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Abstract

All-solid-state lithium metal batteries (SS-LMBs) are expected to meet the strong requirements of the automotive sector in terms of
performance and safety. Among the different solid electrolytes, poly(vinylidene fluoride) (PVDF)-based systems offer good performance
in terms of ionic conductivity and stability at the anodic interface. However, despite the high polymer permittivity (¢’ = 10-11) which
should allow efficient salt dissociation, there is growing evidence that the ionic transport requires the presence of a non-negligible
amount of residual, or permanent, solvent in the membrane. In this paper, we study the Li* transport mechanism in a model system
consisting of poly(vinylidene fluoride-co-hexafluoropropylene) (PFDF-HFP), lithium bis(fluorosulfonyl)imide (LiFSI) salt, and
dimethylformamide (DMF) as permanent solvent, combining a large set of experimental techniques (thermal analysis, NMR, IR and
Raman spectroscopy, impedance spectroscopy) and accurate density functional theory (DFT) modeling. We show that Li*~DMF
interactions are predominant in these quasi-solid electrolytes (QSEs) and are the basis of the effective ion transport mechanism.
Permanent solvent amounts on the order of [DMF]/[Li*] ~ 2—3 are required to make QSEs able to practically work in a real environment.
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1. Introduction

Batteries have characterized the development of modern society in the last decades. Today, the battery market for portable electronics
and automotive is dominated by lithium-ion batteries, LIBs, which contain organic liquid electrolytes and pose relevant safety
issues. (1,2) The need for higher safety and better performance calls for lithium metal as the anode, high-voltage oxides as cathode
materials, and solid-state electrolytes. (3,4) In fact, lithium metal has a specific capacity about 1 order of magnitude higher than graphite
(3860 vs 372 mAh g1), but it makes the electrochemical cell more unstable, as lithium dendrites can grow from the anode surface and
pierce the electrolyte, so reaching the cathode and leading to short circuit. (5-7) Therefore, the electrolyte must be able to avoid or limit
dendrites growth. (8) To this aim, ceramic, polymers, composites, and organic—inorganic hybrids can be exploited. (9) To be used in
batteries, solid electrolytes must have conductivity values higher than 10™S cm™at room temperature, wide chemical and
electrochemical stability, good processability, and high elastic modulus to block dendrites growth. (10) At the same time, they must allow
the formation of a stable solid electrolyte interface (SEl). (11,12)

Indeed, among the possible solutions, an interesting class of ion conductors is that of solid polymer electrolytes (SPEs), (13) where a
polymer is used both as a physical separator and as a medium to enable the transport of lithium ions. Although poly(ethylene oxide)
(PEO) has long been the most studied polymer due to its ability to complex the Liion and to favor its transport assisted by the cooperative
motion of the polymer chains in the amorphous phase, (14-16) in the last years, poly(vinylidene fluoride) (PVDF) and poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) copolymers emerged as a good alternative because of their outstanding mechanical
properties, wide electrochemical stability, and high thermal stability. (17-20) Although in the past decades the attention was chiefly
devoted to gel-type electrolytes with liquid content larger than 50 wt %, (21,22) more recently, the focus has been placed on solid-type
electrolytes which showed excellent electrochemical characteristics in cells with a lithium metal anode. (23-25) The excellent
electrochemical properties of PVDF-based systems, including organic-modified polymers, blends, and composites, were recently
reviewed by Zhou et al. (26) Even if the physical nature of these systems resembles that of a solid, it was shown that the ions transport
in these electrolytes is favored/assisted by residual solvent (e.g., dimethylformamide, DMF) trapped inside the polymer matrix after
casting. (23-25) However, there is still a strong debate about the role played by the residual solvent, “permanent” in the following, in
these quasi-solid electrolytes (QSEs).

