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Gel polymer electrolytes (GPEs) present the best compromise between
mechanical and electrochemical properties, as well as an improvement of the
cell safety in the framework of Li metal batteries production. However, the
polymerization mechanism typically employed relies on the presence of an
initiator, and is hindered by oxygen, thus impeding the industrial scale-up of
the GPEs production. In this work, an UV-mediated thiol-ene polymerization,
employing polyethylene glycol diacrylate (PEGDA) as oligomer, was carried
out in a liquid electrolyte solution (1 M LiTFSI in EC/DEC) to obtain a
self-standing GPE. A comparative study between two different
thiol-containing crosslinkers (trimethylolpropane tris(3-mercaptopropionate)
- T3 and pentaerythritol tetrakis(3-mercaptopropionate) - T4) was carried
out, studying the effects of the crosslinking environment and the GPE
production methods on the cell performances. All the produced GPEs
present an excellent room temperature ionic conductivity above 1 mS cm™ ',
as well as a wide electrochemical stability window up to 4.59 V. When cycled
at a current density of C/10 for more than 250 cycles, all of the tested cells
showed a stable cycling profile and a specific capacity >100 mAhg ',
indicating the suitability of such processes for up-scaling.

technology, fall short on the practical energy
and power density requirements.”” ™ One of
the possible routes to improve the value of
practical energy density without large modifica-
tions in the cell structure is to switch the com-
mercially used intercalation anode, based on
graphite, with Li metal.”! Li metal presents a
set of exciting properties, namely the low
molecular weight, extremely high specific
capacity (3860 mA g~ ') and one of the lowest
electrochemical potentials (—3.04 vs standard
hydrogen electrode SHE), which enable batte-
ries with such anode to reach high operating
voltages and to double the energy density of
Li-ion systems."™ Nevertheless, the imple-
mentation of Li metal as the anode presents sev-
eral yet unsolved issues that limit the practical
applicability of this material in commercial bat-
teries. During operation, the Li metal surface is
prone to continuous dendritic growth, causing
unstable cycling, short cell lifetime, capacity

fading, and safety concerns due to

1. Introduction

Facing the inevitable depletion of fossil-based fuels and the subsequent
increase in interest toward renewable energy production, more power-
ful and efficient energy storage systems are urgently required.!'! As the
global energy demand keeps growing, it has become increasingly clear
that the currently available energy storage systems, based on the Li-ion
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shortcircuits.”'” The implementation of solid

or quasi-solid electrolytes in Li metal batteries
has been shown to at least mitigate dendritic growth due to unstable
solid electrolyte interface (SEI), and thus improve the safety of the
systemns.l'™'*) Among the possible solid electrolyte types, gel polymer
electrolytes (GPEs) have been extensively investigated, given the good
compromise between mechanical and electrochemical properties, as
well as the elimination of liquid electrolyte leakage.!'*™') Swelling a
crosslinked structure in a liquid electrolyte is one of the most common
strategies to obtain a GPE, but the obtained gels present unacceptable
thermal responses, such as swelling and dissolving with temperature
changes.[”] UV-mediated photopolymerization, on the other hand,
presents a desirable set of characteristics, such as low curing tempera-
ture, excellent spatial and temporal control, high energy efficiency, and
low environmental impact.m’”*w] Acrylate and methacrylate-based
monomers and oligomers have been extensively studied for electro-
chemical applications due to their low cost and reasonable electrochem-
ical stability.m’zo’u] Choi et d. investigated a wide variety of GPEs
based on poly(4-hydroxybutyl acrylate) (PHBA) with a room tempera-
ture ionic conductivity exceeding 10 >Scm™ ', an initial Columbic
efficiency of 99.69% and discharge capacity of 212.37 mAh g~ ', while
cycling in a Li/GPE/NMC811 full cell.? Employing ethoxylated tri-
methylolpropane triacrylate (ETPTA) as the polymer skeleton and a

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.


https://orcid.org/0000-0003-4369-317X
https://orcid.org/0000-0003-4369-317X
https://orcid.org/0000-0003-4369-317X
mailto:julia.amici@polito.it
https://doi.org/10.1002/eem2.70028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feem2.70028&domain=pdf&date_stamp=2025-05-20

