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ABSTRACT. Lithium-O2 batteries represent one of the most appealing candidates for battery 

electric vehicles (BEV) due to its remarkable theoretical high energy density, similar to fossil 

fuels. Solid polymer electrolytes represent a plausible solution to tackle some of the 

challenges associated to conventional liquid-based Li-O2 batteries, including safety concerns. 

Herein, cross-linked robust gel polymer electrolytes (GPE) based on poly(ethylene glycol) 

dimethacrylate (PEGDM) and tetraethylene glycol dimethyl ether (TEGDME) as plasticizer 

are prepared by rapid UV-photopolymerization. Both types of robust GPEs presented high 

ionic conductivity at room temperature (1.6·10−4 S·cm−1 and 1.4·10−3 S·cm−1 for single ion or 

dual ion, respectively). Both types of GPEs, single ion and dual ion lithium conductors, have 

been compared for the first time on Li-O2 cells. First, their performance was investigated in 

symmetrical Li|Li cells. In this case, the dual-ion GPE showed an outstanding behavior where 

the overpotential was <0.2 V vs Li0/Li+ for more than 40 hours at a current density as highs 

as ±1 mA·cm−2. On the other hand, in full Li-O2 configuration, the single ion GPE cell showed 

superior discharge capacity, up to 2.38 mAh·cm−2. A dynamic discharge characterization 

technique is proposed here as a method for evaluating the polarization effect in electrolytes 

during discharge in an easy, quantifiable and reproducible manner.   
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1. INTRODUCTION 

Lithium-ion batteries, whilst very popular for many applications such as portable 

electronics, may be limited for others such as battery electric vehicles (BEV) in which a 

higher energy density is desired1. In that sense, technologies such as rechargeable lithium-

air/Li-O2 batteries are attractive candidates due to their theoretical specific energy density 

(11,000 Wh/kg for Li2O2 formation), which is comparable to gasoline (13,000 Wh/kg)2–4. 

However, the full deployment of this technology has not yet been possible due to a number 

of unsolved challenges, such as the liquid electrolyte degradation in the presence of oxo-

radicals5–7. The electrolyte plays an essential role on Li-O2 batteries as it determines the 

electrochemical reactions. Aprotic liquid electrolyte cells, also called “non-aqueous”, are the 

most popular due to their highest theoretical capacity8. Common aprotic solvents are organic 

carbonates (e.g. propylene carbonate, PC); ethers (e.g. dimethoxyethane, DME); others such 

as dimethyl sulfoxide (DMSO)7 or ionic liquids9,10. Among all, tetraethylene glycol dimethyl 

ether (TEGDME) is the most used liquid electrolyte due its low volatility, wide 

electrochemical window (beyond 4.5 V versus Li0/Li+ ) good solubility of metal alkali salts 

and relatively low cost11–15. However, its liquid nature prompts some drawbacks related to 

safety issues such as the potential leaking of the toxic and flammable organic electrolyte in 

the cell16.  

 

Beyond conventional liquid electrolytes, solid polymer electrolytes (SPEs) represent a 

plausible solution to tackle these challenges17,18. However, their ionic conductivity is still 

several orders of magnitude lower than the liquid cells (10−5-10−6 S·cm−1  for SPE vs 10−2-

10−3 S·cm−1 for liquid)19. A compromising solution could be the so-called gel polymer 
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electrolytes (GPEs), in which a solvent (often named plasticizer) is trapped within the 

polymer network. This configuration shows an intermediate ionic conductivity (~10−3 to 

10−4 S·cm−1)20. Latest studies on polymer-based GPE electrolytes for Li-O2 applications 

include complex hybrid composite systems, in which lithium active (e.g. Li7-3xAlxLa3Zr2O12) 

or passive (e.g. Al2O3) inorganic fillers are also added11. In general, the ionic conductivities 

reported in these systems21–27 are ≤10−3 S·cm−1 and lithium platting/stripping behaviors in 

symmetrical cells are limited to 0.1–0.2 mA·cm−2, with the exception of a recently published 

hybrid PVDF-HFP/PMMA/SiO2 system24 that was cycled at 0.5 mA·cm−2. Reported 

performance on Li-O2 cells were promising. For example, Yu and co-workers constructed a 

novel ultra-dry polymer electrolyte based on P(VDF-HFP) that achieved ~2600 mAh·g-1 at 

0.4 mA·cm-2 27. In another approach, Kim and co-workers managed to remarkably increase 

the discharge capacity of their GPE based on PAN from 894 mAh·g−1 to 4059 mAh·g−1, thanks 

to tetrachloro-1,4-benzoquinone (tCl-pBQ) redox mediator21.  