In this study, we performed a thorough and careful analysis of the effects of permanent solvent on the functional properties of PVDF-
HFP-based electrolytes, also to shed light on the mechanism underlying ion transport in these new QSEs. By means of a careful
experimental-computational approach, which includes thermal and mechanical analysis, microscopy, several spectroscopies, and density
functional theory (DFT) modeling, we showed that a solvent concentration [DMF]/[Li*] ~ 2-3 is needed to ensure good ionic conductivity
and to allow full electrolyte operation. We also showed that the electrostatic interactions between the salt and the solvent are
predominant with respect to those between salt and polymer, despite the high permittivity of the polymer itself.



2. Experimental Section

2.1. Membrane Fabrication

The electrolyte membranes were prepared by solvent casting. The solvent was a 7:3 v/v mixture of tetrahydrofuran (THF) (Alfa Aesar,
anhydrous, 99.8+ %, boiling point 66 °C) and dimethylformamide (DMF) (Alfa Aesar, anhydrous, 99.8%, boiling point 153 °C). The solute
(5 wt % concentration) was made of PVDF-HFP Kynar 2751 (Arkema) and lithium bis(fluorosulfonylimide) (LiFSI) (Solvionic, 99.9% purity),
in a 3:2 weight ratio. The chemicals were stored in a glovebox (MBraun, <0.1 ppm of H,0 and O,) and used as received. The solutions
were then poured into circular PTFE molds (7 mL of solutions in a mold of 5 cm in diameter). For some analyses, polymer membranes
without lithium salt were prepared in the same way.

The QSEs properties were evaluated both vs the solvent composition and the drying procedure to which the cast membranes were
subjected. Besides the THF/DMF 7:3 v/v mixture, we investigated electrolyte membranes prepared with pure THF, pure DMF, and with
a solution where the amount of DMF is the smallest possible reported to be able to remain complexed within the structure, knowing that
the solvation number of DMF per lithium-ion is 3.29. (24) This mixture of THF and DMF, with DMF at 2.6% in volume, was called
“permanent DMF” or simply “PERM”. Concerning the drying protocol, samples were compared both at different days of drying and after
a final vacuum treatment to remove the remaining solvent as much as possible. The samples were labeled using the following protocol:
A_BBB(_CC), where A refers to the composition of the sample (P for the polymer powder, M for the polymer membrane, and E for the
electrolyte also comprising Li salt), BBB is related to the casting solution (7:3 for the 7:3 v/v THF:DMF mixture, PERM, THF, and DMF), and
CC describes the drying procedure specifying both the time, S for short (3 days) and L for long (7 days), and the presence of one or more
vacuum treatments (+V, + 2 V). The compositions of the different samples are reported in Table 1.

Table 1. Composition and Quantities Used in the Preparation of Electrolyte Solutions: (a) specific amount and (b) percent amount for
each component used in the preparation of the solutions; (c) excess in mass of the final membranes after casting, which is attributed to
residual solvent for the samples after short drying; (d) long drying; and (e) after the vacuum treatments

(a)
sample total volume  volume of DMF mass of DMF volume of THF mass of THF  total amount of solvent mass of PVDF mass of LiFSI  total mass of sample

(mL) (%) (g) (%) (g) (g) (g) (g) (g)
E_7:3 7 30 1.982 70 4.312 6.294 0.200 0.133 6.627
E_DMF 7 100 6.608 0 0 6.608 0.200 0.133 6.941
E_PERM 7 2.6 0.172 97.4 6.000 6.172 0.200 0.133 6.505
E_THF 7 0 0 100 6.160 6.160 0.200 0.133 6.493
(b)
sample mass of DMF mass of THF mass of PVDF mass of LiFSI

(%) (%) (%) (%)
E_7:3 29.92 65.08 3.00 2.00
E_DMF 95.20 0 2.88 1.92
E_PERM 2.64 92.24 3.07 2.04
E_THF 0 94.87 3.08 2.05
(c)
sample mass of solute  total mass of casting solution mass after short dryings”  excessin mass  excess in mass moles of residual DMF [DMF]/[Li*]
(g) (g) (g) (g) (%) (mmol) mol/mol
E_7:3 0.333+£0.002 6.627 + 0.004 0.452 +0.010 0.119 £ 0.012 26.4+2.2 1.63+0.16 2.29 £0.09
E_DMF 0.333 +0.002 6.941 + 0.003 0.467 + 0.007 0.134 + 0.009 28.7+1.6 1.83+0.12 2.58 +£0.06
E_PERM 0.333 +0.002 6.505 + 0.004 0.435+0.011 0.102 +0.013 235+24 1.40+0.18 1.96 £0.12
E_THF 0.333 £0.002 6.493 + 0.003 0.343 +0.002 0.010 + 0.003 29+0.4
(d)
sample mass after long drying “L” excess in mass excess in mass moles of residual DMF [dmf]/[Li*]
(g) (g) (%) (mmol) mol/mol

