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Polymer gel electrolyte using AlCl3 complexed acrylamide as a 

functional monomer and acidic ionic liquid based on mixture of 1-

ethyl-3-methylimidazolium chloride (EMImCl) and AlCl3 (EMImCl-

AlCl3, 1-1.5, in molar) as a plasticizer has been successfully 

prepared for the first time via free radical polymerization. 

Aluminum deposition is successfully achieved using a polymer gel 

electrolyte containing 80 wt% ionic liquid. The polymer gel 

electrolytes are also good candidates for rechargeable aluminum 

ion batteries.  

Aluminum surface coating has been proposed as a favorable 

alternative for cadmium and chromium coating because of the 

stringent environmental regulations on the highly toxic and 

carcinogenic cadmium and hexavalent chromium materials. 
1
 

Currently, there are various methods for aluminum surface coating 

such as hot dipping, 
2
 thermal spraying, 

2, 3
 sputter deposition, 

2
 

vapor deposition, 
2
 and electrodeposition. 

2, 4-10
 However, the most 

attractive method for aluminum surface coatings is 

electrodeposition, which can lead to thin, economical coatings that 

usually are adherent and do not affect the structural and 

mechanical properties of the substrate. Unfortunately, neither 

aluminum nor its alloys can be electrodeposited from aqueous 

solutions because hydrogen is evolved before aluminum is plated. 

Therefore, it is necessary to develop non-aqueous electrolytes for 

this purpose. On a commercial basis, aluminum can be plated using 

the SIGAL process, 
11

 however, its scope is quite limited because of 

its pyrophoric and toxic nature. As an alternative, nonflammable 

room-temperature ionic liquids, which have high ionic conductivity, 

high thermal, chemical and electrochemical stability, 
12

 are good 

candidates for electroplating of reactive elements such as Al that is 

impossible using aqueous or other organic solvents. 
13, 14

 Thus far, 

most of the research on using ionic liquids for electrodeposition of 

aluminum and its alloys has been focused on chloroaluminate 

based ones, usually obtained by mixing anhydrous AlCl3 with 

organic chloride salts such as 1-ethyl-3-methyl imidazolium chloride 

(EMImCl), 1-(1-butyl)pyridinium chloride (N-BPCl) etc. 
10, 15

 

Unfortunately, because of the hygroscopic nature of AlCl3 and the 

chloroaluminate, the electroplating has to be performed in an inert-

gas protected atmosphere, 
15

 even with the newly developed ionic 

liquids based on complexation of AlCl3 with neutral ligands and air 

and water stable ionic liquids. 
8, 12, 16-23
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Fig. 1. Cyclic voltammograms of (a) EMImCl-AlCl3 (1-1.5, in molar ratio) and 

those of the mixture of equal volume of EMImCl-AlCl3 (1-1.5) with (b) 

Acetone, (c) Acetonitrile, (d) Tetrahydrofuran, (e) Toluene, and (f)  

dichloromethane on a Pt electrode (2 mm in diameter) under a scan rate of 

100 mV/s at room temperature (Al wire was used as the counter and 

reference electrode). 

 

One of the effective ways to reduce the moisture sensitivity of 

the chloroaluminate based ionic liquids is to soak them in a polymer 

matrix, i.e. formation of polymer gel electrolyte, which can act as a 

protection shield for moisture. The polymer gel electrolytes are 

usually obtained by impregnating liquid electrolytes into the 
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preformed electrolytes or co-cast polymer and liquid electrolytes, 
24, 25

 or by copolymerization of monomers in the presence of 

plasticizers. 
26

 The ultimate polymer gel electrolytes with reversible 

aluminum deposition/stripping not only can alleviate the moisture 

sensitivity issue of the chloroaluminate based ionic liquids for 

aluminum deposition but also can benefit the development of 

shape-flexible rechargeable aluminum ion batteries. In the latter 

case, reversible aluminum deposition/stripping with high coulombic 

efficiency is the key to achieve long cycle stability. Currently, 

rechargeable aluminum ion batteries have been intensively studied 

because they have high theoretical specific capacity of 2980 mAh/g 

and volumetric capacity of 8040 mAh/cm
3
, and the advantage of 

aluminum being cheap and naturally abundant. 
27-36

 Although 

rechargeable aluminum ion batteries have challenges of finding 

suitable aluminum intercalating hosts, identifying new suitable 

electrolytes supporting reversible aluminum deposition/stripping is 

crucial for the eventual commercialization of this challenging 

energy storage device. So far, there are no reports in the open 

literature on polymer electrolytes exhibiting reversible aluminum 

deposition/stripping. Herein, we report, for the first time, on 

synthesis of new polymer gel electrolytes exhibiting reversible 

aluminum deposition/stripping, which can not only be used for 

aluminum deposition but also for rechargeable aluminum ion 

batteries.         

