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The lithium-oxygen battery has attracted wide interest thanks to its very high theoretical energy density, and as
such it is considered by many as a valid battery of the future candidate. However, the challenges in its practical
application are many, such as liquid electrolyte evaporation in semi-open systems, as well as solvents instability
in a highly oxidizing environment. In this work, we propose to use gelatin, from cold water fish skin, a waste
from the fishing industry, to prepare an efficient gel electrolyte for future Li-O, battery applications. After a
single step methacrylation in water, methacrylated gelatine is directly cross-linked in presence of liquid elec-
trolyte through UV- initiated radical polymerization. The obtained gel polymer electrolytes present good thermal
and mechanical properties, good electrochemical stability against Li metal and ionic conductivities as high as
2.51 mS cm ™! at room temperature. the Li-O, cells assembled with this bio-renewable gel polymer electrolytes
were able to perform more than 100 cycles at 0.1 mA cm™2, under constant O, flow, at room temperature and at
a fixed capacity of 0.2 mAh cm™2. Cathodes post- mortem analysis confirmed that the cross-linked gelatin matrix

was able to slow down solvent degradation and therefore enhance the cell reversibility.

1. Introduction

The widespread Li-ion technology, found in most electronic portable
devices, presents some intrinsic limitations such as a relatively low en-
ergy density, that render it incompatible with the demand for renewable
energy storage systems as well as electric vehicles [1-3]. In that sense
chemistries, such as Li-O, batteries, are considered as promising can-
didates for future energy storage systems due to the high value of
theoretical energy density (estimations range from ~ 3500 Wh kg~! - to
an optimistic ~ 11000 Wh kg_l) which is close to that of gasoline [4-8].
The enormous value of energy density could be achieved thanks to the
usage of O as the active material, which can be directly extracted from
air, thus simultaneously reducing the weight and the volume of the
batteries [9]. Li-O; cells are typically composed of a porous cathode, a
nonaqueous organic electrolyte, a separator and metallic Li as the anode.
Despite the interesting properties, the commercial applicability of this
technology is still unclear due to several, yet unsolved, technical issues.
On the anodic side, the reactivity of the Li metal with the liquid elec-
trolyte and the uncontrolled dendrite formation can lead to a reduced
cycling stability and result in thermal runaway and explosion hazard
[9-12]. The O crossover, that is the diffusion of dissolved O, from the
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cathode to the anode, is another unresolved issue in Li-air batteries,
causing the side reaction at the anode, which results in a passivating film
on the lithium surface [13]. The presence of a liquid organic electrolyte
is one of the drawbacks of this system due to the evaporation, leaking,
flammability and degradation in contact with the reactive species pro-
duced by the electrochemical reactions [10,14,15]. Furthermore, the
presence of even traces of HyO or CO, in the feedstock leads to the
generation of electrochemically irreversible species, which in turn lead
to higher overpotentials, lower capacity and a reduced electrochemical
efficiency [5,16]. To address these issues, research is focused on
replacing the liquid electrolytes with gel or semi-solid type electrolytes
having similar characteristics and their implementation is widely
considered as an ideal pathway. But, despite the attractiveness of the
solid-state electrolytes and their excellent mechanical properties, ther-
mal stability and superior safety, they suffer from low ionic conductiv-
ity, rarely exceeding 10~*S cm ™, as well as a high interfacial resistance
and interfacial contact loss due to the cyclic volume changes of the
electrodes [17]. In this sense gel polymer electrolytes (GPE) are a
valuable compromise between the high ionic conductivity and good
electrolyte/electrode contact presented by liquid electrolytes and the
superior mechanical properties and safety of the solid electrolytes. The
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liquid electrolyte is fixed in the polymeric matrix thus preventing
leakage while inhibiting oxygen crossover to the Li anode [17,18].
Furthermore, the flexibility of the GPE enables an easier processability
and scalability of the production process with respect to liquid or inor-
ganic solid electrolytes [8]. Numerous GPE systems have been tested,
employing a wide range of polymeric matrixes such as polyacrylonitrile
(PAN), polyethylene oxide (PEO), polymethylmethacrylate (PMMA),
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), poly-
tetrafluoroethylene (PTFE) and NAFION with various results and prop-
erties [3,4,17,19-21]. With the implementation of a high efficiency air
electrode, Zhao et al. demonstrated a GPE based on PVDF-HFP with
LiClO4 and tetraethylene glycol dimethyl ether (TEGDME) as a plasti-
cizer, which presented ultralong cycle life of 553 cycles at a current
density of 0.1 mA ¢cm™2 and a limited capacity of 0.1 mAh cm ™2, and a
high ionic conductivity of 3.87¢1073 S cm™! [22]. Despite the good
mechanical and electrochemical properties, the implementation of
synthetic polymers as the matrix in GPEs is incompatible with the
environmental requirements of reduced carbon footprint. In this sense, it
is imperative to develop new GPE systems with environmentally friendly
and biobased polymers such as cellulose, chitosan and polysaccharides
[21,23,24]. Shi et al. produced a sulfonated bacterial cellulose based
GPE implementing Lil as a redox mediator presenting an ionic conduc-
tivity of 1.6e10°3 S cm™! and a cyclability of 60 cycles thanks to the
shuttle-inhibiting properties of the I3 ions [25]. Within this frame, in
this work we methacrylated gelatin (obtaining GelMA) from cold water
fish skin in order to develop a novel GPE, exploiting an UV mediated in
situ photopolymerization in the presence of 0.5 M LiTFSI in DMSO liquid
electrolyte. Gelatin (Gel) is a cheap and abundant natural product which
has attracted attention due to its biocompatibility, biodegradability, low
production costs and good physical and chemical properties, and is
therefore widely used in cosmetics, pharmaceutical and food industries
[26,27]. In particular, gelatin can be extracted from cold water fish skin,
obtained from the fish industry waste, thus creating an upcycling chain
and transferring energy storage solutions within a more circular econ-
omy. The obtained membranes presented good thermal and mechanical
properties as well as a good electrochemical stability against Li metal.
The GelMA10 based GPE also demonstrated an excellent ionic conduc-
tivity up to 5.16e10 > S cm ! at 60°C and 2.51e10 > S cm ™! at 20°C and
a full discharge capacity of 8.2 mAh cm 2. The GelMA presence is
responsible for the increase in electrochemical performances of the Li-O2
cell, enabling a stable cycling up until 100 cycles at a limited capacity of
0.2 mAh cm 2 and superior rate capability performances.

