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A B S T R A C T

In this paper, the difunctional oligomer bisphenol A ethoxylate dimethacrylate (BEMA), known for readily un
dergo UV-induced polymerisation, is employed to produce a highly crosslinked polymer network, in combination 
with poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) as a reactive diluent. The methacrylate-based 
membranes are soaked with a low-volatile glyoxal-based electrolyte, namely 1 M sodium bis(tri
fluoromethanesulfonil)imide (NaTFSI) in a 3:7 mixture of tetraethoxyglyoxal (TEG) and propylene carbonate 
(PC), respectively. The resulting gel polymer electrolytes are successfully employed for the fabrication of 
laboratory-scale quasi-solid electric double layer capacitors (EDLCs), showing sufficient thermal stability, high 
ionic conductivity at different temperatures, suitable electrochemical stability window and stable prolonged 
constant-current cycling (high capacitance up to 21 F g− 1 at 0.2 A g− 1 with excellent efficiency for thousands of 
cycles and >85 % of capacitance retention after a rate capability test and 9500 reversible cycles), thus paving the 
way for further detailed studies and optimizations.

1. Introduction

The development of electrochemical energy storage devices 
providing high energy and power densities is required to fulfill the 
increasing global demand for electricity production/use in multiple 
applications, including electric vehicles or grid storage for renewable 
energy sources [1,2]. The charge in these devices can be stored through 
two distinct processes, generally either via a non-faradaic process or via 
a faradaic one. In the latter case, charges are stored through the faradaic 
oxidization and reduction of electrochemically active species, namely 
the active materials in the electrodes (e.g. pseudocapacitors, batteries) 
[3]. Instead, non-faradic devices rely on the polarization of charges at 
the surface of the electrodes, representing a rapid and confined physical 
phenomenon; charges are electrostatically stored, and no chemical re
actions occur. Electrochemical double layer capacitors (EDLC), also 
known as supercapacitors, are the main representative of this type of 
technology [4–7].

Since EDLCs rely on a physical storage mechanism, the formation of 
the electrochemical double-layer at the interface between electrodes and 

electrolyte takes place in a very short period, generally in the range of 
seconds or below, facilitating an elevated specific power density (>10 
kW kg− 1). Moreover, the absence of redox reactions minimizes degra
dation phenomena, enabling a significantly higher cycle life (>500,000 
cycles) if compared to faradic devices. On the other hand, the charge 
storage process in EDLCs is a surface-limited phenomenon, considerably 
limiting their energy density to values in the range of 5 Wh kg− 1 [8–10]. 
In this regard, the development of high-energy EDLCs has attracted 
considerable attention to fully exploit the previously mentioned char
acteristics that make them the devices of choice for a large variety of 
high-power applications.

Despite great efforts have been made to enhance the energy output of 
these devices through the development of high-surface area electrodes 
(i.e., activated carbons), the role of the electrolyte should be carefully 
considered. Generally, liquid organic electrolytes are the preferred op
tion for commercial EDLCs. In this regard, 1 M tetraethylammonium 
tetrafluoroborate (Et₄NBF₄) in acetonitrile (ACN) is amongst the most 
widely used formulations due to its high ionic conductivity and wide 
electrochemical stability window (ESW) [11]. ACN offers also low 
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viscosity, which enhances ion mobility, but is a flammable and toxic 
solvent, which raises safety and environmental concerns upon leakage 
[12]. On the other hand, an ideal electrolyte should present low toxicity, 
reduced flammability, chemical and electrochemical stability, environ
mental degradability, ease of manufacturing, abundance of its raw 
materials and low cost [11].

To avoid these issues while concurrently enhancing specific char
acteristics, solid polymer electrolytes (SPEs) have steadily gained 
ground in the last decades. SPEs mainly consist of an alkali metal salt 
dissolved in a polymer matrix, which not only avoids electrolyte leakage 
but also can substitute the cell separator, thus saving costs from the 
overall cell manufacturing process [13]. So far, poly(ethylene oxide) 
(PEO)-based systems are the most studied and common technology [14]. 
PEO shows a high solubility for salts without phase separation and, in 
general, PEO-based systems allow for the fabrication of light-weight, 
self-standing and flexible solid-state systems. Unfortunately, PEO crys
tallizes below ~60 ◦C and possesses limited Li+/Na+ transport number 
and oxidative stability [15]. To overcome limitations associated to PEO, 
a large number of different polymers have been investigated as host 
systems for SPEs, such as poly(methyl methacrylate), poly(acryloni
trile), poly(-vinylidene fluoride) or other various co-polymers [16]. 
Among them, methacrylate-based systems have the advantage of wide 
availability, low toxicity and good electrochemical stability towards 
both reduction and oxidation reactions [17].

