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Abstract: The preparation and characterization of the first photocured gel polymer electrolyte for
potassium batteries is presented. The use of UV-induced radical polymerization aims at developing a
sustainable and rapid way to produce polymer electrolytes without using further processes to separate
solvents and by-products. The gel polymer electrolyte displays a high ionic conductivity (17 mS cm~
L at 20 °C) and an electrochemical stability window up to 3.7 V (vs. K*/K), maintaining excellent
stability within battery working potential range. The thermal resistance is suitable for potassium
battery application and the glass transition temperature is low enough to ensure a good
macromolecular mobility of the polymer chains. Due to the highly crosslinked structure, the gel
polymer electrolyte is mechanically robust and able to hinder the formation of potassium dendrites,
i.e. one of the main issue to be faced for this energy storage technology, allowing the unprecedented

achievement of 600 cycles with a capacity retention of 58%.

1. Introduction

Global warming is a growing problem in our society and an important reduction in greenhouse gas
emissions is necessary to mitigate the effects of climate change [1,2,3]. Renewable sources, like
photovoltaic and wind power plants, can be exploited to produce energy with less emissions, but with
intermittency during days and seasons [4,5,6]. For this reason, stationary energy storage technologies
are necessary to stabilize the grid and supply energy when needed [7,8,9,10,11]. Currently adopted
energy storage technology is mainly based on the lithium-ion battery (LIB) concept, that has gained
wide success in the last decades [12,13,14,15]. LIBs, owing to high energy density and high operative

voltage, are widely used in portable electronics and electric vehicles [16,17,18]. However, lithium is



a scarce resource with uneven distribution on Earth [19,20,21] and its increasing cost limits the
development of large-scale energy storage based on LIBs [22,23,24]. Therefore, new elements are
now investigated by the scientific community [25,26].

Sodium-ion batteries (SIBs) and potassium-ion batteries (KIBs) are promising alternatives of LIBs
due to their alkali metal high abundance (2.09 wt% for potassium and 2.36 wt% for sodium) and
homogeneous distribution on the Earth crust [27,28,29,30,31]. The first KIB prototype was developed
in 2004 by Eftekhari [32]; in the subsequent years, potassium received less attention than sodium, but
this element presents some peculiar features that are pushing ahead the activity of many research
groups. Indeed, the redox potential of K*/K (-2.91 V vs. standard hydrogen electrode (SHE)) is much
closer to that of Li*/Li (-3.04 V vs. SHE) with respect to that of Na*/Na (-2.71 V vs. SHE). In the
meantime, when working with carbonate solvents, potassium presents a lower standard potential than
lithium, as it occurs in an ethylene carbonate (EC)/diethylene carbonate (DEC) mixture (—0.12 V vs.
Li*/Li), overall providing higher energy density [29,33]. Even though the largest ionic radius belongs
to K¥, it shows a lower Lewis acidity that brings this ion to possess the lowest Stokes’ radius in
propylene carbonate when compared to Li* and Na" [34]. Hence, the weak Lewis acidity and
desolvation energy of K* permit the achievement of higher rate capability [35]. Another important
difference from LIBs is the possibility to use aluminium as a current collector for both anode and
cathode side, with important cost and weight reduction; this is possible considering that no alloying
reaction between potassium and aluminium has been reported [33]. Moreover, as for LIBs, K* can
intercalate in graphite forming KCs compound with a theoretical capacity of 280 mAh g, while
scarce results are reached with the same anode in SIBs [36].

As regards KIBs current drawbacks, one important issue is that potassium shows a lower melting
point and stronger reactivity than other alkali metals, thus dendrite growth is a crucial safety concern
[34]. This affects the choice of the electrolyte system. It is well known that liquid electrolytes are
highly ionically conductive and present a good contact with the electrodes, but they are at the same