2. Experimental section
2.1. Materials

Gelatin from cold water fish skin (Gel, average M,= 60 kDa, CAS
9000-70-8), methacrylic anhydride (MA, M,= 154.16 g/mol, CAS 760-
93-0), sodium hydroxide (NaOH, M,;= 40 g/mol, CAS 1310-73-2),
dimethyl sulfoxide (DMSO, M= 78.13 g/mol, CAS 67-68-5), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, M,= 287.1 g/mol, CAS
90076-65-6) and 2-hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-2-methyl-
propan-1l-one (Irgacure2959, M,= 340.32 g/mol, CAS 106797-53-9)
were purchased from Sigma-Aldrich and used without further purifica-
tion unless directly specified.

2.2. Gelatin methacrylation

The methacrylated gelatin (GelMA) was prepared by solubilizing 10
g of Gel in 100 ml of distilled water and heating the solution to 50°C
under constant stirring. Once the Gel was completely dissolved, 6 g of
MA were added dropwise (0.6 g of MA for 1 g of Gel). The solution was
kept under stirring conditions for 4 h at 50°C, keeping the pH at 8 by
addition of a 3 M NaOH solution. The resulting product was dialyzed
against distilled water for 4 days, replacing the distilled water twice a
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day, then dried in the oven at 40°C for 3 days and transferred to a
vacuum oven for an additional 4 h drying step, at 40°C under vacuum.

2.3. GPE preparation

The GPE production was carried out in an Argon filled glovebox
(Mbraun Labstar, Stratham, NH, USA, O, and H50 contents < 0.5 ppm)
in order to avoid the radical polymerization inhibition caused by O,. The
precursor solutions were prepared adding different amounts of GelMA
(10, 15 and 20 wt%) to a liquid electrolyte solution of LiTFSI 0.5 M in
DMSO under constant stirring. Once the GelMA was completely dis-
solved, 2 wt% photoinitiator Irgacure2959 was added with respect to
the GelMA weight. The solutions were then transferred onto a silicon
mould and irradiated under UV light (Hamamatsu UV LightningCure
LC8 L9588, Hamamatsu, Shizuoka, Japan) with a 100 mW/cm? intensity
(240-400 nm spectral distribution) for 7 min, obtaining membranes with
a thickness of about 400 um, referred to as GelMA10, GelMA15 and
GelMA20.

2.4. Cell assembly

All the electrochemical characterizations that did not require an O,
flux were carried out employing ECC-Std (EL-Cell, GmbH, Hamburg,
Germany) type cells while for the Oy flux requiring characterizations,
ECC-Air (EL-Cell, GmbH, Hamburg, Germany) type cells were used. Li
metal chips (15 mm x 0.62 mm, Chemetall s.r.l., Giussano, Italy) and a
commercial gas diffusion layer (GDL-24BC, SIGRACET SGL Technolo-
gies, Meitingen, Germany) were used as electrodes in the full cell as-
sembly. The GDL-24BC disks were cut in disks (18 mm x 0.235 mm) and
dried under vacuum for 6 h at 120°C before use. A commercial glass
fibre separator (18 mm x 0.65 mm, ECC1-01-0012-A/L, EL-CELL,
Hamburg, Germany) soaked in 400 pl of the liquid electrolyte solution
(0.5 M LiTFSI in DMSO) was used as a reference electrolyte (Ref).