 

All the studies shown above developed systems based on different lithium salts (e.g. 

LiCF3SO3, LiTFSI, LiClO4, LiNO3, etc) in combination with a polymer matrix and a plasticizer. 

Alternatively to these salt-systems, in which both the lithium ion and the counter anion are 

moving in the cell (dual ion systems), single ion conducting polymer electrolytes have drawn 

great attention the last years due to its good performance when lithium metal is used in the 

negative electrode28–33.  Within single ion polymer electrolytes, attaching the anion 

covalently to the polymer chain restricts the anion mobility to one of the lithium cation. 

Although lithium single ion conductors are very popular in lithium metal batteries with 

different inorganic cathode materials, to the best of our knowledge, they have not been 
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investigated yet in Li-O2 applications. Only  a single ion GPE based on lithiated perfluorinated 

sulfonic ionomer (i.e. NafionTM) swollen in DMSO, named as PFSA-Li, has been considered by 

Yang et al.34,35. The PFSA-Li soft membrane showed an ionic conductivity of 6.4·10−4 S·cm−1 

at RT and a promising cycling stability at 1 A·g−1 of 55 cycles. Performance on symmetrical 

cells was limited to 60 hours at 0.25 mA·cm-2 with overpotentials <0.1 V vs Li0/Li+.  The aim 

of our article is to compare for the first time single ion and dual ion conducting GPEs, and 

their liquid counterparts, and to evaluate their performance in Li-O2 cells. Herein, we present 

two comparable solid gel polymer electrolytes (GPE) using the most successful electrolyte 

(TEGDME) as plasticizer for their potential use as solid electrolytes for Li-O2 batteries. For 

this purpose, a new electrochemical methodology based on dynamic discharge was assessed 

as a new way to weigh the polarization effect during Li-O2 discharge.  

 

2. RESULTS AND DISCUSSION 

As shown in Scheme 1, Single ion GPEs were prepared by UV-co-polymerization of 

poly(ethylene glycol) dimethacrylate (PEGDM) and lithium 1-[3-(methacryloyloxy)-

propylsulfonyl]-1-(trifluoromethylsulfonyl)imide (LiMTFSI) in the presence of TEGDME as 

a plasticizer and using 2-Hydroxy-2-methylpropiophene (DAROCUR) as a radical 

photoinitiator. Dual ion GPEs were elaborated in a similar manner, in which PEGDM was UV-

polymerised in the presence of a liquid electrolyte composed by lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) dissolved in TEGDME. UV-

photopolymerization was selected due to the simplicity and rapidness of the approach and 

its previous success on many types of batteries31,36. In both cases, self-standing, flexible and 

visually transparent membranes (Figure 1a) could be obtained until a plasticizer content of 
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80%wt approximately. Samples with concentrations of TEGDME higher than >80 %wt. were 

too soft and difficult to handle. According to the Fourier Transform Infrared Spectroscopy 

(FTIR) spectra, monomer conversions higher than  ≥95% were reached by the 

disappearance of the 1635 cm-1 band, which is associated to the carbon double bond of 

methacrylates37 (Figure S1). 

 

Scheme 1. Schematic representation of the preparation of both a) Single ion and b) Dual ion 

gel polymer electrolytes (GPEs) by UV–photopolymerization. 