time flammable, prone to leak and not able to suppress dendrite growth. Due to these issues, gel
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polymer electrolytes (GPES) have been investigated in recent years to replace liquid counterparts and
— in our opinion — seem the most reasonable choice for KIBs. GPEs combine the advantages of both
liquid and solid electrolytes, they ensure good mechanical properties and flexibility, but also high
conductivity and good interfacial contact with electrodes [37,38,39,40]. Probably because KIB
represents a recent technology, very few studies have been published on polymer-based electrolytes
for K* conduction. Goodenough et al. studied a crosslinked poly(methyl methacrylate) GPE that was
able to suppress dendrite growth [27]. It showed an ionic conductivity of 4.3x103 S cm™ at room
temperature and a stability up to 4.9 V vs. K'/K; the galvanostatic charge/discharge test evidenced a
capacity retention of 98% after 100 cycles at current density of 50 mA g*. Feng et al. developed an
all-solid-state KIB based on an organic cathode and a solid polymer electrolyte, the latter consisting
of poly(propylene carbonate) with cellulose nonwoven backbone [41]. A ionic conductivity of
1.36x107° S cmat 20 °C was achieved and the resulting half-cell delivered an initial capacity of 118
mAh g1 at 10 mA g A single ion-conducting electrolyte based on dimethoxyethane-swollen
poly((trifluoromethyl)sulfonyl) (4-vinylphenyl) amide (KPSTFSA) with Al,Os as a filler was
developed by Wu et al. [42]. This GPE showed a high ionic conductivity (6.0x102 S cm™ at 20 °C)
and a high K* transference number (0.87), but it decomposed showing that the poly(styrene) structure
of KPSTFSA was unstable for KIB application.

In this work, we present the first UV-cured electrolyte for KIBs, obtained by the free-radical
copolymerization of butyl methacrylate (BMA) and poly(ethylene glycol) diacrylate (PEGDA).
Photopolymerization is a sustainable and energy saving technique, prone to upscale the production,
used to prepare crosslinked polymeric films starting from the monomers mixture in a rapid manner
without using solvents and catalysts [43]. Two different strategies are here investigated for GPEs
preparation. The first one consists in the preparation of a precursor solution (BMA, PEGDA and
photoinitiator) with a small quantity of EC, used as plasticizer, subsequently UV-cured and activated
by swelling into a liquid electrolyte. The second strategy is based on the preparation of a precursor

solution already containing the K*-based liquid electrolyte. Both GPEs expressed a high ionic
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conductivity of 1.7x102 S cm™ at 20 °C. Interestingly, the GPE obtained by UV-curing the liquid
electrolyte-laden formulation was able to efficiently limit dendrites growth, enabling to reach up to
600 cycles in lab-scale prototypes with a 58% capacity retention at 0.05 A g%; as a comparison, a

standard cell cycled under similar conditions failed after approximately 210 cycles.

2. Material and Methods

2.1 Materials

BMA was purchased from Acros Organics. PEGDA (average Mn 575), 2-hydroxy-2-
methylpropiophenone (Darocur® 1173), potassium (98%), EC, DEC, 1-methyl-2-pyrrolidone (NMP)
and potassium hexafluorophosphate (KPFg) were supplied by Sigma-Aldrich. Carbon black Super-P
was purchased from Alfa Aesar, while poly(vinylidene difluoride) (PVDF) as polymer binder (HSV
900:ADX 160 90:10 wt.%) was acquired from Arkema. The non-aqueous liquid electrolyte was based
on KPFg 0.80 M in a EC:DEC mixture (1:1 v/v). Each electrochemical characterization shown in this
work for the newly designed GPE was compared to the result given by a reference cell containing a
glass fiber separator (Whatman®) soaked with the same liquid electrolyte and referred to as “standard

cell”.

2.2 Membranes and electrodes preparation

Polymer membranes were obtained by UV-induced free radical polymerization. Two different
formulations were prepared, i.e. 70/20/10 and 70/20/10+KPFs, both containing BMA 70 wt% and
PEGDA 20 wt%); the first mixture contained EC 10 wt%, while the second one included 10 wt% of
liquid electrolyte. The formulations were prepared in an argon-filled glove box (Mbraun Labstar, O
and H20 contents <0.5 ppm), vigorously mixed and sandwiched between two microscope plates
separated by a 200 pum-thick spacer. Radical polymerization occurred under UV radiation from a

high-intensity mercury-xenon lamp (Lightning Cure LC8, Hamamatsu) for 7 min. Before assembling



electrochemical cells, the membranes were quickly activated by swelling in the organic-liquid
electrolyte.

