
results are collected in Table 3. The Raman intensity of the bands

3.3.2. Infrared spectroscopy
FT-IR of the ionogels was studied in order to have further insight into
their structure. As shown in previous work [25], FT-IR data from gel
electrolytes prepared with UHMW PEO and U150 revealed that the
strongest PEO bands at around 1100 cm− 1, due to backbone stretching
vibrations, do not appear in the spectra of the gels, which is a surprising
observation. This phenomenon is similar to that observed in inclusion
compounds (IC) of PEO and urea [26], where these PEO bands are also
not observed, and suggests that the strong interaction between the PEO
repeat unit and the species in uralumina block the polymer chain in the
same manner. Fig. 5 shows the FT-IR spectrum of PEO1-5/U150,
compared with PEO, U150 and the PEO:urea IC. Gels prepared with
PEO 105 g mol− 1 present the same IR features as those prepared with the
UHMW polymer, namely the absence of the 1100 cm− 1 bands and a
peculiar characteristic pattern of new bands between 900 and 1020
cm− 1 (marked with blue arrows in the figure). Hence, the structure of
the blend by FT-IR appears to be the same as those previously reported
with UHMW PEO. This is not surprising, as the computational study [26]
revealed that the new bands between 900–1020 cm− 1 are a consequence
of the interaction between two EO repeat units and different species in

Fig. 4. Raman spectra of U150, PEO1-5/U150, PDMS1-5/U150 and PCL15/U150.
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Fig. 5. FT-IR spectra of U150 (black), PEO (grey), a PEO:urea IC (green) and PEO1-5/U150 (orange) in the region (a) 1800–1400 cm−
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

U150, i.e., these bands appear irrespective of the chain length.
Fig. 6 shows the FT-IR spectra of PCL gels, and the neat components,
U150 and PCL. Also included in the figure is the spectrum of urea. As
explained before, PCL dissolves very well in U150, although it does not
produce a gel unless very high wt.% of PCL is employed. The poorer
gelling ability of PCL is attributed to the lower concentration of inter
acting groups in PCL (one ester group for every five methylene groups),
and lower chain length as compared to both PDMS and PEO. It is
possible to observe all the PCL bands related to vibrations of the
methylene groups in the FT-IR of the electrolytes with a content as low
as 5 wt%. The ν(C–H) bands at 2947 and 2869 cm− 1 are clearly observed
in the PCL gels with similar intensity ratio as the neat polymer. The same
occurs with the ω(CH2) region (1418–1360 cm− 1) [40,41], where mul
tiple bands are found, the strongest at 1360 cm− 1 that is shifted to 1350
cm− 1 in the gels. All these bands become more intense as the PCL
– O)
fraction increases up to 20 wt%. On the contrary, neither the ν(C–
band at 1724 cm− 1 nor the backbone ν(C–C) close to 1100 cm− 1, or the
ν(C–O) ester group bands at 1237 cm− 1 (amorphous PCL) and 1293
cm− 1 (crystalline PCL), are observed in the electrolytes [40] at (or near
to) the position at which they appear in the pure polymer. The
1200–1300 cm− 1 region is very flat since there are no U150 bands in the
gels, so the absence of the 1237 cm− 1 and 1293 cm− 1 bands is very
– O) of PCL, which is not seen, is most likely shifted to
notorious. The ν(C–
lower wavenumbers because of its interaction with U150.
The most conspicuous and revealing feature in the gel spectra is the
appearance of a new band at 1595 cm− 1 which increases with the PCL
concentration. The growth of this band is concomitant with the growth
of a weaker one close to 1467 cm− 1. The comparison with the spectra of

