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Abstract 

With its very high theoretical energy density, the Li-O2 battery could be considered as a valid 

candidate for future advanced energy storage solutions. However, the challenges hindering the 

practical application of this technology are many, as for example electrolyte degradation under 

the action of superoxide radicals produced upon cycling. In that frame a new gel polymer 

electrolyte was developed starting from waste derived components: gelatine from cold water 

fish skin, waste from the fishing industry, and wood flour, waste from the wood industry. Both 

were methacrylated and then easily cross-linked through a one pot UV initiated free radical 

polymerization, directly in presence of the liquid electrolyte (0.5 M LiTFSI in DMSO). The 

wood flour works as cross-linking points reinforcing the mechanical properties of the obtained 

gel polymer electrolyte, but it also increases Li-ion transport properties with an ionic 

conductivity of 3.3 mS cm-1 and a transference number of 0.65 at room temperature. The Li-

O2 cells assembled with this green gel polymer electrolyte were able to perform 180 cycles at 

0.1 mA cm-2, at a fixed capacity of 0.2 mAh cm-2, under constant O2 flow. Cathodes post-

mortem analysis confirmed that this new electrolyte was able to slow down solvent 

degradation, but it also revealed that the higher reversibility of the cells could be explained by 
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the formation of Li2O2 in the amorphous phase for a higher number of cycles compared to a 

purely gelatin-based electrolyte. 

1. Introduction 

In recent years, the heightened awareness towards environmental issues, such as the rise in 

average global temperatures due to extensive exploitation of fossil fuels, has led to a significant 

investment in renewable energy production technologies. Green and renewable energy sources 

(e.g. solar, wind and hydroelectric power) suffer from an intrinsic discontinuity, hindering their 

applicability and, thus, require powerful electrochemical storage devices in order to enable 

large scale implementation [1–4]. Since 1991, Li-ion-based storage devices have been widely 

considered and employed as the primary energy storage technology. However, they are now 

demonstrating their limitations in terms of energy density, which is practically about 260-300 

Wh kg-1, incapable of meeting the energy density requirements of electric or flying vehicles 

and smart grids [1,5,6]. Non-aqueous Li-air or Li-O2 battery systems are interesting candidates 

for future high energy density applications, reaching an ultra-high theoretical energy density 

value of about 3500-3600 Wh kg-1, comparable to that of gasoline, due to the  2 𝐿𝐿𝐿𝐿 +  𝑂𝑂2  ⇌

𝐿𝐿𝐿𝐿2𝑂𝑂2 oxygen reduction reaction (ORR) at 2.96 V [7–11]. This incredibly high energy density 

can be mainly attributed to two factors: the absence of a cell-contained cathodic active material 

and the employment of Li metal as the anode [12]. Before these technologies can be scaled up 

in industry, several significant challenges need to be addressed. These include the short lifespan 

caused by clogging of the air cathode pores, the poor stability of the electrolytes in contact with 

lithium metal and the narrow operating temperature range [13–15]. One of the most pressing 

issues with Li-O2 batteries is the poor safety stemming from the inherent flammability of the 

commonly used organic electrolytes. In the event of a short circuit, this flammability can lead 

to fire hazard. Additionally, evaporation and leakage of electrolytes, along with their 

degradation promoted by lithium metal and ORR intermediates, lead to capacity losses and, 



ultimately, cell failure [16,17]. A possible solution to these critical problems is the deployment 

of a solid or semi-solid electrolyte system presenting excellent transference number, 

mechanical and thermal stability and limited permeability to O2 and ORR intermediates. 

However, employing fully solid-state electrolytes, such as polymers or NASICON, garnet and 

perovskites, presents several additional challenges, namely lower ionic conductivity than liquid 

systems, low stability with Li metal and poor interfacial contact between electrodes and 

electrolyte which can increase cell polarization [16,18,19]. To address these problems, gel 

polymer electrolytes (GPE), consisting of a liquid phase immobilized in a polymeric matrix, 

have been widely employed. These systems offer clear operational advantages due to their 

balanced properties. They provide good mechanical and thermal stability, which enables the 

electrolyte to withstand dendrite-caused deformation, along with easy processability. 

Additionally, their excellent ionic conductivity enhances the efficiency and reversibility of 

galvanostatic cell cycling [20,21]. Numerous GPEs have been developed and characterized 

with various results. Wang et al. [22] developed a gel polymer electrolyte (GPE) consisting of 

poly(vinylidene fluoride‐co hexafluoropropylene) (PVDF-HFP), trimethylolpropane 

ethoxylate triacrylate (TMPETA), and tetraglyme (T4) as a plasticizer. When combined with 

the integration of Ru nanoparticles into the air cathode, the cell exhibited superior cycling 

performance, lasting up to 2000 hours at 0.2 mA cm-2 at the curtailed capacity of 0.25 mAh 

cm-2. Feng et al. demonstrated a PVDF-HFP based GPE containing 2,5-di-tert-butyl-1,4-

benzoquinone (DBBQ, Aldrich) and N-methylphenothiazine (MPT) as redox mediators and N-

methyl-N-propylpiperidinium bis(trifluoromethane sulfonyl)imide (PP13TFSI) ionic liquid as 

a plasticizer, capable of performing up to 100 cycles with a specific capacity of 1000 mAh gC
-