Nevertheless, in spite of several decades of study, the overall con
ductivity of SPEs remains below the required threshold values for most 
energy storage applications [18,19]. Thus, to combine the high ionic 
conductivity of liquid electrolytes with the advantages of SPEs 
mentioned above, gel polymer electrolytes (GPEs) have been intro
duced. In these systems, a liquid electrolyte is immobilized into a 
polymer matrix. In this way, adequate conductivity can be achieved, 
while also preserving mechanical integrity, thus enabling their use as 
safer separating electrolyte in electrochemical energy storage devices 
[20].

GPEs can be prepared in many ways, depending on the precursor 
materials and envisaged applications. In the simplest case, a liquid 
electrolyte solution is trapped within a thermoplastic polymer to 
improve significantly ionic conductivity. Such a preparation is time/ 
energy-consuming, and, once formed, the membranes may dissolve in 
the same solvent, especially at high temperatures. An appealing alter
native is based on UV-induced crosslinking, which is a photoinduced 
polymerization technique operated at room temperature. In this well- 
established process, a liquid monomer is mixed with an appropriate 
photoinitiator, evolving into a highly crosslinked solid film when irra
diated with UV-light for a short period of time (seconds to minutes). A 
typical formulation may contain multiple monomers, but is usually 
solvents-/catalysts-free. As a result, this process is both rapid and 
environmentally friendly, with low energy consumption and no emis
sion of volatile organic compounds [17,21,22].

In particular, methacrylate-based GPEs can be manufactured by 
direct UV-light irradiation of a liquid precursor mixture of the electro
lyte components “in one pot” [17,23,24]. Amongst the variety of 
methacrylate compounds available, bisphenol A ethoxylate dimetha
crylate (BEMA) is a methacrylic-based difunctional oligomer that 
readily polymerizes by UV-curing, resulting in the formation of highly 
crosslinked polymer networks, flexible and resistant up to 300 ◦C [24,
25]. Poly(ethylene glycol) methylether methacrylate (PEGMEMA) is a 
monofunctional monomer, normally used in polymer science as a 
reactive diluent [24], to control the crosslinking density, and to reduce 
the glass transition temperature (Tg) of the resulting membranes, thanks 
to the presence of pendant ethoxy groups [26]. Noteworthy, a low Tg 
enables the proper mobility and elasticity of the polymer chains at room 
temperature, consequently leading to an enhanced ionic conductivity 
[27].

A plethora of solvents is available to produce GPEs, most of them 
being toxic and flammable organic compounds, likely to be avoided in 

next-generation technologies. Starting from this premise, glyoxal-acetal- 
derived electrolytes were firstly proposed in 2018 after a computational 
screening for the identification of new electrolyte components for EDLC 
and batteries [6,28,29]. Tetraethoxyglyoxal (TEG) is the full acetal of 
glyoxal (IUPAC name: oxoaldehyde) and can be obtained from the latter 
via a condensation reaction with methanol or ethanol [30]. Compared to 
commonly used carbonate-based solvents, it shows several advantages. 
First, the aldehydic precursor is commercially available, with a com
parable price to carbonate solvents. Additionally, it is classified as 
harmless from an environmental point of view. Albeit the relatively not 
so high dielectric constant, it shows excellent thermal stability, high 
boiling and flash points, low viscosity, low melting point and it also has 
the capability to dissolve a wide range of salts. So far, TEG has been 
investigated in lithium-, sodium-, and potassium-ion batteries, giving 
promising results [30–35]. Moreover, TEG has demonstrated to form of 
a robust SEI layer on different carbon materials, such as graphite, soft 
carbon and hard carbon electrodes [33,36,37]. In addition, in a recent 
work, 1 M LiTFSI in TEG:PC (3:7) has been successfully used for the 
formulation of a novel gel-polymer-based electrolyte for Li-ion batteries 
[38].

