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SI-1. Additional information to the measurement methods (identical to our previous 

publication on polymerized ionic liquids) 

 

“Ionic conductivity values were received from electrochemical impedance spectros-

copy. For the measurements, a Zahner Zennium potentiostat (Zahner, Germany) and 

Swagelok type cells (Swagelok, Germany) located inside a SH-261 climate chamber (Es-

pec, USA) were applied. The spectra were recorded between 2 MHz and 10 mHz with an 

amplitude of 10 mV. Within the Swagelok cells, the PIL membranes were located between 

two non-lithium containing blocking electrodes. The membranes bulk resistance R was 

determined at the point where the phase difference approaches 0 . The resulting ionic con-

ductivity values σ are calculated from the bulk resistance values R, the electrodes surface 

area A and the PIL membranes thickness l via the equation: 
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Both, the surface area A and the PIL membranes thickness l are determined individ-

ually for every single experiment directly after the EIS experiment was executed. Typical 

electrode diameters were 12.3 to 12.5 mm and measured with a sliding caliper. The thick-

ness of the PIL membranes was quantified with a VRZ 4 measuring sensor (Heidenhain, 

Germany) and was typically between 60 μm and 150 μm. 

 

Self-diffusion coefficient measurements were performed on a Bruker NMR spec-

trometer, which operates at the 7Li resonance frequency of 116.6 MHz. The spectrometer 

was equipped with a pulse-field gradient (PFG) probehead that produces linear z-gradi-

ents with strengths up to 0.3 T·cm-1. Stimulated echo (STE) pulse sequence with bipolar 

gradients allows to avoid issues with fast T2-relaxation in solids and the eddy currents 

appearing when one deals with strong gradients [2]. The diffusion parameters were opti-

mised and reached 3 ms for the gradient duration (δ) and 100 ms for the diffusion delay 

(Δ). In the experiment, the signal intensity is measured as a function of the gradient 

strength (g) and this obeys Stejskal-Tanner equation: [3] 
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Where I0 is the initial magnetization, T1 denotes the spin-lattice relaxation time, γ is 

the gyromagnetic ratio of the 7Li nucleus. In order to get rid of the relaxation time depend-

ence, all timings were kept constant through the whole pulse sequence.” [4] 
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SI-2. Examination on the imperviousness of Swagelok type cells with Karl-Fischer titra-

tion 

Two samples of the composite polymer electrolyte PIL_7_4, which was polymerized 

in bulk, were examined with Karl-Fischer titration on a Mettler Toledo DL39 Karl Fischer 

titrator with Stromboli autosampler ofen (heated at 140 °C), which is located at a dry room 

(dew point: -25 °C during measurement). The material was already stored for several 

months over argon, but small contaminations of water are seen to be possible. The mate-

rial was split into two samples of around 220 mg, respectively. 

One sample was put inside a Swagelok call, that was typically used for EIS measure-

ments and the Swagelok cell was put in a climate chamber (ambient conditions) and held 

at 60 °C for 5 days. The second sample was located inside an argon filled glovebox during 

this period of time. Afterwards, the Swagelok cell was transferred into the glovebox and 

both samples were sealed into the required sample containers for Karl-Fischer titration. 

The titration gave water contents of 179.9 ppm for the sample which was stored in the 

glovebox and 575.9 ppm for the sample that was located in the Swagelok cell for 5 days at 

60 °C. This result supports the thesis, that water contamination can influence EIS results 

of samples that are built in Swagelok cells during long-term studies. In contrast to cell 

tests in coin cells, the Swagelok type cells are not weld shut and not specially sealed.  

 

 

  

Figure S1. Exemplary PFG-NMR data for the PIL membranes with 45 wt% MPPyrr-TFSI and 2.5 wt% cross-linker with 

P[C2NA,22]TFSI (PIL_6_5) (left) and P[C8NA,22]TFSI (PIL_7_1) (right). 
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Figure S2. Exemplary DSC-data for the PIL membranes of P[C8NA,22]TFSI with 2.5 wt% cross-linker and additional 45 wt% 

MPPyrr-TFSI (PIL_7_1) (left) and 45 wt% EC (PIL_7_6) (right). 

 

 

 

Figure S3. Used equivalent circuit for fitting of the EIS data. 

 

  
Fitting parameter: 

Resistance 1: value: 6.68E+01 Ohm; relative error: 1.81E-01 
CPE Q 1: value: 1.63E-07; relative error: 2.51E+01 
CPE Alpha 1: value: 5.64E-01; relative error: 2.62E+00 
CPE Q 2: value: 1.03E-06; relative error: 5.84E-01 
CPE Alpha 2: value: 9.55E-01; relative error: 7.40E-02 

Fitting parameter: 

Resistance 1: value: 5.81E+02 Ohm; relative error: 7.25E-01 
CPE Q 1: value: 5.77E-09; relative error: 1.26E+01 
CPE Alpha 1: value: 8.23E-01; relative error: 9.42E-01 
CPE Q 2: value: 1.62E-06; relative error: 6.07E+00 
CPE Alpha 2: value: 9.56E-01; relative error: 9.07E-01 

Figure S4. Exemplary EIS data and fit of a single measurement (given data in the manuscript are average results of 4 single 

measurements) for the PIL membranes of P[C8NA,22]TFSI with 2.5 wt% cross-linker and additional 45 wt% MPPyrr-TFSI 

(PIL_7_1) (left) and 45 wt% EC (PIL_7_6) (right) at 25 °C. 
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SI-3. Influence of membrane preparation without cross-linker 