2.5. GPE characterization

2.5.1. Physico-chemical characterization

The successful gelatin methacrylation was confirmed via ATR/FT-IR
spectroscopy. The analysis was carried out by a Thermo Scientific
Nicolet iS50 FTIR Spectrometer (Milan, Italy) between 525 and 2200
cm ! with 32 scans and a resolution of 4 cm ™. The thermal stability of
the obtained GelMA and the GPEs was investigated by thermogravi-
metric analysis (TGA) with a Netzsch thermo-microbalance (TG 209 F3
Tarsus, Selb, Germany) in Ny in between 25 and 800°C at 20°C min~ L.
The photorheology tests were carried out with an Anton PAAR Modular
Compact Rheometer (Physica MCR 302, Graz, Austria) with a parallel
plate configuration (d = 25 mm) and a quartz bottom glass. Photo-
rheometric tests were carried out at room temperature with a 1 Hz shear
frequency and a gap value of 1 mm. The time sweep test was performed
at an amplitude strain of 1 % and the UV lamp (Hamamatsu UV Light-
ningCure LC8 19588, Hamamatsu, Shizuoka, Japan) was switched on
after 30 s from the start of each test. Mechanical compression tests were
carried out by a MTS Systems Corporation dynamometer (MTS
QTestTM/10 Elite, Eden Prairie, MN, USA) controlled by a TestWorks 4
software. Cylindrical (d = 9 mm, h = 3.5 mm) GPE samples were tested
with a 10 N load cell and a 1 mm min~' compression rate at room
temperature.

2.5.2. Electrochemical characterization

The ionic conductivity of the GPEs was investigated by electro-
chemical impedance spectroscopy (EIS) in the temperature range be-
tween 20 and 60°C employing a MKF56 dynamic climate chamber
(BINDER GmbH, Tuttlingen, Germany) and a VSP3-e multichannel
potentiostat (Biologic, Seyssinet-Pariset, France). The impedance mea-
surements were carried out in the frequency range from 1 to 10° Hz at
open circuit voltage (OCV), with an amplitude of 0.01 V. The cell setup
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used for this characterization consisted of a GPE sandwiched in between
two stainless steel blocking electrodes (SS/GPE/SS setup). The value of
ionic conductivity at each temperature was computed by the following
equation:

6= s/(Ry-A) (€8]

where s is the electrolyte thickness, A is the electrolyte area and Ry, is the
value of the bulk resistance computed from the intercept at high fre-
quency of the Nyquist plot of the EIS measurement. The electrochemical
stability window was investigated through linear sweep voltammetry
(LSV) using a SS/GPE/Li cell setup. The LSV was carried out with a
CHI660D Electrochemical Workstation (CH Instruments, Inc, Austin,
TX, USA) in the potential interval between 2.5 and 4.5 V (vs Li*/Li) with
a 0.1 mV s ! scan rate. The interfacial stability of the GPEs was inves-
tigated by EIS carried out every day for 30 days on a Li/GPE/Li sym-
metric cell, to evaluate the increase of impedance caused by the
reactivity of the GPE with the Li metal at OCV. The Li-ion transference
number (t;+) was determined through EIS performed on a Li/GPE/Li
symmetric cell before and after a chronoamperometry, with an applied
potential of 10 mV over the OCV. The value of t;;+ was computed from
the following equation:
I-(AV — IyRy)

L= wlaV = LRo) 2
= AV _1LR,) 2)

where AV is the applied potential (10 mV), I and I; are the initial and
steady-state currents and Ry and R; are the initial and steady-state
interfacial resistance respectively. A plating and stripping test was car-
ried out on the GPEs to evaluate Li* ion transport through the electrolyte
in a Li/GPE/Li symmetric cell, by BT-2000 battery tester (Arbin In-
struments, College Station, TX, USA). The constant current density was
0.1 mA cm™2, considering a 18 mm electrode area, for 500 cycles. For
each step, the time was set at 1 h and the voltage limits were + 5 V. For
the full cell tests a GDL-24BC/GPE/Li cell setup was employed, using the
ECC-Air cells (EL-Cell, GmbH). The cells were rested under O, flow for 6
h at OCV and then cycled between 2 and 4.5 V (vs Li"/Li) under a 4 ml
min~! Oy flow at 0.1 mA cm ™2 with the BT-2000 battery tester (Arbin
Instruments). The most promising GPE was selected to carry out the full
cell tests.

2.5.3. Post-mortem characterization
In order to investigate the presence of crystalline phases of the
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discharge products deposited in the cathode porosities, a post-mortem
XRD analysis was carried out using a high-resolution Philips X’pert MPD
powder diffractometer (Philips, Amsterdam, The Netherlands). The
diffractometric analysis was carried out between 10 and 90° with a Cu
Ka radiation (V = 40 kV, I = 30 mA). The post-mortem analysis was
carried out on discharged cathodes obtained by disassembling cells
containing both GelMA10 and the liquid electrolyte. The results were
compared to a pristine GDL-24BC cathode. The discharge and charge
products morphologies present in the cathode porosities, as well as the
pristine GDL morphology, were investigated by means of a Field Emis-
sion Scanning Electron Microscope (FESEM, ZEISS Supra 40, Oberko-
chen, Germany).