When assembling half-cells, the active electrode was prepared starting from a 80:20 ratio between
powders of conductive carbon black Super P and PVDF as polymer binder; they were mixed in NMP.
The as-obtained slurry was evenly deposited on a 10 pm-thick copper foil with a 200 pm-thick doctor
blade and dried in the oven for 90 min at 50 °C; the mass loading was 0.72 mg cm2. Electrodes were
cut in discs with a diameter of 15 mm, vacuum-dried and stored in an argon-filled glove box

(LABmaster Pro, MBRAUN).

2.3 Characterization technigues

Field-emission scanning electron microscopy (FESEM) Tescan S9000G was used to observe
membranes surface and cross-section.

X-rays diffraction (XRD) was performed with a high-resolution Philips X'pert MPD powder
diffractometer, equipped with Cu Ko radiation (V = 40 kV, | = 30 mA) and a curved graphite
secondary monochromator; polymer membranes were characterized to assess their macromolecular
structure and confirm the presence of KPFs salt in the 70/20/10+KPFg formulation. The diffraction
profiles were collected in the 26 range between 15° and 90°, with an acquisition step of 0.018° and a
time per step of 10 s using a solid-state PIXcel-1D detector with 255 active channels.

Samples thermal stability was measured by thermogravimetric analysis (TGA) between 25 and
800 °C, at a heating rate of 10 °C min~* under N2 flux. TGA was performed with a TG 209 F3 Tarsus
instrument by Netzsch. Differential scanning calorimetry (DSC) was carried out to determine the

glass-transition temperature (Tg) and the crystallinity fraction of polymer electrolyte (Xc) by
measuring the melting enthalpy (AH,, (Tm )) and comparing it with the melting enthalpy of a fully

crystalline polymer (AHQ,(T)). DSC was carried-out with Mettler Toledo equipment, working

between —90 and 250 °C at a heating rate of 10 °C min~* under Nz flux.



The ionic conductivity (o) was evaluated by VSP-3e potentiostat (Biologic), carrying out
electrochemical impedance spectroscopy (EIS) in the frequency range between 1 Hz and 100 KHz
with an amplitude of 10 mV at the open-circuit potential. The measurement was conducted on a
symmetric cell consisting of the electrolyte sandwiched between two stainless steel (SS) blocking
electrodes in ECC-Std test cells (EL-CELL GmbH). Tests were carried out in a dynamic climate
chamber (MKF 56, Binder) at intervals of 10 °C in the range 10-60 °C. lonic conductivity values
measured at different temperatures were calculated following Equation 1:

o=(3) @ €
where | is the membrane thickness, A is the membrane surface area and Rs is the resistance value at
the high-frequency intercept. The obtained results, plotted versus 1000/T (K), were then fitted with

the Arrhenius’ relationship shown in Equation 2:

_Ea
0= 0y-e kT (@)

where Ea is the activation energy, k is the Boltzmann’s constant and T is the test temperature.

The interfacial stability of GPEs in contact with potassium metal electrodes was established by
carrying out EIS in the frequency range between 100 kHz and 1 Hz, at open circuit potential, at regular
time intervals on symmetric coin cell (CR 2032) consisting of gel polymer electrolytes sandwiched
between two potassium metal electrodes. Symmetric cells were tested by CHI660D electrochemical
workstation and stored at open circuit potential at room temperature.

The ability of the electrolytes to suppress the growth of potassium dendrites was evaluated
according to the method developed by Goodenough et al. [27], consisting of a galvanostatic
polarization of a potassium symmetric cell. The test was carried out by continuously plating one
electrode at a fixed current density (0.1 mA cm~2). The time necessary to short-circuit the cell can be
compared to that of standard cell, proving the ability of newly developed GPEs to suppress the growth
of potassium dendrites.

Galvanostatic charge and discharge cycle were also carried out on a symmetrical ECC-Std cell to

assess the polymer electrolyte performance through a continuous plating and stripping test. The
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electrochemical cell was subjected to charge and discharge for 1 h at a current density of 0.05 mA
cm=2 for 50 cycles and then at a current density of 0.1 mA cm= for further 50 cycles. The test was
carried out on an Arbin BT-2000 battery tester

The electrochemical stability window was measured by linear sweep voltammetry (LSV) using
CHI660D potentiostat. The cell, assembled sandwiching the GPE between a potassium metal
electrode and a SS blocking electrode, was tested in the 1-5 V range under a scan rate of 0.1 mV s
at room temperature.