E_7:3 0.383 +0.007 0.050 + 0.009 15.0+1.6 0.68 £0.12 0.96 £ 0.06
E_DMF 0.392 + 0.005 0.059 + 0.007 17.7+1.2 0.81+0.09 1.13+0.04
E_PERM  0.380+0.08 0.047 £ 0.010 141+1.8 0.64+£0.14 0.90 +£0.08
E_THF 0.341 +0.002 0.008 + 0.003 24+04
(e)
sample  mass after vacuum treatment “+V” excess in mass excess in mass moles of residual DMF [dmf]/[Li*]

(g) (g) (%) (mmol) mol/mol
E_7:3 0.350 + 0.003 0.017 + 0.005 5.1+0.8 0.23+0.09 0.33+0.04
E_DMF 0.351 +0.002 0.018 + 0.004 5.4+0.6 0.25+0.06 0.35+0.03
E_PERM 0.349 £ 0.003 0.016 + 0.005 4.8+0.8 0.22+0.08 0.31+0.04

E_THF 0.339 + 0.002 0.006 + 0.004 1.8+0.6



2.2. Membrane Characterization
2.2.1. ATR-FTIR

The spectra were acquired using a Jasco FT/IR-4100 spectrophotometer from 4000 to 550 cm~ with a resolution of 4 cm™. For
subsequent analysis, we focused on the area of the spectrum from 640 to 690 cm~2, the region where the DMF peaks are located.

2.2.2. Raman

Micro-Raman measurements were recorded at room temperature using a LabRAM confocal spectrometer (Horiba Jobin-Yvon) equipped
with a He—Ne laser operating at 632.8 nm in a backscattering configuration. The scattered light was collected by a 50x long working
distance objective with a numerical aperture of 0.60 mounted on a microscope head (Olympus BX40) and detected by a charge-coupled
device (CCD-Sincerity, Jobin-Yvon) with a resolution of 1 cm™™. The spectral position of the detection system was calibrated with a 521
cm~t Raman line of crystalline silicon as a standard. This was done before each measurement. Reference Raman spectra collected on
ionic liquids were measured from sealed glass vials prepared in a glovebox. The membrane sample was measured in air.

2.2.3. Solid-State Nuclear Magnetic Resonance (ssNMR)
13C MAS NMR spectra with high power proton decoupling were collected on a 9.4 T magnet (400 MHz) Bruker Avance |l spectrometer

equipped with a 4 mm probe (10 kHz spinning speed), by averaging over 1 k scans, with a 90° pulse of 2.5 us, and delay of 50 s. The
spectra were referenced to adamantane as a secondary standard.

2.2.4. NMR Relaxometry
Time Domain NMR, consisting of the acquisition and analysis of 'H NMR free induction decay (FID) after appropriate pulse sequences,

was performed with a Bruker Minispec mq20 system. The Minispec is equipped with a BVT3000 nitrogen-fed gas temperature control
unit, keeping the sample temperature within 0.1 °C of the set point.

2.2.5. Scanning Electron Microscopy (SEM)

Cross section measurements were made by supporting aliquots of the membranes on conductive silicon pieces with carbon tape to have
the cross section exposed to the microscope beam. These measures were made using an SEM-FEG Gemini 500 Zeiss microscope, with a
voltage of 5 kV and magnifications of 1000x and 5000x.