 

To down select the best single-ion GPE formulations, the ionic conductivity (σ) of GPEs 

with different compositions was evaluated at 25 °C (battery operating temperature). For the 
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design of the single ion GPEs, the concentration of the LiMTFSI monomer in the formulation 

was varied from 10 to 30 %wt., keeping fixed the cross-linker concentration at 10 %wt.  As 

shown in Figure 1b, the inclusion of higher concentrations of single-ion lithium monomer 

did not imply a higher σ. In fact, the more lithium monomer, the more polymer matrix and 

therefore less plasticizer in the GPE; limiting the movement of ions. Thus, there was a 

tradeoff between plasticizer and polymer ratio. In this case, the sample 20 %wt. LiMTFSI : 

70% wt. TEGDME : 10 %wt. PEGDM, showed the highest conductivity value of 1.64·10−4 

S·cm−1 and was selected for further testing. From now on, this formulation is named in the 

article as “Single ion GPE”. Ionic conductivity data measured for all single ion GPEs by 

electrochemical impedance spectroscopy (EIS) in the full temperature range between 25 and 

85 °C data is shown in Figure S2. As indicated before, a dual ion conductive GPE membrane 

was designed incorporating the same molar ratio of lithium. Hence, the selected “Dual ion 

GPE” formulation showing the highest ionic conductivity was 90 %wt. (0.84M LiTFSI in 

TEGDME) : 10 %wt. PEGDM. Figure 1c shows the ionic conductivity of these two membranes 

measured at different temperatures. The σ of the equivalent liquid electrolyte (0.84M LiTFSI 

in TEGDME) was also assessed for reference. The Dual ion GPE achieved 1.44·10−3 S·cm−1 at 

25°C, showing a value very close to the liquid electrolyte of similar composition 2.88·10−3 

S·cm−1. As expected, the σ of the Single ion GPE was lower than the Dual ion one, in where a 

slightly higher content of plasticizer was present and we were capturing the conductivity of 

both highly mobile [TFSI-] and [Li+] ions. The proportion of the conductivity that is carried 

by the lithium cations can be quantified38,  the so-called lithium transference number (t+Li). 

The method proposed by Evans-Vincent-Bruce38,39 was used to measure the t+Li of both 

Single ion and Dual ion GPEs. Results of EIS and polarizations tests at 25°C are shown in 
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Figure S3 (Supporting Information). The transference number value of the Single ion GPE 

was found to be 0.83 ± 0.01; while the Dual ion GPE reached 0.57 ± 0.02. In single ion GPEs, 

the plasticizer (e.g. TEGDME) can form solvated complexes with the lithium ions, allowing 

their free movement and achieving t+Li close to unity30,35. For dual ion GPE electrolytes, t+Li 

values are usually lower (around 0.5-0.6)40,41 due to the high mobility of the sulphonamide 

anion compared to the bulky solvated lithium shell42. Hence, these results are comparable to 

ones found in literature (Table S2, Supporting Information). 

 

Figure 1. a) Images of the single ion membranes containing increasing amount of lithium 

conductive monomer (LiMTFSI) in wt%., b) Ionic conductivity values of single ion 

conducting GPEs having 10, 15, 20, 25 and 30 %wt. of LiMTFSI monomer in their formulation 

at 25°C and, c) Ionic conductivity vs temperature of selected Single ion (*) and Dual ion GPE 

compared to the analogue liquid electrolyte.  
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All these samples were further tested from a mechanical and thermal perspective. The 

thermal stability was assessed by thermal gravimetrical analysis (TGA) under inert 

atmosphere (N2) as shown on Figure 2a. In all cases, the samples exhibited a two-step 

degradation process and curves were slightly shifted at different temperatures, depending 

on the composition. The initial degradation, between 150 – 200 ºC, was attributed to the 

initial loss of TEGDME. This was more significant in the samples with larger amount of 

plasticizer (10 : 80 : 10 and Dual ion GPE, which had 80 and 90 %wt. of liquid electrolyte, 

respectively), achieving loses of up to 60% of their weight at 200 ºC. The second degradation, 

initiated at around 250 ºC, was greatly attributed to the degradation of the polymeric 

matrix30. Therefore, the TGA curves of the single ion GPEs with higher concentrations of 

polymer were shifted to the right. In this second range, the final evaporation of the remaining 

TEGDME was also considered due to its low volatility (bp 275 ºC). The curve of the dual ion 

behaved slightly differently on the second step due to the presence of the TFSI Lithium salt. 