Energy &
Environmental Materials

lithium bis(trifluoromethylsulfonyl)-imide (LiTFSI) and tetraglyme sol-
vate ionic liquid as the liquid electrolyte, Gao et al. produced a GPE with
excellent mechanical and thermal properties and a capacity retention of
99.7% after 750 cycles in a Li/GPE/LiFePO, (LFP) at 0.5C.[** Gu et dl
proposed a non-flammable GPE based on ethoxylated trimethylolpro-
pane triacrylate (ETPTA), fluoroethylene carbonate (FEC), and 1,1,2,2-
tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (FEPE) cured in the
framework of a glass fiber separator (GF) with a high ionic conductiv-
ity (1.57mScm™" at 30°C) and a capacity retention of 88.4% after
1000 cycles at 2C in a Li/GPE/LFP full cell.™* Nonetheless, the
UV-mediated radical polymerization presents a couple of fundamental
critical features, that is, the need for a photoinitiator and the high sensi-
tivity toward O, presence, rendering the industrial scale up of such sys-
tems highly problemaﬁc.[ls] In this optic, the thiol-ene polymerization
is regarded as a possible method to overcome these problems. The
thiol-ene polymerization results from the reaction between a C=C dou-
ble bond of an acrylate or methacrylate group and a S-H group of a
thiol.”**1 This reaction is reported to be extremely fast (click reaction),
easily obtainable, insensitive to O, presence and highly efficient. Addi-
tionally, the initiation step does not require a photoinitiator and the
obtained gel presents minimal residual stresses and low shrinkage with
respect to other polymerization techniques.!'”"**™"1 This work pro-
poses a systematic study toward the up-scalability of the photopolymer-
izadon process where different parameters are considered. First, the
photocuring of polyethylene glycol diacrylate (PEGDA) is carried out
with two different thiol-containing molecules: trimethylolpropane
tris(3-mercaptopropionate)  (T3) and pentaerythritol —tetrakis(3-
mercaptopropionate) (T4), in the presence of a carbonate-based liquid
electrolyte, obtaining membranes referred to as PT3 and PT4, respec-
tively. Second, the influence of the curing atmosphere is indagated by
comparing the properties of membranes cured in an inert Ar-filled glo-
vebox and those prepared in a dry room, to assess the influence of pos-
sible water traces on the GPEs crosslinking reaction. Two different
production strategies are also implemented, the first one preparing
self-standing GPEs and sandwiching them between anode and cathode
(referred to as EX), and the second one curing the GPE directly on top
of the cathode (referred to as IN). PT3 and PT4 exhibit similar features
in the presence or absence of oxygen, with high room temperature
ionic conductivity above 107> Scm™ > and a broad electrochemical sta-
bility window up to 4.59 V. However, in general, the PT4 GPE demon-
strates higher mechanical and Li transport properties, correlated also to
a more homogeneous SEI layer, studied through XPS analysis. More-
over, electrochemical testing on GPEs crosslinked in a dry room dem-
onstrated superior transport properties and overall performances with
respect to the glovebox crosslinked ones. Besides, the influence of the
IN or EX situ preparation was investigated through a rate capability test
in Li/GPE/LFP cells. All the tested cells displayed a stable cycling profile
and a specific capacity higher than 100 mAh g~' when cycled at a cur-
rent density of C/10 for more than 250 cycles, demonstrating the suit-
ability of such processes for up-scaling.

2. Results
2.1. Physico-Chemical Characterization
Figure 1a,b show a schematic representation of the thiol-ene photoin-

duced click reaction between PEGDA and both crosslinkers T3 and T4.
The photopolymerization of the formulations was investigated by
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means of FT-IR spectroscopy. The normalized spectra of the precursor
solutions are reported in Figure 1c. The curing process was monitored
following the decrease of intensity of two characteristic peaks, namely
the one at 1640 cm™ ', relative to the C=C double bond stretching of
the PEGDA chains, and the one at 2565 cm™ !, relative to the S-H bond
stretching of T3 and T4 molecules.””**?! The inserts in Figure 1c report
the intensity of both peaks during increasing UV irradiation time, dem-
onstrating an intensity decrease of an overall 90% after 60 s of continu-
ous UV irradiation. Conversions were computed as the ratio of the final
and the initial integral area of the considered peak and the results are
reported in Table S1, Supporting Information. From the obtained FT-IR
spectra, it was possible to assess the faster polymerization kinetics of the
PT4 formulation, demonstrated by the rapid decrease in intensity in the
S-H absorption peak, possibly caused by the higher thiol group density,
compared to the PT3 formulation. Such conversions were confirmed by
the decrease of intensity of the Raman peaks of the thiol group at
2565 am ™! after UV irradiation*”’ reported in Figure S1, Supporting
Information. The higher absolute intensity of the 2565 cm™' Raman
peak of the PT4 after 1 min of irradiation with UV light could be asso-
ciated with the lower conversion of thiol groups in the PT4 formula-
tion compared to the PT3 one.l'*! This could indicate a faster start of
the polymerization, which resulted in the rapid generation of a rigid
crosslinked structure in the first seconds, reducing the mobility of the
remaining S-H moieties and hindering their further reactions with the
acrylate groups. The lower availability of S-H groups could also lead to
a higher degree of homopolymerization of the PEGDA chains which
resulted in the higher conversion of C=C bonds for the PT4 formula-
tion reported in Table S1, Supporting Information. To confirm the
lower thiol conversion, an XPS measurement was performed on cross-
linked and thoroughly dried PT3 and PT4 membranes. The LiTFSI salt
was not added in the precursor solution in order to exclude the pres-
ence of peaks relative to the TFSI™ in the S 2p XPS spectra. The obtained
deconvoluted spectra are reported in Figure 2a and the ratio between
the integral intensity of the free thiol SH at 164.6 eV peak and the
thioether C-S-C peak at 163.1 eV was computed, demonstrating an
SH/CSC ratio of 0.535 for the PT3 formulation and 0.555 for the
PT4—,[31733] thus confirming the lower SH conversion in the PT4 sam-
ple. The kinetics of the curing process of the GPEs was further investi-
gated by means of photorheometric analysis with the storage modulus
curves as a function of the irradiation time reported in Figure 2b. The
PT4 formulation presented a steeper slope, thus confirming the higher
polymerization rate and higher reactivity with respect to the PT3
sample.**) As for the final value of storage modulus, the PT3 formula-
tion reached a stable storage modulus value of 0.32 MPa after 135,
while the PT4 solution reached a value of about 0.75 MPa after 235s.
Such increase in the storage modulus value from PT3 to PT4 was con-
sidered to be in accordance with results from the literature.[?”! The lon-
ger time required to reach a stable storage modulus value, together
with the higher gel time for PT4 (namely 16 ), could be regarded as a
confirmation of the slower reaction kinetics after the creation of the ini-
tial crosslinked structure. The increment in the mechanical properties of
the obtained GPEs with the increase of thiol functionalities was shown
by the compression mechanical testing performed on GPEs crosslinked
under Ar atmosphere (AR) and in dry room (DR). Figure 2c shows the
stress—strain curves for the two formulations. The obtained values of
compression modulus, namely 0.31 MPa for the PT3_AR sample and
0.34 MPa for the PT4_AR one, are to be expected due to the higher
total crosslink density of the tetrafunctional thiol-based formulation.
Nonetheless, the higher modulus can be related to the larger degree of

