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H I G H L I G H T S

• Non-flammable DES-based gel polymer electrolytes (GPEs) enhance safety and performance in lithium metal batteries (LMBs).
• A scalable in-situ method is demonstrated by UV-curing the electrolyte precursor directly onto the cathode surface.
• Addition of EC and DEC to g-DES GPE (g-DES10) results in weaker Li+ coordination and enhanced ionic transport.
• The optimized GPE shows superior interfacial properties with lithium metal.
• Li||LFP cells with g-DES10 GPE deliver stable cycling (163 mAh g-1, 113 cycles at 1C), showing suitability for LMBs.
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A B S T R A C T

Lithium metal batteries (LMBs) are a promising alternative to obtain high-performance and sustainable energy 
storage systems, overcoming the energy density limitations of current lithium-ion batteries. However, Li metal 
hinders their widespread implementation due to high chemical reactivity and dendritic growth, poor interfacial 
stability and safety concerns linked to the use of flammable liquid electrolytes. Gel polymer electrolytes (GPEs), 
incorporating non-flammable solvents, have emerged as viable solutions, combining mechanical stability with 
good electrochemical performance. In this work, a scalable and cheap in-situ fabrication process for a deep 
eutectic solvent (DES)-based GPE is presented, directly depositing and UV-crosslinking the precursor formulation 
on the cathode surface. The polyethylene glycol diacrylate-based polymeric matrix is cured in a lithium bis 
(trifluoromethanesulfonyl)imide (LiTFSI) and trifluoroacetamide (TFA)-based DES, with and without the addi
tion of ethylene carbonate and diethyl carbonate mixture (g-DES and g-DES10, respectively). Physico-chemical 
and electrochemical characterizations reveal weaker Li+ coordination and improved transport properties and 
favourable interfacial properties in the presence of the carbonates. Li||LFP cells sporting g-DES10 GPEs exhibited 
good interfacial stability and stable cycling (163 mAh g− 1 over 113 cycles) at room temperature and 1C, 
demonstrating the suitability of such production processes for scalable, safe and high-performance LMBs.

1. Introduction

As the global demand for renewable energy and electric mobility 
continues to rise, the inherent limitation of the state-of-the-art 

electrochemical storage systems, particularly Li ion batteries (LIBs), has 
become increasingly evident. Although LIBs have been instrumental in 
enabling the widespread implementation of portable electronics and 
electric vehicles, their energy density, safety and sustainability are 

* Corresponding author.
E-mail addresses: mattia.longo@polito.it (M. Longo), matteo.gandolfo@polito.it (M. Gandolfo), francesco.schimmenti@polito.it (F. Schimmenti), 

javierrodriguez@cicenergigune.com (J. Rodriguez del Real), lmeabe@cicenergigune.com (L. Meabe), mmartinez@cicenergigune.com (M. Martinez Ibañez), 
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insufficient to meet the stringent requirements of next-generation ap
plications [1–3]. In this optic, novel and advanced energy storage sys
tems are urgently needed, improving safety, performance and 
sustainability of the manufacturing process. Li metal batteries (LMBs) 
are widely regarded as suitable candidates for next-generation energy 
storage systems and are, thus, being thoroughly investigated due to their 
potential to overcome LIBs’ drawbacks [4–6]. Li metal is considered an 
ideal anode material due to its extremely high specific capacity of 3860 
mAh g− 1 and low electrochemical reduction potential of − 3.04 V vs 
standard hydrogen electrode (SHE) [7]. However, Li metal still presents 
several notable critical challenges such as its strong reactivity towards 
water and the formation of unstable solid electrolyte interfaces [8,9]. 
Moreover, LMBs implementation has been widely associated with 
limited interfacial stability and uncontrolled dendritic growth leading to 
compromised cycle life and stability, as well as safety hazards, due to 
leaking and flammability of conventional liquid electrolytes [10,11].

