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The need for high-energy and safe batteries is more and more urgent, and a possible approach is to use solid
polymer electrolyte with high conductivity combined with lithium metal anode. Poly (1,3-dioxolane)-based
electrolytes are promising, and the feasibility to polymerize 1,3-dioxolane (DOL) in situ makes this approach very
attractive. In this paper, we present the in situ electro-initiated polymerization of DOL in polyacrylonitrile
nanofibrous mats, without using initiator or crosslinking agents. The amount of monomer loaded in the porous
scaffold, the electrochemical technique used to initiate the polymerization and the salt amount were investigated

as important parameters that affect the ion conductivity and the performance of the obtained polymer electro-
lyte. Particular attention was directed towards minimizing the presence of residual monomer in the resulting
polymer, with the aim of progressing towards the development of a real solid-state polymer electrolyte. The
results of the thermal, morphological, and electrochemical characterization are reported and discussed.

1. Introduction

Batteries are crucial for a wide range of applications, and at present,
the most exploited chemistry is based on lithium ions, in which the
electrolyte usually consists of lithium salt and carbonate-based organic
solvent. The toxicity, the narrow working temperature, the decompo-
sition under high voltage and the low ignition point of the electrolytic
medium are the main safety concerns of this technology [1]. In addition,
the conventional separators soaked with the liquid electrolytes do not
assure the suppression of lithium dendrite growth in the high-energy
battery of the future based on lithium metal anode. For this reason,
advances in material chemistry have been reached by the solid-state
chemists’ creativity and innovation in the design and elaboration of
new solid electrolytes [2]. Polymer electrolytes are safer than liquid
ones as they do not give leakage problems and because of their
non-toxicity, low vapor pressure, and non-flammability. The majority of
dry solid polymer electrolytes reported so far and based on high
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molecular weight poly (ethylene oxide) (PEO) with different LiT salts,
suffers from poor conductivity at room temperature [3]. The Li* con-
duction, occurring via the complexation of the ions with the O atoms in
the chain that permits the ionic motion, strongly depends on the degree
of crystallinity of the polymer. For making the polymer more amorphous
and, in turn, for improving the ionic conductivity, big anions, plasti-
cizers and even low amounts of solvents or ionic liquids have been added
to the polymer electrolytes [4]. As an example, for the Gen 4 Li metal
batteries, the strategy of using inorganic solid electrolyte has been
pursued. However, the interface contact between the electrodes and the
electrolyte is still an issue, and composite polymer/ceramic electrolytes
have been proposed to mitigate it [5].

Recently, great attention has been focused on (1,3-dioxolane) (DOL)
and on its possibility to be easily polymerized to give poly (1,3-dioxo-
lane) (PDOL), as the group of D. Aurbach demonstrated more than 30
years ago [6,7]. PDOL has been already proposed as a protective layer in
Li/S cells [8-10], as an artificial solid electrolyte interphase (SEI) for
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lithium metal anode [11] and for the first time it was proposed also by
the group of C. Arbizzani [10] as a protective layer for high-voltage
cathodes, such as LNMO, on which DOL was polymerized electro-
chemically. In Li/S cells, PDOL does not only inhibit the polysulfides
diffusion but also protects the Li metal anode as quasi-solid electrolyte
[8]. The obtained solid electrolyte resulted to be mechanically flexible,
showing also self-sealing and seal-healing properties [9]. A pioneering
work was also carried out in 2007 by L. Kong et al. [12] on the fabri-
cation of a Li/LiCoO battery with a DOL-based electrolyte by accurately
controlling the DOL electropolymerization through adjustment of the
applied current rate. The renewed interest in utilizing PDOL as an
electrolyte stems from its elevated oxygen atom content (43.2 wt%),
which surpasses that of PEO (36.4 wt%). This higher oxygen content
suggests an increased number of interaction sites for cations when
compared to PEO-based electrolytes. This can facilitate the ion transport
through the polymer backbones which could lead to a higher ionic
conductivity [13]. Wang et al. demonstrated that the binding energy
between lithium ion and O in PEO was —1.725 eV, while in PDOL the
binding energy is —1.225 eV per bond, given that lithium ion co-
ordinates with two adjacent oxygen atoms. This relatively weaker
interaction is beneficial for Li ion transport [13]. In the last few years
plenty of papers have been published on DOL polymerization for
achieving a suitable solid or quasi solid polymer electrolyte. Most of
these papers deal with electropolymerization in presence of initiators
[14-17]1, which could be salts or inorganic particles like those of
NASICON-type lithium ionic conductors [18-21] and/or those of a
crosslinker [22,23], sometimes also in presence of a supporting mem-
brane because of its poor mechanical properties [13,17,24,25].