In this work, we focus on the development of novel GPEs starting 
from a BEMA and PEGMEMA-based mixture in combination with a 
glyoxal-based electrolyte, namely 1 M sodium tri
fluoromethanesulfonimide (NaTFSI) in a 3:7 proportion between TEG 
and propylene carbonate (PC). This electrolyte formulation was selected 
because it has been shown that can be successfully utilized in Na-based 
systems and, therefore, represents a good refence for this study [29,
39–41]. The prepared GPEs were thoroughly characterized in terms of 
their thermal, morphological, electrical and electrochemical character
istics, comparing the results with liquid electrolyte, thus pointing out the 
different behavior of the ions within the same medium but in the pres
ence or not of a polymeric network that affects the solvation structure 
[42–44]. The electrochemical investigation, including cyclic voltam
metry (CV), galvanostatic cycling (GC), anodic dissolution and floating 
tests, demonstrated efficient long-term cycling, in laboratory-scale 
quasi-solid sodium-based EDLCs.

2. Experimental section

2.1. Materials

The methacrylic-based di-functional oligomer bisphenol A ethox
ylate (15 EO/phenol) dimethacrylate (BEMA, average Mn 1700), poly 
(ethylene glycol)methylether methacrylate (PEGMEMA, Mn 475) and 
the free radical photoinitiator 2‑hydroxy-2-methyl-1-phenyl-1-prop
anone (Darocur 1173/D1173) were purchased by Sigma Aldrich. Tet
raethoxyglyoxal (TEG,Weylchem) was passed before use through a 
freshly activated alumina column in order to remove the stabilizer and 
then dried with freshly activated molecular sieves. As-dried TEG and PC 
(Sigma Aldrich) were utilized to prepare a binary solvent mixture with a 
weight ratio of 3:7. The sodium bis(trifluoromethanesulfonil)imide 
(NaTFSI) salt was purchased from Solvionic. All chemicals were stored 
in an Ar-filled dry glove box (MBraun UniLab, O2 and H2O content < 1 
ppm) before use.

2.2. Gel-polymer electrolyte (GPE) membrane preparation

The preparation of the gel polymer electrolyte (GPE) membranes was 
based on BEMA and PEGMEMA, which were mixed in a 7:3 proportion 
in a dark glass vial for 30 min, as previously described by Nair et al. [26]. 
Successively, D1173 was added and the solution was stirred for addi
tional 30 min. The polymeric slurry was later coated onto a silicon mold 
(100 μm thick), covered with a transparent Mylar foil and irradiated 
with UV-light (wavelength of 395 nm) for 3 min. The resulting fully solid 
and transparent polymer membrane was then immersed for 2 h in 1 M 
NaTFSI in TEG/PC (3:7 in weight), which resulted in the final GPE, 
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namely GM-GPE, ready to use after gently surface drying with towel 
paper.

2.3. Thermal, electrical and morphological characterization

The thermal stability of the materials under study was measured by 
thermogravimetric analysis (TGA, Netzsch TG 209 F3). The analysis was 
conducted between 25 and 800 ◦C under nitrogen atmosphere (N2 flux 
of 100 mL min− 1), using a heating ramp of 10 ◦C min− 1.

For ionic conductivity measurements, GM-GPE was placed between 
two stainless-steel current collectors housed in an ECC-Std (EL-Cell 
GmbH, Hamburg, Germany) testing cell and multiple electrochemical 
impedance spectroscopy (EIS) measurements were led. For the mea
surements, an alternating voltage signal of 20 mV within the frequency 
range of 200 kHz to 100 mHz was employed. The ionic conductivity (σ) 
values were calculated from Equation 1: 

σ =
l

A⋅R
[S /m] (1) 

where l and A represent the thickness and the effective area of the 
membrane respectively, and R denotes the resistance determined from 
the resulting Nyquist plots.

Field emission scanning electron microscopy (FESEM) images were 
collected with 5 keV electrons using an in-lens detector of a Zeiss SUPRA 
40 (Zeiss SMT, Oberkochen, Germany).