Dynamic mechanical thermal analysis (DMTA) was also assessed, Figure 2b. As expected, the 

storage modulus of the samples increased with the polymer concentration achieving a 

maximum of 2.53·105 Pa for the 30 : 60 : 10 membrane. Thus, this sample was stiffer but also 

more brittle (high cross-linking). The modulus of the Single ion GPE* was one order of 

magnitude higher than the Dual ion GPE (3.45·104 and 2.24·103 Pa, respectively) remaining 

steady from 0 to 100 ºC. To conclude this section, the optimized UV-crosslinked GPEs 

showed excellent ionic conductivity values, good thermal and mechanical stability, which 

makes them interesting materials for battery applications in temperature ranges bellow 100 

ºC.  
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Figure 2. Characterization techniques applied to the solid Dual ion GPE and three different 

single-ion membranes having increasing concentrations of LiMTFSI conducting monomer 

(10, 20 and 30 %wt.): a) TGA analysis under nitrogen atmosphere at 10 ºC/min and b) DMTA 

analysis at compression from 0 to 100 ºC. 

 

Next, symmetrical lithium cells were assembled to evaluate the electrochemical behavior 

of the solid electrolytes against lithium metal under different current densities (Figure S4). 

Firstly, the samples were exposed to ±0.01, ±0.1, ±0.2, ±0.5, ±0.8, ±1 and ±2 mA·cm−2 current 

rates for one hour / rate, also called “ramp test”. Two cycles were completed for a total of 84 

hours as shown on Figure 3a. The data was then handled for both cycles, to directly compare 

the absolute potential achieved at each current density with a 10 V cut-off. As shown on the 

curves of the first cycle (Figure 3b), the Dual ion GPE showed much lower overpotentials 

than the Single ion GPE, exceptionally being 0.3 V vs Li0/Li+ at 1 mA·cm−2 and only 1.5 V vs 

Li0/Li+ at 2 mA·cm−2. On the other hand, the overpotentials achieved on the second cycle 

increased significantly in the case of the Single ion GPE (~3 times the initial value, at 0.2 or 

0.5 mA·cm−2). This tendency remarkably differed on the Dual ion GPE, in which the 
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overpotential remained steady at 0.3 V vs Li0/Li+ when 1 mA·cm−2 was applied. Due to this 

promising behavior, the Dual ion GPE was then further exposed to lithium plating/striping 

cycles of increasing rates from ±0.2, ±0.5, ±0.8 to ±1 mA·cm−2 with a cut-off potential of 0.5 

V and half-cycle time of one hour.  As shown on Figure 3c, the sample was able to cycle for 

40 hours at high current (1 mAh·cm-2) below 0.2 V vs Li0/Li+. Furthermore, the overpotential 

was still below 0.4 V after 55 hours of cycling. Liquid cells were also tested in this 

configuration, as shown in Figure S5. All in all, polymer GPEs electrolytes behaved as good 

as their liquid counterparts and the Dual ion GPE, which had a highest ionic conductivity 

value, showed much better performance in lithium symmetrical cells. This result was initially 

surprising as single ion electrolytes are expected to show lower overpotentials during 

lithium plating/stripping. There is a study from Lee J.T. research group43, in which they 

compared a single and dual ion electrolyte in lithium symmetrical cells. Their conclusion was 

that their single ion electrolyte behaved better than the dual ion only at lower currents. At 

higher currents, their dual ion sample exceeded the single ion. They explained this behaviour 

via the higher inherent impedance of the single ion system, especially noticeable at higher 

currents. This probably explain the results of this article since the current rates (up to 2 

mA·cm-2) are much higher than the ones usually reported in literature in symmetrical 

lithium cells (0.1 – 0.5 mA·cm-2)20,24,30,41.  
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Figure 3. Tests undertaken on lithium symmetric cells: a) Ramp test divided in two cycles 

with increasing current densities from 0.01 to 2 mA·cm−2. Potential against time data for Li | 

Dual ion GPE | Li cell, b) Absolute potential against current density of Single ion and Dual ion 

GPEs. Data extracted from ramp test, and c) lithium plating/striping cycles on Dual ion GPE, 

applying up to 1 mA·cm−2. 

 

To further evaluate and compare the performance of the single and dual ion GPE 

membranes, they were tested on Swagelok Li-O2 cells as shown on Figure 4b (look for further 

details on electrode materials in the Supporting Information). Together with the solid 

electrolytes GPEs, cells using liquid electrolytes were prepared and tested for comparison. 