In the present paper we added a LiTFSI-DOL solution to a dry elec-
trospun poly (acrylonitrile) (PAN) scaffold. PAN has been previously
used as polymer hosts in solid and gel polymer electrolytes [26-28].
Indeed, its nitrile groups can coordinate and solvate Li ions, its high
oxidation potential makes viable the polymerization of DOL without
affecting PAN skeleton and it has a good electrolyte uptake. On the
contrary, the stability of PAN in solid or gel electrolytes in contact with
Li metal is still an open question [26]. The nitrile groups can help the
growth of a LiF-rich SEI layer in presence of fluoroethylene carbonate
due to the strong interaction of the two dipoles [29]. The strategy of
polymer-in-salt electrolyte has also been pursued to form a stable Li/e-
lectrolyte interphase in presence of PAN-LiTFSI [30]. We did not use any
initiator or crosslinker for DOL polymerization, which gave us the pos-
sibility to wet the electrode before starting the polymerization and to
control the polymerization by changing the electrochemical technique
or the composition of the solution. Different electrochemical techniques
have been used to electro-initiate the in situ polymerization of the DOL,
and the electrolyte volume and concentration have been investigated in
order to elucidate the effect of the possible residues of liquid DOL in the
system after polymerization. The proposed approach aims at minimizing
the presence of a liquid phase and move towards a real solid state
polymer electrolyte. The obtained polymer has been characterized by
thermal and mechanical analyses, by morphology and spectroscopic
investigation. Electrochemical characterization has also been carried
out by impedance spectroscopy measurements and by the conventional
electrochemical techniques.

2. Experimental section
2.1. Materials

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma-Aldrich,
Merck Life Science S.r.l., Milan, Italy) was dissolved in 1,3-dioxolane
(DOL, Sigma-Aldrich, Merck Life Science S.r.l., Milan, Italy) to obtain
two solutions with different salt concentrations: one with a LiTFSI
concentration of 1.7 molal and an O:Li ratio of 16:1 and the other one
with a concentration of 5 molal, resulting in an O:Li ratio of ca. 5:1.
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2.2. Electrospun scaffold preparation

A polyacrylonitrile (PAN, M,, = 150000 g mol !, Merck Life Science
S.r.l,, Milan, Italy) mat prepared by electrospinning was used as the
scaffold for the electrolyte. The electrospun mat was fabricated using an
in-house electrospinning apparatus consisting of a high-voltage power
supply (Spellman SL b50 P 10/CE/230), a syringe pump (KD Scientific
200 series) and a glass syringe filled with the polymer solution. The
syringe was connected to a blunt, stainless-steel needle (inner diameter
= 0.51 mm) through a polytetrafluoroethylene (PTFE) tube. Fibers were
collected on an aluminum rotating collector (length = 120 mm, diam-
eter = 60 mm) with a rotation speed of 100 rpm. Electrospinning was
carried out at room temperature with a relative humidity of 40-50%.
The polymer was dissolved in DMF at a concentration of 9% w/v. The
polymer solution was electrospun using an applied voltage of 20.5 kV, a
feed rate of 1.0 mL h’l, and a needle-to-collector distance of 20 cm.

2.3. PDOL polymerization

The obtained electrospun mat was dried and disks of 10 mm in
diameter were cut and impregnated with a certain amount of LiTFSI-
DOL solution. T-shaped BOLA cells (BOLA, Bohlender GmbH, Griins-
feld, Germany) were assembled inside an Argon filled dry box (Lab-
master 130, H,O and O3 < 0.1 ppm, MBraun, Germany) for the in situ
electro-initiated polymerization of DOL and to perform the electro-
chemical characterization by using a Biologic VSP potentiostat/galva-
nostat. The selection of the electrochemical technique for the electro-
initiated polymerization of DOL was carried out by using Li//stainless
steel (SS) cell (Li, Sigma Aldrich, 0.75 mm thick, 99.9%).