1

and (b) 1400-800 cm− 1. (For

pure urea shows that the former corresponds to the δas(NH2) of pure
urea, and the latter to the νas(C–N) of urea [42]. This strongly suggests
that PCL displaces urea from the DES, which could explain the anoma
lously low σ of the PCL gels as mentioned previously.
Fig. 7 shows the spectra of the two gels prepared with PDMS
(PDMS4-5/U150, PDMS1-5/U150), together with those of U150 and the
pure PDMS1 and PDMS4. Even though the ionogels contain only 5 wt%
of PDMS, the PDMS vibrations related to the methyl group appear very
clearly in the gel spectra: ρ(CH3) in PDMS (815 cm− 1 and 863 cm− 1), the
δ(CH3) band at 1260 cm− 1 and the ν(C–H) at 2961 cm− 1. On the con
trary, the ν(Si–O–Si) near 1000 cm− 1 is not observed, even though it is
the most intense band in the FT-IR spectrum of neat PDMS. The band at
785 cm− 1 corresponding to ν(Si–C), is also absent in the gel. This sur
prising result suggests that, as occurs with PEO and PCL, strong in
teractions take place between the chloroaluminate species and the
PDMS chain. However, in the PDMS gels spectra, no urea bands as those
seen in the PCL gels are detected and no new backbone vibrations as
those seen in the PEP gels are seen. The PDMS methyl vibrations,
ν(C–H), δ(CH3) and ρ(CH3) in the gels are shifted with respect to the pure
polymer. The ν(C–H)gel and δ(CH3)gel shift to higher wavenumbers, from
2961 cm− 1 to 2972 cm− 1 the former, and from 1258 to 1272 cm− 1 the
latter. This shift indicates that the methyl group is being affected by the
presence of U150 and shows higher bond strength.
3.3.3. DFT calculations
In order to test these findings, DFT calculations have been per
formed. DFT is a very valuable tool for the understanding of these ion
ogels, which are not easy to characterize by routine polymer techniques.
The interactions between polymer chains and uralumina were studied
using AlCl3 and urea molecules. The optimized geometries are presented
in Fig. 8, with the energies of interaction listed in Table 4. The much
higher energies obtained for interaction with AlCl3 are related to its high
acidic properties, which in fact cause formation of different tetrahedral
aluminium clusters in the U150 electrolyte. Different paths for AlCl3
generation in the electrolyte are possible, and the energy of such pro
cesses should be considered when comparing AlCl3 and urea, i.e.
dissociation of Al2Cl−7 to AlCl−4 at an energy cost of +102 kJ mol− 1.
Taking that into account, interactions with AlCl3 are still preferable in
all cases, although such interaction is foremost in the case of PCL, with
55 kJ mol− 1 stronger bonding of AlCl3 vs. urea, and the difference be
comes smaller in case of PEO and PDMS, with 36 and 33 kJ mol− 1,
respectively. That may explain why IR bands from urea are observed in
PCL gels, as this polymer has a strong preference towards AlCl3. All the
coordination centres would choose aluminium species over urea leading
to a relatively higher concentration of AlCl−4 and the separation of urea.
Indeed, interaction of AlCl3 with carbonyl oxygen is seen to cause
changes in energies and intensities of the vibrations: a slight shift of
ω(CH2) around 1400 cm− 1 by − 20 cm− 1, and much stronger shift of

Fig. 6. FT-IR spectra of U150, urea, PCL, PCL1-5/U150, PCL1-10/U150 and
PCL1-20/U150.
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Á. Miguel et al.

Polymer 224 (2021) 123707

Fig. 7. FT-IR spectra of U150, urea, PDMS4, PDMS1, PDMS4-5/U150, PDMS1-5/U150. Zoomed regions on top and complete spectra at the bottom. Vibrational
modes assignation: 1: ν(C–H), 2: δ(CH3), 3: ν(Si–O–Si), 4: ρ(CH3), 5: ρ(CH3) + ν (Si–C).