The equivalent dual/single liquid electrolytes were based on TEGDME dissolutions 
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concentrated at 0.84 M LiTFSI or LiMTFSI, respectively. These cells were firstly discharged 

at a galvanostatic current of –5 μA·cm−2 (Figure 4a) until the potential reached 2 V at 25 °C. 

When the negative current was applied, the samples first suddenly experimented an Ohmic 

drop (iR), reaching quickly a plateau at around 2.78 V, which corresponds to the practical 

potential of the spontaneous electrochemical reaction 2Li + O2 + 2e- → Li2O2 (lower than the 

theoretical one (2.96V vs Li0/Li+)) due to overpotentials)3,5 followed by a sharped decrease 

to 2.0 V vs. Li0/Li+ at the end of the discharging44. As shown in the graph, the Single ion GPE 

achieved the highest absolute capacity for this first discharge, being 1.5 times higher than 

the Dual ion GPE (2.38 and 1.56 mAh·cm−2, respectively). Most likely, this is due to the fact 

that only Li+ ions are moving on the Single ion membrane, which allows a more homogeneous 

and ordered mass transfer of cations to the positive electrode, especially, for  low current 

densities (i.e. –5 μA·cm−2). Similar conclusions were achieved in other studies done on 

lithium metal batteries43. Interestingly, the GPE solid electrolytes achieved much higher 

capacity than their liquids counterparts: 1.7 times higher in the case of Single ion samples 

and 1.25 times for the Dual ion ones. Considering an average carbon loading of 0.72 mg·cm−2 

in the positive electrode, the relative capacity was as high as 3306 and 2190 mAh·g−1 for the 

Single and Dual ion GPEs, respectively. In order to provide insights into the rechargeability 

of the developed electrolytes, discharge/charge cycles at ±50 μA·cm−2 for both Single ion and 

Dual ion Li-O2 cells are shown in Figure S6 (Supplementary Information). 

 

Furthermore, samples were discharged following a dynamic approach, in which increasing 

negative currents were applied to the sample (Figure 4c-f). Each current density was applied 

for 15 minutes and immediately increased and re-applied for another 15 minutes, in a similar 
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way to GITT test (Galvanostatic Intermittent Titration Technique). This increasing current 

approach was done until the potential of the cell faded below 2 V and OCV was then applied 

(Figure 4c). Interestingly, the potential of the cell increased back to equilibrium values 

during OCV. After sufficient time and when dEWE / dt ~ 0, the cell was dynamically discharged 

again (named as second loop). The potential increased back again to equilibrium and the cell 

was discharged again (named as third loop). This innovative process was repeated until the 

equilibrium potential of the cell at OCV was below 2 V vs Li0/Li+ (Figure 4d), allowing a 

gradual discharge of the cell. The number of repetitions of this process (named as loops) may 

differed between samples because of the maximum currents achieved at each loop, as shown 

in Figure 4f. As an example, the Single ion GPE discharged after 52 loops, the Dual ion GPE 

after 36 loops, and their equivalent liquid cells after 45 and 43 loops, respectively.  

 

The potentials at equilibrium after a single dynamic discharge (one loop)  (E2eq in Figure 

4d), were proportional to the polarization effect of all the Li cations accumulated at the 

positive electrode that were unable to react with the oxo- radicals due to the short times 

applied at each rate (15 minutes), the increasing current densities (diffusional limitation at 

higher rates) and/or the inability to find a free active site on the carbon electrode (i.e. 

pseudo-capacitive contribution of the battery). During OCV, these unreacted ions re-

arranged and, consequently, the potential first suddenly increased to a value proportional to 

the Ohmic drop (iR) and then, it slowly increased (ions diffusion phenomena due to 

concentration gradients after applying current) until equilibrium, i.e. dEWE / dt ≈ 0 . 
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Relevant information can be extracted from the raw data of the multiple dynamic 

discharge. In each loop, the sample is able to withstand a determined maximum current 

density. The higher this current is, the better; especially if it is maintained over different 

loops. This information is plotted in Figure S7 (single loop) and Figure 4f (multiple loops). In 

general, all samples behaved similarly, with the exception of the Dual ion GPE. The majority 

of them showed low variations on the maximum currents achieved across discharge (~flat 

curve), being the polymeric samples superior than their liquid counterparts. On the other 

hand, the Dual ion GPE exhibited remarkable high current densities, with a maximum of 350 

μA·cm−2 and being above 175 μA·cm−2 when the cumulative capacity was already as high as 

2.4 mAh·cm−2. This outstanding performance against high currents is in accordance with the 

results obtained on the symmetrical lithium cells.  