2.4. Characterization methods

The electrolyte uptake of the PAN mat was determined in triplicate
by soaking the PAN disks (10 mm in diameter) in 1.7 m LiTFSI-DOL
solution. The disks were dipped in the solution for 24 h and then the
liquid excess was gently wiped off. The weight of the imbibed PAN was
compared to the one of the dry PAN disk to calculate the electrolyte
uptake.

The ionic conductivity evaluation was carried out with a symmetri-
cal cell with SS electrodes, performing electrochemical impedance
spectroscopy (EIS) measurements with a Biologic VSP potentiostat/
galvanostat in the frequency range 100 kHz-100 mHz, with a pertur-
bation amplitude of 5 mV around open circuit voltage (OCV) and
recording 20 points per decade. The EIS spectra were acquired at 30 °C
in a thermostatic oven.

A lithium iron phosphate (LFP) symmetrical cell was assembled for
the galvanostatic charge/discharge test, for which a Biologic VSP
potentiostat/galvanostat was used. The LFP electrode (LFP 60 E, NEI
Corporation, composition: 88% active material, 8% binder, 4%
conductive additive, mass loading = 13.7 mg cm~2) was cut into disks of
9 mm in diameter and T-shaped BOLA cells were assembled.

Gel permeation chromatography (GPC) was carried out using a
KNAUER system equipped with a refractive index detector and a TSKgel
SuperHM-M column (length = 150 mm, internal diameter = 6 mm).
Tetrahydrofuran (THF) was used as an eluant with a 0.6 mL min ! flow
and sample concentrations of about 5 mg mL™'. The analyzed samples
were solubilized in THF, stirred overnight, and filtered on a 0.45 pm
PTFE filter. A molecular weight calibration curve was obtained with
polystyrene standards in the molecular weight range 580-990500 g
mol .

Thermogravimetric analyses (TGA) were performed on a TA In-
struments Q500 thermogravimetric analyzer. The analyses were con-
ducted using the High-Resolution Dynamic mode with a sensitivity of 1,
a maximum heating rate of 50 °C min~! and a resolution number of 4,
from ambient temperature to 700 °C under a nitrogen flow.

Differential scanning calorimetry (DSC) was carried out using a



N. Albanelli et al.

a) 2.0
1.75}
1.50
1.25}
1.00}
075}
050}
025}

0.00 —

0 1500 3000 4500 6000 7500
t(s)

j (MA cm)

b

E (V) vs LilLi*
EE
o S

N\

s
)
T

w
N
T

N
©

0 200 400 600 800 1000

t(s)

C) 005
0.04} /|
0.03} 4
0.02f

j (mA cm?)

0.01F
0.00

-0.01+

30 35 40 45 50
E (V) vs LiLi*

Journal of Power Sources Advances 26 (2024) 100140

Fig. 1. Electro-initiated polymerization of DOL on PAN scaffold using different electrochemical techniques in Li//SS cell at 30 °C. CA at 4.8 V vs Li/Li* (a), CP at 25
HA (32 pA ecm™2) for 5 min (b), CV at 5 mV s~! from OCV to 4.8 V vs Li/Li* for 100 cycles (c). SEM images of the PAN-PDOL electrolyte obtained by CA (d), CP (e),

CVv (.

Q2000 DSC apparatus (TA instruments) equipped with a refrigerated
cooling system (RCS90). The measurements were performed under ni-
trogen atmosphere in non-sealed aluminum pans. About 6 mg of PAN-
PDOL sample underwent a heating scan at 20 °C min~! from —90 °C
to +130 °C, cooling at 10 °C min~! to —90 °C, and then heated up again
t0 90 °C at 20 °C min~'. A PAN-PDOL sample was also tested in a sealed
pan, subjected to a heating scan at 5 °C min~! from —90 °C to 90 °C,
cooling at 10 °C min~"! to —90 °C, and then heated up again to 90 °C at
5 °C min~!. From these acquired data, the glass transition temperature
(Tg) was taken at half-height of the glass transition heat capacity step.

Temperature-modulated DSC (TMDSC) was performed from —90 to
200 °C on the PAN mat sample in non -sealed pan. The heating rate was
2 °C min~!, the modulation amplitude was 0.8 °C and the oscillation
period was 60 s. The T of PAN was determined from the reversing heat
flow.