1 at a current density of 100 mA gC
-1 [23]. However, in order to meet the environmental criteria 

of low carbon footprint in the development of new technologies, there is a push to reduce the 

usage of synthetic polymers in favour of biobased and eco-friendly alternatives such as 



polysaccharides and cellulose. Song et al. employed a bacterial cellulose membrane, supporting 

a succinonitrile (SN) based GPE, which performed up to 40 cycles with a current density of 

0.1 mA cm-2 at a limited specific capacity of 500 mAh gC
-1 [24]. In a previous work, our group 

demonstrated that gelatin can be easily methacrylated and crosslinked through UV mediated 

photopolymerization to obtain efficient GPEs. Gelatin, a biobased macromolecule derived by 

collagen (extracted by cold water fish skins) denaturation, possesses intriguing properties such 

as low cost and minimal environmental impact. Furthermore, it can directly react with 

methacrylic anhydride to form GelMA [25], a quite versatile oligomer sporting high 

biocompatibility, customizable photocrosslinkability and broadly tunable physico-chemical 

properties, enabling the creation of hydro and organo-gels for a wide variety of applications 

[25–28]. By employing waste materials, such as gelatin from the fish industry and wood flour 

from the wood industry, a more circular oriented approach to energy storage device 

manufacturing can be achieved, reducing the carbon footprint, and overall environmental 

impact, of batteries production. Here, a methacrylated wood flour (MWF) is synthesized [29] 

as reinforcement for the GPE production, which is developed following a previously reported 

protocol [30]. Its physico-chemical and electrochemical properties are compared to the bare 

GelMA based organogel. The reinforced membrane (GelMA10MWF20) displays excellent 

room temperature ionic conductivity of 3.33 mS cm-1 and high Li+ transference number of 0.65. 

In the Li-O2 cell, GelMA10MWF20 shows long lasting performance, reaching 60 cycles at a 

limited capacity of 0.5 mAh cm-2 and 180 cycles at a limited capacity of 0.2 mAh cm-2 with a 

current density of 0.1 mA cm-2. 

2. Experimental Section 

 

2.1. Materials 
 



Gelatine from cold water fish skin (Gel, average Mn= 60 kDa), methacrylic anhydride (MA, 

Mn= 154.16 g/mol), sodium hydroxide (NaOH, Mn= 40 g/mol), lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI, Mn= 287.1 g/mol), dimethyl sulfoxide (DMSO, 

Mn= 78.13 g/mol) and 2-hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-2-methylpropan-1-one 

(Irgacure2959, Mn= 340.32 g/mol) were purchased from Sigma-Aldrich and used as received. 

Methacylated wood flour (MWF), synthesized as previously reported [29] and employed for 

GPE production without any further modifications. 

2.2. GPE Production 

The methacrylation of Gel was carried out following a protocol that was previously reported 

protocol [30]. Briefly, 10 g of Gel were solubilized in water at 50 °C under constant stirring. 6 

g of MA were added dropwise and the solution was kept under stirring for 4 h with the addition 

of NaOH solution keeping the pH at 8. The obtained solution was dialyzed against distilled 

water and subsequently dried in an oven at 50 °C. The GelMA and MWF were further dried in 

a vacuum oven (Glass Oven B-585, Büchi, Uster, Switzerland) for 4 h at 40 °C before entering 

the glovebox (Mbraun Labstar, Stratham, NH, USA, O2 and H2O contents < 0.5 ppm) to avoid 

oxygen-induced radical polymerization inhibition. As for the previous characterization, 10% 

GelMA in the liquid electrolyte LiTFSI 0.5 M in DMSO was chosen as it showed the best 

compromise between mechanical and electrochemical properties [30]. 20% wt of MWF was 

added with respect to the GelMA weight and the solution was stirred on a hot plate until its 

complete dispersion. The photoinitiator Irgacure2959 was added to 2% with respect to the solid 

fraction weight. The obtained precursor solution was transferred on a glass sheet and irradiated 

with UV light (Hamamatsu UV LightningCure LC8 L9588, Hamamatsu, Shizuoka, Japan) for 

5 minutes until completely cured. The obtained membranes were cut in disks of 18 mm 

diameter and with an average thickness of 300 μm. 



2.3. Cell Assembly 

Commercial gas diffusion layer disks (18 mm × 0.235 mm, GDL24BC, SIGRACET SGL 

Technologies, Meitingen, Germany) were used as cathodes after drying under vacuum for 6 h 

at 120 °C. The Li-O2 test cells were assembled sandwiching the self-standing GelMA10 and 

GelMA10MWF20 membranes between the Li anode (15.6 mm × 0.62 mm, Chemetall s.r.l., 

Giussano, Italy) and the GDL24BC cathode in the Ar-filled glove box (MBraun Labstar, H2O 

and O2 content < 1 ppm) using an ECC-Air test cell (EL-Cell GmbH). 

2.4. Physico-chemical Characterization 

The polymerization process was examined by monitoring the presence of absorption peaks in 

the FT-IR spectra (Thermo Scientific Nicolet iS50 FTIR Spectrometer, Milan, Italy) obtained 

between 525 and 2000 cm-1 with 32 scans and a resolution of 4 cm-1. The thermal stability of 

GelMA10 and GelMA10MWF20 was investigated by means of a thermogravimetrical analysis 

(TGA) with a Netzsch thermo-microbalance (TG 209 F3 Tarsus, Selb, Germany) in a N2 

atmosphere between 25 and 800°C with a temperature increase rate of 20 °C min-1. 