A promising strategy to address the drawbacks of LMBs is the 
replacement of the liquid electrolyte with a solid or semi-solid system, 
avoiding electrolyte leakage and evaporation while mitigating the 
dendritic formation on the surface of the Li anode [12,13]. Among 
semi-solid-state electrolytes, gel polymer electrolytes (GPEs) have been 
widely regarded as suitable and desirable alternatives to liquid-based 
systems, specifically due to the optimal compromise between their 
solid-like mechanical stability and their excellent electrochemical 
properties. Therefore, GPEs can deliver superior electrochemical per
formances, compared to other solid-state electrolytes, while improving 
cell safety [14,15]. To further enhance the safety and performance of 
electrolytes, researchers have focused on emerging non-flammable 
liquid electrolytes such as ionic liquids and deep eutectic solvents 
(DESs), as an alternative to conventional carbonate-based liquid systems 
[16–18]. DESs, typically formed by hydrogen bonds between a hydrogen 
bond donor (HBD) and a Li salt acting as the hydrogen bond acceptor 
(HBA), are extremely attractive due to their low volatility, 
non-flammability, good electrochemical properties and limited envi
ronmental impact and are starting to gain attention as possible liquid 
electrolytes alternatives [19–21]. Li et al. developed an in-situ copoly
merized self-healing GPE based on pentaerythritol tetraacrylate 
(PETEA), cystine and 2-isocyanoethyl methacrylate, in combination 
with a N-methylacetamide (NMA) and lithium bis(tri
fluoromethanesulfonyl)imide (LiTFSI)-based DES [22]. The mixture was 
thermally polymerized in a polyethylene separator at 80 ◦C for 30 min 
and the assembled Li||lithium iron phosphate (LFP) cells delivered a 
specific capacity of 135 mAh g− 1 when cycled at 0.1C. A similar strategy 
was proposed by Ye et al. where a thiol-ene click reaction was employed 
to enable the in-situ crosslinking of a polymeric matrix composed of 
polyethylene glycol diacrylate (PEGDA) and pentaerythritol tetrakis 
(3-mercaptopropionate) (T4) in a DES solution of sulfolane (SL), 
methyl acrylate (MA), lithium difluoro (oxalato) borate (LiDFOB), 1, 
3-diamino-2-propanol (DAP) and LiTFSI [23]. The precursor solution 
was injected into a supporting cellulose film and reacted for 8 h at room 
temperature. The resulting Li||LFP cells were cycled at 60 ◦C for 800 
cycles at 1C and presented an initial specific capacity of 164 mAh g− 1. 
Another DES-based GPE was presented by Pei et al., employing a LiTFSI 
and 1,2-dimethylimidazole (DMIm)-based DES embedded in a poly
vinylidene fluoride (PVDF) matrix [24]. The precursor solution was 
hot-pressed for solvent evaporation and self-standing membranes were 
obtained. The resulting Li||LFP cells display a high specific capacity of 
157 mAh g− 1 when cycled at 0.1C at room temperature with a good 
capacity retention. Despite these results, the implementation of 
DES-based GPEs for LMB applications remains largely 
under-investigated.

However, in recent years, researchers and engineers are increasingly 
focusing on designing electrolytes that not only offer high performance 
but are also economically viable and easily scalable for mass production. 
In a previous work, a cheap and scalable production process for the in- 
situ preparation of a GPE directly on the cathode surface is reported 

[25], eliminating the need for a supporting separator and improving the 
cell energy density by reducing the inactive components content. From a 
manufacturing perspective, this approach is advantageous as it is fast, 
easily scalable and reduces the number of processing steps, lowering the 
overall process cost. Moreover, the in-situ deposition results in intimate 
contact between the precursor formulation and the cathode surface, 
leading to superior interfacial contact between the crosslinked GPE and 
the electrode.

Herein, this study proposes a fast, cost-effective, environmentally 
sustainable, and scalable GPE. Specifically, 1) the GPE is synthesized 
using a UV-mediated thiol-ene crosslinking reaction, eliminating the 
need for a separator; 2) it is directly deposited and crosslinked onto the 
cathode surface; 3) it relies on an DES as the liquid electrolyte medium; 
and 4) all cell assembly processes are conducted in a controlled dry 
environment. The development and characterization of the PEGDA and 
T4-based GPE is reported, employing a LiTFSI and trifluoroacetamide 
(TFA)-based DES as the liquid electrolyte medium (referred to as l-DES). 
Although TFA has received limited attention in the context of DESs, 
preliminary studies have shown interesting properties and good stability 
against lithium metal [26]. The addition of 10 wt% of an EC/DEC so
lution (1:1 wt ratio, referred to as EDL in the text) in the l-DES was 
investigated (referred to as l-DES10), with the aim of further optimizing 
the electrochemical performances during operation by reducing the DES 
viscosity. The physico-chemical properties and the electrochemical 
performances of the liquid DES-based electrolytes were thoroughly 
investigated, focusing on the evaluation of Li + coordination and 
chemical environment in the liquid l-DES and l-DES10, as well as in the 
GPE precursor formulations. As a result, the cycling performances of the 
obtained GPEs was investigated at 25 ◦C in a Li||LFP cell at 1C. The 
combined approach of DES-based GPE design and in-situ GPE prepara
tion represents a comprehensive strategy toward safer and 
high-performance LMBs.

2. Experimental

2.1. Materials

PEGDA (Mn = 575 g mol− 1), T4, TFA, 2,2-dimethoxy-2-phenylaceto
phenone (DMPA), ethylene carbonate (EC), diethyl carbonate (DEC), 
LiTFSI, 1-metil-2-pirrolidone (NMP) and PVDF (8% solution in NMP) 
were obtained from Sigma-Aldrich and used without further purifica
tion. LFP (800 μm particle size) and carbon black (C65) were purchased 
from Aleees and Imerys Graphite & Carbon, respectively.

2.2. DES preparation

The DES solution was prepared by mixing LiTFSI and TFA with a 
molar ratio of 1:4 for 2 h at 50 ◦C in an Ar-filled glovebox (Mbraun 
Labstar, Stratham, NH, USA, O2 and H2O contents <0.5 ppm).

2.3. GPE preparation

The precursor solution was prepared by mixing PEGDA and T4 (thiol: 
vinyl = 1:1 M ratio) in a dry atmosphere (10% relative humidity, dew 
point − 60 ◦C). 90 wt% of DES solution was added to obtain the g-DES 
precursor solution (90:10 wt% liquid:polymer ratio). In the case of the g- 
DES10 precursor solution, 10 wt% of EDL was further added with respect 
to the liquid weight (maintaining the 90:10 wt% liquid:polymer ratio). 
In all cases, 2 wt% of DMPA photoinitiator, with respect to the polymer 
weight, was added, and 250 μL of precursor solution was directly 
deposited on the LFP cathode surface and irradiated with a UV lamp (10 
W, 365 nm, DARKDAWN, China) for 6 min until completely crosslinked.