2.4. Electrodes and cell preparation, electrochemical characterization

Activated carbon (AC) electrodes were produced by mixing the 
active material (YP50, Kuraray) with Super P C65 (C–NERGY, Imerys) 
and sodium carboxymethylcellulose (NaCMC, CRT 2000 GA, Walocel) in 
water according to a mass ratio of 90:5:5. The water-based AC slurry was 
coated on aluminum foil and dried at 60 ◦C under vacuum overnight. 
Aluminum foil was etched in a 5 % (w/v) KOH solution bath at 60 ◦C for 
1 min before casting. Electrodes with a diameter of 12 mm were 
punched out from the foil and dried overnight under vacuum at 65 ◦C 
before transferring them into the glove box for cell assembly. Mass 
loading of the AC electrodes was controlled by adjusting the wet 
thickness of the coater, obtaining ca. 1.30 mg cm− 2 per electrode. Cell 
assembly was carried out using Swagelok-type cells and ECC-Std test 
cells inside an argon-filled glovebox. The GPE served simultaneously as 
the separator and the electrolyte. For the assembly of the cells con
taining the reference liquid electrolyte (150 µL of 1 M NaTFSI in TEG/ 
PC), glass-fiber (Whatman GF/D) was used as separator.

The electrochemical stability window (ESW) of the GPE and liquid 
electrolyte was evaluated via linear sweep voltammetry (LSV) at 1 mV 
s− 1 (±0.1 mA cm− 2 current threshold) in a Swagelok-type three-elec
trode configuration. A platinum disc was used as working electrode, an 
oversized AC disc as counter electrode and a silver wire as quasi- 
reference electrode. The anodic dissolution tests were carried out with 
the same setup except for the use of a pristine aluminum disc as working 
electrode. During these measurements, the potential of the aluminium 
discs was increased 1.3 V over the open circuit potential and subse
quently reverted at a scan rate of 5 mV s− 1. The potential was held for 3 
h at the upper potential limit of each cycle.

The AC-based electrodes were electrochemically characterized in an 
EDLC full-cell symmetrical configuration (two electrode set up in ECC- 
Std test cell) in a voltage range of 0 – 2.6 V. Cyclic voltammetry (CV) 
and galvanostatic charge-discharge measurements were performed on a 
multichannel VMP3 potentiostat/galvanostat/frequency response ana
lyser from Biologic. Applied current density (Ig) values were calculated 
on the basis of the total mass of active material (mact) in the electrodes 
(90wt. %). Specific capacitance (Cg) values of the two electrode sym
metric cells were calculated from the discharge galvanostatic plots, 
following Equation 2: 

Cg =
Igtd
V

(2) 

where td and V are respectively the discharge time and the operational 
voltage window, once the total resistance drop is subtracted. Gravi
metric energy (Eg) and power densities (Pg) were calculated accordingly 
to Eqs. 3 and 4: 

Eg =
1
2
Cg × V2 (3) 

Pg =
Eg

td
(4) 

[45]. Floating tests were also carried out on the symmetric EDLCs by 
holding the cell voltage at 2.6 V. After floating for 5 h, the cells were 
galvanostatically cycled at 0.2 A g− 1 for 10 cycles from 0 to 2.6 V before 
holding again the voltage of the cell at the upper voltage limit. This 
process was repeated up to 100 h of floating.

3. Results and discussion

3.1. 3.1. Electrolyte characterization

A novel GPE consisting of methacrylate polymers and glyoxal-based 
electrolyte for quasi solid-state Na-based EDLCs is here developed and 
investigated. The thermal stability of the liquid glyoxal-based electro
lyte and the GM-GPE after 2 h swelling step in the electrolyte solution 
was assessed by TGA under flowing nitrogen (Fig. 1a). The degradation 
profile of 1 M NaTFSI in TEG:PC liquid electrolyte vs. temperature 
agrees well with the reported literature [30], retaining 95 % of its initial 
mass up to 80 ◦C. As expected, the GM-GPE shows a first weight loss 
related to the removal of glyoxal-based electrolyte at ~100 ◦C, while the 
polymer structure degradation starts at 320 ◦C, which is in agreement 
with previous studies on analogous methacrylate-based polymer mem
branes [17,46]. Thus, degradation of the liquid electrolyte component 
within the GPE is retarded when comparing to that of the liquid elec
trolyte, which indicates that the electrolyte is efficiently encompassed in 
the crosslinked polymeric matrix, therefore enhancing the safety of the 
system. The further weight loss at approximately 450 ◦C can be related 
to the NaTFSI salt decomposition, which also appears to be delayed 
when the salt is encompassed within the polymer host [47]. TGA results 
account for the safe use of GM-GPE in practical EDLCs up to 100 ◦C.