Photorheometric analyses were conducted at room temperature to monitor the polymerization 

kinetics and the resulting storage moduli of the membranes. The time sweep tests were carried 

out with a parallel plate Anton PAAR Modular Compact Rheometer (Physica MCR 302, Graz, 

Austria) with quartz bottom glass and a gap value of 1 mm. A preliminar amplitude sweep test 

was carried out in order to evaluate the linear viscoelastic region (LVR) of the samples. All 

time sweep tests were conducted with an amplitude strain of 1 % and a frequency of 1 Hz. The 

UV irradiation was provided by Hamamatsu UV LightningCure LC8 L9588, turned on after 

40 s. Mechanical compression tests were performed with MTS Systems Corporation 

dynamometer (MTS QTestTM/10 Elite, Eden Prairie, MN, USA) on cylindrical samples 

(diameter = 10 mm and average height = 3.5 mm) with a 10 N load cell and 1 mm min-1 



compression rate. The results were analyzed by TestWorks 4 software. All tests were conducted 

at room temperature. The morphological characterization of the membranes and the post-

mortem analysis of the electrodes were investigated by means of a Field Emission Scanning 

Electron Microscope (FESEM, ZEISS Supra 40, Oberkochen, Germany). All measurements 

were performed in triplets. 

2.5. Electrochemical Characterization 

The ionic conductivity of the membranes was obtained by electrochemical impedance 

spectroscopy (EIS) performed with a VSP3-e multichannel potentiostat (Biologic, Seyssinet-

Pariset, France) between 1 Hz and 105 Hz at open circuit voltage (OCV) with an amplitude of 

0.01 V. The tests were carried out in the temperature range between 20 °C and 60 °C in a 

dynamic climatic chamber (BINDER GmbH, Tuttlingen, Germany) with a stainless-steel 

SS/GPE/SS cell configuration. The values of the ionic conductivities were computed by the 

equation: 

𝜎𝜎 =  𝑠𝑠
(𝑅𝑅𝑏𝑏∙𝐴𝐴)

                       (1) 

where 𝑠𝑠 and 𝐴𝐴 are the GPE thickness and contact area, respectively and 𝑅𝑅𝑏𝑏 is the bulk resistance 

of the membranes obtained from the intercept of the high-frequency Nyquist plot of the EIS 

measurement. The Li-ion transference number (𝑡𝑡𝐿𝐿𝑖𝑖+) of the GPEs were computed through EIS 

measurement before and after a chronoamperometry, carried out with a 10 mV voltage step 

over the OCV, performed on symmetrical Li/GPE/Li cells. The 𝑡𝑡𝐿𝐿𝑖𝑖+  values were obtained 

through the Bruce-Vincent model with the following equation: 

𝑡𝑡𝐿𝐿𝑖𝑖+ =  𝐼𝐼𝑠𝑠∙(Δ𝑉𝑉−𝐼𝐼0𝑅𝑅0)
𝐼𝐼0∙(Δ𝑉𝑉−𝐼𝐼𝑠𝑠𝑅𝑅𝑠𝑠)

                   (2) 

where  𝐼𝐼𝑠𝑠  and 𝐼𝐼0 are the steady state and initial currents, 𝑅𝑅𝑠𝑠  and 𝑅𝑅0 are the steady state and initial 

interfacial resistances and Δ𝑉𝑉 is the OCV perturbation (10 mV). The linear sweep voltammetry 



(LSV) and the cyclic voltammetry (CV) analysis were carried out on Li/GPE/SS half cells and 

Li/GPE/GDL full cells respectively, in the voltage range between 2 V and 5 V with a 0.1 mV 

s-1 scan rate employing a CHI660D Electrochemical Workstation (CH Instruments, Inc, Austin, 

TX, USA). Plating and stripping tests were carried out by BT-2000 battery tester (Arbin 

Instruments, College Station, TX, USA) on symmetrical Li/GPE/Li cells with a current density 

of 0.1 mA cm-2 and a step time of 1 h. The full cells testing was performed on the BT-2000 

battery tester with an O2 flux of 4 ml min-1 between 2 V and 4.5 V with a current density of 0.1 

mA cm-2. The post-mortem XRD analysis on the GDLs of the tested cells was carried out by 

means of a high-resolution Philips X’Pert MPD powder diffractometer (Philips, Amsterdam, 

The Netherlands), between 10° and 90°, employing a Cu Kα radiation (V = 40 kV, I = 30 mA). 

All measurements were performed in triplets. 

3. Results 

3.1. Physico-chemical Characterization 



The UV curing of the GelMA10 and GelMA10MWF20 membranes was investigated by means 

of FT-IR spectroscopy, monitoring the characteristic peaks of the methacrylic group during 

irradiation.  

 

Figure 1. FTIR spectra after different irradiation times for a) GelMA10 and b) 

GelMA10MWF20. c) Schematic illustration of the crosslinked structure of GelMA10MWF20. 

d) Photorheometric curves of GPEs. 