2.4. LFP cathode production

To prepare the cathode, a slurry containing 70 wt% LFP, 20 wt% C65 
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and 10 wt% PVDF in NMP was cast onto an aluminium foil and dried in a 
vacuum oven at 70 ◦C for 12 h. The calendering process was carried out 
via a hot rolling press (MSK-HRP-01, MTI Group, Richmond, United 
States) at 90 ◦C obtaining a cathode layer thickness reduction of 30%. 
Disks with a 12 mm diameter were cut and further dried in vacuum oven 
at 120 ◦C for 6 h. The active material mass loading of the obtained 
cathodes was ≈2 mg cm− 2.

2.5. Cell assembly

The cell assembly was carried out in the dry room (dew point 
− 60 ◦C) with lithium chips (15.6 mm × 0.62 mm, Chemetall s.r.l., 
Giussano, Italy) employed as the anode. Li|GPE|LFP full cells were 
assembled in ECC-Std (EL-Cell, GmbH, Hamburg, Germany) type cells.

2.6. Physico-chemical characterization

The chemical environment in the precursor solutions was investi
gated via NMR analysis employing a Bruker 300 MHz spectrometer. The 
donor number (DN) of TFA was computed from the 23Na NMR spectrum 
of a 0.1 M solution of sodium bis(trifluoromethanesulfonyl)imide 
(NaTFSI) in melted TFA, employing a 3 M solution of sodium chloride 
(NaCl) in deuterated water (D2O) as a reference. The test was carried out 
at 80 ◦C and the value of DN was estimated from Eq. (1) [27,28]. 

DN=2.106⋅23δ + 32.74 (1) 

Infrared spectra were collected by Attenuated Total Reflectance 
Fourier-Transform Infrared (ATR-FTIR) technique using a Vertex-70 
Bruker spectrometer. The spectra were collected in the 4000-400 cm− 1 

spectral range with an average of 64 scans and a resolution of 4 cm− 1. 
Raman spectroscopy was carried out on the samples in a Renishaw inVia 
confocal Raman spectrometer, employing a 532 nm incident laser 
wavelength and a 3600-100 cm− 1 Raman shift range. Both FTIR and 
Raman spectra were fitted with Origin software employing the Gaussian 
function. The thermal properties of the liquid ES-based solutions and the 
crosslinked GPEs were evaluated via Netzsch DSC 204 F1 calorimeter 
(Selb, Germany) between − 80 and 60 ◦C with a scan rate of 10 ◦C min− 1 

in an inert N2 atmosphere, while 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 30 and 800 ◦C in N2 with a rate of 20 ◦C min− 1. 
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 Hamamatsu 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’’. The viscosity of the 
liquid electrolytes was evaluated at 40 ◦C while the test for the precursor 
formulations was carried out at 25 ◦C. Mechanical compression testing 
was performed by an MTS Systems Corporation dynamometer (MTS 
QTestTM/10 Elite, Eden Prairie, MN, USA) with a 10 N load cell and a 1 
mm min− 1 compression rate. The compression modulus was computed 
as the slope of the initial elastic region.

2.7. Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) was employed to 
calculate the ionic conductivity of the membranes. The EIS measure
ments were performed by a VSP3-e multichannel potentiostat (Biologic, 
Seyssinet-Pariset, France) in the frequency range between 1 Hz and 105 

Hz at open circuit voltage (OCV) with an amplitude of 0.01 V. The 
measurements 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 Eq. (2). 

σ =
s

(Rb⋅A)
(2) 

where σ is the ionic conductivity, s and A are respectively the GPE 
thickness and area and Rb 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 at room temperature was investigated by EIS 
measurements performed daily for a month in symmetrical Li|GPE|Li 
cells. The Li+ transference number (TLi+ ) of the GPEs was computed from 
EIS measurements performed before and after a chronoamperometry 
(CA, 10 mV) on a symmetrical Li|GPE|Li cell, as described by Bruce and 
Vincent with Eq. (3) [29]: 

TLi+ =
Is⋅(ΔV − I0R0)

I0⋅(ΔV − IsRs)
(3) 

where Is and I0 are the steady state and initial currents, Rs and R0 are the 
steady state and initial interfacial resistances and ΔV is the applied 
voltage. The electrochemical stability of the GPE was investigated by 
linear sweep voltammetry (LSV) performed on SS|GPE|Li half cells in 
the voltage range between 2 and 5 V vs Li/Li+ with a scan rate of 0.1 mV 
s− 1 employing a CHI660D Electrochemical Workstation (CH In
struments, Inc, Austin, TX, USA). A BT-2000 battery tester (Arbin In
struments, College Station, USA) was employed to carry out the plating 
and stripping tests on symmetrical Li|GPE|Li cells with a current density 
of 0.1 mA cm− 2 and a limited capacity of 0.1 mAh cm− 2. The same 
battery tester way employed to perform the critical current density 
(CCD) test, increasing the current density from 0.05 mA cm− 2 to 1 mA 
cm− 2 retaining a step time of 1 h on symmetrical Li|GPE|Li cells. The 
galvanostatic cycling of Li||LFP cells was carried out in a VMP3-e 
multichannel potentiostat (Biologic), between 2.5 V and 3.8 V, with a 
current density of 1C and a constant voltage step after each charge step. 
The temperature during cycling was controlled with a BINDER KB23 
Cooling incubator and kept at 25 ◦C.