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85UB01 7 SUOLUWIOD aA 118D 9[qeoldde ayy Aq peuenob ae sooiLe YO ‘85N JO Son. 1oy Aleud1T8UIIUQ AB]1A UO (SUONIPUOD-PUR-SLUIB)LIOY A8 1M Afe.d1|Bul [Uo// Sty SUORIPUOD pue sWie 1 8y} 88S *[9202/c0/8T] o AkeiqiTauljuo AB|IM * elfel pueILo0D - 0jjopues) 0aYe N Aq 8200. 2We8/Z00T 0T/I0P/W0D A8 1M Aleiq 1 puljuo//Sdny Wouy papeojumod 'S ‘520z ‘9SE06.52



Energy &
Environmental Materials

HC CH, HC o
2 » .
@ e o ™ (b) po _o
o o ¢
0. % o
(W & { o
\ ¥ o (] o ° I
0 9 ° [ ° . 0 ’ 1 o
3 Ot ASH| , 00T s~to otrsd © afne IO AN ] 4 STTONOTS 0- 0
3 ey to i . il X e o9l e i et
o W P % % o X _
° ) o 9 o0
9 € 6.0
' )
HC o HC CH;
(c) :
——PT3 g Hstretching , C=C stretching
8 |—pma
c
8 /.
8
4000 3500 / 3000 2500 2000 1500 1000 500
Wavenumber (cm™')
- = Os 0s 0s —38s 0s ——8s
- 25 | 5. stretching T4 2s 2s —10s 25 —10s
—4s oo ——4s ——4s —60s 45 —60s
—6s —6s —es o
—8s —8s o
10s —7% CoC stretching PEGOA o strotching PEGOA
—60s —60s
L
2640 2600 2560 2520 2480 2640 2600 2560 2520 2480 1680 1640 1600 1560 1680 1640 1600 1560 1520

Wavenumber (cm™') Wavenumber (cm™')

Figure 1. Schematic representation of the thiol-ene reaction between PEGDA and a) T3

Wavenumber (cm™') Wavenumber (cm™')

and b) T4. ) FTIR spectra of the precursor formulation of PT3 and

PT4. Inserts: Intensity decrease of the C=C and the S-H peaks for PT3 and PT4 during UV irradiation.

(@ (b) ;=G PT3——G PT4——G" PT3——G" PT4
B 10
3 5
2 -
c o
- = 10%]
P o -
a o 10 o 165_
& ‘}., 14 -t
[ = 10-1‘ 60s 12 10" =
—_— . ™ e »e ooy 107} oeoooooeee
i UV Lamp on b Nas
176 172 168 164 160 156  10° = E R
o 0 100 200 300 400 500 "
Binding Energy (eV) Time (s)
(c) o8 T (d) (e) o]
——PT4_AR
PT3_DR
s 081 praoR _ € 19
& & € 2
2 %4 g €
¢ 2 o 3
@ 02 9
—PT3
- 54 —PT4
100 200 300 400 S00 600 700 800 100 200 300 400 S00 600 700 800

00 01 02 03 04 05

Strain (mm mm') Temperature (°C)

Temperature (°C)

Figure2. a) S 2p XPS spectra of PT3 (top) and PT4 (bottom) dried membranes, b) photorheometric curves of the samples. Insert: gelation times of the

formulations, c) stress—strain curves for samples cured in glovebox (AR) and in dry room
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(DR), d) thermograms, and e) DTG curves of cured membranes.
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homopolymerization of PEGDA in the PT4 formulation, which resulted
in a lower presence of the more flexible thiol-ether crosslinks.[**2¢]
The same compression test was carried out on samples photopolymer-
ized in a dry room. These samples displayed much lower values of
compression modulus, of the order of 0.15MPa for PT3_DR and
0.23 MPa for PT4_DR. The large difference in the mechanical properties
of the samples produced in the dry room can be ascribed to the pres-
ence of trace amounts of water, adsorbing from the dry room atmo-
sphere into the formulation, acting as a plasticizer and reducing the
modulus of the GPEs.*” "1 To assess the presence of water, FTIR spec-
tra were collected of membranes cured both in the dry room and in
the Ar-filled glovebox. For each formulation, the normalized spectra of
the Ar-cured membranes were subtracted from the spectra of the dry
room-cured ones, in order to isolate the water contribution. In
Figure S2, Supporting Information such difference is shown. The peaks

! and the wide band at around 3400 cm ™' were

[+0]

at around 1640 cm ™
atributed to O-H bending and stretching vibrations, respectively.
The presence of water traces was confirmed in both formulations cross-
linked in the dry room. Precursors and GPEs thermal stabilities were
investigated via TGA. The thermograms of the PEGDA, T3 and T4
monomers, as well as the cured PT3 and PT4 membranes are reported
in Figure 2d and Figure S3a, Supporting Information. PEGDA showed
one degradation step at 320 °C and a residual mass at 800 °C of about
2.4%, while both T3 and T4 degradation onset was localized at 225 °C.
The cured membranes showed the same thermal degradation steps, los-
ing approximately 50% of the initial weight due to solvent (EC and
DEC) evaporation starting at about 50 °C, followed by the thermal deg-
radation of the residual polymeric matrix at about 300 °C. From the
DTG curves, reported in Figure 2e and Figure S3b, Supporting Informa-
tion, it was possible to discriminate between three different weight loss
steps. The first and most relevant one was associated with the EC and
DEC evaporation while the second one, with the highest degradation
rate at 330 °C, was linked to the breakage of the crosslinking S-C bonds
and the subsequent generation of char and volatilization of S and C con-
taining species. The third and smallest weight loss step is attributed to
the further degradation of the char at around 430 °C."*'! The morphol-
ogies of the two membranes were investigated to evaluate the possible
presence of porosity developed due to solvent evaporation during the
crosslinking reaction. However, micrographs of the PT3 and PT4 sur-
faces, reported in Figure S4, Supporting Information, present a
non-macroporous structure, excluding the possibility of solvent evapo-
ration during UV curing.