 

The GelMA10 spectrum, as well as the GelMA10MWF20 one, showed in Fig.1.a and b, present 

three intense bands at 1660 cm-1, 1540 cm-1 and 1200 cm-1 (amide I, II and III, respectively) 

[31–33], completely covering the characteristic peak of the methacrylic group present at 1640 

cm-1. In the liquid precursor solution, before irradiation, three weak peaks are present at 920 



cm-1, 950 cm-1 and 945 cm-1, associated with C-H stretching of C=C bonds (920 and 950 cm-1) 

and =CH2 wagging (945 cm-1) [34–36], relative to the methacrylic moieties of the oligomers. 

The reduction in intensity of these peaks during the curing process is an indication of the C=C 

double bond reaction both from GelMA and MWF and therefore can be related to the successful 

polymerization, schematically reported in Fig.1.c. After confirming the correct polymerization 

of GelMA10 and GelMA10MWF20, the photoreactivity test was performed on the samples. 

This test involved monitoring the increase in the storage modulus of the formulations during 

UV irradiation. The UV lamp was turned on after 40 s from the start of the measurement, and 

the delay time needed for the crosslinking reaction to start is about 20 s for both samples. The 

crossover points between storage modulus (G’) and loss modulus (G’’), reported in Fig.1.d, is 

a description of the time needed to generate the gel network and occur at 23 s for the GelMA10 

sample and at 25 s for the GelMA10MWF20. The slope of the storage modulus increase can 

be considered as an indication of the reaction kinetics [37]. In the initial phase, the slope of the 

curve is similar for both samples (Fig.S1). However, during the curing process the storage, 

modulus of the GelMA10 sample quickly reaches a plateau, supporting a final storage modulus 

of 2.6 kPa. In contrast, the GelMA10MWF20 sample has a much longer reaction time, due to 

the higher density of methacrylic groups, and reaches a final storage modulus of 17 kPa after 

520 s. This substantial increase in the storage modulus is also mirrored in the enhanced 

mechanical properties. To validate the superior mechanical properties of the GelMA10MWF20 

samples, a mechanical compression test was carried out. Fig.S2 shows the average stress-strain 

curves for the two formulations under investigation, from which the compression modulus was 

derived. The average value of the compression modulus for GelMA10MWF20 is 86.77 kPa, 

significantly higher than the 11.57 kPa observed for GelMA10, demonstrating the significative 



effect of the MWF reinforcement. The superior mechanical properties of the reinforced GPE 

probably derive from the direct chemical crosslinking between the oligomer and the filler.  

Figure 2. a) Surface and b) Cross-sectional SEM images of GelMA10MWF20 membrane. c) 

TGA curves of GelMA, MWF and GPEs. 

 

A morphological analysis was carried out via SEM analysis on the GelMA10MWF20 to 

evaluate the dispersion of the MWF in the gel medium. In Fig.2.a, the absence of obvious 

porosities indicates the creation of a homogeneous gel phase capable of mitigating oxygen 

crossover between the electrodes. Fig.2.b clearly shows the good dispersion and excellent 

surface compatibility of the MWF particle, which are present both within the bulk of the 

membrane and on the surface. Lastly, the thermal stability of the UV-cured GelMA10 and 

GelMA10MWF20 samples was investigated by means of TGA, in order to evaluate their 

potential application in Li-O2 systems. The thermogram (Fig.2.c and Fig.S3) of the MWF 

shows a first 8% weight reduction between 100 and 200 °C. This has been assigned to water 

evaporation, due to the water affinity of cellulose and lignin. The subsequent thermal 

degradation step can be associated to the degradation of hemicellulose first (with a maximum 

at 350 °C) and the decomposition of cellulose and lignin (between 480 and 680 °C) [29]. On 

the other hand, the UV-cured GelMA presents a 10% initial loss in weight due to water 

evaporation and a degradation step at about 200 °C, associated to the polymer chain bonds 

breaking, with a maximum at 318 °C. The thermograms of both photocured membranes present 



a first weight reduction step between 50 and 200 °C, probably due to evaporation of water 

traces followed by evaporation of DMSO (Teb = 189 °C), with an onset temperature of 57.4 

and 62.4 °C, respectively for GelMA10 and GelMA10MWF20. The second degradation step 

is associated to the GelMA thermal degradation and occurs between 400 and 500 °C with a 

maximum at 430 and 454 °C respectively for GelMA10 and GelMA10MWF20. No distinct 

degradation step associated with MWF is evident in the TGA profile of GelMA10MWF20. 

However, a slight increase in the thermal stability is observed for GelMA10MWF20, stemming 

from the higher thermal stability of MWF with respect to the crosslinked GelMA [29,36,38]. 

Additionally, the involvment of MWF in the formation of a cross-linked network through the 

reaction of the methacrylic moieties contributes to this effect [29]. 

3.2. Electrochemical Characterization 

Figure 3. Time evolution of impedance spectra of a symmetric Li/Li cell containing a) 

GelMA10 and b) GelA10MWF20. c) Temperature dependence of ionic conductivity of GPEs. 

Chronoamperometry curves of symmetric Li/Li cells containing d) GelMA10 and e) 



GelMA10MWF20. Inserts: Impedance spectra of Li/Li cells before and after the 

chronoamperometry. 