Dynamic mechanical thermal analysis (DMTA) was carried out on
electrospun PAN strips and on PAN-PDOL electrolyte (gauge length
about 10 mm) by means of a TA Instruments dynamic mechanical
analyzer (DMA Q800), under tensile mode. The PAN-PDOL sample was
tested within a heating ramp from —80 °C to 125 °C at 5 °C min},
adopting a frequency of 1 Hz under displacement control. The PAN

sample was tested between —80 °C and 200 °C.

Scanning electron microscopy (SEM) was carried out on gold-coated
samples with SEM Leica/Cambridge Stereoscan 360 operating at an
accelerating voltage of 20 kV and software package INCA for morpho-
logical characterization.

Fourier-transform infrared spectroscopy FTIR spectra were collected
by using a Bruker Alpha by accumulating a minimum of 64 scans per
sample with a resolution of 2 cm ™! to inspect the PDOL formation.

'H NMR spectra were recorded on a Bruker ADVANCE NEO 600 MHz
spectrometer, equipped with liquid nitrogen chilled Bruker Prodigy
(1H/19 F)-X broadband probe, using 30 s delay. The PAN-PDOL samples
were immersed in THF-dg for 1 h before collecting the spectra.

3. Results and discussion

3.1. PAN-PDOL electrolyte preparation by DOL electro-initiated
polymerization

The polymerization of DOL was first carried out in Li//SS cells by
exploiting different electrochemical techniques: chronoamperometry
(CA), chronopotentiometry (CP) and cyclic voltammetry (CV). The



N. Albanelli et al.

Journal of Power Sources Advances 26 (2024) 100140

Fig. 2. SEM images of the in situ polymerized PDOL obtained in a symmetrical SS by CV at 5 mV s~* from OCV to 2.9 V for 50 cycles using 100 pL (a), 30 pL (b), 10

pL (c) of 1.7 m LiTFSI-DOL solution, and 10 pL of 5 m LiTFSI-DOL solution (d).

LiTFSI-DOL solution was prepared with an O:Li ratio of 16:1, which
resulted in a salt concentration of 1.7 m (mol kg’l) and the electrospun
PAN disk was imbibed with 100 pL of the solution. To have a clear
indication of the potential, lithium metal has been used as both a counter
and reference electrode. Even if the cell is cycled in two-electrode
configuration, the relatively low current involved does not result in
significant polarization of the lithium metal, which is used to get an
indication of the potential range within which the polymerization takes
place.

In the chronoamperometry test, a potential of 4.8 V vs Li/Li" was
applied until the current reached a negligible value (Fig. 1a). For the
chronopotentiometry technique, a current of 25 pA (32 pA cm™~2) was
applied for 5 min, until it reached the cut-off potential of 4.8 V vs Li/Li*
(Fig. 1b). PDOL was also obtained by cyclic voltammetry, going up to
4.8 V vs Li/Li* and back to OCV for several cycles (Fig. 1c).

SEM images of the in situ polymerized electrolyte showed the
dependence of PDOL morphology from the electrochemical technique
used for the polymerization. As a reference, the SEM image of the
electrospun PAN mat is reported in Fig. S1. Imposing a constant po-
tential or a constant current without rest, as in the case of CA (Fig. 1a
and d) and CP (Fig. 1b and e), results in a rippled surface that completely
masks the fibrous morphology of the PAN scaffold. Such kind of
morphology results from a preferential polymerization at the electrode-
electrolyte interface since the process proceeds at higher rates. Indeed,
in CA the potential is forced to highly anodic potentials, while in CP the
current imposed corresponds to the maximum current reached at ca. 5V
vs Li/Li" of the second cycle of the CV. In these cases, the uniform su-
perficial layer of PDOL may act as a barrier for further oxidation and,
hence, polymerization of the DOL monomer in the inner part of the PAN
scaffold, with the possibility to have residual DOL inside the cell. In turn,
the scarce formation of PDOL in the bulk of PAN membrane leads to an
inhomogeneous PAN-PDOL solid electrolyte within the scaffold.