2.2. Electrochemical Characterization

PT3 and PT4 formulations were crosslinked both in an Ar-filled glove-
box and in dry room and tested in coin-type cells in order to evaluate
the possible differences in the GPEs electrochemical properties. The
ionic conductivity (6) measurements were carried out in symmetrical
SS/GPE/SS cells through EIS analysis in the temperature range between
20 and 60 °C. Figure 3a reports the ¢ values for the PT3 and PT4 sam-
ples cured both in Ar and in dry room, computed with Equation 1.
The linear trends shown in the plot can be regarded as proof that the
principal conduction mechanism is to be ascribed to the decoupled
ionic diffusion in the liquid phase, as expected from a GPE. However,
additional minor conduction mechanisms can be considered responsi-
ble for the differences in ionic conductivity of the different GPEs.[**!
The formulations cured in dry room presented a higher ionic
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conductivity than the Ar-cured ones, through the entire temperature
range. This effect could be caused by the presence of trace amounts of
water acting as a plasticizer thus increasing the chain mobility, as
already hypothesized, and the conductivity.'****] The presence of water
traces, however, did not result in the decomposition of the Li salt, as
LiTFSI is reportedly stable during water exposure.[%'%] The higher PT4
conductivity, both for Ar and dry room-cured GPEs, was likely due to
the lower thiol group conversion in the reaction between PEGDA and
T4. The greater presence of unbound side chains can increase the seg-
mental motion of the polymer matrix, further increasing mobility, and
thus, the ionic conductivity.[m'“’“] Another possible effect was the
increase in lithium salt dissociation mediated by the greater density of
C=O0 and unreacted S-H group that can interact and partially coordinate
the TFSI™ anions./*®) Nonetheless, all tested membranes presented
excellent ionic conductivity values, reported in Table S2, Supporting
Information. The portion of the total ionic conductivity ascribed to Li*
movement was computed with the transference number measurement
of symmetric Li/GPE/Li cells, applying Equation 2. An higher transfer-
ence number is preferred as it results in lower polarization at the
electrode/electrolyte interface as well as a more homogeneous Li plat-
ing. In Figure 3b the average values of the t;;+ are reported. The indi-
vidual chronoamperometry plots for each cell are reported in Figure S5,
Supporting Information. The t;;+ values displayed the same trend of the
ionic conductivity, with the PT4_DR cell presenting the highest average
tr;+ value of 0.30 and the PT3_AR cell presenting the lowest value of
0.24. In order to further understand the Li* chemical environment and
solvation structure, FTIR spectra were collected comparing the different
membranes configurations. Figure S6a, Supporting Information displays
the FTIR spectra of membranes crosslinked in the absence and presence
of the liquid electrolyte solution. The peak around 1730 cm™' can be
associated to the stretching of the carbonyl group present in the struc-
ture of PEGDA and both thiols crosslinkers."*” Adding the EC/DEC
solution, two peaks appear at 1772 cm™' and 1798 cm™" (reported in
Figure S6b, Supporting Information), with the latter associated to the
stretching of the carbonyl group of EC and the former to the Fermi res-
onance of the stretching vibration mode.l*® The DEC carbonyl stretch-
ing peak is centered around 1730 cm™' and overlaps with the
previously detected peak, thus it was not possible to evaluate. From lit-
erature, it is already known that the signal relative to the EC-Li coordi-
nation overlaps with the Fermi resonance peak of EC at 1772 cm ™',
hence rendering the deconvolution of this contribution not possible.[so]
However, it is possible to assess the increase in intensity of the
1772cm™" peak, due to the presence of EC-Li coordination.
Figure Séc, Supporting Information, on the other hand, displays the
ring breathing peak of EC, centered at around 892 cm™'.F°'! When
comparing these peaks for formulations crosslinked without LiTSFI, a
slight blueshift was observed in the case of PT4. This shift, although
small, possibly stems from an increased interaction of the EC carbonyl
group with the free polymeric moieties containing the polar SH group.
The spectra of the membranes containing LiTFSI display a more pro-
nounced blueshift and the appearance of a shoulder at 902 cm™',
related to the EC-Li interaction.[*"**! The PT3_AR membrane displays
higher intensity of the shoulder peak with respect to the PT4_AR, dem-
onstrating a stronger interaction between EC and Li*. This feature could
stem from the stronger interactions between PEGDA ethylene oxide
(EO) portions and Li*, with respect to the EC-Li interactions, demon-
strated by higher donor number values found in literature.**) The
greater influence of the interactions between PEGDA and Li* in the
PT4_AR membrane, possibly due to an increased homopolymerization,
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Figure 3. a) Arrhenius plot of the formulations, b) AVERAGE transference number of GPEs, c) LSV curves of GPEs, and d) stripping and plating profiles of

GPEs.