3. Results
3.1. Physico-chemical characterization

Gelatin (Gel) was methacrylated following a previously reported
experimental procedure, in order to enable the UV-mediated radical
polymerization to obtain a cross-linked membrane [28], the reaction is
schematized in Fig. 1. The successful methacrylation of the Gel into
GelMA was confirmed via ATR/FTIR spectroscopy, the corresponding
Gel and GelMA spectra are reported on Fig. 2.a. The characteristic peaks
of the methacrylic group should be evident at 1640 cm ™2, but in this
case, they are completely covered by the more intense amide I peptide
C=O0 stretching peak of the backbone gelatin located at 1645 cm ™'
Therefore, the methacrylic C=C double bonds was verified by the
presence, on the GelMA spectrum, of two peaks at 860 and 930 cm™!
(Fig. 2.a) relative to the C-H stretching of the C=C double bond [27,29].
The thermal stability of Gel and GelMA, along with the photocured
gelatin-based gel polymer electrolytes, was investigated by thermogra-
vimetric analysis and the results are reported in Fig. 2.b. Both Gel and
GelMA showed an initial weight loss of about 10% in the temperature
range between 40 and 200°C due to the loss of residual water molecules
retained in both the Gel and GelMA structures, even after vacuum drying
of the samples. This water molecules are released from the samples at
different temperature intervals (from 40 up to around 160°C) depending
on the type of interaction they have with the gelatin backbone chain
[30]. The temperatures at which water is released from the GelMA are
lower than those of the Gel, indicating a decrease in water affinity with
the methacrylation and, therefore, less water bound through hydrogen
or polar interactions. The onset temperatures (defined as the
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Fig. 1. Gelatin methacrylation reaction.
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Fig. 2. a) FT-IR spectra of Gel and GelMA. b) Thermogravimetric curves of Gel, GeIMA and the photocured membranes. ¢) Photorheometric curves of the GPEs. d)

Picture of the GelMA10 membrane.

temperature at which the sample has lost 2% of its original weight) for
the water elimination process are 50 and 65.5°C respectively for GelMA
and Gel, thus indicating a stronger water affinity of the Gel structure,
due to the presence of a higher concentration of polar groups (NH; and
OH groups). The second degradation step occurs between 200 to 400°C
for both Gel and GelMA and is referred to the degradation of the polymer
chains sporting a weight loss of about 60%. The DTG plot (Fig. S1) al-
lows to determine the temperatures at which the maximum degradation
rate is recorded, corresponding to 306.5 and 318°C respectively for Gel
and GelMA. The residual weight remaining at the end of the analysis
accounts for 23.13 and 25.51% for Gel and GelMA, respectively. After
confirming the successful methacrylation of the gelatin and verified the
thermal stability of GelMA, its photoreactivity was investigated. To this
end, a photorheological analysis was carried out, varying GelMA content
in DMSO, and following the polymerization process through the increase
of the storage modulus. Three different precursor formulations were
prepared, one containing 10 wt% of GelMA in DMSO (referred to as
GelMA10), one containing 15 wt% (referred to as GelMA15) and one
containing 20 wt% (referred to as GelMA20). The obtained results are
reported in Fig. 2.c. The polymerization reaction of the methacrylated
gelatin formulations under UV light presents an induction time of 20 s
for GeIMA10 and GelMA15, and of 15 s for GeIMA20. The shorter in-
duction time for GelMA20 can be due to the higher concentration of
GelMA and, therefore, of methacrylic double bonds resulting also in a
higher polymerization rate (obtained from the photorheology curve
slope) and in a higher G’ plateau. Moreover, the GelMA20 sample re-
quires the longest time to reach the G’ plateau attested at 12.45 kPa,
after 520 s of irradiation. For GelMA10 and GelMA15 the plateau was
reached after 475 and 510 s of irradiation and the values of the G’
plateau were 2.61 and 5 kPa respectively, showing an increase of the
storage modulus by increasing the polymer content in DMSO, as