To obtain polymer gel electrolytes, suitable solvents have to be 

used in which both ionic liquids and monomers are soluble, but no 

reaction (or interaction) between the solvent and the gel electrolyte 

components is preferred. Thus, we have selected common solvents 

with low boiling points such as acetone, acetonitrile, 

tetrahydrofuran (THF), toluene and dichloromethane (DCM) as a 

potential diluent for the acidic eutectic mixture of EMImCl-AlCl3 (1-

1.5). Cyclic voltammetry (CV) is used as a screening technique for 

the selection of solvents. Fig. 1 shows the CVs at a scan rate of 100 

mV/s for EMImCl-AlCl3 (1-1.5) and its mixtures with equal volume of 

the aforementioned solvents. Without any diluent solvents, the CV 

of the pure ionic liquid, EMImCl-AlCl3 (1-1.5), shows well defined Al 

deposition and stripping peaks, similar to that reported in the 

literature. 
37

 However, after being mixed with equal volume of 

organic solvents, the corresponding CVs show dramatic changes. As 

is well established in the literature that the reversible aluminum 

deposition/stripping in the acidic ionic liquid of EMImCl-AlCl3 (1-1.5) 

is mainly due to the excess AlCl3, resulting in the formation of 

electrochemically active species of Al2Cl7
-
. 

15
 The electron-deficient 

AlCl3 or Al2Cl7
- 
tends to interact or react with molecules bearing lone 

pair electrons. Indeed, when the ionic liquid is mixed with such 

solvents like acetone, acetonitrile or THF, exothermal reaction 

happens. As a result, the interaction significantly changes the 

electrochemical activity of the solution, especially regarding 

aluminium deposition/stripping. For example, the addition of 

acetone results in one big positively shifted reduction peak at 0 V 

with onset potential at 0.4 V and a small oxidation peak at 0.5 V. 

Similarly, the addition of acetonitrile results in reduction and 

oxidation peaks at -0.4 and 0.9 V, respectively. With the addition of 

THF, only one big over-potential deposition peak at -1.5 V and small 

over-potential stripping peak at 1.2 V are observed. It is noted that 

the current density of the acetonitrile based solution is almost one 

order magnitude lower than those of acetone and THF based 

solutions, indicating the interaction in the former is much stronger 

than the latter ones. On the other hand, when toluene and DCM are 

added, reversible aluminum deposition/stripping are well 

maintained. Also, compared to pure ionic liquid, the addition of 

toluene and DCM enhances current density by 13 % and 10 %, 

respectively. Considering the lower viscosity of DCM (0.44 cP) than 

that of toluene (0.59 cP), the lower current density in the former 

might be attributed to the weak interaction of the lone pair 

electrons of the chlorine atom in DCM with AlCl3. However, the 

interaction between the ionic liquid and DCM is much weaker than 

those between the ionic liquid and acetone, acetonitrile and THF.  
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Fig. 2. 

27
Al NMR spectra of ionic liquid EMImCl-AlCl3 (1-1.5, in molar ratio) 

and its mixtures with equal volume of different organic solvents 

 

To confirm the interactions, 
27

Al NMR spectra were obtained for 

the ionic liquid and its mixtures with different organic solvents. As 

shown in Fig. 2. one broad peak at 103 ppm and an apparent 

shoulder at 97 ppm for the pure ionic liquid can be assigned to 

AlCl4
-
 and Al2Cl7

-
, respectively.

16, 38, 39
 No peak change is observed 

when toluene is added, apparently attributed to the lack of 

interactions. With the addition of DCM, the spectrum becomes 

narrower and sharper, and at the same time the signal at 97 ppm 

decreases due to the weak interaction as mentioned above. 

However, with the addition of acetone, acetonitrile or THF, the 

signal at 97 ppm totally disappears, because Al2Cl7
-
 (or excess AlCl3) 

is completely consumed for the complex formation with the organic 

solvents, resulting in new peaks being observed. The above 
27

Al 

NMR spectra are consistent with the CV data in Fig. 1, as well as 

previous reports of the complexes between AlCl3 and organic 

solvents. 
39-42

 

The tendency of Al2Cl7
-
 to complex with organic solvents bearing 

lone pair electrons and the consequent loss of electrochemical 

activity towards aluminum deposition/stripping deems careful 

selection of suitable solvents and potential polymer hosts for 

preparation of polymer gel electrolytes. The routine polymers used 

to prepare polymer gel electrolytes for lithium ion batteries such as 

polyethylene oxide (PEO), polyacrylonitrile (PAN), polymethyl 

methacrylate (PMMA), and polyvinylidene fluoride (PVdF) 
24, 25

 all 

have functional groups that are either similar to or stronger than 

the aforementioned organic solvents. For example, PEO and PAN 

have the same functional groups as THF and acetonitrile, 

respectively, while PMMA and PVdF have stronger functional 

groups than acetone and DCM, respectively. Therefore, they are not 

good candidates for preparation of polymer gel electrolytes for 

aluminum deposition and rechargeable aluminum ion batteries. 