could also lead to greater LiTFSI dissociation and thus to higher t;;+
values. In the case of PT3_DR and PT4_ DR, the same trend is shown,
with slightly higher intensities at 902 cm™ " and 1772 cm ™', and thus
slightly stronger EC-Li interaction strengths. This effect, however, is
quite small and it is compensated by the increase in ionic conductivity
due to improved chain mobility, thus is not appreciable in the t;-
values. To assess the electrochemical stability window (ESW) of the dif-
ferent GPEs, a LSV analysis was performed on Li/GPE/SS half cells in
the voltage range between 2 and 5 V. The ESW parameter is of great
importance to guarantee the operational safety of the GPEs, as an oxida-
tive stability voltage higher than the cutoff voltage is needed to ensure
that no degradation reactions occur during cycling. The plot, reported
in Figure 3c, shows a good oxidation resistance of the GPEs in contact
with Li, with an ESW that extends up to 4.59 V, exceeding the opera-
tional voltage range of 4.2V of the proposed electrochemical system.
Another fundamental property for the correct functioning of an electro-
lyte in a Li metal battery is the long-term stability against Li metal. The
evaluation was performed with EIS measurements conducted daily on a
symmetric Li/GPE/Li cell kept at OCV for 1 month. The Nyquist plots
relative to the different formulations are reported in Figure S7, Support-
ing Information. As for the cells sporting the membranes cured in the
Ar atmosphere, no significant variations in the bulk resistance (R) or
charge transfer resistance (Ry) values were observed. For both the
PT3_AR and the PT4_AR, the Ry, was consistently found equal to 35 Q,
while the Ry value was around 260 £, demonstrating a good stability
against Li metal. The dry room cured membranes displayed lower Ry,
values, nominally around 28 Q for the PT3_DR and 12Q for the
PT4_DR, reported in Figure S8, Supporting Information, consistent
with the higher conductivity associated to the dry room crosslinked
GPEs, and a slightly higher R around 320 Q at the end of the consid-
ered time. These slightly higher values might be explained by an initial
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reaction between metallic lithium and the trace water among other fac-
tors. Such values, however, were already stable after 10 days for
PT3_DR and 20 days for PT4_DR, showing no further evolution of the
phenomena afterward. The reversibility of Li* transport through the
GPEs, as well as the overpotential associated with Li deposition and
stripping was investigated by means of a galvanostatic plating and strip-
ping test carried out on symmetric Li/GPE/Li cell with a current den-
sity of 0.1 mA cm™” and a limited specific capacity of 0.1 mAh cm ™.
All the formulations presented a stable voltage profile, reaching 1000 h
of cycling with a low overpotential. As shown in Figure 3d, the cells
containing PT4 membranes displayed an overpotential of 205.5 and
60.7 mV versus Lit/Li after 1000 h, for the PT4_AR and PT4 DR for-
mulations, respectively; while the PT3_AR and PT3_DR cells reached
1000h of cycling sporting a higher overpotential of 215.7 and
125.2mV versus 1i*/Li, respectively. The lower overpotentials of the
PT4 formulations, as well as the increase in cycling stability, was again
to be ascribed to their higher ionic conductivity and transport proper-
ties. Moreover, focusing on the voltage profile (Figure S9, Supporting
Information), all the formulatons displayed a significant dead lithium
generation on the surface of the electrodes, demonstrated by the
arch-like shape of the overpotential in each cycle.”***] Both the
PT4-based formulations, however, displayed smaller slope of such
potential arch, and therefore, a more homogeneous Li* deposition on
the electrodes resulting in a minor dead lithium deposition on the sur-
face. Furthermore, the higher initial overpotential associated to both
PT3 cells can be ascribed to the greater presence of free C=C double
bonds reacting with Li metal to form a SEI layer. Nonetheless, all tested
membranes were able to cycle without major instabilities for 1000 h,
retaining a small overpotential, and so can be regarded as stable in con-
tact with metallic lithium and employable as GPEs for Li metal batteries.
In order to confirm the superior electrochemical properties of the
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Figure 4. Elemental composition of SEI on Li anodes of a) PT3 and b) PT4 cells. c) In depth C 1s spectra on Li metal anode after 10 cycles at C/10 (left PT3

cell, right PT4 cell).

PT4-based membranes, as well as to assess the effect of the crosslinker
(T3 and T4) on the SEI formation, symmetric Li/GPE/Li cells were
assembled in glovebox and the electrodes surfaces were analyzed after
24h of rest at OCV and after 10 cycles with a current density of
0.1mAcm 2 and a limited capacity of 0.1 mAh cm 2, via SEM, EDS,
and XPS. Figure S10, Supporting Information shows the Li metal anode
surfaces for rested and cycled cells containing the PT3 and PT4 mem-
branes. For reference, Figure S11, Supporting Information shows the
surface of a pristine Li metal anode. The Li surfaces of the rested cells
presented a similar surface morphology to the pristine Li anode, while
the PT3 cycled Li exhibited an irregular surface morphology with pits,
cracks, and ridges. The PT4 cycled Li surface was significantly flatter
and more homogeneous than the PT3 one but displayed some pits due
to the loss of Li metal generating the SEI and dead lithium.[**! Concur-
rently, the Li surfaces were analyzed by means of energy dispersive
spectroscopy (EDS) in order to quantify the atomic species. The results
of the EDS analysis are reported in Table $3, Supporting Information
and clearly showed a higher F percentage in the PT4 rested and cycled
cells. Both the F and the S content on the surfaces increases with
cycling, possibly due to SEI formation and electrolyte degradation. The
S presence was already found to be beneficial in the formation and sta-
bilization processes of the SEI layer.[%*ss] Interestingly, it was observed
that the SHI layer formed on the Li anodes of the PT3 cells, both after
the initial rest at OCV and after 10 cycles, was richer in S than the PT4
cells. One possible explanation is the higher proportion of unreacted
C=C bonds in PT3, acting as a weak point promoting degradation of
the polymer membrane. The lower amount of S on the surface, com-
pared to F, was confirmed by XPS measurements of the atomic compo-
siion of the SEI of cycled cells. Figure 4a,b show the atomic
percentages of the species present on the surface and in the bulk of the
SHI layer. Considering the greater presence of elemental Li on the PT3
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cycled anode, it was possible to assume the lower thickness of the tran-
sition layer between the electrolyte and the native oxide layer on the Li
metal surface. Furthermore, the PT4 transition layer displayed a greater
presence of S, N and F, resulting from greater TFSI™ degradation. This
result is in line with the assumption of a superior ionic dissociation of
the Li salt in the PT4 membrane due to unreacted thiol groups, as well
as the greater presence of C=O groups in the T4 structure. In-depth
XPS was performed on the surface of Li anodes extracted from
Li/GPE/LFP after 10 cycles of charge and discharge at a current density
of 0.1 mA cm 2. The spectra, reported in Figure 4c and Figures S12—
S15, Supporting Information, were collected at different Ar sputtering
times in order to investigate the composition of the transition layer at
different depths and thus its history of formation. The main peaks
found in the C 1s spectra of Li anodes from both PT3 and PT4 contain-
ing cells, at 292.8, 289.6, 286.7, and 284.9 eV, were assigned to C-F,
possibly  TESI™ Li,CO;, C-O and C-C groups,
respectively.**%) Interestingly in the PT4 spectra, the intensities of
peaks relative to organic species (C-O, C=0, C-H and C-C) decreased
in the bulk of the SEI, with the inorganic Li,CO3 peak intensity present-
ing a less significative decrease. Considering the O 1s spectra, the same
trend was reported, with peaks relative to inorganic species such as the
peak at 531.9 eV, assigned to Li,COs, being more intense in the bulk,
and peaks relative to organic ones, such as the one at 533.6 eV assigned
to C=0, being more intense on the surface.®°% In the bulk of the SEI
layer of the PT3 sample, the peak at 528.5eV of the O Is spectra,
assigned to Li,O, and at 161.7 and 160.5eV of the S 2p spectra,
assigned to Li,S, are significant and are either absent or present with a
lower intensity in the bulk PT4 specu*a.[%’(’o’él] The presence of Li,O
in both samples was also confirmed in the Li s spectra, due to the
presence of the peak centered around 54.3 eV, with a lower intensity
for the PT4.0°°7°'! These results were in accordance with the