 

To evaluate the interfacial stability of the biobased GPE membrane with metallic lithium, EIS 

measurements were conducted daily for a month on symmetrical Li/GPE/Li cells at OCV. The 

resulting Nyquist plots are shown in Fig. 3.a and 3.b. The interfacial resistance 𝑅𝑅𝑐𝑐𝑐𝑐 of the 

GelMA10MWF20 sample, compared to the bare GelMA10 membrane, shows a slight change 

with the addition of the MWF particles. The pristine GelMA10MWF20 containing cell reaches 

a value of 𝑅𝑅𝑐𝑐𝑐𝑐 of 340 Ω, against the 100 Ω of the pristine GelMA10 one. This significant 

increase in interfacial resistance can be ascribed to the presence of a solid non-conductive 

fraction dispersed in the gel medium, which increases the rigidity of the membrane and initially 

worsens the interfacial contact during the first day. However, after 10 days, the 𝑅𝑅𝑐𝑐𝑐𝑐 decreases 

to about 120 Ω, demonstrating the formation of an interfacial layer able to improve the contact 

between lithium surface and membrane. The stability of such layer, in contact with lithium 

metal, is confirmed by the small variation of 𝑅𝑅𝑐𝑐𝑐𝑐 after one month, resulting in a fluctuation of 

about ±20 Ω. The bulk resistance 𝑅𝑅𝑏𝑏, corresponding to the intercept of the high frequency 

region of the Nyquist plot, does shows no significative difference between the GelMA10 and 

GelMA10MWF20, remaining almost constant at 20 and 40 Ω, respectively, through the 

observed time window. This suggests that the formulation is inherently stable when in contact 

with lithium metal and, thereby confirming the applicability of these membranes in Li-O2 

batteries applications. The ionic conductivity of the electrolyte is another key parameter for 

solid state Li-O2 batteries applications. The ionic conductivity was evaluated with Equation 1, 

where the 𝑅𝑅𝑏𝑏 term was obtained by EIS measurements performed on symmetrical SS/GPE/SS 

cells in the temperature range between 20 °C and 60 °C. Both samples follow a linear trend 

with a clear Arrhenius-like behaviour (Fig.3.c) which is due to the diffusion-based conduction 



mechanism [39]. The obtained ionic conductivity values for GelMA10 are 2.51 mS cm-1 at 20 

°C and 5.16 mS cm-1 at 60 °C, while GelMA10MWF20 reaches an excellent 3.33 mS cm-1 at 

20 °C and 6.57 mS cm-1 at 60 °C, resulting in an ionic conductivity comparable with liquid 

electrolyte systems [39–41]. The excellent ionic conductivity displayed by the 

GelMA10MWF20 membrane stems from the probable reduction in crystallinity, which 

increase the segmental motion of the polymer chains [42]. Another possible effect of the 

addition of MWF particles is the joint interaction between the polar groups (C=O) on the 

surface of the particles as well as on the GelMA chains, increasing the Li salt dissociation and 

creating preferential conduction channels around the external surfaces of the filler dispersed in 

the bulk of the membrane [43]. These “conduction highways” could reduce significatively the 

resistance that the membrane opposes to the ionic movement, thus incrementing ionic mobility 

[44]. The transference number 𝑡𝑡𝐿𝐿𝑖𝑖+ was evaluated by means of two EIS measures before and 

after the chronoamperometry on a symmetrical Li/GPE/Li cell with a voltage step of 10 mV 

over the OCV. The 𝑡𝑡𝐿𝐿𝑖𝑖+  of the GPE gives an indication on the ratio of current transported by 

Li+ ions. An increase of 𝑡𝑡𝐿𝐿𝑖𝑖+ is directly linked to the reduction of ionic gradients in the 

electrolyte resulting in limited concentration polarization. Furthermore, the increase of 𝑡𝑡𝐿𝐿𝑖𝑖+  

leads to homogeneous lithium deposition on the electrode surface and the inhibition of dendritic 

growth [45]. The GelMA10 membrane displays a 𝑡𝑡𝐿𝐿𝑖𝑖+ of 0.55, while the GelMA10MWF20 

one reaches 0.65 (Fig.3.d and e). This increase in the transference number and, consequently 

in the Li+ mobility, can be directly linked to the generation of preferential Li+ conduction 

channels on the surface of the filler particles, as well as the inhibition of the TFSI- anions 

migration via interaction with the Lewis acid sites present on the surface of the MWF particles 

[46–49]. Another fundamental property of the electrolyte in the Li-O2 battery is the 

electrochemical stability in contact with metallic lithium under operating potential. To evaluate 

the electrochemical stability window (ESW) a LSV analysis was carried out on a half 



Li/GPE/SS cell in the potential range between 2 V and 5 V at room temperature and the results 

are reported in Fig.4.a.  

Figure 4. a) LSV curves of Li/SS half cells. CV curves of Li/GDL full cells containing b) 

GelMA10 and c) GelMA10MWF20. 

 

The GelMA10MWF20 sample shows a comparable electrochemical stability window in the 

anodic branch with respect to the GelMA10 membrane, both demonstrating no electrolyte 

degradation reactions until 4.5 V, considering a current threshold value of 5 μA, and thus, 

resulting electrochemically stable in the operational potential range. The cyclic voltammetry 

(CV) analysis was carried out on full cells (Li/GPE/GDL24BC) in cycling conditions (4 ml 

min-1 O2 flow), in order to evaluate the evolution of the electrochemical reactions during 

cycling. The voltammograms reported in Fig.4.b and c show the clear peak of the cathodic 

ORR reaction occurring at 2.52 V for both GelMA10 and GelMA10MWF20. After 4 cycles, 

the GelMA10MWF20 cell displays no shift in the peak maximum, as opposed to the maximum 

of the GelMA10 containing cell, which decreases to 2.44 V.  