3. Results and discussion

3.1. Physico-chemical characterization

The deep eutectic solvent (l-DES) employed for GPEs preparation 
was prepared by mixing TFA and LiTFSI crystals in a 4:1 M ratio, as 
reported in literature [26]. The ratio 4:1 was chosen as it results in the 
highest ionic conductivity, reported in Fig. S1. Nonetheless, the presence 
of several broad crystallization and melting peaks in the temperature 
range between − 20 ◦C and 35 ◦C are observed by DSC analysis, Fig. S2, 
indicates the presence of a dual-phase region where both solid and liquid 
species are present in a 4:1 M ratio. This phenomenon is a clear indi
cation that the ratio of 4:1 is not, in fact, the eutectic composition of the 
TFA/LiTFSI based DES [30]. From the DSC spectrum of the l-DES, it is 
possible to evaluate the solidus temperature TS, defined as the temper
ature at which the mixture begins to solidify, as − 7 ◦C and the liquidus 
temperature TL, defined as the temperature at which the last solid specie 
melts, as 32 ◦C. The addition of 10% wt of a 1:1 mixture of EC/DEC 
(l-DES10, also reported in Fig. S2) causes the TS and the TL of the 
formulation to shift at lower temperatures, namely − 29 ◦C and 28 ◦C 
respectively, due to the increase in the configurational entropy of the 
mixture [31]. The detected temperature shift enables a fully liquid DES 
existence in a broader temperature range. The EDL addition, moreover, 
reduces the viscosity of the liquid DES and, consequently, leads to higher 
ionic conductivity (shown in Fig.S3 and Fig.S1, respectively). The 
thermal stability of both formulations was investigated by means of TGA 
analysis. From the thermograms reported in Fig. S4, an almost identical 
onset temperature of weight loss (identified as the temperature at which 
the weight loss reaches 2%) was measured, namely 74 ◦C and 75 ◦C. 
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From the thermograms, two weight loss steps, with the maximum rate 
temperatures recorded at around 130 ◦C and 420 ◦C, are identified and 
assigned to the TFA and LiTFSI degradation, respectively [32,33].

The strong interaction between TFA and Li+ has been reported 
through molecular dynamics studies, with the carbonyl oxygen atom of 
the acetamide closest to the Li+, forming the eutectic solution [34] and 
favouring Li+ transport properties [26]. In this context, to evaluate the 
coordination environments of the species, the DN value of TFA was 
determined. 23Na NMR was employed to evaluate the DN of the TFA via 
Eq. (1) which was found to be equal to 18.63 kcal mol− 1 (Fig. S5). Such a 
high value of DN is instrumental in enabling the LiTFSI salt dissociation 
and the strong solvation of the Li+ in the DES by TFA. To confirm these 
assumptions, the interactions between the species in TFA and in the 
l-DES were evaluated by means of FTIR. Fig.S6.a displays the TFA and 
l-DES FTIR spectra inserts in the 1550-1900 cm− 1 wavenumber range 
(the full FTIR spectra of TFA and l-DES are reported in Fig.S6.b). In the 
TFA FTIR spectrum, the most intense peak, centred around 1706 cm− 1, 
was assigned to the free C=O stretching vibration while the smaller peak 
at 1641 cm− 1 was associated to the stretching vibration of the negatively 
charged C=O interacting via H-bond with the positively charged NH2 
group forming a dimer [35–37], as illustrated in Fig.S6.c. With the 

addition of LiTFSI in the system and the generation of the eutectic so
lution, the dimer peak disappears, and another peak arises at 1610 cm− 1, 
associated with the C=O—Li+ coordination [38–41]. Once EDL is 
combined with l-DES, the Li + chemical environment and its solvation 
structure are studied by 7Li, 1H and 19F NMR, FTIR and Raman spec
troscopy (Fig. 1.a-e). Although EC and DEC present smaller DN values 
(16.4 kcal mol− 1 and 16 kcal mol− 1, respectively [42,43]), it is impor
tant to consider that their addition in the l-DES leads to an increase in the 
C=O molar concentration.

The upfield shift of the 7Li signal for the l-DES10 sample, observed 
after the EDL addition, can be associated with an increase in the 
shielding around the Li+ nucleus (Fig. 1.a). This result is counterintui
tive as the addition of co-solvents has been reported to increase the 
configurational entropy of the solvation shell and thus weaken the co
ordination of the cations [31]. However, it is the authors’ hypothesis 
that the increase in the C=O molar concentration could compensate for 
the increase in configurational entropy and result in a slightly stronger 
C=O—Li+ coordination [44].