residuals,
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Figure 5. Cyclic voltammetry profiles of a) PT3 and b) PT4 cells cycled at a rate of 0.1mVs™ .

assumption that the Li anodes of PT4 cells displayed a thicker but more
homogeneous transition layer. Further proof of this hypothesis lied in
the presence of peaks at 52.9 eV in the PT3 Li 1s and 283.1 €V in the
PT3 C 1s spectra, assigned to Li metal and C-Li, which are not present
in the PT4 specr.ra‘[sg’éz] The presence of such peaks can be correlated
with an inhomogeneous transiton layer, exposing the native oxide
layer thus enabling greater electrolyte decomposition.[*) Furthermore,
the F 1s and the Li 1s spectra displayed peaks at 684.7 and 56.8 eV
respectively, which were linked to the presence of LiF, mainly in the
transition layer.[*°*]
(Figure 4c) and LiF (Figure S14, Supporting Information) peaks in the
bulk of the transition layer of PT4 cells was directly linked to the lower
decomposition of the electrolyte, which confirmed the superior Li sur-

The lower relative intensities of Li,CO;

face protection due to the thicker transition layer.[63] The presence of
LiF in both SEIs is still to be considered a positive aspect due to the
extra-high mechanical properties, which are beneficial in stopping den-
dritic growth, as well as correlating with fast Li* transport, SEI stabiliza-
tion, and improved Columbic efﬁciency.[”‘“] The S 2p spectra
displayed some characteristic peaks that demonstrated the participation
of the TFSI™ anion and the crosslinkers in the forming reactions of the
SEL The presence of peaks assigned to SO, , TFSI” and its degraded
products was more significative on the surface of the tested anodes,
while the contribution of Li,S, S-S, and di- and poly-sulfides increased
in the bulk.®"*¢¢!1 The last investigated parameter was the GPE pre-
cursors’ deposition process and its influence on cells performances.
Cyclic voltammetry tests were performed to evaluate possible differ-
ences in electrochemical stability due to the different crosslinking envi-
ronments and deposition methods. Figure 5a,b display the CV curves
of all the considered formulations in the potential range between 2.5
and 4.2 V. Table S4, Supporting Information reports the potentials of
the anodic and cathodic peaks as well as the polarization potential for
each formulation. PT4 formulations showed limited polarization after
10 cycles, as well as comparatively higher intensities of both the anodic
and cathodic peaks, consistent with the superior conductivity and
tr;+.°*! Comparing PT3 and PT4 membranes for each different produc-
tion method, it was possible to notice the higher selectivity and effi-
ciency of the electrochemical reactions in the PT4 formulations, shown
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by more centered peaks and higher current intensities. Li/GPE/LFP cells
were prepared in the glovebox and cycled for 10 cycles at a current
density of C/10 to investigate the impact of the different formulations
and production methods on the cathode morphology and surface com-
position by SEM. In the case of in situ cells, the morphology of the
cathode presented significant differences between cycled (Figure S16,
Supporting Information) and pristine conditions, as shown in
Figure S17, Supporting Information, due to the presence of GPE resi-
dues after cell disassembly. For PT3 cells, the amount of degradation
products on the surface after 10 cycles at C/10, was arguably greater
than PT4 cells, demonstrating lower electrochemical stability. A rate
capability test was conducted on Li/GPE/LFP cells aiming at determin-
ing the electrochemical performances of the GPEs at different C-rates.
The cells were cycled between 2.5 and 4.2 V at C/20, C/10, C/5, C/2,
and 1C for 5cycles before 10cycles at C/10 and the results are
reported in Figure 6a. Tested cells showed good capacity values, higher
than 100 mAh g~ at C/10 with an almost total capacity retention after
5cycles at 1C. The PT3 cells presented, on average, higher specific
capacities than the PT4 cells and a larger data dispersion with an overall
unstable Columbic efficiency, possibly caused by a significant degrada-
tion of the GPEs during cycling. Figure 6b displays the voltage profiles
of cells cycled at C/10 before and after the rate capability test. All tested
cell configurations presented a good reversibility of the charge and dis-
charge voltage profile with a significant capacity retention. The lower
polarization displayed by PT4 cells further confirmed the superior ionic
conductivity and transport properties of this formulation. Considering
the long cycling test, the higher stability of the PT4 cells was confirmed
considering the capacity fade values reported in Table S5, Supporting
Information, as well as the flatter and more stable capacity profile,
shown in Figure 7a—d. Almost all tested cells displayed a capacity fade
lower than 10% after more than 250 cycles, with the PT4 formulations
consistently demonstrating a superior capacity retention and cycling sta-
bility than the PT3. Moreover, tested in situ PT4 cells presented compa-
rable lifetime and specific capacity value to other in situ GPEs, with a
superior capacity retention during cycling (Figure 7e)‘[66772] In the
cases of PT3_AR_EX the lower capacity fade was caused by the continu-
ous degradation of the electrolyte and the significantly unstable cycling,
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which was not demonstrated in the respective PT4 plot. Comparing the
properties of ex situ and in situ membranes, a significative increase in
the long cycling specific capacity of the cell was found, stemming from
the improved contact between the GPEs and the cathodes. The increase
of the capacity was more significant for the PT4 formulations as the ex
sitt membrane presented higher mechanical properties than the
PT3_EX one, which possibly worsen its electrochemical performances.
Interestingly, the in situ deposited PT3 formulations displayed a lower
Columbic efficiency than the PT4 ones, possibly due to the onset of
parasitic reactions occurring at the cathode interface during the charge
process. The more disperse Columbic efficiency, higher than 100%,
associated to the PT3_EX cells was possibly related to the less homoge-
neous SEI formed, continuously exposing fresh Li metal during cycling.
On the other hand, the low Columbic efficiency demonstrated by the
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PT3_IN cells could stem from a loss of contact as well as the onset of
parasitic reactions due to a non-complete polymerization in the cathode
porosities during the curing process. Furthermore, the continuous reac-
tion of Li metal with the PT3 electrolytes to reform the SEI layer was
possibly responsible for the larger capacity fade for the PT3 cells.