expected. These last results confirm the possibility to obtain cross-linked
GelMA membranes in DMSO. At this point, the polymerization was
performed in DMSO containing 0.5 M of LiTFSI, to obtain a UV-cured
organogel polymer electrolyte with sufficient Li ion conductivity. The
GelMA content varied as previously described, and the obtained gel
polymer electrolytes are referred to as GelMA1l0, GelMA1l5 and
GelMA20. The polymerization is carried out in a circular silicon mold
and the obtained samples are transparent and self-standing (Figs. 2.
d and S2). First of all, the thermal stability of the obtained GPEs was
assessed, the corresponding thermograms are reported on Fig. 2.b. As
can be observed, the degradation profiles of the three samples show two
main steps. The first one (about 80-90%) occurs in the temperature in-
terval between 50 and 200°C and is caused by the DMSO evaporation
(Tep = 189°C) with onset temperatures of 63.9, 53.1 and 59.8°C for
GelMA10, GelMA15 and GelMA20 respectively. The GelMA chains
degradation starts at around 400°C for the GPEs with a maximum rate
achieved at 454.7, 444.9 and 437.1°C for GelMA10, GelMA15 and
GelMA20 respectively. Another contribution in this degradation step is
the LiTFSI degradation at 450°C [31]. The increase in degradation
resistance of the polymeric matrix of the GPEs with respect to the GelMA
structure can be ascribed to the presence of crosslinked polymer chains,
that are absent in the GelMA powder. These results show that the GelMA
based GPEs can be a possible candidate for a safe gel electrolyte in Li-air
systems since, in case of DMSO evaporation, and subsequent diffusion
through the porous cathode, the cell would be left with a polymeric
matrix presenting a good thermal stability, thus avoiding dramatic short
circuit, even at high temperatures. Another fundamental aspect, to avoid
short circuit and guarantee cell safety, regards the electrolyte mechan-
ical properties. In this work, the mechanical properties of the UV cured
membranes were investigated by means of a compression test reported
in Fig. S3. The compressive modulus was computed from the linear
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elastic region for each GPE. The values of the computed moduli are
11.57, 20.77 and 30.96 kPa for GelMA10, GelMA15 and GelMA20
respectively, demonstrating a linear trend reported in Fig. S4. Interest-
ingly, as concern the physico-chemical characterizations, no negative
interactions between DMSO and GelMA were recorded, since both the
compressive and the storage moduli evaluated in this work are compa-
rable with the values of GelMA based hydrogels moduli [31-33,31,34].
Therefore, no negative influence of the DMSO on the mechanical or
photorheologic properties was found.