Concurrently, the downfield shift of the 1H and the 19F peaks (Fig. 1. 
b and c), related to the NH2 and the CF3 groups of the TFA, respectively, 
can be caused by the increase in the number of TFA—TFA H bonds, as 

Fig. 1. (a) 7Li NMR, (b) 1H NMR, (c) 19F NMR (d) FTIR and (e) Raman spectra comparison between l-DES and l-DES10. (f) Schematic representation of l-DES10 
interactions. (g) 7Li NMR, (h) 1H NMR, (i) 19F NMR (j) FTIR and (k) Raman spectra comparison between l-DES and g-DES. (f) Schematic representation of g-DES 
interactions. (m) 7Li NMR, (n) 1H NMR, (o) 19F NMR (p) FTIR and (q) Raman spectra comparison between g-DES and g-DES10. (r) Schematic representation of g- 
DES10 interactions.
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well as possible interactions between the C=O groups of EC and DEC and 
the positively charged NH2 groups. On the other hand, the increase in Li 
nucleus shielding with EDL addition still results in a less shielded Li 
nucleus with respect to a 1 M LiTFSI in EC/DEC (a standard electrolyte), 
as shown in Fig. S7, which may indicate a more dynamic solvation shell. 
In the FTIR plot, reported in Fig. 1.d, the addition of EDL results in the 
appearance of two bands at 1809 cm− 1 and 1780 cm− 1, associated with 
the C=O stretching of EC and the associated Fermi resonance [45–47]. It 
is reported that the DEC carbonyl stretching is centred around 1740 
cm− 1 and thus, it is not visible due to overlap with the TFA carbonyl 
peak [46]. Besides, the decreased intensity of the 1610 cm− 1 vibration 
could stem from the weaker TFA—Li+ interaction due to the establish
ment of the EDL—Li+ interactions. Another confirmation of the presence 
of interactions between the carbonates and Li+ can be given considering 
the presence of the 725 cm− 1, 905 cm− 1 and 975 cm− 1 in the Raman 
spectra, related to C=O bending and ring breathing of the EC structure 
when coordinating with a cation [48], as well as the slight redshift of the 
745 cm− 1 peak, associated with the expansion and contraction of TFSI−

suggests a higher degree of dissociation, as reported in the insert of 
Fig. 1.e (full Raman spectra reported in Fig. S8) [49–51]. All in all, a 
simplified schematic of the chemical interactions in the l-DES10 elec
trolyte is reported in Fig. 1.f, where the competition between the sol
vation of the Li+ by the TFA and the carbonates is illustrated. Next, the 
impact of polymer presence on the coordination environment is evalu
ated. Considering the interactions between the l-DES and the oligomers 
chains in the g-DES precursor formulation, a significant upfield shift is 
recorded in the 7Li NMR spectrum reported in Fig. 1.g. The increase in Li 
nucleus shielding stems from the stronger coordination of Li + to the 
ethylene oxide (EO) segments in the PEGDA chains, which display a DN 
of 20 kcal mol− 1 [52]. The greater occurrence of TFA—TFA interactions, 
through H-bonding, is further confirmed by the downfield shift of the 1H 
and 19F peaks related to the TFA in the spectra reported in Fig. 1.h and i. 
Interestingly, the 19F signal relative to the TFSI− anion around − 80.7 
ppm in the g-DES formulation displays a downfield shift compared to the 
l-DES and l-DES10 spectra. Considering the TFSI− charge delocalization, 
the deshielding of the F atoms could be caused by the weaker in
teractions of the TFSI− anion with the Li+ [53]. The appearance of the 
H-bond peak at 1641 cm− 1, in the FTIR spectra, and the decrease in 
intensity of the C=O—Li+ stretching peak of the TFA at 1610 cm− 1 in 
Fig. 1.j can both be attributed to the stronger interactions between Li+

and the EO units of the PEGDA (with the full FTIR spectra reported in 
Fig. S9). Additionally, a slight redshift of both the Raman peak associ
ated to the CF3 stretching from 1247 cm− 1 in the l-DES to 1245 cm− 1 in 
the g-DES formulation (Fig. S10) and the Raman peak associated to the 
S− N− S stretching from 748 cm− 1 in the l-DES to 746 cm− 1 in the g-DES 
are measured (Fig. 1.k) (full Raman spectra of g-DES and g-DES10 in 
Fig. S11). The shifts of the TFSI− signals in the Raman spectra could also 
be associated with a stronger dissociation of the LiTFSI salt due to the 
strong coordination of the Li+ with the EO segments in the polymeric 
matrix [54,55], schematically displayed in Fig. 1.l. On the other hand, 
the g-DES10 precursor formulation displays a much more dynamic 
chemical environment in the Li+ solvation shell. The weaker Li+ sol
vation in the g-DES10 linked to the more disordered Li+ solvation 
environment results in the downfield shift of the Li+ peak in the 7Li NMR 
spectrum of g-DES10 with respect to the g-DES (Fig. 1.m). The strong 
solvation of Li+ by the EO units of the polymer chains, exemplified by 
the greater DN of PEGDA, competes with the comparatively weaker 
solvation of Li+ in the l-DES10 liquid phase. Comparing the 7Li shift of 
the g-DES10 formulation with a reference (g-1 M LiTFSI in EC/DEC 
containing PEGDA and T4), it is clear that the DES-based GPE precursor 
formulation displays much more deshielded Li nuclei, which indicates 
stronger Li coordination in the g-1 M LiTFSI in EC/DEC sample 
(Fig. S12). The greater extent of TFA—TFA interactions is further 
confirmed by the greater downfield shift of the 1H and 19F NMR peaks in 
Fig. 1.n and o, caused by the substitution of some TFA molecules in the 
Li+ solvation shell with EC and DEC molecules. The addition of the EDL 