Instead, the sample prepared via cyclic voltammetry (Fig. 1c and f)
displays the morphological features of the PAN fibers. In this case, the
formation of the polymer is supposed to be more homogeneous along the
whole sample. This is further confirmed by examining the oxidation
charge during the electro-initiated polymerization. The charge recorded
in CV is significantly higher (100 mC) compared to the lower values
recorded in CA (32 mC) and in CP (23 mC). In CV, during the oxidation

scan, DOL radicals are formed, initiating the polymerization process.
Subsequently, during the reverse scan, the generation of radicals ceases,
allowing the just formed radicals to polymerize into PDOL while the
DOL monomers diffuse toward the electrode’s surface to undergo
oxidation in the subsequent cycle.

In contrast, with CA or CP, the formation of radicals persists
throughout the entire duration of the applied current or potential. This
sustained generation of radicals results in an uneven polymerization of
PDOL within the PAN scaffold (Fig. 1d and e). Taking these consider-
ations into account, cyclic voltammetry was selected as the preferred
technique for the production of the electrolyte material.

The formation of the polymer electrolyte is confirmed in a SS/PAN-
PDOL/SS by the increase in resistance observed in the Nyquist plot of the
EIS analysis (Fig. S2a) in which, after the polymerization, the bulk
resistance of the formed polymer electrolyte is visible in the high fre-
quency part of the Nyquist plot. Moreover, FTIR analysis (Fig. S2b)
shows the presence of peak related to the O-H stretching (ca. 3500
cm™Y), the intensity decrease of the DOL cyclic ether vibration at 925
cm’l, and the changes of the C-O stretching (1100-1200 cm’l) in the
PDOL and PAN-PDOL spectra with respect to C-O of the DOL, which
proves the formation of the polymer [24].

3.2. Effect of LiTFSI-DOL solution amount and concentration

To explore the effect of varying the volume of the LiTFSI-DOL solu-
tion employed in PDOL production, 100 pL, 30 pL and 10 pL of 1.7 m
LiTFSI-DOL solution were added to the electrospun PAN scaffold. The
PDOL was polymerized by CV in a symmetrical SS cell, more suitable for
the conductivity tests than the Li/SS cell used before to evaluate the
electrochemical potential window and the best technique for the in situ
polymerization.

The formation and the morphology of the in situ polymerized PDOL
has been assessed by SEM images. Fig. 2 shows the dependence of PDOL
morphology from the amount of precursor used for the polymerization
on the electrospun PAN mat. Decreasing the amount of precursor solu-
tion from 100 pL to 30 pL and 10 pL, makes the morphological features
of the electrospun PAN more evident. Specifically, using 100 pL of
precursor results in the formation of a continuous PDOL film that fully
encapsulates the fibers and fills the pores entirely. Conversely, reducing
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Fig. 3. TGA curve of PAN-PDOL sample obtained by CV electro-induced
polymerization of 10 pL of 1.7 m LiTFSI-DOL solution in the PAN scaffold
(a). DSC first and second heating scans of the PAN scaffold (green), PAN-PDOL
with 30 pL (red) and 10 pL (blue) of 1.7 m LiTFSI-DOL solution in an open pan
and PAN-PDOL 30 pL in sealed pan (black) (b). DMA of PAN scaffold (green)
and PAN-PDOL with 30 pL of LiTFSI-DOL solution (red) showing the Storage
Modulus (solid line) and Tand (dotted line) (c). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

the DOL to 30 pL leads to the formation of a polymeric film that does not
completely occupy the pores of the electrospun scaffold. The in situ
polymerized PDOL forms a thin coating on the surface of the PAN fibers
when DOL amount is further reduced to 10 pL.

With the aim of decreasing the amount of free solvent inside the cell
without decreasing too much the amount of salt, the concentration of the
LiTFSI-DOL solution has been varied from 1.7 m to 5 m, which corre-
spond to an O:Li ratio that ranges from 16:1 to 5:1. The morphology of
the PAN-PDOL prepared with the more concentrated solution (Fig. 2d) is
very similar to that reported in Fig. 2c.

The occurring of DOL polymerization, besides being confirmed by
the formation of a solid material embedding the electrospun scaffold, is
further confirmed by GPC analysis that demonstrates that the soluble
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fraction of the polymer contains molecular species with high molecular
weights (Table S1). NMR further confirms the formation of the polymer
and the presence of DOL residues (Fig. S3a). It is pointed out that, from
these data it is not possible to evaluate the exact percentage of DOL and
polymerized fraction because not all the polymer is solubilized. Indeed,
SEM images of the PAN scaffold recovered after the immersion in THF dg
(Fig. S3b) show that part of PDOL is still present on mats. This can also
justify the high polydispersity resulting from GPC of the soluble fraction.