Cyclic voltammetry (CV) was carried out to characterize the electrochemical reactions occurring
in a cell assembled with potassium metal as a counter electrode, conductive carbon black Super P as
working electrode and the GPE (referred to, from now on, as half-cell setup), within 0.01-3 V
operative potential at a scan rate of 0.1 mV s, working with a the VSP-3e potentiostat at room
temperature.

Galvanostatic charge/discharge tests were carried out to evaluate the electrochemical performance
of GPEs-based KIB prototypes in comparison with a standard cell. The half-cells were subjected to
different current densities ranging from 0.05 A g~* to 1 A g~! at ambient temperature in the ECC-Std

cell with an Arbin BT-2000 battery tester.

3. Results and Discussion
Two different GPEs prepared by photopolymerization were investigated for KIBs. Both formulations
were composed of BMA monomer and PEGDA crosslinker in a 70:20 ratio, allowing the obtainment
of a highly crosslinked polymeric matrix. Two different formulation strategies were studied: the first
one was based on the addition of EC 10 wt% in the reactive mixture (the corresponding sample is
referred to as 70/20/10), while the second approach was based on the introduction of 10 wt% of liquid
electrolyte (KPF¢ 0.80 M in EC:DEC (1:1 v/v)) to the formulation (referred to as 70/20/10+KPFe).

After a 7 min photopolymerization step, the two formulations were visually similar, transparent, not



sticky and mechanically robust. Furthermore, the activated GPEs were self-standing, flexible and

easy to handle, as shown in Figure 1AB.
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Figure 1 Photograph of A) 70/20/10+KPFe and B) 70/20/10 electrolytes after the activation process;
C) XRD pattern of 70/20/10 and 70/20/10+KPFs electrolytes. Of note, the XRD pattern intensity of
KFPs has been halved for graphical reasons.

The morphology of the membranes was obtained by FESEM study and the micrographs are shown
in Figure S1. The surface of the 70/20/10+KPFg electrolyte was corrugated and the cross-section was
smooth and dense, with a thickness of about 170 um. The 70/20/10 electrolyte also presented a wave-
like surface, but the cross-section was less dense and much more irregular, with a thickness of around
170 pm.

The crystallinity of a polymer used as a GPE can be a great obstacle for ions conduction [44,45],
therefore XRD analysis was carried out on the prepared samples and the corresponding patterns are
reported in Figure 1C. The diffractograms revealed — for both formulations — an amorphous peak at

20 = 18.7°, indicating the absence of a crystalline phase into the polymer matrix.



In the meantime, X. and Tq were assessed by DSC analysis under N2 flow, to verify the absence of
crystallinity detected by XRD study. Due to heat-capacity variation, Tq identified in the point of slope
change of DSC curves was —52 °C for 70/20/10 sample and —47 °C for 70/20/10+KPFs system, as
shown in Figure 2. These values are sufficiently low to ensure good macromolecular mobility of
polymer chains and proper elasticity of the membrane at room temperature. DSC curves, shown in
Figure 2, presented no endothermic peaks between 30 °C and 250 °C, indicating the absence of
crystallinity domain in both formulations, while — according to the literature [46] — pristine PEO has
a melting temperature of 72.9 °C. Although in GPEs ions conduction occurs principally in the liquid
electrolyte incorporated in the polymer matrix [46], the absence of crystallinity and good mechanical

properties are widely recognized as optimal features for polymer electrolytes [47].
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Figure 2 DSC analysis (10 °C min!, N, atmosphere) of A,C) 70/20/10 electrolyte and B,D)
70/20/10+KPFs electrolyte.