mixture, again, causes a slight decrease in the intensity of the C=O—Li+

of the TFA at 1610 cm− 1 in the FTIR spectra with the consequential 
increase in the intensity of the H-bond peak of the TFA at 1641 cm− 1, 
reported in Fig. 1.p. The decrease in the Li nucleus shielding upon EDL 
addition is possibly caused by the lower viscosity of the liquid phase and 
the increase in the C=O molar concentration. The increased dissociation 
of LiTFSI is demonstrated by the slight redshift of the Raman peak 
related to TFSI− from 746 cm− 1 to 745 cm− 1, reported in Fig. 1.q. 
Moreover, the appearance of Raman peaks at 725 cm− 1, 905 cm− 1 and 
975 cm− 1 in Fig. 1.q can be again regarded as proof of the carbonate 
interactions with Li + [48], with the schematized Li+ interactions re
ported in Fig. 1.r.

To evaluate possible differences in the thermal behaviour of the 
formulations after the mixing of the DES-based liquid electrolyte with 
the polymeric precursors, DSC tests were carried out. The measured DSC 
spectra for the precursor solutions and the crosslinked GPEs are reported 
in Fig. 2.a and confirm the presence of several thermal transitions in the 
temperature range between − 40 ◦C and 40 ◦C. The g-DES10 formula
tion, both before and after the crosslinking reaction, displays slightly 
lower TL with respect to the g-DES one. Before crosslinking, the TL shifts 
from 35 ◦C for g-DES to 32 ◦C for g-DES10, while after UV-curing, the TS 
drops from 35 ◦C for g-DES to 26 ◦C for g-DES10, allowing the DES to 
remain liquid at room temperature inside the crosslinked polymer ma
trix. Furthermore, the lower viscosity of g-DES10 precursor formula
tions, reported in Fig. 2.b, is attributed to the addition of the low 
viscosity EDL solution, as well as the increase in configurational entropy 
of the solvation shell [31]. This reduction is further confirmed by 
monitoring the loss (G’’) moduli of g-DES and g-DES10 during the 
crosslinking reactions, reported in Fig. 2.c, which highlights the lower 
viscosity of the g-DES10 formulation. This decrease in viscosity could 
also contribute to the shorter gel time, defined as the time for which 
G’>G’’ in the case of a crosslinking solution, which drops from 12 s for 
the g-DES to 8 s for the g-DES10 [56].

Moreover, considering the G′ values measured for both GPEs at the 
end of the crosslinking reactions, it is possible to evaluate a significant 
decrease from 45.2 kPa for the g-DES to 19.2 kPa for the g-DES10. Such a 
decrease in G′ is possibly caused by the weaker interactions between the 
oligomer chains and the liquid phase after the EDL addition. The weaker 
interactions lead to more contracted chains and thus, to a slower 
crosslinking reaction [57,58]. Moreover, it is reported that metal cations 
can act as temporary crosslinkers in gels, increasing the crosslinking 
density and thus the storage modulus G’. The decrease in G’ measured 
after the addition of the EDL solution could result from the increase in 
Li+ mobility in the liquid phase [59,60]. This trend is further confirmed 
by the compression test (Fig. S13) with a slight reduction in compression 
modulus values of the crosslinked GPEs from 21.01 ± 0.28 kPa for the 
g-DES to 19.83 ± 0.55 kPa for the g-DES10.

Lastly, the superior safety of the DES-based GPEs was evaluated via 
flammability test. For comparison, a control membrane was obtained by 
crosslinking the oligomers in the carbonate liquid electrolyte (g-1 M 
LiTFSI in EC/DEC). As shown in Fig. 2.d, both g-DES and g-DES10 pre
sent a complete resistance to ignition and fire, even after two consecu
tive 10 s ignitions, and therefore, both membranes can be considered 
significantly safer than the highly flammable control GPE. These results 
confirm the non-flammability and the superior safety of the DES-based 
GPEs, advantageous for practical applications of solid-state LMBs.

3.2. Electrochemical characterization

The ionic conductivity of the GPEs was computed via Eq. (2) based 
on PEIS measurements in the temperature range from 20 ◦C to 60 ◦C. 
Self-standing membranes were prepared in dry room by crosslinking the 
precursor formulation on a glass substrate. As reported in Fig. 3.a, the 
test confirms the higher ionic conductivity of the g-DES10 compared to 
g-DES throughout the whole temperature range, with conductivity 
values at 20 ◦C of 1.25 × 10− 3 S cm− 1 and 6.36 × 10− 4 S cm− 1, 
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respectively.
The significative increase in ionic conductivity can be correlated 

with the decrease in liquid phase viscosity, as well as the weaker coor
dination of the Li+, as confirmed by NMR and spectroscopic analysis. 
Additionally, to further understand the ion transport efficiency within 
the polymer matrix, the Li+ transference number TLi+ was evaluated for 
both formulations using Eq (3). As reported in Fig. 3.b and Fig. S14, the 
g-DES sample displays a TLi+ of 0.65 while the carbonates addition leads 
to a comparable value of TLi+ of 0.67. Such high values of TLi+ are 
extremely advantageous during cell operation as they reduce cell po
larization and interfacial resistance, leading to more homogeneous Li 
plating and stripping. The total conductivity, TLi+ and Li+ conductivity, 
reported in Fig. 3.b, further confirm that the addition of the EDL solution 
significantly improves the Li+ transport properties, with the Li+ con
ductivity increasing from 4.13 × 10− 4 S cm− 1 for g-DES to 8.37 × 10− 4 S 
cm− 1 for g-DES10 at 20 ◦C.