2.2.6. Thermogravimetry (TGA)

The thermal properties were evaluated by TGA (Mettler Toledo TGA/DSC 1 STAR System) both vs temperature and under isothermal
conditions. TGA experiments vs temperature were carried out by heating from 30 to 250 °C, with a heat rate of 5 °C/min, under nitrogen
flux (50 mL min~?). TGAs in isothermal conditions were performed at 150 °C for 9 h with a heat rate of 5 °C min~, under nitrogen flux as
above.

2.2.7. Electrochemical Impedance Spectroscopy (EIS)

The ionic conductivity of the electrolytes was measured by electrochemical impedance spectroscopy (EIS) on symmetric cells using
stainless steel (SS) electrodes, with a 1.6 cm (diameter) membrane disc as the electrolyte, in an SS/electrolyte/SS CR2032 coin cell. The
measurements were performed in the temperature range from 20 to 90 °C, and in the frequency range from 1 MHz to 100 Hz using a SP-
150 potentiostat (Biologic) with a voltage amplitude of 20 mV. The ionic conductivity, o, was obtained by the relationship

o= —% - (1)

where R is the resistance obtained by the EIS Nyquist plot, / is the thickness of the membrane, and s is its contact area. The activation
energy, E,, values of the electrolyte membranes were calculated by means of the Arrhenius equation

!
o= 0, *e Ea/RT (2)
where R’ is the gas constant.

2.3. Computational Details

The interaction of Li* with DMF molecules, FSI~anions, and PVDF chains was computed by density functional theory (DFT) with the
Gaussian16 suite. (27) Geometry optimizations were performed at the B3LYP/6-31G(d,p) level of theory. We used a conductor-like
polarizable continuum model (CPCM) (28,29) to account for solvation effects, with a dielectric constant € = 10.1, close to the one of PVDF.
PVDF was simulated by chains containing 15 carbon atoms terminated by methyl groups (C;sF14H1g), derived from a-phase of PVDF, which



guarantees a C/Li* ratio close to the experimental formulation. PVDF was used instead of PVDF-HFP for the sake of simplicity, provided
that HFP is 6 mol %.

The binding energy of Li(FSI~),(DMF),(PVDF),,* complexes is defined as the energy involved in the reaction

Li* + pFSI- + nDMF + mPVDF —> Li(FSI"),(DMF),(PVDF),*

AE = E(Li(FSI7),(DMF),(PVDF),*) — E(Li*) — pE(FSI") —nE(DMF) —mE(PVDF), where p and nare the number of FSI~anions and DMF
molecules, respectively, and m is the number of PVDF oligomers surrounding the cation.

Simulated Raman and infrared spectra of the optimized molecular structures of DMF, FSI-, PVDF, and their Li* complexes in the implicit
solvent were obtained from the computed vibrational frequencies using a Lorentzian bandwidth of 10 cm~! with the program
Molden. (30)

3. Results and Discussion

3.1. Physico Chemical Characterization
3.1.1. ATR-FTIR Spectroscopy

We start our analysis in a qualitative fashion, by using ATR-FTIR spectroscopy, which is a useful tool to investigate the role of solvent in
the polymer matrices. DMF as a free solvent (“free-DMF” in the following) shows a peak between 665 and 655 cm™. In contrast, DMF
complexed by the electrolyte ions, presumably Li*, but in principle, we cannot exclude FSI, (“bound-DMF” in the following), shows a peak
between 670 and 685 cm™™. (24,31) It should be remembered that THF has a higher volatility and a lower ability to interact with the other
matrix components. In fact, our preliminary 13C MAS NMR analyses did not show any significant presence of peaks attributable to THF
(see Figure S1) in agreement with the literature. (8,9)

Figure 1 reports the IR spectra under different conditions. As a first analysis, we compared the pure polymer with M_7:3_SandE_7:3_S
dried in argon at room temperature. The sample P did not show peaks in the area where the DMF signals occur. The spectrum of M_7:3_S
shows a small baseline deflection centered in the free-DMF region. This points to the presence of some residual DMF after drying. In
contrast, the spectrum of E_7:3_S shows two well-defined overlapping peaks, one in the “bound-DMF” area and one in the “free-DMF”
area, indicating that the presence of salt, likely lithium ions, somehow retains DMF into the polymer as both free and bound moieties.
This result is qualitatively confirmed by solid-state NMR (see Figure S2) and quantitatively by Raman (see below) and will be further
discussed with the help of DFT modeling.
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Figure 1. (a) Complete ATR-FTIR spectrum of E_7:3_S. The vertical black lines indicate the spectral region expanded in the right panel.
Comparisons of the DMF peaks of panel (a) right vs (b) the presence of the lithium salt; (c) method of drying; (d) solvent mixture. The
pristine polymer is also labeled “P”.