Fig. 8. Geometries of complexes between polymer chains and AlCl3/urea.
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Table 4
Interaction energies between different polymers and AlCl3/urea. Values
are in kJ mol− 1.
AlCl3
PEO
PCL
PDMS
PVAc

−
−
−
−

168
186
179
209

Table 5
The formation energy of crosslinks, using reference complex as a substrate for
the crosslinking reaction. (a) denotes structures coordinating using the same
aluminium cation, (b) denotes structures coordinating using the neighboring
aluminium cation. All values are in kJ mol− 1.

Urea
−
−
−
−

30
29
44
32

reference

crosslinking complex

PEO

PCL

PDMS

AlCl2(urea)þ
2

AlClþ
2
AlCl2(urea)þ
AlCl2(urea)þ
2
Al2Clþ
5 (a)
Al2Cl5(urea)þ(a)
Al2Cl5(urea)þ
2 (a)
Al2Clþ
5 (b)
Al2Cl5(urea)þ(b)
Al2Cl5(urea)þ
2 (b)

+98
+2
− 78
+113
− 21
− 97
+120
− 13
− 96

+56
− 14
− 88
+44
− 24
− 95
+64
− 30
− 83

+34
− 94
− 164
+22
− 59
− 172
+76
− 134
− 193

Al2Cl5(urea)þ
2 (a)

– O) by ca. − 100 cm− 1, as well as significant decrease in the in
ν(C–
tensities of ν(C–O) and ν(C–C) bands, matching experimentally observed

Al2Cl5(urea)þ
2 (b)

phenomena.
Moving to PEO, as the difference between the two coordination
motifs becomes smaller, both are considered with the interaction with
the aluminium atom expected to be dominant. Both types of interaction
were found to be responsible for the redshift of ν(O–C–O) by around
− 150 cm− 1 and a more than two-fold decrease in its intensity (from 387
to 186 km mol− 1). This band seems to be very sensitive to any coordi
nation to ether oxygen, thus its absence in the original wavenumber
range may be interpreted as evidence of the effective complexation of
PEO by species of uralumina. In a similar way, ν(Si–O) and ν(Si–C) vi
brations of PDMS were found to be sensitive to coordination of polymer
oxygen atoms, causing a redshift and decrease in intensity of those
bands, especially in case of strong bonding with AlCl3 – by around − 150
and − 100 cm-1, respectively and 6-fold decreased intensity in both
cases. Experimentally observed blueshifts of CH3 bands (around 1260
cm− 1 and 2960 cm− 1) are also predicted by DFT with the shifts of +15
and + 10 cm− 1, and related to slightly higher negative charge at the
carbon atoms, thus higher bonding between carbon and hydrogen
atoms. All calculated spectra are shown in Figure S2, nonetheless pre
dictions consider static coordination of AlCl3, and the observed changes/
shifts are expected to be smaller under dynamic conditions of electro
lyte. Finally, comparing PEO and PDMS, it is worthy of mention that
higher interaction energies are observed with all species for the latter,
which may explain lower concentration of both Al2Cl−7 and AlCl−4 in the
electrolyte by more efficient formation of complexes between
aluminium cation and the polymer chains. The analysis of the in
teractions was performed also for PVAc, aiming at explaining solubility
problems of this polymer in uralumina. We noticed very high in
teractions, especially with AlCl3, reaching a value − 203 kJ mol− 1, thus
indicating thermodynamic preference toward the creation of a mixed
system. We can assume, that the solubility may be kinetically hindered,
as the Tg of PVAc (40 ◦ C) is close to the mixing temperature, and thus
segmental motions are slow.
Confirmation of the existence of the interactions between uralumina
species and the polymer matrix is important from the point of view of the
mixing of these compounds and their solubility. However, the other
important issue is gel formation, which can be supported by the cross
linking abilities of the complexes. For that, we tested different binding
agents, considering both ways of bonding towards polymer chain.
Crosslinking is possible only by positively charged complexes, thus three
examples were considered: AlCl2(urea)+
2 and two variations of
Al2Cl5(urea)+
2 (crosslinking using the same or different aluminium
atoms). A crosslinking reaction can take place directly in these com
plexes through urea molecules, or with the replacement of urea mole
cule(s) by the polymer. The geometries of the obtained crosslinked
structures are shown in the Supporting Information, Figures S3–S5, and
energies of such reactions reported in Table 5.
The results indicate that the highest possibility of crosslinking occurs
through urea molecules, as the exchange of urea by the polymer makes
the reactions less preferable. The presence of urea linkers generates
flexibility and provides some distance between the polymer chains, thus
the removal of both urea molecules and direct bonding through
aluminium atom(s) can be interpreted as increased strain in the struc
ture leading to higher energies. In that context, the ability of the polymer