Ionic conductivity tests were performed in a wide range of temper
atures for 1 M NaTFSI in TEG:PC (3:7) and GM-GPE; corresponding 
Arrhenius plots are shown in Fig. 1b. GM-GPE shows a 
Vogel–Tammann–Fulcher (VTF) behavior, which is typical of fully 
amorphous polymer electrolytes, and is descrived by Equation 5: 

σ = AT− 1/2 exp
− Ea

R(T − T0)
(5) 

where σ is the ionic conductivity, A is the pre-exponential factor, Ea is 
the apparent activation energy of the ion transport associated with the 
segmental motion of the polymer, R is the Boltzmann constant, and T0 is 
the ideal glass transition temperature. VTF behavior is a clear indication 
of the strong dependence of the ion conduction on the polymer 
segmental motion [48,49]. The ionic conductivity of the pure 1 M 
NaTFSI in TEG:PC (3:7) was already investigated in a previous work 
[30], showing a value of 3.1 mS cm− 1 at 20 ◦C. As expected, at the same 
temperature, the conductivity of GM-GPE is around one order of 
magnitude lower (0.33 mS cm− 1), but nonetheless in line or even higher 
compared to most of the GPEs reported in the literature [15,50].

Fig. 1c shows the Nyquist plot of the GM-GPE acquired at different 
temperatures, viz. − 20, 20, 40 and 80 ◦C. Theoretically, the spectrum of 
an ideal capacitor is composed of a perfectly vertical line (90◦), which 
exclusively reflects capacitive-like phenomena. In the case of the GM- 
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GPE, the curve slope presents a slight degree of inclination, which em
bodies a real electrochemical system with a non-ideal capacitive 
behavior. This is typical of many systems carrying a polymer electrolyte, 
where structural characteristics and interactions between ions and 
polymer chains affect ionic transport and capacitive behavior. Never
theless, the resistance values (insets of Fig. 1c) at 20, 40 and 80 ◦C are 
64, 28 and 9 Ω, respectively, which are satisfying values for a quasi-solid 
system. At − 20 ◦C the resistance contribution is much higher, and a 
semicircle correlated to charge transfer resistance at medium frequency 
also appears. Both phenomena are expected from a quasi-solid system 
[51].

An as wider as possible ESW is fundamental for any proposed novel 
electrolyte to stably and safely operate within the operational potential 
of the electrodes. GM-GPE shows an overall ESW of ≈ 3.1 V (Fig. 2a), 
with cathodic and anodic limits of − 2.1 and 1 V vs. Ag reference, 
respectively. Such value is averagely higher than those observed for 
other methacrylate-based GPEs and other common GPEs [15], making 
GM-GPE a good candidate for further electrochemical investigations.

Aluminum current collectors are used in EDLCs due to their advan
tageous combination of low density and weight, high electronic con
ductivity and low cost. However, in the absence of a protective layer, the 
anodic dissolution of aluminum can seriously compromise the long-term 
performance at high operating potentials [52]. In this regard, anodic 
dissolution tests were carried out on uncoated aluminum discs by 
holding the potential of the cell at 1.3 V above the open circuit potential 
of the half-cell while registering the generated current (Fig. 2b). 
GM-GPE shows an initial increase in current density, reaching approx
imately 10 μA, which could be ascribed to a passivation process at the Al 
surface or to the initial decomposition of the electrolyte [53]. 