3.2. Electrochemical characterization

In order to check if the biobased organogels could be indeed used as
GPEs in Li-based batteries, the ionic conductivity (c) of the organogels
was determined by EIS using a symmetric SS/GPE/SS cell, in the tem-
perature range between 20 and 60°C, and the obtained results are re-
ported in Fig. 3.a. The linear trend highlighted in the plot stems from the
Arrhenius-like Li" ions transfer mechanism which is dominated by the
ionic diffusion through the liquid electrolyte in the gel structure [35].
The UV cured membranes demonstrate a good ionic conductivity,
ascribed to the high percentage of liquid electrolyte, reaching the values
of 5.16 mS cm ™, 4.74 mS cm ™, 3.91 mS ecm™' at 60°C and 2.51 mS
em ), 2.2mS em ™! and 1.66 mS cm™! at 20°C for GelMA10, GelMA15
and GelMA20 respectively, considering a membrane diameter of 18 mm.
The values of conductivity are about two orders of magnitude above the
values usually measured with polymer electrolytes and comparable with
the conductivity of liquid electrolytes [9,10,15,36-38], thus confirming
the Li" ion diffusion-based conduction mechanism hypothesis. The in-
crease in the GelMA concentration of the formulations has the effect of
decreasing the ionic conductivity but the linear behaviour of the plot is
conserved, so that the diffusion-based charge transfer can be considered
as the only conduction mechanism at all the investigated temperatures.
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Another important parameter for a GPE is its electrochemical stability
window (ESW). This is particularly true in the case of the Li-air appli-
cation, as the potential range is quite wide (from 2 to 4.5 V vs Li*/Li),
hence potentially causing the electrolyte degradation at high potentials.
Therefore, LSV was performed on the three considered samples focusing
only on the anodic branch of the potential, that is in the range between
2.5 and 4.5 V. The obtained results were compared to a reference cell
containing the same liquid electrolyte soaked in a commercial glass fibre
separator (referred to as Ref). As shown in Fig. 4.a all the GPEs, as well as
the reference electrolyte, are electrochemically stable in battery opera-
tional voltage interval, thus confirming the absence of reactions between
the GPEs and lithium in the potential range of interest. For lithium
containing electrochemical systems, one essential property of the elec-
trolyte is the long-term stability against the metallic lithium [15]. To
assess the long-term interfacial stability of the GelMA based GPEs,
impedance measurements were conducted at OCV on a Li/GPE/Li cell
for a period of one month. The resulted Nyquist plots for the three for-
mulations are given in Fig. 3.b, ¢ and e. As it can be noted, the
charge-transfer (R.) resistance values, corresponding to the semi-circle
diameter, show a slight fluctuation in the GelMA10 and GelMA15 plots
(Fig. 2.b and 2.c), of about +20 Q, which is small enough to consider the
GPEs stable in contact with the Li metal electrodes. As for the GelMA20
(Fig. 3.d), R, values, as well as the bulk resistance Ry, are consistently
increasing, therefore demonstrating a reduced stability against Li metal.
This increase in interfacial resistance can be caused by a large quantity
of residual water in the membrane, due to the larger Gel percentage, as
well as an incomplete drying of the powders. The lithium-ion trans-
ference numbers (t;;+) were computed for each GPE using Eq. (2) and are
reported in Fig. 4.b, ¢ and d. The transference number is a crucial
measure in the characterization of electrolytes as higher transference
numbers are associated with a reduced concentration polarization at the
electrode/electrolyte interface caused by the accumulation of the
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present ions. Such smaller polarization favours the homogeneous
deposition of metallic lithium on the anode surface, thus hindering
dendrites nucleation and growth [39]. The obtained values of t;;+ for the
GPEs are 0.54, 0.41 and 0.28, respectively for GelMA10, GelMA15 and
GelMA20. Such tj;+ values stem from the presence of a considerable
amount of liquid electrolyte in the gel polymer membranes and the
polymer chains relaxation due to the polymer solvation [40]. These
results show comparable t;+ values with respect to the reference cell,
sporting a t;+ of 0.54 (Fig. S5), as well as other gel polymer electrolytes
or liquid-based ones found in literature [13,15,41]. It is also clear that
the transference number is directly correlated with the amount of liquid
electrolyte, demonstrating an almost linear trend shown in Fig. S6. The
reversibility of the Li™ transport across the electrolyte, as well as the
cycling stability, were characterized by a galvanostatic plating and
stripping test on symmetric Li/Li cells containing the GPEs and the
reference liquid electrolyte. The measurements were conducted with a
current density of 0.1 mA cm~2 and a time step limit of 1 h at room
temperature. As shown in Fig. 5.a and b the cells containing the
GelMA10 and GelMA15 membranes present a stable cycling profile and
a low overpotential of 37 mV and 68 mV respectively after 400 h of
cycling, which is comparable to the overpotential of the reference cell of
22 mV. The small polarization of the Li/Li cells containing the GelMA10
and GelMA15, as well as the stable cycling up to 400 h without cell
failure, demonstrate a superior compatibility with lithium metal. The
cycling profile of the cell sporting GelMA20 as the GPE, shown in Fig. 5.
¢, has a sharp increase from the 70™ hour of cycling reaching 138 mV
after 150 h and present a continuous polarization indicating a certain
instability in contact with the metallic Li electrodes, in accordance with
the previous characterizations. The reference cell (Fig. 5.d), on the other
hand, displays an initial higher overpotential possibly due to the SEI
creation. After the drop in the voltage profile around the 200" hour of
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cycling, the cell continues to cycle stably for other 200 h with a low
overpotential. Considering the voltage profiles, the GelMA10 cell
maintains a flat plateau up until 400 h which is indicative of a favoured
Li* deposition and dissolution with a low energy barrier [42]. In the
GelMA15 and, more significantly, in the GelMA20 voltage profiles, on
the other hand, the overpotentials are constantly increasing with a
curved shape. This arched profile stems from the accumulation of dead
lithium on the electrode surface and the thickening of the SEI layer [42].
Considering the results of the physico-chemical and electrochemical
characterizations, the GelMA10 electrolyte presents the best electro-
chemical properties, such as ionic conductivity and electrochemical
stability window, while still displaying good mechanical and thermal
stability, and hence it has been chosen for the further full cell testing.
The lithium oxygen cells were assembled with either the GelMA10 GPE
or the reference glass fibre soaked with LiTFSI 0.5 M in DMSO liquid
solution as the electrolyte, the commercial GDL24BC as the gas electrode
and lithium metal as the anode. The galvanostatic discharge curves for
GelMA10 and the reference cell at a current density of 0.1 mA cm ™2 are
shown in Fig. 6.a. The GelMA10 cell present a voltage plateau at 2.75 V
and a superior specific discharge capacity of 8.2 mAh cm™2 with the
reference cell reaching 5.7 mAh cm™2 at the same voltage. This value of
the initial specific discharge capacity is comparable with other result
reported in literature, as it is shown in Table.S1 [43-46]. To further
probe the electrochemical properties of the GelMA10 electrolyte, the
galvanostatic charge and discharge curves at different current densities
with a fixed areal capacity of 0.5 mAh cm ™2 are shown in Fig. 6.b and c.
