
Polymer electrolytes with ionic liquids

Katarzyna KSIĘŻNIAK, Andrzej ROGALA∗

Keywords: ionic liquids; polymer electrolytes; impedance

Abstract: Solid polymer electrolytes are solutions of salts in the
macromolecular polymeric compound. Excellent process ability,
flexibility, non-flammability and non-reactivity make them ideal
materials for electrochemical devices. The problem in their use
is limited conductivity. It increases with increasing salt concen-
tration in the polymer, but at the same time the condition is to
increase the glass transition temperature of the polymer and the
deterioration of mechanical properties. The use of ionic liquids
as additives in polymer electrolytes solved many problems. The
mechanical properties of such systems do not deteriorate, and the
conductivity may be relatively high. Polymer electrolytes with
ionic liquids typically have higher conductivity than the solid
polymer electrolytes, sometimes even better than the conductiv-
ity of the ionic liquid itself. They also show good mechanical
properties, are non-flammable, and remain stable at high tem-
peratures.

1. Introduction

Polymer electrolytes, which often have good conductivity, are very easy to use for var-
ious electrochemical devices, such as proton-exchange membranes in fuel cells (Boor
Singh Lalia). This is because of their flexibility and strength. Conductivity achieved
by such systems ranged from 10−4 to 10 mS/cm. There was no possibility of ob-
taining higher conductivity systems, because the increase of salt concentration in the
electrolyte increased glass transition temperature and aggravated mechanical proper-
ties (Lewandowski and Świderska, 2006; Mocek-Świderska, 2004). Such arrangements
could not be formed into a thin film which greatly reduced the possibility of their use
(Żukowska et al., 2001). Therefore it was necessary to find non-volatile salts which
exhibit ionic conductivity and do not aggravate properties of the polymer electrolyte.

The solution to this problem was proposed by Watanabe and co-workers who re-
placed a conventional electrolyte, forming part of the system for ionic liquids (Watan-
abe et al., 1993, 1995). The first such systems consist of ionic liquid AlCl3 and 1-
buthylpyrolidine chloride or bromide, suspended in a poly(1-buthyl-4-vinylpyrolidine
bromide or chloride). The conductivity of such system was 1 ÷ 1.7 mS/cm.

As it turns out ionic liquid addition to polymer electrolyte does not only enhance
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its rigidity as in a conventional salt, but even increases flexibility, e.g. a thin film or
a gel system (Singh and Sekhon, 2005).

In the literature, (Sun et al., 2002; Tiyapiboonchaiya et al., 2003), there are shown
solid polymer electrolytes composed of a polymer or copolymer having a common an-
ion with the ionic liquid used. It turned out that the use of copolymers, as in the case
of conventional solid polymer electrolytes, significantly increases the conductivity of
the system. This is caused by separation from each other monomers in the main chain,
by large molecules of ionic liquids, which makes them more mobile. No glass transition
temperature increase can be explained by the fact that the ionic liquids which remain
liquid themselves, entering the polymer structure, increase its amorphous nature.

Polymer electrolytes prepared by dissolving a copolymer of P(VdF-coHFP) in the
ionic liquid with the addition of a high boiling plasticizer exhibit conductivity 0.06-
11 ms/cm can be used as membranes in the process of heterogeneous hydrogenation
(Fuller et al., 1997).

Due to the good solubility of the vinyl monomers in many ionic liquids, it is
possible to carry out the polymerization in such systems and to obtain mechanically
stable and well-conductive polymers (Tiyapiboonchaiya et al., 2002). Additionally,
it is possible to increase the conductivity of such systems by adding salts increasing
the number of ions in the electrolyte. Tab. 1 shows the conductivity of polymer
electrolytes with the ionic liquids.

2. Experimental section

Experiments have been carried out leading to the determined conductivity and the
current exchange density for the following systems:

• polymer + ionic liquid PAN + EMImOTf

• polymer + ionic liquid + sulfolan PAN + EMImOTf + TMS

• polymer + ionic liquid + copper salt PAN + EMImOTf + Cu(ClO4)2

• polymer + ionic liquid + lithium salt PAN + EMImOTf + LiNTf2

• polymer + ionic liquid + lithium salt+ additive PAN + EMImOTf + LiNTf2
+ VC

PEO - poly(ethyleneoxide);
PAN - polyacrylonitrile;
EMIm - 1-ethyl-3-methylimidazolium cation;
BMIm - 1-butyl-3-methylimidazolium cation;
TMS - sulfolane;
PVdF - poly(vinylidenefluoride);
PMMA - poly(methylmethacrylate);
PVdF–HFP - mixture of poly(vinylidenefluoride) and hexafluoropropylene;
P(VdF–co-HFP) - copolymer of vinylidenefluoride and hexafluoropropylene;
PC - propylenecarbonate;
PVA - poly(vinylalcohol);
DMA - dimethyloacetamide;
DMOIm - 2,3-dimethyl-1-octylimidazolium cation;
OTf - tri-fluormethylsulfonium anion;
NTf2 - tri-fluoromethylsulfonium imide.