Nevertheless, no significant current is generated during the test, dis
carding the hypothesis of anodic dissolution processes at the surface of 
the Al foil. On the other hand, the current density response of the liquid 
electrolyte is initially one order of magnitude higher and does not sta
bilize or decrease during the whole cycling test. It clearly indicates 
dissolution of the aluminum current collector. The TFSI– anions are 
known to be thermally and electrochemically more stable and less 
moisture sensitive compared to NaClO4 and NaPF6. However, they also 
promote the anodic dissolution of aluminum due to the formation of 
soluble Al(TFSI)3 [54]. In this regard, encompassing the liquid electro
lyte in a crosslinked polymer matrix effectively limits the dissolution 
process likely due to the restricted solubility of the generated Al(TFSI)3. 
Since the salt is no longer prone to solubilization, it remains on the 
surface of the electrode, forming a passivation layer, which protects 
aluminum [55]. The diminished corrosion phenomenon is also 
confirmed by the FESEM images (Fig. 2c). Normally, anodic dissolution 
phenomena would be visible through the formation of pitting corrosion 
signs [54], but in our case no pits or other defects are observed. On the 
other hand, it was not possible to conduct FESEM analysis on the 
aluminum current collector of the pure liquid electrolyte cell, since it 
completely dissolved during measurement. This result highlights the 
ability of GM-GPE to form a resistant and stable interface, preventing 
anodic dissolution.

3.2. Electrochemical behavior of quasi-solid electric double layer 
capacitors

GM-GPE was used to fabricate symmetrical laboratory-scale EDLCs, 
with activated carbon-based electrodes. The EDLCs were initially tested 

Fig. 1. a) TGA analysis under N2 flux (temperature range 25–800 ◦C) of the GM-GPE after 2 h swelling process, along with the pure liquid electrolyte. b) Arrhenius 
plot of the ionic conductivity vs. inverse temperature of 1 M NaTFSI in TEG:PC (3:7) and GM-GPE in the range of − 20 to 70 ◦C, acquired every 10 ◦C. c) Nyquist plot 
of the GM-GPE at − 20, 20, 40 and 80 ◦C. Insets a) and b) show a zoomed perspective of the plot.

Fig. 2. a) ESW of GM-GPE (scan rate: 5 mV s− 1) with cathodic and anodic limits of − 5 and 5 V vs. Ag, respectively. b) Anodic dissolution tests performed for noted 
electrolytes. c) Post-mortem FESEM image of the Al foil after anodic dissolution tests (1000X magnification).
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applying operating voltage in the range of 2 to 3 V (Fig.S1). From these 
tests, the maximum operating voltage for the investigated systems was 
set to 2.6 V. Beyond this point, faradaic phenomena can no longer be 
considered negligible. Ion mobility throughout the GPE was tested by CV 
at different scan rates (Fig. 3). The rectangular-shaped voltammograms 
without any visible sign of significant redox reactions reveal the 
capacitive storage electrostatic mechanism. At low scan rates (5–10 mV 
s− 1) the capacitive-like behavior is maintained with comparable values 
in respect to the liquid system [29] and it is also similar to other devices 
with different organic solvent-based electrolytes [56]. At higher scan 
rates, the shape starts to become more elliptic, and the capacitance of 
the devices slightly drops, which can be ascribed to the resistance of the 
GPE.

Fig. 4 compares the performances of EDLCs containing the GM-GPE 
and the corresponding liquid electrolyte. The galvanostatic charge/ 
discharge profiles (Fig. 4a, recorded at a 0.2 A g− 1 current density) 
reveal that the GM-GPE based cell suffers from a higher ohmic drop, 
which is related to the higher resistance typical of viscous solid-like 
systems [57]. At 0.1 A g− 1 the capacitances of the EDLCs containing 
the two investigated electrolytes were comparable (23 vs. 28 F g− 1 for 
liquid and GPE; respectively) (Fig.S2). As shown in Fig. 4b, the capac
itance retention of the two devices is rather comparable up to 1 A g− 1. A 
slightly higher capacitance retention observed with the GM-GPE is likely 
related to activation processes occurring in the first cycles, leading to an 
initial increase of the capacitance [58]. Above 1 A g− 1, however, the 
higher conductivity of the liquid electrolyte allows a much higher 
retention than that possible for the GPE-based EDLCs. Fig. 4c compares 
the energy and power densities of the systems under study in a Ragone 
plot. As shown, at low current densities (0.1 A g− 1) the energy of the 
devices is similar and in the order of 17 Wh kg− 1. The higher resistance 
of the GPE-based system limits the energy and power densities of the 
device at higher current densities. At 1 A g− 1 the device containing the 
liquid electrolyte displays energy and power densities of 4 Wh kg− 1 and 
10,693 W kg− 1, while the values of the GPE-based are 2.66 Wh kg− 1 and 
3924 W kg− 1, respectively. However, taking into account the composi
tion of the electrolyte, these latter values can be considered promising 
[59]. Furthermore, it is important to remark that the new prepared 
GM-GPE shows superior thermal stability and safety compared to the 
liquid counterpart. To further investigate the performance and the sta
bility of the GM-GPE-based EDLCs, a float test at 2.6 V was performed. 
As shown in Fig. 4d, after 100 h of floating at this voltage, the cell is able 
to retain above 75 % of its initial capacitance. On the other hand, the 
EDLC containing the liquid electrolyte shows a continuous decrease in 
capacitance and overall low retention, with only 40 % of the initial 
capacitance delivered after 100 h. It clearly evidences the excellent 