The thermal stability of the polymer electrolytes was assessed by TGA under N2 flow between 25
and 800 °C. Two principal degradation pathways were clear in the resulting TGA traces, as reported
in Figure 3AB. Both GPEs were thermally stable up to 200 °C, then they underwent thermal
degradation with two maximum degradation rates at 282/385 and 275/375 °C for 70/20/10 and
70/20/10+KPFe¢ samples, respectively. This behaviour can be partially ascribed to the evaporation —
at a temperature over 100 °C — of the plasticizer added in the reactive mixture, as shown in Figure
3C, but it is principally caused by polymer backbone degradation. Degradation residue at 500 °C was
0.18% for 70/20/10 sample and 3.3% for 70/20/10+KPFe system. This trend can be explained by the

presence of salt in the 70/20/10+KPFs sample, starting to decompose at 450 °C, as shown in Figure
10



3C, and only partially decomposed at 500 °C. The two polymer electrolytes substantially followed
the same thermal degradation pathway. The first step localized between 160 and 210 °C was due to
the evaporation of low molecular weight like solvents, residual monomers and oligomers. The second
step of thermal degradation between 240 and 280 °C could be ascribed to the scission of C—C bonds
in f to the vinyl group, causing the depolymerization of the methacrylate fraction. The last and final
step between 320 and 380 °C indicated the degradation of the remaining polyether backbone
[48,49,50]. According to TGA analysis, both formulations present adequate thermal stability for KIBs

applications.
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Figure 3 TGA analysis (10 °C min™t, N2 atmosphere) of A) 70/20/10 electrolyte, B) 70/20/10+KPFg
electrolyte, C) individual components of the formulations (i.e., BMA, KPFs, EC:DEC and PEGDA).

An in-depth electrochemical characterization was set to investigate the performance of the UV-
cured polymer membranes in KIBs. The ¢ was assessed by EIS at different temperatures (in the 10-
60 °C range). Cells were assembled with the two different GPEs sandwiched between two blocking

SS electrodes in ECC-Std configuration. The outcome of this study is summarized in Figure 4. Both
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membranes demonstrated ¢ values of 0.017 S cm™ at 20 °C, this latter representing an outstanding
achievement when compared to the state of the art [51]; when tested at 60 °C, the 70/20/10 electrolyte
reached a value of 0.032 S cm™?, higher than that (0.025 S cm™?) achieved by the 70/20/10+KPFg
sample. ¢ values in the explored temperature range were fitted by Arrhenius’ relationship and Ea
values were calculated. The 70/20/10 electrolyte showed an Ea of 13.1 kJ mol™?, while the
70/20/10+KPFs one featured a slightly lower E,, i.e. 8.42 kJ mol™. The two polymer electrolyte
formulations obtained quite good results with limited differences in the side points of the explored
temperature interval. Cations mobility at low temperature could also be favoured by the higher
presence of DEC in the 70/20/10+KPFg electrolyte, since DEC is a linear molecule featuring a lower

viscosity than EC [52].
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Figure 4 o values for 70/20/10 and 70/20/10+KPFe electrolytes in the temperature range 10-60 °C.

Interfacial stability among potassium metal electrode and polymer membranes is a critical factor
for this particular application and literature studies in the KIBs field are very limited. We investigated
this aspect by assembling the GPEs between two potassium metal foils in coin cell configuration. EIS
was used to follow the interface evolution and the obtained results are shown in Figure 5. The
equivalent circuit used to fit EIS spectra and the obtained parameters are shown in Figure S2 and

Table S1. Charge transfer resistance (Rct), measured at low frequency, constantly increased during

13



test days and reached high values for the 70/20/10 formulation. This behaviour could be ascribed to
the formation of an unstable spontaneous solid electrolyte interphase (SEI) layer, leading to the
continuous electrolyte degradation. This fact was confirmed by the important instability of SEI layer
resistance (Rsei) presented in Table S1. A possible explanation could be the presence of some
unreacted polymer precursor species in the sample, either PEGDA or BMA or even the photoinitiator,
the latter free to react with metallic potassium. Such reactions seemed to be confined on the surface
of potassium metal because the Rs, corresponding to the bulk resistance of polymer electrolytes, was
nearly constant during days. Opposite results were obtained for the 70/20/10+KPFs sample. From the
third testing day, Rct reached a quasi-constant value. In the meantime, Rs decreased, passing from
values close to 70 to 40 Q in the last testing days. The same behaviour was followed by Rsgi,
constantly decreasing during test days. This trend suggested the spontaneous formation of a stable
SEI layer for the 70/20/10+KPFs formulation. This improved interfacial stability could be explained
by the K™ cation presence in the precursor solution. Indeed, alkali cations were reported in literature
for their ability to favour or even initiate radical polymerizations [53,54]; therefore, in our case K*
could reasonably have optimized the crosslinking conditions, reducing unreacted by-products in the
final GPE, thus improving the sample stability when faced to potassium. Such a poor interfacial
stability of the 70/20/10 sample versus metallic potassium makes it unsuitable as a GPE, therefore all
the subsequent electrochemical characterizations were performed exclusively on the 70/20/10+KPFs