chain to bind urea molecules appears to be important, and PDMS that
has the highest interaction energy with urea (Table 4) promotes cross
linking the most. On the other hand, it was shown that PCL strongly
prefers aluminium coordination, with the observed release of “free”
urea. That can also imply inability for efficient crosslinking and explain
the difficulties observed in gel formation. In this regard, in the section
devoted to the ionic conductivity of the gel electrolytes, it was pointed
out that the ionic conductivity of PCL1-5/U150 appeared to be sur
prisingly low when compared to PDMS4-5/150 or PEO1-5/U150, since
the blend prepared with PCL is a liquid and by far the least viscous. The
proposed replacement of urea by PCL transforms a low molecular weight
cation [AlCl2(urea)2]+ into a cationic species which comprises a poly
mer, with obviously a much lower diffusivity.
4. Conclusions
The solubility in U150 of commercial polymers of varied chemical
structure and physicochemical characteristics has been studied. Only
PCL, PEO and PDMS are found to be soluble under the experimental
conditions employed in this work. Common denominators for these
three polymers are that they are liquids at the mixing temperature (over
60 ◦ C), have low Tg (well under room temperature) and have oxygen
groups in the polymer chain backbone. A group of polymers comprising
PVF, polyester and polyether TPU and PVP, interact and swell slightly
but do not dissolve. All of these incorporate nitrogen and/or oxygen
groups in their chains and soften above 70 ◦ C, since either their Tm or Tg
are above that temperature. Finally, a numerous group of polymers
comprising PMMA, PVAc, EVA, SEBS and a P(BM-co-MMA) copolymers
is completely insoluble in U150, and do not swell either, in the prepa
ration conditions employed in this work. It is noteworthy that PVAc or
the methacrylic copolymer P(BM-co-MMA), which are liquids at the
mixing temperature, have oxygen-containing side groups, and have Tg
over room temperature are not soluble in U150.
Among the three soluble polymers, only PEO and PDMS form gels
with U150 at 5 wt%. To form gels with PCL, a higher content close to 20
wt% is required, because of the lower concentration of interacting ester
groups in PCL than in PEO or PDMS chains, and its shorter chain length.
The cyclic voltammetry shows that gel formed with PCL its ability to
strip/plate aluminium. Since UHMW PCL cannot be found, we can
conclude that this polymer is not useful to prepare gel electrolytes with
U150. On the other hand, PDMS with a Mw of 4 × 105 g mol− 1 shows
current values comparable to those achieved in PEO gels of Mw = 105 g
mol− 1 and is then considered as apt for chloroaluminate gel preparation.
Raman spectroscopy shows that the addition of any of the three poly
mers, PEO, PDMS and PCL, decreases [Al2Cl−7 ] strongly. [AlCl−4 ] is seen
to increase in PEO and in PCL gels, while in PDMS ones [AlCl−4 ] remains
almost unchanged. Further insight on the gel structure is provided by the
FTIR study. In PCL gels displacement of urea from the DES occurs,
whereas there is no spectral evidence of this displacement either in
PDMS or in PEO gels. In PDSM gels there is evidence of a strong
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interaction via de the methyl groups and the backbone oxygen. These
structural features are further supported by the DFT calculations, which
have proved to be a very valuable tool for the understanding of these
ionogels which are not easy to characterize by routine polymer
techniques.
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