Fortunately, there was a recent report on the formation of a low 

melting eutectic mixture from equal molar acetamide and AlCl3, 

which could be used for aluminum deposition. 
16

 Inspired by the 

report we here exploit the possibility of using a double bond 

containing analog of acetamide, acrylamide, as the active monomer 

to prepare polymer gel electrolyte. The product resulted from the 

complexation of acrylamide and AlCl3, with the latter either from 

the acidic EMImCl-AlCl3 ionic liquid or from fresh addition, will be 

polymerized in the presence of the ionic liquid to obtain the 

polymer gel electrolyte. 
26
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Fig. 3. FTIR spectra of acrylamide, acrylamide-AlCl3(1-1, in molar ratio), 

poly(acrylamide-AlCl3, 1-1 in molar ratio), EMImCl-AlCl3 (1-1.5, in molar 

ratio) and polymer gel electrolyte based on poly(acrylamide-AlCl3, 1-1 in 

molar ratio) containing 80wt% EMImCl-AlCl3 (1-1.5, in  molar ratio). 

 

The complexation between acrylamide and AlCl3 can be 

confirmed by analysis of the FTIR spectra. As shown in Fig. 3, the N–

H stretching frequencies are shifted from 3350 and 3160 in pure 

acrylamide to 3420 and 3340 cm
-1

 in the complexed mixture.
43

 The 

C-N stretching frequency and the NH2 scissoring frequency are 

shifted from 1420 and 1350 to 1480, and 1450 cm
-1

, respectively.
43

 

Similarly, the C=O, C=C and C-C stretching frequencies are shifted 

from 1670, 1650 and 1605 to 1660, 1622 and 1560 cm
-1

, 

respectively. 
43

 These frequency shifts are clearly due to the 

complexation of the electron-deficient AlCl3 with the lone pair 

electrons of the oxygen in the amide group that are delocalized 

through the C=C double bond and the NH2 group. As expected, the 

double bond signal disappears for the spectrum of the polymerized 

complex of acrylamide and AlCl3, poly(acrylamide-AlCl3). For the 

spectrum of the polymer gel electrolyte containing 80 wt% ionic 

liquid, it clearly combines the features of both poly(acrtylamide-

AlCl3) and the acidic ionic liquid. A typical picture of self-standing 

membrane containing 60 wt% of ionic liquid is shown in Fig. S1.  
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Fig. 4. Temperature dependence of ionic conductivities of the gel polymer 

electrolytes based on polyacrylamide containing different amount of 

EMImCl-AlCl3 (1-1.5, in molar ratio) 

Fig. 4 shows the ionic conductivities of the polymer gel 

electrolytes containing different amount of ionic liquid. Since pure 

poly(acrylamide-AlCl3) was a fragile solid, its conductivity was not 

measured. In addition, the gel electrolytes containing less than 50 

wt% of ionic liquid were not prepared because of the expected low 

ionic conductivities. As shown in Fig. 4, at 20 
o
C the ionic 

conductivities of the polymer electrolytes containing 50, 60, 70, and 

80 wt% of ionic liquid are 5.29 x 10 
-5

, 2.00 x 10 
-4

, 8.87 x 10 
-4

, 1.66 x 

10 
-3

 S cm
-1

, respectively. Usually, an ambient ionic conductivity 

above 10
-3

 S cm
-1

 is good enough for practical applications.
24

 in 

addition, if needed, higher ionic conductivities can be easily 

achieved at high temperatures. For example, the ionic conductivity 

of the polymer gel membrane with 60 wt% ionic liquid is 1.02 x 10 
-3

 

S cm
-1

 at 50 
o
C, more than five folds of that at 20 

o
C.  
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Fig. 5. Cyclic voltamograms of the electrolyte containing 60 wt% of EMImCl-

AlCl3 (1-1.5, in molar ratio) at 50 
o
C under a scan rate of 100 mV/s. The 

experiment was carried out inside the glove box, with Cu and Al plates being 

used as working and counter electrode, respectively. 