Figure 1c shows the effects of increasing drying time, even under vacuum, on the quantity of residual DMF. Comparing the spectrum of
E_7:3_S with E_7:3_L, the intensity of both peaks decreases. The spectrum of the sample E_7:3_S+V shows a smaller decrease of the
signal intensity compared to the sample E_7:3_L.

Finally, Figure 1d compares the IR spectra of E_7:3_S and E_DMF_S. These spectra show how, using only DMF, a greater fraction of it
appears to be bound rather than free. This points toward a competitive, albeit small, role of THF in complexing Li* ions.

3.1.2. Scanning Electron Microscopy

The SEM images of the samples of interest are reported in Figure S3. The sample E_7:3_S showed a compact and dense layer on the
micron scale. The sample E_7:3_L showed a less uniform structure with roughness and holes on a submicron scale. Finally, the sample
E_7:3_S+V displayed a well-defined porous structure on a dimensional scale of the order of a few micrometers, probably induced by the
removal of the residual DMF through the drying procedure. As we shall see, the weight loss behavior in TGA measurements is strongly
dependent on the microstructure of the samples.

3.1.3. Thermogravimetry

More quantitative information about the thermal stability of the membrane and the role played by the solvent mixture can be obtained
by TGA. Figure 2a shows the thermograms of the samples P, M_7:3_S, E_7:3_S and E_7:3_L. The samples P and M_7:3_S did not show
any mass loss up to 250 °C; this confirms that without the presence of the lithium salt, no solvent remains inside the membranes, in
agreement with the ATR-FTIR results. The thermograms of samples E_7:3_S and E_7:3_L showed a more complex behavior with two
weight losses (roughly below 100 °C and between 100 and 200 °C) separated by a plateau, which is more evident in the sample dried for
a longer time. The weight loss continued, albeit with a lesser slope, up to 250 °C where the measurements were interrupted. At that final
temperature, the two samples showed losses of 22 and 14%, respectively. In our previous paper, (32) we erroneously attributed the first
loss to THF and the second one to DMF because of their different boiling points. A more careful analysis here revealed that the loss
mechanism is somehow governed by the presence of the salt and, at least as a first approximation, is independent of the nature of the
solvent. In fact, Figure S4a shows the TGA curves of E_THF_S, E_DMF_S, and E_7:3_S. Even in the case of single solvent, we observed a
two-step loss. Therefore, the mass losses of the samples should not simply be related to solvent evaporation, but they contain a
contribution from salt degradation. (33)
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Figure 2. (a) TGA curves vs temperature and (b) TGA isotherms at 190 °C (the red line corresponds to the temperature protocol).

Undoubtedly, also the morphology of the sample plays an important role in determining the trend of the loss process observed in
TGA. Figure S4b compares the trends of E_7:3_S, E_7:3_L, E_7:3_S+V, and E_7:3_L+V. The loss of the vacuum-treated samples has a
monotonous trend, without showing the steps previously observed. This strong influence of morphology makes it more difficult to
address the TGA losses. Moreover, we must consider that LiFSI is highly hygroscopic, and therefore, we cannot exclude the presence of
water due to the preparation phases of the TGA measurement, which can further catalyze the degradation of the system. The
thermogram of the salt alone is reported in Figure S5: we observed an initial weight loss of ~2.5% due to absorbed water, followed by
salt decomposition at ~190 °C.