To investigate the influence of the IL MPPyrr-TFSI on the polymer layers, a compo-

site electrolyte membrane with the following composition was prepared: 

 

- [C2NA,22]TFSI  to build up the polymer matrix 

- Irgacure651  1 mol% with respect to [C2NA,22] TFSI 

- LiTFSI   20 mol% in relation to [C2NA,22] TFSI 

- Aerosil R7200  5 wt% in relation to the total mass of the electrolyte membrane 

- MPPyrr-TFSI  45 wt% in relation to the total mass of the electrolyte membrane 

 

After the polymerization, it was found that the electrolyte membrane is a very soft 

and sticky material due to the high proportion of ionic liquid. Permanent mechanical sta-

bility could not be reached. During the EIS examinations short circuits occurred regularly, 

especially at 60 °C, because the polymer mixture was displaced from the gap between the 

electrodes by the slight spring pressure inside the Swagelok cell. Therefore, the experi-

ments had to be repeated several times until the bulk resistances could be determined. 

The EIS analysis of the material showed ionic conductivities of 1.1·10-4 S·cm-1 at 25 °C and 

5.7·10-4 S·cm-1 at 60 °C. Although these values are significantly below that of the pure 

MPPyrr-TFSI-IL with 3.1·10-3 S·cm-1 at 25 °C, it is remarkable high compared to the equiv-

alent polymer electrolyte sample without MPPyrr-TFSI content (5.2·10-9 S·cm-1). This result 

confirms that the addition of non-polymerizable ionic liquids is an effective approach to 

increase the ionic conductivity values of the investigated ammonium PIL layer. However, 

due to the deficiency in mechanical stability, the use of this material combination as an 

electrolyte membrane in battery cells is unsuitable. 

SI-4. Overview over the compositions of the PIL membranes with 45 wt% MPPyrr-

TFSI and TMPTA as cross-linkers. 

Table S1. Overview over the compositions of the PIL membranes with 45 wt% MPPyrr-TFSI and TMPTA as cross-linkers. 

PIL_6_1 

Starting materials [C2NA,22]TFSI LiTFSI 
MPPyrr-

TFSI 

Irgacure 

651 
TMPTA 

Aerosil 

R7200 

Amount per 1 mol  

PIL monomer [mol%] 
100 20 119 1  0  n.a. 

Weight portion of the 

membrane mass [wt%] 
44.5 5.3 45.0 0.2 0.0 5.0 

        

PIL_6_2 

Starting materials [C2NA,22]TFSI LiTFSI 
MPPyrr-

TFSI 

Irgacure 

651 
di-TMPTA 

Aerosil 

R7200 

Amount per 1 mol  

PIL monomer [mol%] 
100 20 130 1 10 n.a. 

Weight portion of the 

membrane mass [wt%] 
40.9 4.9 45.0 0.2 4.0 5.0 

         

PIL_6_3 

Starting materials [C2NA,22]TFSI LiTFSI 
MPPyrr-

TFSI 

Irgacure 

651 
di-TMPTA 

Aerosil 

R7200 

Amount per 1 mol  

PIL monomer [mol%] 
100 20 124 1 5 n.a. 

Weight portion of the 

membrane mass [wt%] 
42.6 5.1 45.0 0.2 2.1 5.0 

         

PIL_6_5 Starting materials [C2NA,22]TFSI LiTFSI 
MPPyrr-

TFSI 

Irgacure 

651 
di-TMPTA 

Aerosil 

R7200 
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Amount per 1 mol  

PIL monomer [mol%] 
100 20 121 1 2.5 n.a. 

Weight portion of the 

membrane mass [wt%] 
43.5 5.2 45.0 0.2 1.1 5.0 

         

PIL_6_9 

Starting materials [C8NA,22]TFSI LiTFSI 
MPPyrr-

TFSI 

Irgacure 

651 
di-TMPTA 

Aerosil 

R7200 

Amount per 1 mol  

PIL monomer [mol%] 
100 20 148 1 10 n.a. 

Weight portion of the 

membrane mass [wt%] 
42.1 4.3 45.0 0.2 3.4 5.0 

         

PIL_6_8 

Starting materials [C8NA,22]TFSI LiTFSI 
MPPyrr-

TFSI 

Irgacure 

651 
di-TMPTA 

Aerosil 

R7200 

Amount per 1 mol  

PIL monomer [mol%] 
100 20 143 1 5 n.a. 

Weight portion of the 

membrane mass [wt%] 
43.6 4.4 45.0 0.2 1.8 5.0 

        

PIL_6_7 

Starting materials [C8NA,22]TFSI LiTFSI 
MPPyrr-

TFSI 

Irgacure 

651 
di-TMPTA 

Aerosil 

R7200 

Amount per 1 mol  

PIL monomer [mol%] 
100 20 140 1 2.5 n.a. 

Weight portion of the 

membrane mass [wt%] 
44.4 4.5 45.0 0.2 0.9 5.0 
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Figure S5. Cell test of the polymer electrolyte with MPPyrr-TFSI to EC ratio of 1:1 (PIL_7_4) at 70 °C with the electrode 

combinations NMC against lithium (left; C/200) and LFT against LTO (right; C/100). 

  

  

Figure S6. Cell test of the polymer electrolyte with 100% EC as liquid electrolyte (PIL_7_6) at 25 °C (left) and 70 °C (right) 

and LFP against LTO electrodes at C/100. 
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