61

Tab. 1. Examples of polymer electrolyte with the ionic liquids conductivity
(Lewandowski and Świderska, 2006; Mocek-Świderska, 2004; Sun-Hwa et al.,
2006)

Electrolyte T [◦C] σ [mS/cm]

P(VdF-co-HFP)-PC-EMImOTf 22 1.3

P(VdF-co-HFP)-MP-EMImOtf 22 5.6

P(VdF-co-HFP)-EMImOtf 22 7.3-8.0

P(VdF-co-HFP)-EMImBF4 22 11.0

P(VdF-co-HFP)-PC-EMImBF4 22-23 0.1-3.2

PVdF–HFP+DMOImPF6 (2:3) 30 0.045

PAN+EMImTF (28.3:71.7) 25 1.5

PAN+EMImTF+TMS (11.9:57,7:30.4) 25 16.2

PVdF+EMImTF (31:69) 25 3.7

P(VdF-co-HFP)+EMImTF (30:70) 25 6.9

PVA+EMImTF (29.8:70.2) 25 3.4

PEO+EMImTF (44.8:55.2) 25 1.4

PMMA+EMImTF (29.7:70.3) 25 2.5

On the basis of impedance measurements at different frequencies for each of the
systems the following steps were performed:

• impedance spectrum was plotted as dependence of the imaginary part of the
real impedance;

• a simulation involving the fitting (using program EIS Spectrum Analyzer by:
Alexander S. Bondarenko and Genady A. Ragoisha, Laboratory Fuel Cell Re-
search Center Nissan Motor Company) of impedance spectra for different elec-
trical circuits for spectrum was carried out;

• selected best-fit electrical circuit and the resistance of the electrolyte R1 and
transition reaction resistance R2 were read.

On the basis of the obtained data there were calculated:

• resistivity ρ of the system, using the formula:

ρ =
R1 ·A
d

(1)
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Fig. 1. The impedance spectrum of SS |PAN + EMImOTf |SS

Fig. 2. The impedance spectrum of Cu |PAN+EMImOTf+Cu(ClO4)2 |Cu

• conductivity σ as the inverse of resistivity of the system:

σ =
1

ρ
(2)

• current density exchange on the electrodes using the formula:

j0 =
R·T
F

R2
(3)

where:
A - the surface of the electrolyte (electrode) [cm2];
d - thickness of the electrolyte [cm];
F - Faraday constant (F ≈ 96500 C mol−1);
T - temperature (≈ 293K = 20◦ C).

The results are summarized in Table 2.

SS - Stainless Steel;
Cu - copper;
Li - lithium;
TMS - sulfolane;
VC - vinylidene carbonate.
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Tab. 2. Summary of the data (electrolyte resistivity ρ, conductivity σ, current ex-
change density j0)

System
ρ

[Ω ·cm]
σ

[mS/cm]
j0

[A/cm2]

SS |PAN+EMImOTf|SS Circuit 1 148 6.75 2.52
SS |PAN+EMImOTf+TMS|SS Circuit 1 78 12.77 2.54

Cu |PAN+EMImOTf+Cu(ClO4)2|Cu
Circuit 2a 397 2.52 9.08
Circuit 2b 396 2.59 9.07

Li |PAN+EMImOTf+LiNTf2|Li
Circuit 2a 581 1.72 9.76
Circuit 2b 565 1.77 9.69

Li |PAN+EMImOTf+LiNTf2+VC|Li
Circuit 2a 685 1.46 6.66
Circuit 2b 699 1.43 6.63

3. Discussion of the results

Output circuit SS|PAN+EMImOTf|SS has a relatively good conductivity (σ = 6.75
mS/cm),slightly lower than the ionic liquid that was used (σEMImOTf = 8.6 mS/cm).

The addition of sulfolane results in a significant increase in the conductivity of
the system. Conductivity for SS|PAN+EMImOTf+TMS|SS (σ = 12.77 mS/cm), is
higher than for the same ionic liquid.

The addition of soluble salts in ionic liquid decreases the conductivity. Systems:

• Cu|PAN+EMImOTf+Cu(ClO4)2|Cu (σ = 2.52÷2.59 mS/cm),

• Li|PAN+EMImOTf+LiNTf2|Li (σ = 1.72÷1.77 mS/cm),

• Li|PAN+EMImOTf+LiNTf2+VC|Li (σ = 1.43÷1.46 mS/cm),

have a much lower conductivity than the output system (σ = 6.75 mS/cm).
SS|PAN+EMImOTf|SS andSS|PAN+EMImOTf+TMS|SS have a very high resis-

tance of the transition reaction (about 106 Ω), and thus a small current exchange
density at the blocking electrodes. The points on the graphs of impedance spectra
are arranged in ascending order in the entire field of research. This means that the
steel acts as a blocking electrode to the polymer electrolyte with ionic liquid. There

Fig. 3. The impedance spectrum of Li |PAN+EMImOTf+LiNTf2+VC |Li
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is no possibility of ion exchange between the electrodes because other cations are in-
cluded in the electrolyte and others are formed on the surface of the steel electrodes.

Cu|PAN+EMImOTf+Cu(ClO4)2|Cu, Li|PAN+EMImOTf+LiNTf2|Li as well as
Li|PAN+EMImOTf+LiNTf2+VC|Li have a much lower transition reaction resistance
(almost 400 times less), and hence a higher current density at the electrodes than the
output system. Electrode material behaves like a typical reversible electrode. The
electrons from the electrolyte can penetrate into the near-electrode area, since both
the electrodes and the polymer electrolyte of the ionic liquid have the same cations
(Cu2+ or Li+). There is observed the Warburg impedance that is associated with the
formation of a concentration gradient of ions. Cations [EMIm]+ are blocked by the
Cu or Li electrode, which is a reversible electrode to ion Cu2+ or Li+. On impedance
spectra it is represented as a chart and is terminated by a straight line inclined at an
angle to the axis. This line is associated with diffusion processes.

The impedance spectrum of Li|PAN+EMImOTf+LiNTf2+VC|Li suggests that
the electrodes of lithium produced the SEI layer of carbon formed by the decomposi-
tion of VC under the influence of lithium.
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