 

The electrochemical property of the polymer gel electrolyte was 

evaluated using a two-electrode system with Cu plate being used as 

the working electrode and Al plate being used as both counter and 

reference electrode. Fig. 5 shows the CVs of the polymer gel 

electrolyte with 60 wt% of ionic liquid on a Cu working electrode 

under a scan rate of 100 mV/s at 50 
o
C. The electrolyte exhibits a 

well-defined Al deposition/stripping peaks during the initial CV 

scan. A low coulombic efficiency around 80 % is observed for these 

CV scans, probably due to some side reactions. It is noticed that the 

current densities increase with increasing scan cycles, indicating an 

activation process, probably due to the gradual removal of the 

residual surface oxide on the Al plate. In addition, it is noticed that 

both the cathodic peak and anodic peak shift with cycling, i.e. 

shifting from initial -300 mV and 130 mV to -360 mV and 170 mV 

after 15 cycles, respectively. This might be related to the fact that 

the same aluminum plate was used as both counter and reference 

electrode, on which the residual surface oxide layer being removed 

on successive cycles as evidenced by the current increase with 

cycling. To demonstrate the improvement of moisture sensitivity in 

polymer gel electrolyte, both liquid electrolyte and a polymer gel 

electrolyte containing 80 wt% ionic liquid were exposed to the air, 

after which they were taken inside the glovebox and CVs were 

scanned. As shown in Fig. S2, the electrochemical activity is totally 

lost for the liquid electrolyte after being exposed to the air for only 

3 min (Fig. S2a). As a comparison, reversible aluminium 

deposition/stripping are still observed for the polymer gel 

electrolyte after being exposed to the air for 10 min (Fig. S2b). For 

practical applications, the polymer gel membrane can be directly 

casted onto suitable aluminium foil and if the plating surface has 

been treated appropriately, 10 min is long enough to allow the 

polymer gel electrolyte being taken out of a protection media and 

directly put onto the substrate for immediate electrodeposition.  

Finally, to check the possibility of electroplating Al using this 

new polymer gel electrolyte, a constant voltage of -300 mV was 

applied at 50 °C for 4 hours, with copper plate as the working 

electrode and Al as both counter and reference electrode. After 

electrodeposition, the membrane was peeled off, and the deposit 

was washed with acetone. As shown in Fig. 6a that after 

electrodeposition the Cu substrate is covered by an off-white 

deposit (yellowish). Clearly, some parts of the deposit have been 

removed during post-deposition treatment. The SEM image in Fig. 

6b reveals fine grain-like Al crystals. The relatively large crystal size 
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is related to the initial low current density, as compared to those of 

liquid electrolytes,
18, 19

 
19

 resulting in fewer crystal seeds. To confirm 

the purity of the deposition, the film was further analysed with x-

ray diffraction and energy–dispersive x-ray spectroscopy. As shown 

in Fig. 6c and d, there are only signals of the copper substrate and 

the electrodeposited aluminum.  

 

10 20 30 40 50 60 70 80 90

AlAl

Cu

Cu

Cu

Al

2θθθθ    (deg)

Al

   
Fig.6. Digital image (A), scanning electron micrograph (B), X-ray diffraction 

pattern (C), and energy-dispersive X-ray spectroscopy analysis (D) of the 

electrodeposited aluminum on copper substrate. 
 

In summary, polymer gel electrolytes containing acidic ionic 

liquid, EMImCl-AlCl3 (1-1.5, in molar ratio), have been successfully 

prepared for the first time. It has been shown that the selection of 

organic solvents is crucial in preparing polymer gel electrolytes, 

owing to the strong complexation of electron-deficient AlCl3 with 

the lone pair electrons of the functional groups of organic solvents. 

The ionic conductivities of the polymer gel electrolytes increase 

linearly with the amount of the ionic liquid, with a high ionic 

conductivity of 1.66 x 10
-3

 S cm
-1 

at 20 
o
C

 
being achieved for the one 

containing 80 wt% of ionic liquid. The cyclic voltammetry of the new 

polymer gel electrolytes exhibits reversible aluminum 

deposition/stripping at 50 
o
C. A successful Al deposition has been 

achieved at – 300 mV for 4 hrs at 50
o
C. The significance of polymer 

gel electrolytes exhibiting reversible aluminum deposition/stripping 

is not only to achieve aluminum deposition with less moisture 

sensitivity but also to realize rechargeable aluminum ion battery 

with more flexibility in cell configuration. 

This work was funded by the Strategic Environmental research 

and Development Program (SERDP) of the department of defence 

DOD (WP2316). 
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Graphic abstract 

Polymer gel electrolyte using AlCl3 complexed acrylamide as a 

functional monomer and acidic ionic liquid based on mixture of 

1-ethyl-3-methylimidazolium chloride (EMImCl) and AlCl3 

(EMImCl-AlCl3, 1-1.5, in molar) as a plasticizer has been 

successfully prepared for the first time via free radical 

polymerization. The polymer gel electrolyte can be used for 

aluminium deposition and rechargeable aluminium ion batteries.  
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