As the current density increases from 0.05 mA cm ™2 to 1 mA cm ™2, the
charge/discharge voltage profile of the reference cell shows an evident
instability with the overpotential increasing from 1.41 V at 0.05 mA
em~2 to 2.5 V when cycled at 0.5 mA cm ™2, shown in Fig. 6.d. In
contrast, charge/discharge profiles of the GelMA10 containing cell are
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Fig. 6. a) Full discharge curves for GeIMA10 and reference cell. Charge and discharge curves at different current densities of b) GeIMA10 and c) Reference cell. d)
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more stable with a limited increase in overpotential and a reversible
charge and discharge cycling at higher current rates. In fact, the
GelMA10 containing cell is able to reversibly cycle at the highest current
density of 1 mA cm™2 with a significantly lower overpotential with
respect to the reference cell. The better performances at high current
densities can be ascribed to the penetration of the GelMA based mem-
brane into the cathode porosities, thus increasing the extent of the active
triple-phase interface from just the surface of the GDL to the volume of
the air cathode [44]. To obtain a deeper understanding of the charge and
discharge behaviour of the GelMA10 containing cell, EIS measurements
were conducted on a GDL24BC/Li full cell after the discharge and
recharge, as well as on a fresh one left in an Oz atmosphere for 6 h. The
galvanostatic charge and discharge were conducted with a current
density of 0.1 mA cm™2 and a limited areal capacity of 0.5 mAh cm™2,
The results of the EIS measurements, as well as the equivalent circuits
obtained by means of ZView software, are reported in Fig. S7.a-b while
the values of Ry, Ry and R, are reported in Tab.S2. After the first
discharge of the pristine cell, the charge transfer resistance R increases
from an initial 113.7 Q to 133.4 Q, in accordance with the formation of
insulant discharge products in the porosities of the GDL. After the charge
process, the Ry drops from 133.4 Q to 63.2 Q, demonstrating the
reversible decomposition of the discharge products. The decrease of the
interfacial resistance R after the charge process can be ascribed to the
formation of stable and conducting interfacial layers both on the anode
and the cathode, as well as the deep infiltration of the GPE in the cathode
[40,44]. The stabilized interfacial layer formed after the discharge
process is responsible for the better cycling performances of the
GelMA10 containing cell, due to the instauration of a mainly horizontal
lithium deposition which reduces the impact of lithium volume changes
during cycling [47]. The EIS measurements were again carried out after
the 5% discharge and recharge processes with the R, values of 131.6 Q
and 61.8 Q. This result is indicative of the superior cyclability and
reversibility of the electrochemical reactions in the GelMA10 containing
cell. Considering the reference cell, the interfacial resistance R, in-
creases significantly from 113.6 Q to 289.5 Q, demonstrating a more
significant deposition of non-reversible reaction products blocking the
charge transfer at the interface [43,48]. Furthermore, after the first
recharge the interfacial resistance R.; drops to 70.7 Q which is slightly
higher than the value exhibited by the GelMA10 containing cell, but
after 5 cycles the R, after the charge process increases up to 85.9 Q. This
demonstrates the lower reversibility of the electrochemical reactions in
the reference cell that results in the accumulation of electrochemically
irreversible species in the cathode. This is also confirmed by XRD
analysis carried out on the cathodes of the GelMA10 and the reference
cell before and after cycling (Fig. 7.a-b). The presence of LiOH peaks in
the reference cell spectra both after discharge and charge is in line with
the hypothesis of a less reversible cycling of the liquid electrolyte, with
the possible DMSO degradation in contact with the cell discharge
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products. In the spectrum of the charged GelMA10 cathode only the
pristine GDL24BC peaks are visible demonstrating either a complete
electrochemical reversibility of the deposited LiO, or the presence of
amorphous species deposited in the cathode pores during discharge. To
further evaluate the presence and the morphology of the discharge
products, SEM images of the cathodes before and after cycling at a 0.1
mA cm ™2 current density were collected. Fig. $8.b shows the presence of
an evenly distributed and mainly amorphous layer of products deposited
in the cathode porosities which can be associated to poorly crystalline
“film-like” Li2Oo, as already reported in different works [49]. Indeed, it
has been shown that the “film-like” Li;Oy morphology could be gener-
ated through a surface-growth mechanism, favoured in solvents such as
DMSO during cycling at high current densities (0.1 mA cm™2). The
cathode in the GelMA10 containing cell completely recovers the pristine
morphology after the charge process (Fig. S8.c), demonstrating a good
reversibility of the galvanostatic cycling of the cell, probably thanks to a
higher contact area between the surface of the cathode and the “film--
like” conformation of the discharge products, enhancing the transfer of
electrons and therefore the reversibility of such products [50-52].
Conversely, the reference cell cathodes (Fig. S8.d-f) display a significant
deposition of discharge products that completely cover all cathode po-
rosities. After the charge process the residual presence of large crystal-
line LiOH particles (about 1 pm in diameter), also detected by XRD,
confirm the lower reversibility of the electrochemical reactions in the
liquid reference electrolyte. The galvanostatic charge/discharge profiles
for a GelMA10 cell, as well as the reference one, cycled with a current
density of 0.1 mA cm™2 at a limited capacity of 0.5 mAh cm™2 are re-
ported in Fig. 8.a and b. The GelMA10 charge and discharge profiles are
stable, and the cycling process is reversible up until the 20 cycle as
shown in Fig. 8.a, which corresponds to a lifespan of 200 h. In contrast,
the reference cell voltage profiles, reported in Fig. 8.b show an unstable
cycling with the cell failing after 10 cycles. The superior stability of the
GelMA10 is further displayed in Fig. S9 with a decrease of the over-
potential over the 20 cycles. On the contrary, the reference cell shows an
increase in overpotential starting from the 5th cycle. In this case the
overpotential was computed as the difference between the charge and
discharge voltage values at a fixed capacity of 0.25 mAh cm™2. The
GelMA10 overpotential remains quite stable around 1.3 V, presenting a
slight decrease reaching 1.21 V after 10 cycles, due to the formation of a
fully stable SEI that enables a more reversible operation. Considering the
reference, the continuous cell polarization brings the overpotential to
reach 2.5 V after 10 cycles demonstrating the constant accumulation of
dead lithium and thickening of the SEI at the anode side and the poor
reversibility of the discharge products at the cathode side. The capacity
retention plots for the galvanostatic cycling of the two cells, at the
limited capacity of 0.5 mAh cm 2, as well as the Columbic efficiency, are
reported in Fig. 8.c and d. The GelMA10 cell presents almost constant
specific charge and discharge capacities of 0.5 mAh cm™2 for all the 20
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Fig. 7. XRD spectra of cathodes of GeIMA10 and reference cells after a) discharge. b) charge.
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Fig. 8. Voltage profiles for the cycling of a) GelMA10. b) Reference cell. Capacities retention and Columbic efficiency plots for a) GeIMA10. b) Reference cell with a