Fig. 3a shows the TGA analysis of the 10 pL sample that displays a
first weight loss (about 5%) ascribable to liquid DOL present in the PAN
sample which was not polymerized. As reported by Wang et al. [13], the
second weight loss occurring in the range 100-200 °C is ascribed to the
evaporation of DOL generated by the depolymerization of PDOL in
presence of TFSI™ anion. PAN degradation occurs at 400 °C, partially
overlapped with PDOL degradation, and a last weight loss, attributed by
Wang et al. [13] to PDOL degradation, is seen between 450 °C and
500 °C. The TGA of pure PDOL reported in Fig. S4 confirms this attri-
bution. Therefore, TGA analysis confirms that the majority of the DOL
imbibed in the PAN disk is polymerized, albeit a fraction is still in the
monomer form, in line with NMR analysis (Fig. S3a). The formation of
the PDOL is confirmed by the signals at 4.72 and 3.71 ppm, while the
presence of DOL in the monomer form is evidenced by the peaks at 4.83
and 3.82 ppm. Quantitatively, the incomplete dissolution of PDOL in
THF-dg (Fig. S3b) does not allow precise quantification of the DOL
residue or of the PDOL degree of polymerization.

To further detect the presence of liquid DOL, DSC analysis was per-
formed on PAN mat and PAN-PDOL samples (Fig. 3b). The DSC curve of
PAN (Fig. 3b, green) is the overlay of different processes that make the
interpretation non-trivial. TMDSC (Fig. S5) allowed to determine poly-
mer Tg at 94 °C in the reversing heat flow curve, while the non-reversing
heat flow curve showed an endothermal peak in the range 0-80 °C as-
cribable to water evaporation.

The DSC analysis of PAN-PDOL obtained with 10 pL (blue curve) and
30 pL (red curve) of the starting solution show a wide endothermal peak
after 0 °C ascribable to the concomitant evaporation of water absorbed
by PAN fibers and DOL residual monomer.

The enthalpy associated with this peak is higher in the sample pre-
pared from 30 pL of solution (AH = 79.4 J g~ 1) compared to the sample
prepared with 10 pL of LITFSI-DOL solution (AH = 40.6 J g 1), being the
amount of excess solution higher in the first case. In the second heating
scan, the curves of PAN-PDOL samples only show the PDOL Ty at —40 °C
after DOL loss, presumably not detectable in the first heating scan, due
to the plasticizing effect of the monomer.

To further confirm this result, a PAN-PDOL sample was analyzed also
in a sealed DSC pan (black curve). Under these conditions of analysis, no
endothermal signals at high temperature are observed since the sample
has achieved a vapor-liquid equilibrium within the sealed aluminum
pan and the T of PDOL in the second heating scan was —80 °C due to the
DOL plasticization effect.

Dynamic mechanical analysis (DMA) was performed both on the
PAN mat and on the PAN-PDOL system obtained with 30 pL of the
LiTFSI-DOL solution (Fig. 3c).

The initial storage modulus of PAN-PDOL sample at low tempera-
tures is one order of magnitude higher than that of PAN fibers: this is due
to the presence of pores in the PAN mat, which are filled with PDOL,
strengthening the material. By increasing the temperature above the Ty
of PDOL, the storage and loss modulus decrease as the material softens.
The material is hardened at around 40 °C because of DOL evaporation
and the loss of the plasticizing effect.