 

 



Figure 5. a) GelMa10 and b) GelMA10MWF20 galvanostatic Li plating and stripping profiles 

of symmetric Li/Li cells at a current density of 0.1 mA cm-2 and a limited capacity of 0.1 mAh 

cm-2. 

 

The ORR onset potential for the GelMA10 cell in the first CV cycle is 2.89 V, while is 2.86 V 

for the GelMA10MWF20. The GelMA10MWF20, however, demonstrates limited cell 

polarization, retaining an ORR onset potential (Fig.S4) of 2.85 V at the fourth cycle, as opposed 

to the 2.84 V displayed by the GelMA10 cell [50]. The lower cell polarization displayed by the 

reinforced membrane is consistent with the higher ionic conductivity and superior transport 

properties of such GPEs. The increase in the area of the cathodic peak after the first cycle in 

the GelMA10 and after the second cycle in the GelMA10MWF20 can be associated with a 

slower kinetics of the ORR due to the onset of nucleation of crystalline discharge products [51]. 

To further probe the GPEs transport properties and the electrochemical stability during cycling, 

Li/GPE/Li symmetrical cells were also assembled and tested under a current density of 0.1 mA 

cm-2 with a step time limit of 1 h (limited capacity of 0.1 mAh cm-2) at room temperature.  

 



Figure 6. Charge/discharge capacities and columbic efficiency for Li/GDL full cells containing 

a) GelMA10 and b) GelMA10MWF20. All tests were carried out with a current density of 0.1 

mA cm-2. 

 

As shown in Fig.5.a and b, both cells are able to cycle for 400 h, sporting a low overpotential 

of 36 mV and 47.8 mV for GelMA10 and GelMA10MWF20, respectively. A slightly higher 

overpotential is recorded for the reinforced membrane, likely due to poorer interfacial contact 

resulting from its superior mechanical properties. Nonetheless, the long cycling life and the 

stable and flat voltage profile for each cycle demonstrate the good compatibility of both GPEs 

with Li metal as well as the low energy barrier towards Li+ dissolution and deposition and the 

limited production of dead lithium [44]. The GelMA10 cell exhibits significant dendritic 

growth, evidenced by potential spikes, followed by an increase in potential up to 5 V due to 

cell polarization. The reinforced membrane, on the other hand, presents limited dendritic 

growth resulting in micro-short circuits, which cause a decrease in the overpotential [52,53]. 

This limited dendritic growth, however, does not result in the catastrophic death of the cell, but 



the GelMA10MWF20 containing cell is able to continue cycling with a low enough 

overpotential up until 1000 h of operation, possibly due to the long-term superior mechanical 

stability due to the MWF addition. After 800 cycles the voltage profile is still reasonably flat, 

although higher, for one GPE/Li interface, while presents a sharper increase for the other 

interface, caused by dendritic growth and accumulation of dead Li. Li/GPE/GDL24BC full 

cells were assembled to further probe the electrochemical properties of the reinforced 

membrane as well as to assess the stability of the electrolyte during operation. Fig.S5 display 

the full galvanostatic discharge curves for both GelMA10 and GelMA10MWF20 when cycled 

at different current densities. Both cells present similar voltage profile during discharge at each 

current density from 0.05 mA cm-2 up to 1 mA cm-2, reaching values up to around 9 mAh cm-2 

at 0.05 mA cm-2 and 5.55 mAh cm-2 at 1 mA cm-2, with a reasonably flat discharge voltage 

plateau. The linear trend of the specific discharge capacity is reported in Fig.S6, with the 

obtained values of discharge capacity comparable to those reported in other studies [9,18–

20,22,47]. Li/GPE/GDL24BC full cells were galvanostatically cycled with a limited capacity 

of 0.2 mAh cm-2 and a current density of 0.1 mA cm-2, in order to assess their stability in 

operation. The resulting voltage profiles and specific capacity retention are reported in Fig.6.a 

and b and Fig.S7.a and b. The GelMA10 reference cell presents stable cycling with reversible 

charge and discharge voltage profiles up until 120 cycles of operation (corresponding to a 

lifetime of 480 h), good capacity retention and Columbic efficiency of 98.18 ± 0.1%. After the 

first 120 cycles, the GelMA10 cell is still able to cycle up to 140 cycles with lower Columbic 

efficiency of 86.27 ± 1.4%. In contrast, the GelMA10MWF20 cell displays a longer lifetime 

and stability, reaching 160 cycles with excellent capacity retention and a Columbic efficiency 

of 99.98 ± 0.01%. After 160 cycles, the GelMA10MWF20 continues to cycle reversibly until 

187 cycles with Columbic efficiency of 94.8 ± 1.32% before experiencing a significative drop 

in charge capacity (Fig.6.a). This is probably due to degradation of cell components and the 



accumulation of irreversible products in the cathode porosities. The overpotential of the cells 

is another indicator of the reversibility of the galvanostatic cycling and was computed 

considering the difference between the charge and discharge voltage values at a capacity of 0.1 

mAh cm-2. Fig.S7.c shows a stable overpotential for both GPEs, with a higher average 

overpotential value of 1.41 V retained for 100 cycles for GelMA10 with respect to 1.36 V for 