In order to evaluate the interfacial stability of the crosslinked GPEs in 

contact with Li metal, symmetric Li|GPE|Li cells containing both g-DES 
and g-DES10 membranes were kept at open circuit voltage (OCV) for one 
month, performing PEIS measurements daily. The evolution of the 
Nyquist plots for both cells in the considered period is reported in 
Fig. S15 and summarized in Fig. 3.c. Interestingly, the charge transfer 
resistance (Rct) values of the investigated cells display opposite trends 
during the interfacial stability test. The g-DES cell presents an increase in 
the values of Rct from the initial 147 Ω cm2 to 198 Ω cm2 after 30 days at 
OCV, suggesting continuous side reactions between Li metal and TFA at 
the interface over time, possibly caused by the generation of a porous 
and unstable interfacial layer. On the contrary, the g-DES10 cell displays 
a sharp decrease in Rct after the first 10 days of testing, from 171 Ω cm2 

to 103 Ω cm2, and reaches 99 Ω cm2 after 30 days. Interestingly, the EDL 
addition in the liquid phase of the gel in contact with Li metal has not 
resulted in a decrease in interfacial stability [25,61]. The Rct evolution 
can be regarded as proof of the generation of a stable interface after the 
prolonged contact of the g-DES10 membrane with Li metal and as a 

Fig. 2. (a) DSC curves of g-DES and g-DES10 before and after UV-curing. (b) Comparison between g-DES and g-DES10 solutions viscosity before UV-curing. (c) 
Photorheometric curves of g-DES and g-DES10 during UV irradiation. (d) Flammability tests of g-1 M LiTFSI in EDL, g-DES and g-DES10.
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confirmation of the stability of such GPE with Li metal in static condi
tions. To evaluate the practical impact of the improved transport prop
erties, the deposition and dissolution of Li were evaluated in a 
symmetrical Li|GPE|Li cell, employing self-standing membranes pre
pared in a dry room. The galvanostatic plating and stripping test was 
carried out at 25 ◦C with a current density of 0.1 mA cm− 2 and a limited 
capacity of 0.1 mAh cm− 2. Both g-DES and g-DES10 cells displayed low 
and constant overpotentials during the plating and stripping test, shown 
in Fig. 3.d, with final values of 12.1 mV vs Li+/Li and 8.2 mV vs Li+/Li, 
respectively, further confirming the generation of a more conductive 
interface for g-DES10. Another confirmation of the beneficial effect of 
the EDL addition to the DES-based electrolyte is the increase in the CCD, 
as reported in Fig. S16, from 0.5 mA cm− 2 for g-DES to 1 mA cm− 2 for 
g-DES10. The flatter voltage profile, lower cell polarization and superior 
CCD demonstrated by the g-DES10 formulation can be linked to the 
superior Li-ion conductivity and more conductive Li/electrolyte inter
face presenting lower Rct obtained after the EDL addition [62]. To 
further evaluate the voltage stability of the GPEs, a LSV test was con
ducted on SS|GPE|Li cells. As reported in Fig. 3.e, both g-DES and 
g-DES10 formulations exhibit comparable electrochemical stability. The 
limited electrochemical stability windows (ESWs), namely 4.2 V and 4.3 
V for g-DES and g-DES10, respectively, were related to the high HBD 
concentration, which may undergo oxidative degradation at higher 
potentials [63,64]. Nevertheless, the slightly broader ESW displayed by 
g-DES10 is in line with the general improvement in the electrochemical 
stability upon EDL addition [65,66].

3.3. Galvanostatic cycling

To assess the impact of the addition of the carbonates solution in the 
GPEs, galvanostatic cycling of cells were conducted on Li|GPE|LFP cells, 
reported in Fig. 4.a. The cells were cycled with a current density of 1C 
between 2.5 V and 3.8 V, employing a constant voltage step after each 
charge process and measuring the PEIS every cycle for the first 20 cycles 
and each 10 cycles thereafter. The improvement in ionic conductivity 
and transport properties associated with the increase in entropy of the 
Li+ solvation shell is demonstrated by the significant increase in specific 

capacity values, cycling stability and cell lifetime.
The g-DES-based cell and, to a lesser extent, the g-DES10 cell display 