Since the weight loss is linked both to the loss of solvent and to the degradation of the salt, it is not easy to obtain direct information on
the permanent amount of solvent as a function of drying. Further information can be obtained through TGA isotherms performed at 150
°C, i.e., close to the boiling temperature of the high boiling solvent (DMF) and sufficiently far from the degradation temperature of the
salt (T = 180 °C; see Figure S5). Figure 2b shows the isotherms of the several samples. P did not reveal any loss after 9 h. The membranes
prepared without salt showed a loss of the order of 2%, which is likely due to absorbed water. Again, the addition of salt made the
situation more complex: E_7:3_S and E_PERM_S showed losses of the order of 17%, and a similar valuer was obtained for E_DMF_S.



Interestingly, the membrane prepared only with THF showed the largest loss (25%). Indeed, this loss cannot be due only to solvent
spillage due to high THF volatility, also considering the much smaller excess in mass present in the membranes after casting (Table 1c).
These results confirmed that the weight loss observed by TGA is not simply due to solvent evaporation alone but also to the degradation
of the sample. (34) As a rough estimation, assuming that THF is eliminated during drying, we can conclude that a quantity of the order of
20 wt % of DMF is retained in the E_7:3_S and that it is reduced to about 10 wt % after long drying, in reasonable agreement with the
data of Table 1. However, the amount of permanently entrapped solvent will significantly affect the transport properties of the QSEs, as
shown below.

3.2. Quantitative Investigation of Polymer—Solvent-Salt Interactions

3.2.1. Raman Spectroscopy

To better understand the Li* environment and to quantify the ratio between free and bound molecules, we conducted careful Raman
investigations focusing on sample E_7:3_S. The Raman spectra in the range 600—-1000 cm™ are reported in Figure 3a (the overall Raman
spectra are reported in Figure S6). As already evidenced by NMR measurements, Raman experiments confirm the effectiveness of the
drying process. In fact, there are no traces of residual THF, which should show an intense peak at 913 cm~ due to ring breathing
mode. (35) Accordingly, Raman spectra exhibit signals from only three components: DMF, FSI~, and minor contributions were from PVDF-
HFP. DMF and FSI~ spectra agree with literature data (36,37) and our DFT modeling as shown below, while PVDF-HFP related peaks are
found in the region 780-820 cm™, corresponding to C—F side-chain stretching modes. (38)
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Figure 3. (a) Raman spectra collected on reference solutions of LiFSI in DMF and on sample E_7:3_S; (b) calibration curve (blue empty
circles and line) obtained from reference solutions and used to reconstruct the actual concentration of FSI in sample E_7:3_S (black
empty square); (c) DMF peak barycenter vs LiFSI/DMF concentration; (d) Gaussian decomposition of the main FSI peak into the three
main anion configurations (Free; CIP, contact ion pairs; AGG, aggregates) for the sample E_7:3_S and for the reference solutions with
the lowest and the highest concentrations; (e) peak area analysis of all of the spectra according to the spectral decomposition given in

(d).

The first step was to use Raman spectroscopy to determine the actual molar ratio of FSI~to DMF in the membrane after it had dried, as
reported in Figure 3b. This was performed by constructing a calibration curve starting from solutions of known concentrations of DMF
and LiFSI and assessing the concentration of the species by looking at their characteristic signals. Specifically, the amount of DMF was
estimated by the area, Ipmr, Of the main peak at 865 cm™ ascribable to the C—N-C symmetric stretching, (39) whereas for LiFSI, we
monitored the integrated intensity, Irs;, of the band at 720-740 cm™ which is related to the S—-N-S symmetric stretching mode. (40) The
calibration curve was then constructed by plotting Ipwr/Irsi as a function of the nominal DMF/LiFSI mol/mol concentration of the solutions.
The Ipme/ls) ratio was then calculated from the Raman spectrum of sample E_7:3_S, from which the actual concentration was
extrapolated using the calibration curve parameters. The DMF/FSI- turns out to be 2.1 + 0.2 mol/mol. After the determination of the
exact concentrations of DMF and FSI~, we investigated the effect of the solvation of the Li atoms. The interaction with DMF, similar to
the IR-active mode, was monitored by studying the peak at about 660 cm™. This peak is originated by the O=C-N deformation
vibration (41) and, as confirmed by our DFT calculations, it is extremely responsive to the type and number of solvated species. (42,43) As
reported in Figure 3a, free-DMF is characterized by a single band centered at 660 cm™, but as the solute concentration increases, an
apparent shift of the peak to higher wavenumbers is observed. The origin of this apparent shift is the presence of a new spectral
component attributable to the bound form of the solvent, which is centered at a slightly higher frequency. The fitting of this band into
just two components is not trivial, probably due to the presence of different forms of solvating geometries. (43) To reconstruct the
solvent behavior in the membrane, we therefore evaluated the position of the band barycenter as a function of solute concentration,
avoiding any assumptions about the shape and number of underlying peaks. The result is reported in Figure 3c, where the band position
is reported against the measured DMF:FSI- ratio. For the reference solution, data can be reduced by a straight line passing from 659 cm~
1 for the pure solvent (completely free DMF) to 674 cm™ for the most concentrated solution corresponding to a molar ratio of FSI-/DMF
of 0.5 (almost completely bound DMF). The barycenter of the band for the sample E_7:3_S is located at 670 cm™2, which corresponds to