3. Conclusion

A comparative study was conducted studying the physico-chemical and
electrochemical properties of a class of GPEs based on PEGDAS575 and a
thiol-containing crosslinker, obtained in different production environ-
ments. A thorough investigation was carried out by FTIR, Raman, XPS,
and photorheometry, in order to investigate the polymerization reaction
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and its relationship to the electrochemical properties. The obtained GPEs
displayed excellent ionic conductivity higher than 1mS am ™!, as well
as good transport properties and stability in contact with the Li metal
electrodes. The dry room curing was found to not compromise the
polymerization reaction, but instead to improve the ionic conductivity
and the electrochemical performances overall, due to the beneficial
effect on the chain mobility and the salt ionic dissociation. The rate
capability tests demonstrated an almost complete capacity retention after
cycling at 1C, with a C/10 capacity higher than 100 mAh g~ for all
cells. The in situ deposited membranes presented comparable electro-
chemical properties with respect to the ex situ membranes, displaying a
contained capacity fade after more than 250 cycles, thus demonstrating
suitable properties for application in Li-ion battery systems. The pro-
duction strategies displayed in this work can be considered a suitable
approach to the development of cheap, green, and easily up-scalable gel
polymer electrolytes for future Li metal systems.

4. Experimental Section

Materials: Poly(ethylene glycol) diacrylate (PEGDA, M, =575gmol™"), tri-
methylolpropane tris(3-mercaptopropionate) (T3, M,, = 398,56 g mol "), pentaer-
ythritol tetrakis(3-mercaptopropionate) (T4, M, = 48866gmol™"), ethylene
carbonate (EC, M, = 8806 gmol "), diethyl carbonate (DEC,
M,=11813gmol™ "), lithium  bis(trifluoromethanesulfonyl)imide ~ (LiTFSI,
M, = 287.1gmol "), lithium iron (ll) phosphate (LFP, M, = 157.76 gmol "), 1-
methyl-2pyrrolidone (NMP, M,, = 99.13 g mol "), poly(vinylidene fluoride) (PVDF,
8% solution in NMP), and carbon black (C65) were obtained from Sigma-Aldrich
and used without further purification.

GPE production: The precursor PT3 solution was prepared by mixing in a
glass vial 0.170 g of PEGDA, 0.039 g of T3, and 0.490 g of LiTFSI 1M in EC/DEC
1:1v/v in an Arfilled glovebox (Mbraun Labstar, Stratham, NH, USA, O,, and
H,O contents <0.5 ppm). The PT4 precursor solution was similarly prepared by
mixing 0.173 g of PEGDA, 0.037 g of T4, and 0.490 g of the liquid electrolyte solu-
tion. The oligomer concentration was kept at 30% wt for the two formulations.
The precursor solutions were stirred for 10 min until thoroughly mixed and
completely clear, and then cast onto a glass plate and irradiated with UV light
(Hamamatsu UV LightningCure LC8 L9588, Hamamatsu, Shizuoka, Japan) for
1 min until a self-standing gel was obtained. To evaluate the possible differences
between the properties of the membranes, the same precursor solutions were
also prepared in a dry room, and the photopolymerization was carried out in a
dry atmosphere (10% relative humidity, dew point 20°C). To discriminate
between the two production methods, the membranes obtained in a controlled
Ar atmosphere were named PT3_AR and PT4_AR, while the membranes pro-
duced in the dry room were referred to as PT3_DR and PT4_DR. The
self-standing membranes were cut into disks with an 18 mm diameter and an
average thickness of 300 pm. Throughout the article, the acronym GPE will refer
indifferently to PT3_AR, PT3_DR, PT4_AR, or PT4_DR, the common point being
a polymer matrix crosslinked around the liquid electrolyte solution.