an initial increase in specific capacity during the first five cycles, likely 
due to the activation of the Li/GPE interfaces. The g-DES cell presents a 
specific capacity peak value of 125 mAh g− 1, after which the capacity 
fades rapidly and constantly. This can be possibly linked to the accu
mulation of degradation products at the Li interface, increasing the 
interfacial resistance and promoting cell polarization. The g-DES10- 
based cell, on the other hand, displays stable cycling, with a specific 
capacity of 163 mAh g− 1 retained for 113 cycles. The improvement in 
electrochemical performance is additionally supported by the PEIS data, 
reported in Fig. 4.b and c and summarized in Fig. 4.d, reporting the 
fitted resistance values during cycling. The initial Rct value for the g- 
DES10 cell was measured at 175 Ω cm2, significantly lower than the 326 
Ω cm2 measured for the g-DES one. Furthermore, the g-DES10 cell pre
sents a more gradual increase in Rct values during cycling, reaching 278 
Ω cm2 after 40 cycles, as opposed to the 964 Ω cm2 of the g-DES cell. 
After 120 cycles, the Rct of the g-DES10 cell increases to 707 Ω cm2, 
highlighting the superior interfacial stability obtained after the 10 wt% 
carbonates addition. The all-around improvements in ionic conductiv
ity, Li + transport properties and interfacial stability contribute to the 
lower cell polarization evaluated for the g-DES10 cell, reported in Fig. 4. 
e. To better understand the source of the difference in performances and 
the interfacial properties of the considered samples, a post-mortem 
investigation of the Li-electrolyte interface was carried out. Li|LE|LFP 
cells were assembled in an Ar-filled glovebox to assess the performances 
of the two liquid electrolytes, l-DES and l-DES10. The morphology of the 
Li anode of cells containing the GPEs was not evaluated as it was not 
possible to retrieve Li anodes without modifying the Li surface 
morphology. The assembled cells were tested by galvanostatic cycling 
for 60 cycles at a current density of 1C at 25 ◦C and the cycled Li anodes 
were retrieved to evaluate lithium morphology by SEM. The specific 
capacity evolution plots are reported in Fig. 5.a and b, displaying stable 
cycling.

Fig. 5.c and d display micrographs of the anode surface from both 
cells after cycling in the charged state. l-DES10 based electrolytes clearly 
reports a smoother and more homogeneous Li anode surface, in line with 

Fig. 3. (a) Dependence of ionic conductivity of g-DES and g-DES10 on temperature. (b) Room temperature ionic conductivity, Li + conductivity and transference 
number of g-DES and g-DES10. (c) Bulk and charge-transfer resistance evolution for g-DES and g-DES10 in symmetric Li||Li cells. (d) Stripping and plating profiles and 
(e) LSV curves of g-DES and g-DES10.
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the superior interfacial properties. This morphology suggests a more 
controlled and homogeneous lithium plating process, attributed to the 
improved transport properties of the DES-based liquid electrolyte upon 
EDL addition. The anode surface of the l-DES cell, on the other hand, is 
plagued by inhomogeneous deposition of Li metal, with the generation 
of voids and pits on the surface. Based on the comprehensive set of 
electrochemical and morphological data, the l-DES10 formulation was 
identified as the superior electrolyte chemistry, offering enhanced 
lithium cycling stability, lower interfacial resistance and more uniform 
lithium deposition.

In conclusion, while the obtained results leave room to improve
ment, the addition of the carbonates solution to the proposed DES has 
been shown to greatly enhance the electrochemical performance and to 
enable stable cycling of in-situ deposited and crosslinked GPEs.

4. Conclusions

In this work, a novel DES-based gel polymer electrolyte was fabri
cated via a fast, cheap and environmentally friendly thiol-ene poly
merization to evaluate their viability as electrolytes in LMBs. Half-cell 
production was carried out in a dry environment, employing a novel in- 

situ manufacturing process, without the need for a separator or support. 
The physico-chemical performances of the DES-based liquid electrolyte 
were evaluated via several characterization methods, multinuclear 
NMR, FTIR-ATR and Raman spectroscopic analysis. The addition of 10 
wt% EDL solution (EC/DEC, 1:1 wt) to the l-DES results in lower viscosity 
and a more dynamic Li+ solvation shell, leading to superior ionic con
ductivity and transport properties with the increase of Li+ conductivity 
from 4.13 × 10− 4 S cm− 1 for g-DES to 8.37 × 10− 4 S cm− 1 for g-DES10 at 
20 ◦C. Moreover, it was shown that the EDL addition was beneficial with 
respect to Li morphology on the anode surface, where a smoother and 
more homogeneous surface was observed. The GPEs, obtained by 
crosslinking PEGDA and T4 in the liquid electrolyte solutions, retained 
good electrochemical performances and non-flammability, while 
improving the mechanical stability and the cell safety. Moreover, the 
EDL addition was associated with a significant increase in cell lifetime, 
resulting in the g-DES10 stable cycling for 113 cycles with a specific 
capacity of 163 mAh g− 1.

In summary, this work highlights the potential of DES-based systems 
as safe, high-performance electrolytes for next-generation lithium metal 
batteries. The in-situ production process can be considered as a suitable 
and compelling strategy for the development of easily up-scalable GPEs 

Fig. 4. (a) Specific capacity and Coulombic efficiency of g-DES and g-DES10 during galvanostatic cycling. EIS spectra evolution of (b) g-DES and (c) g-DES10. (d) Bulk 
and charge-transfer resistance and (e) Cell polarization evolution for g-DES and g-DES10 in Li||LFP half cells.
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for future Li metal batteries.
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