an “effective” DMF/FSI- ratio ~3, quite near to the 2.1 + 0.2 mol/mol obtained from Ipm¢/Iks ratio. This calls just for a relatively small
“shielding” role played by the polymer strands, in agreement with the DFT results (see below).

The same approach was adopted to study coordination by the FSI anion. In this case, the band of interest is the S-N-S symmetric
stretching at about 730 cm™, already used for the quantitative analysis of the DMF/FSI~ ratio. As illustrated in Figure 3d, this band could
be fitted by a sum of three Gaussian functions centered at 719, 731, and 739 cm™™. These three peaks correspond to the stretching mode
of the anion in the free, contact ion pair (CIP, one FSI- interacting with one Li*), and aggregate (AGG, one FSI~ interacting with at least
two Li*) configurations, respectively, and their areas are directly proportional to the respective populations. (44,45) By varying the solute
concentration, we obtained different relative populations for the three geometries; see Figure 3d. In diluted conditions ([DMF]/[LiFSI] >3
mol/mol) the anion is present in only two configurations: free and contaction pair, whereas at higher concentrations the anion is
completely bound, either as contact ion pair or aggregate. For the most concentrated solution, with a concentration very close to that
measured in the membrane, the percentage of aggregate ions is 42%, which is slightly higher than the 33% reported for the membrane.
The presence of the polymer matrix, therefore, reduces the amount of cations capable of supporting effective charge transport, but still
leaves an appreciable amount of Li capable of carrying charge.