LFP cathode production: To prepare the cathode, a slurry containing 70%
LFP, 20% C65, and 10% PVDF wt% in NMP was cast onto an aluminum foil and
dried in the oven at 50 °C for 1 h. Disks with a 15 mm diameter were cut and fur-
ther dried in a vacuum oven (Glass Oven B-585, Biichi, Uster, Switzerland) at
120 °C for 6 h. The active material mass loading of the obtained cathodes was
~2mgem >

Cell assembly: The cell assembly was carried out in the glovebox for the
PT3_AR and PT4_AR cells and in the dry room for the PT3_DR and PT4_DR
ones. Lithium chips (156 mm X 062 mm, Chemetall srl, Giussano, Italy) were
employed as the anode while an LFP electrode was employed as the cathode.
The full cells were assembled by sandwiching the self-standing membranes
between the lithium chip and the LFP cathode. This cell configuration was
referred to as EX. For the in situ cured membranes, the precursor solution was
directly deposited on the cathode and irradiated with UV light for 1 min until
completely polymerized. The cells containing the in situ polymerized GPEs were
referred to as IN.
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Physico-chemical characterization: The polymerization of the oligomers was
investigated via FT-IR spectroscopy employing a ThermoFischer Scientific FT-IR
Spectrometer (Thermo Scientificc, Waltham, USA) in a wavenumber range
between 525 and 2200 cm ™" with 32 scans and a resolution of 4cm™" in ambient
air. Raman spectra were collected in the interval between 400 and 3500 cm ™" with
a Reinshaw InVia instrument (Raman, Wotton-under-Edge, UK) employing a laser
wavelength of 514 nm and a 20X lens. The thermal resistance of the oligomers
and the membranes was explored by means of a thermogravimetric analysis
(TGA) with a Netzsch thermo-microbalance (TG 209 F3 Tarsus, Selb, Germany)
between 25 and 800 °C in an inert N, atmosphere with a rate of 20 °C min~". The
polymerization kinetics was studied by monitoring the storage modulus of the
cured gels with an Anton PAAR Modular Compact Rheometer (Physica MCR 302,
Graz, Austria) sporting a quartz bottom glass during UV irradiation with a Hama-
matsu UV LightningCure LC8 L9588 UV lamp. The gel time was computed as the
time for which the storage modulus G’ surpasses the loss modulus G”. Mechanical
compression testing was performed by an MTS Systems Corporation dynamome-
ter (MTS QTestTM/10 Elite, Eden Prairie, MN, USA) with a 10 N load cell and a 1-
mm min~"' compression rate. The compression modulus was computed as the
slope of the initial elastic region. The GPEs morphology was obtained by means of
a Field Emission Scanning Electron Microscope (FESEM, ZEISS Supra 40, Oberko-
chen, Germany). X-Ray Photoelectron Spectroscopy (XPS) measurements were
carried out on Li anodes and crosslinked membranes with a ThermoScientific K-
Alpha X-ray Photoelectron Spectrometer (Thermo Scientific, Waltham, USA)
employing a non-monochromatized Al-K excitation radiation. The electrodes mor-
phology before and after 10 cycles of galvanostatic cycling was obtained with Field
Emission Scanning Electron Microscope (FESEM, ZEISS Sigma, Oberkochen, Ger-
many), equipped with an Energy Dispersive X-Ray Spectroscopy detector.

Electrochemical characterization: Electrochemical impedance spectroscopy
(EIS) was employed in order to probe the ionic conductivity of the membranes.
The EIS measurements were performed by a VSP3-e multichannel potentiostat
(Biologic, Seyssinet-Pariset, France) in the frequency range between 1Hz and
10° Hz at open circuit voltage (OCV) with an amplitude of 0.01 V. The measure-
ments were carried out in the temperature range between 20 and 60 °C in a
dynamic climatic chamber (BINDER GmbH, Tuttlingen, Germany) employing a
stainless-steel SS/GPE/SS symmetrical cell configuration (ECC-Std, EL-Cell, GmbH,
Hamburg, Germany). The values of the ionic conductivities were computed by
the equation:

S

77 (RovA)

m

where ¢ is the ionic conductivity, s and A are respectively the GPE thickness
and area and Ry, is the bulk resistance of the membranes computed from
the intercept of the high-frequency Nyquist plot of the EIS measurement.
The long-term interfacial stability of the GPEs in contact with Li metal was
investigated by means of EIS measurements performed each day for a
month on symmetrical Li/GPE/Li cells kept at room temperature. The Li*
transference number (t;;+) of the GPEs was computed from EIS measure-
ments performed before and after a chronoamperometry on a symmetrical
Li/GPE/Li cell. The voltage step was 10 mV over the OCV and the value of
t;+ was computed by the following:

 I*(AV—IgRo)

t = ——m——=
5T lge (AV—ILR,)

@

where I; and |y are the steady state and initial currents, Ry and R, are the
steady state and initial interfacial resistances and AV is the voltage step.
The electrochemical stability of the GPE was investigated by means of a lin-
ear sweep voltammetry (LSV) performed on SS/GPE/Li half cells in the volt-
age range between 2 and 5V versus Li/Li* with a scan rate of 0.1mVs™"
employing a CHI660D Electrochemical Workstation (CH Instruments, Inc,
Austin, TX, USA). The cyclic voltammetry (CV) was carried out on full
Li/GPE/LFP cells by a VSP3-e multichannel potentiostat in the voltage range
between 2.5 and 4.2V versus Li/Lit with a scan rate of 0.1mVs™". A
BT-2000 battery tester (Arbin Instruments, College Station, USA) was
employed to carry out the galvanostatic cycling tests on full Li/GPE/LFP cells
between 25 and 42V, as well as the plating and stripping tests on

© 2025 The Author(s). Energy & Environmental Materials published by
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symmetrical Li/GPE/Li cells with a current density of 0.1 mA cm™? and a lim- [17]
ited capacity of 0.1 mAhcm ™2 [18]
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