0.5 mAh cm 2 fixed capacity.

cycles with a Columbic efficiency of 99.06% =+ 0.24 while the reference
cell displays a lower Columbic efficiency of 82.43% + 4.44. The more
stable cycling performances displayed by GelMA10 containing cells is
probably a consequence of the significative presence of electron-rich
C=O0 groups that are shown to spontaneously adsorb on the GDL sub-
strate, causing a more homogeneous Li* flux and an even nucleation of
electrochemically reversible Li;O2 [53]. In order to test the extent of the
electrochemical properties of GelMA10, as well as the capacity retention
over longer cycling, the same test was carried out at a lower limited
capacity of 0.2 mAh cm™2. The GelMA10 containing cell voltage profiles
are shown in Fig. 9.a. They present a reversible behaviour up until 100
cycles with a constant overpotential, computed as the difference be-
tween the voltage during charge and discharge at a capacity of 0.1 mAh
cm 2 (Fig. S10). The overpotential of the GelMA10 cell increases from
1.35 V in the first cycle to 1.45 V in the 23" one, but after it decreases
again to 1.41 V remaining stable up to the 100™ cycle and thus
demonstrating the good electrochemical stability of the GelMA10
membrane, even for longer working times. After the 100" cycle the cell
continues to cycle, albeit with a reduction in the reversibility of the
electrochemical reactions. The voltage profiles of the reference cell in
Fig. 9.b, in contrast, display a much more unstable behaviour. The
reference cell demonstrates a reversible cycling up until the 20" cycle,
as shown in Fig. 9.d, followed by a severe increase in the overpotential
up to 2.5V, and consequently, a drop in the charge capacity after 40
cycles. In Fig. 9.c and d the charge and discharge capacities are reported
for both cells. The charge capacity for GeIMA10 is slightly more unstable
with respect to the fixed 0.5 mAh ecm ™2 cycling one, due to the longer
working time. Nonetheless, the GelMA10 cell presents an almost total
capacity retention up to the 100t cycle, which result in a Columbic
efficiency of 98.28% + 0.11, in contrast to the 80.33% + 2.09 of the
reference cell. The GelMA10 cell continues to cycle reversibly up until

the 120™ cycle with a slight instability in the charge capacity, resulting
in a Columbic efficiency of 97.68% =+ 0.14, however after the 120%™
cycle the charge capacity experiences a drop implying the degradation
of the cell components.

4. Conclusions

In this work a biobased gel polymer electrolyte was fabricated via a
fast, cheap and green UV-mediated photopolymerization of methacry-
lated gelatin in a typical liquid electrolyte. The methacrylation of the
gelatin was conducted via a one-step reaction and its success was
asserted via FT-IR spectroscopy. GelMA10 membranes displayed good
stability against Li metal and an electrochemical stability window
comparable to the liquid electrolyte reference, while sporting the
appealing value of room temperature ionic conductivity of 2.51 mS
em~!. Lithium symmetrical cells containing GelMA10 electrolytes
showed low overpotentials and stable cycling performance, being highly
compatible with Li metal, while the discharge capacity of the GelMA10
cell was found to be 8.2 mAh cm™2. The improved interface with Li
metal and the expanded triple-phase reaction zones in the air cathode
result in the reduced interfacial resistance and the superior electro-
chemical performances of the GelMA10. Thus, GPE showed a more
reversible cycling both in a wider current density range and for longer
galvanostatic cycling, achieving more than 100 cycles at a 0.2 mAh
em ™2 limited capacity. In conclusion, this study demonstrates that
encouraging results can be obtained employing a fully green and
renewable resource as the gelatin, a waste of the fishing industry, to
prepare an efficient gel electrolyte for future Li-O, battery applications.
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