stability of GM-GPE and the interfacial stability with the electrode, 
which minimize degradation phenomena [60]. The initial sudden drop 
in capacitance is likely correlated to a non-optimal initial contact due to 
the quasi-solid nature of the system, while following the initial drop the 
elevated stability indicates a stable interface for the polymer electrolyte. 
On the contrary, the liquid system shows continuous degradation during 
float test. Indeed, in the case of the GM-GPE, the capacitance does not 
only remain stable, but it also tends to increase during the whole mea
surement indicating the establishment of better interfacial contact.

A long-term galvanostatic stability test was carried out at different 
current densities for the GM-GPE (Fig. 5). During the initial 1000 cycles 
at 0.2 A g− 1, the capacitance of the quasi-solid laboratory-scale EDLC 
remains above 21 F g− 1, which is so far in line or even superior in 
comparison to other reported GPEs prepared for EDLCs [50,61–68]. The 
assembled EDLC shows a good rate capability when increasing the 
current rate, with regular limited stepwise decrease up to 1 A g− 1 and 
only slightly more significant at very high 2 A g− 1, with 76 and 62 % of 
the initial capacitance still provided, respectively. After 4000 cycles, 
when the current density is reduced back to 0.2 A g− 1, the device still 
delivers around 18 F g− 1, which amounts to 85 % of the initial capaci
tance at the same rate for other 5000 cycles. These results demonstrate 
the good cycling stability of the GM-GPE.

4. Conclusions

In this paper, BEMA was employed to produce highly crosslinked 
polymer networks, in combination with PEGMEMA as a reactive diluent. 
The resulting methacrylate-based membranes were swelled with a 
glyoxal-based electrolyte, namely 1 M NaTFSI in TEG:PC (3:7 in weight), 
obtaining a glyoxal-methacrylate-based gel polymer electrolyte. In 
terms of thermal stability, the GM-GPE showed an increased stability in 
comparison to the liquid system. The ESW resulted to be suitable for 
energy storage application, but most important, the GM-GPE was able to 
effectively suppress the occurrence of anodic dissolution of the 
aluminum current collector. Then, the prepared system was successfully 
employed as electrolyte in laboratory-scale EDLCs. As typical for (quasi) 
solid-state systems, the transfer resistance at the interface results in a 
higher ohmic drop and, thus, in reduced values of specific energy and 
specific power. On the other hand, ionic conductivity showed satisfac
tory values and, in terms of capacitance, results were totally comparable 
to those obtained with the liquid electrolyte based system, even though 
polymer electrolytes are often linked to a massive decrease in ionic 
conductivity and capacitance values. Results are promising and pave the 
way for further detailed studies and optimizations in the field of polymer 
electrolytes for EDLCs. The remarkable properties of the newly devel
oped GM-GPE make it an interesting candidate also for the realization of 
(quasi-)solid sodium-ion capacitor and sodium-ion batteries.
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Fig. 4. a) Voltage profiles (current density of 0.2 A g− 1), b) Variation of capacitance retention and coulombic efficiency of AC-based electrodes in combination with 1 
M NaTFSI in TEG:PC (3:7) and the GM-GPE during a rate capability test. c) Ragone plot of the pure liquid electrolyte and the GM-GPE obtained in 2-electrode cell set 
up with activated carbon electrodes at different current densities (0.1, 0.2, 0.3, 0.5, 0.7 and 1 A g− 1). For the calculation of the specific power and specific energy, the 
active mass in the electrodes has been considered. d) Variation of capacitance retention and coulombic efficiency of AC-based electrodes in combination with 1 M 
NaTFSI in TEG:PC (3:7) and the GM-GPE during float tests carried out at 2.6 V vs. Ag at RT (100 h).