GelMA10MWF20 after 180 cycles. Comparing this result with the higher overpotential 

demonstrated by the GelMA10MWF20 in the Li/GPE/Li galvanostatic cycling test, it can be 

concluded that the higher rigidity, and therefore higher interfacial resistance displayed by the 

reinforced membrane is largely compensated after a few cycles in an O2 atmosphere, by a 

slowing down of the degradation processes. The higher cycling stability and longer operational 

lifetime of the GelMA10MWF20 cells with respect to the GelMA10 one can be, thus, attributed 

to the significative increase in the mechanical stability, as well as in the crosslinking density, 

due to the presence of the MWF particles dispersed in the gel medium [20]. Another possible 

indication of the stability of the cycling is the terminal voltage values for each cycling step, 

reported in Fig.S7.d. Both considered samples display a similar behaviour with almost constant 

values of terminal discharge potential. Specifically, GelMA10MWF20 shows a terminal 

discharge voltage of 2.77 V after 160 cycles, while GelMA10 maintains a voltage of 2.75 V for 

the first 100 cycles. The GelMA10 cell displays a slower and more gradual drop in the terminal 

discharge potential reaching 2.5 V after 120 cycles and 2 V after 144 cycles, while the 

GelMA10MWF20 cell experience a sharper drop from 2.7 V after 175 cycles to 2 V after 186 

cycles. Considering the superior mechanical and electrochemical stability of the reinforced 

GPEs, another galvanostatic cycling test was conducted with a higher limited capacity. Fig.6.b 

and Fig.S8.a and b show the trend of capacity retention for GelMA10 and GelMA10MWF20 

cells, cycled with a current density of 0.1 mA cm-2 and a limited capacity of 0.5 mAh cm-2. The 

GelMA10MWF20 cell presents a longer lifetime than the GelMA10 one, reaching up to 60 



cycles (corresponding to a life span of 600 h of operation) with an average Columbic efficiency 

of 98.84 ± 0.19%, demonstrating a significative improvement with respect to GelMA10, which 

reached 20 cycles with a Columbic efficiency of 99.01± 0.23%. Nonetheless, the 

GelMA10MWF20 was able to continue cycling up to 70 cycles, with a lower efficiency of 

85.57 ± 3.5%, demonstrating a cycle life twice as long as the one without reinforcement 

(Fig.6.b). The voltage profiles of both cells are stable and demonstrate the excellent 

reversibility of the galvanostatic cycling in the test conditions, with the GelMA10MWF20 cell 

presenting a stable charge/discharge behaviour until the 60th cycle. The overpotential of the 

cells cycling at 0.5 mAh cm-2 was computed considering the charge and discharge potentials at 

a capacity of 0.25 mAh cm-2, and its evolution is reported in Fig.S8.c. Both cells exhibit 

minimal polarization as evidenced by the low average value of the computed overpotential, 

reaching 1.35 V in the 20 cycles for GelMA10 and 1.27 V in the 60 cycles for the 

GelMA10MWF20 cell. The decrease in the overpotential during the first 20 cycles has been 

associated to the decrease in the degradation of DMSO and therefore a limited deposition of 

degradation products on the electrodes surface in the first cycles. The improved stability of the 

GelMA10MWF20 formulation can be attested considering the stable terminal discharge 

potential of 2.77 V until 40 cycles, decreasing to 2.5 V after 60 cycles and to 2 V after 70 cycles 

(Fig.S8.d). 

 



Figure 7. Impedance spectra evolution of Li/Li cells after 5, 10 and 20 galvanostatic charges 

and discharges with a current density of 0.1 mA cm-2 and a limited capacity of 0.5 mAh cm-2 

for a) GelMA10 and b) GelMA10MWF20. 

 

 For the GelMA10 cell the terminal discharge potential has a sharper drop after 20 cycles, 

reaching 2 V after 32 cycles. For both cells, the terminal charge potential remains constant at 

around 4.5 V for the entire operational life in both cycling tests. To better characterize the 

charge and discharge products XRD and EIS measurements were carried out on full 

Li/GPE/GDL24BC cells containing GelMA10 and GelMA10MWF20, after 5, 10 and 20 cycles 

of galvanostatic charge and discharge. The cells were cycled with a current density of 0.1 mA 

cm-2 and a fixed areal capacity of 0.5 mAh cm-2, starting after a rest time of 6 h in a pure O2 

atmosphere. The results of the EIS measurements were analysed by means of ZView software 

and the values of resistances, as well as the equivalent circuit are reported in Fig.7.a and b, 

Fig.S9 and in Tab.S1. It is clear to see that the 𝑅𝑅𝑐𝑐𝑐𝑐 associated to the fresh cells depends on the 

modulus of the GPE, so that the GelMA10 membrane presents a lower value of charge-transfer 

resistance compared to the reinforced GPE, in accordance with what was initially observed 

(lithium plating and stripping, interfacial stability). The benefit of the reinforcement effect due 

to the MWF presence becomes clear considering the limited increase of 𝑅𝑅𝑐𝑐𝑐𝑐 upon cycling, with 

the GelMA10 cell reaching a 𝑅𝑅𝑐𝑐𝑐𝑐 of 427.11 Ω after 20 cycles, as opposed to the 338.4 Ω of the 

GelMA10MWF20 cell. Moreover, the superior reversibility of the electrochemical reactions in 

the GelMA10MWF20 cell is demonstrated by the higher difference between the 𝑅𝑅𝑐𝑐𝑐𝑐 values 

after discharge and charge, indicating the presence of more reversible discharge products 

deposited in the GDL porosities. After the 20th recharge, the reinforced membrane displays a 

𝑅𝑅𝑐𝑐𝑐𝑐 of 168.7 Ω while the GelMA10 cell shows a charge-transfer resistance of 193.7 Ω, 

confirming the presence of insulant and irreversible discharge products in the GDL porosities. 