electrolyte, and the results were compared to the ones of the standard cell.
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Figure 5 Interfacial stability test of A) 70/20/10 and B) 70/20/10+KPFg electrolytes.

To assess the electrochemical stability window of the GPE, LSV was conducted on K|GPE|SS
cells in the 1-5 V interval. Eventual anodic current appearing in the current-voltage curve would in
fact demonstrate the decomposition of the GPE through electrochemical oxidation. As shown in
Figure 6, the 70/20/10+KPFs electrolyte exhibited no reaction up to 3.7 V vs. K*/K, maintaining
excellent stability within the cell working potential. The standard cell followed a similar behaviour
with the same degradation onset, but the peak was shifted at higher potential involving higher current

than the 70/20/10+KPFs electrolyte.
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Figure 6 LSV traces of 70/20/10+KPFe and standard electrolytes, recorded in K|GPE|SS cells in the
1-5 Vinterval and at 0.1 mV sL.

Electrochemical reactions that occurred in half-cell configuration were studied by CV within the
operative potential 0.01-3 V. The 70/20/10+KPFg electrolyte showed good reversibility starting from
the second cycle, while the first cathodic scan of the voltammogram was characterized by important
reactivity, as shown in Figure 7A. Reduction reactions could be caused by the degradation of the
liquid electrolyte. In particular, EC/DEC solvent mixture can react with potassium metal anode,
leading to the creation of a thick SEI layer [33], and DEC is unstable at low potential [55]. However,
KPFg salt has a lower LUMO level and it is more prone to reduction than EC/DEC solvents in cathodic
scan [56]. The subsequent cycles were reversible with almost the same path. A slope change of the
curves is underlined between 0.5 and 0.8 V and could be ascribed to the insertion of potassium ions
in Super P carbon. The anodic scan showed a large peak at 0.6-0.7 V caused by potassium ions de-
insertion from Super P carbon [57]. No further reactions were observed at higher potential. CV plot
of the standard cell (see Figure 7B) also showed important reduction reactions during the first
cathodic scan. Based on the position of peaks and inflection points (these latter being between 1-1.25
V and 0.75-1 V; peaks being between 0.5-0.75 V and 0.25-0.5 V), the same types of reactions were
occurring during the first cycle for both the GPE and the standard electrolyte. This confirms the

decomposition of the liquid electrolyte and the formation of SEI layer, in accordance with previous

16



work [57]. The similar profiles obtained from both cells, from the 2" cycle on, further demonstrate

the electrochemical stability of the GPE upon cycling, confirming its suitability for this application.
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Figure 7. CV curves (recorded between 0.01 and 3 V at 0.1 mV s?) for A) 70/20/10+KPFs electrolyte
and B) standard cell.

The ability of the selected GPE to limit dendrites growth was assessed following the potential of
symmetric cells constantly charged until a short-circuit occurred. A comparison of the resulting
curves can be seen in Figure S3. The 70/20/10+KPFs electrolyte was able to sustain the charge for
nearly 230 h before short circuiting. In the case of the standard cell, the potential curve was initially
more stable, but a short-circuit happened after only 37 h, demonstrating the scarce resistance of
commercial glass fiber separator towards dendrites. In the meantime, our newly conceived electrolyte,

thanks to its highly crosslinked structure, showed a better behaviour when blocking dendrites growth,
17



demonstrating a lifetime six times longer than the standard cell. Good performances were assessed
during the plating and stripping test carried out at low current density (0.05 mA cm=2), as shown in
Figure 8A. The overpotentials are low and remain symmetric during cycles, indicating the formation
of a stable interface between K metal and the GPE. Increasing the current density to 0.1 mA cm= led
to a higher overpotential among the electrodes, but the robustness of the highly crosslinked membrane
ensured no short-circuit occurrence between the electrodes. Further investigations could be still done
to increase the cyclability of the GPE at higher current density values and by tuning the
macromolecular structure to accommodate an even higher amount of liquid electrolyte; these
activities will be taken into consideration in future works.