Fig. 5. Rate capability test of GM-GPE tested in a symmetrical 2-electrodes cell set up with activated carbon. Inset: digital photograph of the quasi solid-state 
electrolyte at the end of the cycling test being recovered after cell disassembly.
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[8] F. Béguin, V. Presser, A. Balducci, E. Frackowiak, Carbons and electrolytes for 
advanced supercapacitors, Adv. Mater. 26 (2014) 2219–2251.

[9] J.R. Miller, A. Burke, Electrochemical capacitors: challenges and opportunities for 
real-world applications, Electrochem. Soc. Interface 17 (2008) 53–57.

[10] P. Azaïs, L. Duclaux, P. Florian, D. Massiot, M.-A. Lillo-Rodenas, A. Linares-Solano, 
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[45] J.L. Gómez-Urbano, G. Moreno-Fernández, M. Granados-Moreno, T. Rojo, 
D. Carriazo, Nanostructured carbon composites from cigarette filter wastes and 

S. Porporato et al.                                                                                                                                                                                                                              Electrochimica Acta 525 (2025) 146096 

7 

https://doi.org/10.1016/j.electacta.2025.146096
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0001
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0001
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0002
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0002
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0002
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0003
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0003
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0004
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0004
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0005
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0005
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0006
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0006
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0006
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0007
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0007
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0007
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0008
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0008
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0009
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0009
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0010
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0010
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0010
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0011
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0011
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0012
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0012
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0012
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0013
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0014
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0014
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0014
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0015
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0015
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0015
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0016
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0016
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0016
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0017
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0017
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0017
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0018
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0018
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0018
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0019
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0019
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0020
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0020
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0020
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0021
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0021
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0021
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0022
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0022
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0022
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0022
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0023
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0023
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0023
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0024
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0024
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0024
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0025
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0025
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0025
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0026
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0026
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0026
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0027
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0027
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0027
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0028
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0028
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0028
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0029
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0029
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0030
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0030
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0030
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0031
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0031
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0031
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0032
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0032
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0032
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0033
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0033
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0033
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0034
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0034
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0035
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0035
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0035
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0035
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0035
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0036
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0036
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0036
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0037
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0037
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0037
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0038
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0038
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0038
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0039
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0039
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0039
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0039
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0040
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0040
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0040
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0041
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0041
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0041
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0041
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0042
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0042
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0042
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0042
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0043
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0043
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0044
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0044
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0044
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0045
http://refhub.elsevier.com/S0013-4686(25)00458-X/sbref0045


graphene oxide suitable as electrodes for 3.4 V supercapacitors, Batter. Supercaps 4 
(2021) 1749–1756.

[46] S. Tillmann, P. Isken, A. Lex-Balducci, Gel polymer electrolyte for lithium-ion 
batteries comprising cyclic carbonate moieties, J. Power Sources 271 (2014) 
239–244.

[47] G.G. Eshetu, S. Grugeon, H. Kim, S. Jeong, L. Wu, G. Gachot, S. Laruelle, 
M. Armand, S. Passerini, Comprehensive insights into the reactivity of electrolytes 
based on sodium ions, ChemSusChem 9 (2016) 462–471.

[48] G. Guzmán, D.P. Nava, J. Vazquez-Arenas, J. Cardoso, Design of a zwitterion 
polymer electrolyte based on poly [poly (ethylene glycol) methacrylate]: the effect 
of sulfobetaine group on thermal properties and ionic conduction, in: 
Macromolecular Symposia, Wiley Online Library, 2017, p. 1600136.

[49] J. Vila, P. Ginés, J. Pico, C. Franjo, E. Jiménez, L. Varela, O. Cabeza, Temperature 
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