 

Furthermore, the equilibrium polarization potentials can be plotted against their 

cumulative capacity (Figure 4e). The shape of the curves strongly reminds to the 

galvanostatic discharge curves, which is in accordance with the above explanation (gradual 

discharge of the cell). As observed, the highest cumulative capacity corresponds with the 

Dual ion GPE (3.46 mAh·cm−2 or 4824 mAh·g−1), followed by the Single ion GPE (2.86 

mAh·cm−2 or 3984 mAh·g−1) and the equivalent liquid cells (2.44 and 1.97 mAh·cm−2 for the 

LiMTFSI and LiTFSI liquid electrolytes, respectively). Figuratively, these results seems to be 

in contradiction with the galvanostatic discharge ones (Figure 4a). However, as these 

equilibrium potentials were proportional to the polarization effect, it would be accurate to 

expect higher cumulative capacities for the Dual ion system than the Single ion one; in one 

hand due to the higher amount of mobile ions (Li+ and TFSI-) and, on the other hand, due to 
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the higher maximum currents that the Dual ion GPE was able to withstand and therefore, 

higher cumulative capacities were achieved. This effect was also observed in other studies43, 

and could be related to the intrinsic impedance of the Single ion GPE, which was higher than 

the one of the Dual ion GPE. This mass transfer limitation, related to the impedance, is 

therefore more pronounced when higher currents are applied according to the Ohmic law 

and Nernst-Planck equation45. Otherwise, this polarization effect seemed to be higher on the 

polymeric systems than the liquid equivalents. This could be due to the theoretical higher 

diffusion of ions in the liquid systems and the better wettability of the electrolyte | electrode 

interface. 
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Figure 4. Tests carried out on Swagelok cells adopted to Li-O2, including a new 

electrochemical characterisation method based on dynamic discharge. The electrolytes 

tested are Single and Dual ion GPEs as solid electrolytes, and their equivalent liquid 

electrolytes: a) plot of potential against absolute discharge capacity during galvanostatic 
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discharge at -5 μA·cm−2, b) scheme of Swagelok Li-O2 cell, c) plot of potential  against time 

during the first loop of dynamic discharge for both Dual ion and Single ion GPEs electrolytes 

(raw data), d) innovative plot of potential against time during the first fourth loops of 

dynamic discharge using Dual ion GPE as a solid electrolyte (raw data), being the number of 

loops dependent to the type of electrolyte, e) plot of equilibrium polarization potentials 

against cumulative capacity during dynamic discharge, and f) maximum current densities 

stood by the electrolytes during dynamic discharge. 

 

3. CONCLUSIONS 

In conclusion, single ion gel polymer electrolytes based on TEGDME have been compared 

for the first time to its dual ion GPE counterparts as solid electrolytes for Li-O2 batteries. 

These two new families of electrolytes were prepared in a simple manner by fast UV-

photopolymerization. Gel polymer electrolytes showed a powerful combination of high ionic 

conductivity (1.64·10−4 S·cm−1 single ion <  1.44·10−3 S·cm−1 dual ion at 25°C) mechanical 

strength (3.45·104 single ion >  2.24·103 Pa dual ion)  and good thermal stability (Tonset 150 

°C similar in both cases). These properties make both GPEs feasible alternatives to liquid Li-

O2 cells. This study directly compares key features of two GPE systems by common 

characterization techniques and a new method to evaluate polarization effect during 

discharge. The Dual ion GPE showed a superior behaviour against high rates, even after long 

cycling in lithium symmetrical cells. On the other side, Single ion GPE showed excellent 

performance and higher capacities than the dual ion GPE in Li-O2 cells. Interestingly, both 

solid GPEs behaved as good as or in a superior manner than their liquid electrolyte 

counterparts, settling a step forward to solid and safer Li-O2 systems. The results showed in 
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this work could help in the design of future all-in-one electrolyte materials for multilayer 

Lithium Oxygen cells, in which a combination of different chemical structures might be 

needed.  

 

4. EXPERIMENTAL SECTION 

Experimental details can be found in the Supporting Information. 
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