The XRD diffractograms reported in Fig.S10.a and b demonstrate the generation of mainly 

amorphous Li2O2 after the first 10 cycles, associated with the absence of the characteristic 

Li2O2 peaks at 32° and 35° [54–56]. The increase in 𝑅𝑅𝑐𝑐𝑐𝑐 by EIS can be linked to the deposition 

during discharge of crystalline Li2O2 during discharge, confirmed by the appearance of the 

peaks at 32° and 35° in the GelMA10 discharge XRD spectrum for the 20th discharge. As for 

the GelMA10MWF20 cell, the cycled GDL does not present the crystalline Li2O2 peaks, 

suggesting a continued amorphous deposition of the discharge products. The deposition of 

discharge products with different crystalline structure (crystalline and amorphous Li2O2) is 

confirmed by the presence in the voltage profiles of the cells of two different discharge plateau. 

The more significative one, at 2.78 V, refers to the deposition of amorphous Li2O2 via the 

“surface-mediated” reaction mechanism, while the one found at 3.15 V refers to the deposition 

of crystalline products via the “solution-mediated” mechanism. During the first cycles, non-

crystalline Li2O2 is the main deposited specie during discharge. Such film-like amorphous 

discharge products are reported to theoretically display higher transport properties and are 

mainly associated with the “surface-mediated” reaction mechanism [57,58]. This mechanism 

should be theoretically displayed in low-donor number (DN) solvents, but its occurrence in 

high-DN such as DMSO, has been reported in literature [59,60] and it is further confirmed by 

the presence of a distinct plateau in the charging voltage profile (at around 3.8 V) and a longer 

initial sloping region, both associated with the decomposition of amorphous Li2O2 [7]. With 

the increase in the number of cycles and the degradation of the electrolyte, the voltage plateau 

associated with the deposition of crystalline Li2O2 become more significative, and thus a 

crystalline core is probably first deposited, followed by the amorphous Li2O2 deposition. Such 

crystalline cores are decomposed at higher potentials with respect to the amorphous one during 

the charge process and thus can be retained as un-decomposed discharge products in the 

cathode porosities, increasing the 𝑅𝑅𝑐𝑐𝑐𝑐 of the cell. The absence of clear crystalline discharge 



products in the GDL recovered from the cycled GelMA10MWF20 cell is confirmed by the 

SEM micrograms reported in Fig.S11.b and c, where the morphology of the GelMA10MWF20 

GDL is similar to the pristine GDL morphology (Fig.S11.a). Due to the lower mechanical 

properties and the superior infiltration of the GelMA10 in the cathode porosities, the 

disassembly of the cell was considerably more difficult. The reported microgram refers to the 

cathode exposed from a crack in the GPE and present a significantly more passivated GDL 

with the presence of larger discharge products. Such different behaviour in the evolution of the 

cathodic reactions, arise from the improved electrochemical and transport properties of the 

reinforced GPE, as well as from a superior protection of the Li metal anode surface [61].  

4. Conclusions 

In this work, methacrylated wood flour (MWF) was employed as a mechanical reinforcement 

in a methacrylated gelatin (GelMA) based gel polymer electrolyte, implemented in a Li-O2 

battery system. The reinforced GPEs present superior mechanical and lithium transport 

properties, associated with the presence of the passive filler, reaching a room temperature ionic 

conductivity of 3.33 mS cm-1 and presenting a superior transference number of 0.65. Tested 

full cells display an improved cycle stability reaching 180 cycles at 0.1 mA cm-2 and a limited 

capacity of 0.2 mAh cm-2 and 60 cycles with a limited capacity of 0.5 mAh cm-2. The reinforced 

membrane shows higher interfacial resistance, caused by the superior stiffness. However, this 

effect is fully compensated by a decrease in the degradation of the liquid electrolyte. The 

superior electrochemical stability of GelMA10MWF20 and the longer operational lifetime are 

theorized to stem from the deposition of highly reversible, amorphous discharge products in 

the GDL porosities, credited to increase the lifetime of the cell due to their superior transport 

properties. Such hypothesis is confirmed by the absence of the crystalline discharge products 

peaks in the diffractograms of the post-mortem GDL, as well as the presence of different 

voltage plateau in the charge and discharge profiles of the cycling cells, referring to the Li2O2 



deposition via two different reaction mechanisms. In conclusion, the composite 

GelMA10MWF20 GPE, reinforced with MWF, exhibits superior properties compared to the 

non-reinforced membrane. This represents a clear optimization towards increasingly high-

performance gel polymer electrolytes obtained from waste materials such as gelatin and wood 

flour. It can be considered an intriguing candidate for future, greener Li-O2 battery applications. 
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