The DSC analysis (Fig. S6) confirms that, after the polymerization, in
the case of 5 m concentration, less residual DOL is present in the PAN-
PDOL sample, being the Ty of PDOL in the first heating scan equal to
—61 °C, significantly higher than the Ty recorded at —80 °C in the
samples prepared from 1.7 m solution. The ionic conductivity of the four
samples was measured in symmetric SS//SS cells at 30 °C over time
(Fig. 4a). The study of the conductivity has been performed only at 30 °C
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because DOL depletion during measurements at different temperatures
does not allow proper comparison between the various systems, as
evidenced by the isothermal TGA analysis (Fig. S7). The presence of
DOL, which can act as a plasticizer for PDOL, boosts the ionic conduc-
tivity with respect to a real solid-state electrolyte. Indeed, the two
samples with an excess of electrolyte (100 and 30 pL) exhibit a constant
ionic conductivity higher than 107> S em ™! over 2 days. Conversely, a
different behavior affects the samples with the lowest amount of solu-
tion. In the case of the 10 pL 1.7 m LiTFSI-DOL sample, the conductivity
decreases over time. It is worth noting that also in this case, the LiTFSI-
DOL solution exceeds the scaffold volume uptake. However, the evap-
oration of the lower amount of residual DOL during the conductivity
measurements leads to the transition from a gel-like electrolyte to a real
solid state, and the reduction of the ionic conductivity from 6.3 x 107> S
em ! to 4.4 x 1077 S ecm ! is observed. The sample with the 5 m LiTFSI
concentration displays a lower conductivity, as expected [31], but a
lower decrease over time, probably due to the stronger interaction be-
tween salt and solvent. The isothermal TGA curves at 30 °C confirm this

hypothesis, as shown in Fig. 4b.
3.3. Electrochemical test on PAN-PDOL electrolyte

The selection of FP//LFP cell for the evaluation of the polymer
electrolyte stability has been mainly determined by the following rea-
sons: it is the simplest symmetric cell and there is no Li metal that can
affect the electrochemical response. Despite the lower conductivity, the
electrolyte prepared with 10 pL of 5 m LiTFSI-DOL solution was used to
assemble a symmetrical FP//LFP cell, in which the quasi solid-state
electrolyte was polymerized in situ via CV. In the CV plot (Fig. 5a) the
peaks related to Fe?*/Fe>* redox processes are clearly visible, while the
process ascribed to the polymerization is not easily discernible (above
1.6 V, which is ca. 4.0 V vs Li/Li™) due to the low current value involved
in the DOL polymerization process. The decrease of the peak current
density observed between the first and the third cycle can be ascribed to
the lower ionic conductivity of the formed polymer electrolyte
compared to the ionic conductivity of the 5 m LiTFSI-DOL solution. The
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polymerization of the DOL was confirmed by the Nyquist plots (Fig. 5b),
recorded just before polymerization and after a rest period of 24 h. After
this period, two additional voltametric cycles were performed (Fig. 5c).
The peak current density values decreased furtherly with respect to the
third initial cycles of Fig. 5a, due to the electrolyte’s polymerization over
time.

Once the PDOL was formed, the charge-discharge cycles (CD) were
carried out. The current density was kept relatively low as the low ionic
conductivity of PAN-PDOL sample does not allow high current density to
be applied because of the high ohmic drop. CD measurement with high
mass loading electrodes (13.7 mg cm’z) (Fig. 5d-e) shows that the
symmetrical cell reaches a good specific capacity at C/30 of 134 mA h
g™, which is 79% of the theoretical capacity of LFP. The higher
coulombic efficiency of the first cycle is ascribed to a further polymer-
ization process of liquid DOL still present in the cell. After the first cy-
cles, the coulombic efficiency stabilizes around 100%. This result is
particularly promising because in these conditions, with low current
densities applied, the presence of undesired parasitic reactions would be
accentuated. On the contrary, the high coulombic efficiencies achieved
starting from the 3rd cycle indicate the electrolyte electrochemical
stability with a relatively long calendar life (>950 h), where no further
oxidation of DOL is occurring.

4. Conclusions

A solid-state polymer electrolyte obtained by in situ polymerization
of 1,3-dioxolane was successfully prepared using different electro-
chemical techniques. The approach proposed intends to reduce the
amount of a liquid phase and move closer to a real solid-state polymer
electrolyte. The effect of the volume and concentration of the precursor
solution used to prepare the poly (1,3-dioxolane) on a PAN scaffold was
investigated and 10 pL of DOL is enough to produce the polymer elec-
trolyte. If more DOL is used, the excess liquid phase boosts the ionic
conductivity of the polymer electrolyte. Decreasing DOL amount and
increasing the concentration of the salt made it possible to produce a
PAN-PDOL polymer electrolyte with a minimized amount of residual
DOL exhibiting good compatibility with the cathodic material proposed,
with a relatively long calendar life (>950 h), as assessed by a FP//LFP
cell, with LFP specific capacity of 134 mA h g~!. Further studies on the
viability of the presented electrolyte with lithium metal anodes can be
addressed by introducing additives for the lithium metal protection.
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