Galvanostatic charge/discharge tests were performed in half-cell configuration at room
temperature to evaluate the electrochemical performance of the GPE in comparison to a standard cell.
Specific capacity vs. cycle number plots are shown in Figure 8BC. In the first 100 cycles, cells were
tested at different current densities from 0.05 to 1 A g* to evaluate the rate capability of the prepared
cells. Following cycles were performed at 0.05 A g~X. A low Coulombic efficiency was observed in
the first 50 cycles for both cells, indicating important reactions between electrolyte and electrodes,
probably at least partially caused by SEI formation, and already documented in a previous work [57].
A comparison of specific charge capacity expressed during the rate capability test of the GPE-based
device and the standard cell are summarized in Table 1, demonstrating a slightly lower capacity of
the GPE cell. After 200 cycles, the 70/20/10+KPFs electrolyte-based cell showed a specific capacity
of 113 mAh g, while the standard cell assembled with a glass fiber separator achieved a specific
capacity of 156 mAh g1. However, the standard cell rapidly failed in the subsequent cycles probably
for the formation of critical length dendrites short-circuiting the cell, while the GPE-based cell was
able to reach 600 cycles with a final capacity retention of 58%. Of note, after the cycles series carried
out at a current of 1 A g%, the capacity is fully recovered when the current of 0.05 A gt is restored;
moreover, the Coulombic efficiency is always better for the GPE-based cell with respect to the

standard counterpart.
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These results, obtained at room temperature and with a simple lab-scale architecture, clearly
confirmed the ability of the 70/20/10+KPF¢ GPE to reduce dendrite formation, thus prolonging the
cycle life of the cell and enhancing its safety. In addition, to the best of our knowledge, only four
papers (listed in Table S2) have been published up to now reporting polymer-based electrolyte for
KIBs, and none of them reported the use of a UV-cured polymer matrix, the latter representing a
noteworthy approach towards stable, scalable and reliable KIBs. The performances of the cells
studied in the mentioned papers are summarized in Table S2 and the maximum number of cycles

reported so far is 200, thus placing our work in a leading position in terms of cycle life.
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Figure 8. A) Plating and stripping test carried out on a symmetrical K/GPE/K cell at 0.05 and 0.1
mA cm=2. Galvanostatic charge/discharge curves for potassium metal cells assembled with B)
70/20/10+KPFe electrolytes and C) standard electrolyte.

Table 1 Comparison between specific charge capacity values obtained from the GPE-based and
standard cells.

Current [A g']/ Cycle | Standard cell [mAh g!] | 70/20/10+KPFs [mAh g]
0.05 / 50™ 166 129
0.1/60™ 149 108
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0.2/70M 138 94.9
0.4 /80" 125 79.8
0.8/90™ 114 57.5
1/100" 108 52.2

4. Conclusions
For the first time, an UV-induced free radical polymerization approach was used to fabricate GPEs
for KIBs application. Two different formulations were prepared through the copolymerization of
BMA and PEGDA. The 70/20/10 formulation presented a small quantity of EC, while in the
70/20/10+KPF¢ system a small quantity of liquid electrolyte was added. The two membranes showed
similar Ty values, thermal resistance and o, but an important reactivity with potassium metal was
detected for the first one. The 70/20/10+KPFs electrolyte, more stable against metal counter electrode,
was further investigated by electrochemical techniques. The stability window of the GPE was larger
than the operative potential interval of the cells and the proven ability limit suppress dendrite
formation thanks to the crosslinked polymer matrix demonstrated a lifetime six times longer than the
standard cell, under constant charging current. Such outstanding properties improved the cycling life,
in half cell configuration and at room temperature, up to 600 cycles with a 58% capacity retention.
These results aim to shed light on the field of KIBs as a promising technology for stationary energy

storage.
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