3.2.2. DFT Modeling

We performed DFT calculations to gain detailed insight into the interactions of Li* with DMF and PVDF. We simulated a Li* ion surrounded
by an increasing number of solvent DMF molecules and PVDF oligomers, and we evaluated the binding energies of the different
complexes. Figure 4a reports the binding energy, AE, of the different complexes against the number of ligands. The binding energy of
DMF with PVDF is weak (on the order of -0.2 eV) and was not reported. We see that Li* is significantly more stable, by about 0.3 eV,
when it is bound to one DMF molecule compared to when it interacts with a PVDF chain. Similarly, when considering two ligands, the
Li(DMF),* complex is more stable than Li(PVDF),*. The latter is competitive with complex binding DMF and PVDF, Li(DMF)(PVDF)*. The
formation of complexes with DMF only is still more stable with three ligands; see Figure 4a. With four ligands, the energy difference
between the complex containing only DMF ligands (Li(DMF)4*, Figure 4b) and the ones interacting with PVDF, Li(DMF)3(PVDF)* (Figure
4c) and Li(DMF),(PVDF),* (Figure 4d), becomes smaller as shown by the binding energy in Figure 4a. When the number of ligands is five,
we considered Li(DMF),(PVDF),* withn= 3-5 and m= 1,2. For all of these configurations, in the optimized structure, only DMF
coordinates with Li* while PVDF forms a second solvation shell (Figure S7). The resulting configurations, with Li(DMF),* interacting with
one PVDF (Li(DMF)4(PVDF)*) and Li(DMF)s* interacting with two PVDF oligomers (Li(DMF);(PVDF),*), become more stable than the
Li(DMF)s* complex. When the number of ligands is six, the only stable complex is the Li(DMF)¢* one, as the PVDF does not coordinate
with Li* in Li(DMF),(PVDF) ,,* with n + m = 6 and m = 1-3. These results show that Li* tends to coordinate up to three DMF molecules in
place of directly binding PVDF, indicating that the interaction Li*~DMF is stronger than the interaction Li*—PVDF. Increasing the number
of ligands, e.g., n+m > 4, the Li(DMF),* complex interacts with PVDF as the second solvation shell.
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Figure 4. Binding energy (AE) and structural properties of Li(FSI~),(DMF),(PVDF),,* complexes. (a) Binding energy of
Li(DMF),(PVDF),,* complexes as a function of the number of ligands surrounding the lithium cation (n + m). (b—d) Optimized structures of
Li(DMF),(PVDF),,* with n + m = 4: Li(DMF)* (b), Li (DMF)s(PVDF)* (c), and Li (DMF),(PVDF),* (d). (e—f) Optimized structures of anion-
containing complexes: Li(FSI")(DMF)s* (e), Li(FSI-)(DMF),(PVDF)* (f). Carbon atoms are represented in brown, nitrogen in light blue,
fluorine in magenta, oxygen in red, hydrogen in white, and lithium in green. (g) Binding energy of Li(FSI~),(DMF),(PVDF).,* complexes as
a function of the number of ligands surrounding the lithium cation (p + n + m). Configurations where PVDF and FSI~ relax from the first
to the second Li* coordination shell during the geometry are represented with a dotted line (see structures in Figure S7 and Table S2).

The analysis was then extended to the interaction of Li* with DMF and PVDF in the presence of the FSI~ anions. The binding energies, AE,
of Li* complexes in the presence of the FSI~ anion are shown in Figure 4g. The binding energies of the anion with PVDF and DMF are much
weaker (AE >—0.15 eV for (FSI7)(DMF) and (FSI7)(PVDF) complexes) and were not reported. First, we can observe that the interaction of
Li* with FSI=is more than 0.3 eV stronger than the single interaction between Li*and DMF or PVDF. Considering the Li(FSI~
)J(DMF)* complex, this is more stable than the two-ligand complexes without the anion by 0.25 eV or more. By increasing the number of
ligands, e.g., 3, the greater stability of the complexes presenting the anion is markedly reduced. In fact, the Li(FSI-)(DMF)(PVDF)* and



Li*(FSI)(DMF), complexes turn out to be ca. 0.1 eV more stable than the analogous Li*(DMF); complex. Turning now to the Li(FSI~
)o(DMF),(PVDF),* complexes with four ligands (p = 0-2, n= 1-3 and m = 0-1), the energy difference between complexes with and
without anion in the first solvation shell is less than 0.10 eV. Interestingly, with five ligands, the complexes with FSI=in the second
solvation shell become more stable by about 0.25 eV than the corresponding complexes with FSI~in the first shell, both for Li(FSI~
)(DMF),* and Li(FSI-)(DMF)5(PVDF)* (Table S2).

These results show that Li* tends to remain coordinated to its anion when coordinated with a limited number of ligands, but in the
presence of more DMF molecules (n > 3 in Li(FSI~),(DMF),(PVDF),*) the interaction with DMF, with the anion localized in the second shell,
becomes competitive.

The strong interaction between Li* and DMF molecules is further supported by the theoretical simulation of IR and Raman spectra, which
show similar trends. The calculated IR and Raman spectra of the optimized structures of a DMF molecule, together with the ones of
Li(DMF)* and Li(DMF)3* complexes are reported in Figure 5 bottom panels. A comparison of the spectra for free-DMF and bound-DMF
(Li(DMF),*) in the O=C-N deformation region (640-690 cm™) illustrates significant changes in the position of the peak. As observed in
the experimental spectra, DMF presents a peak at 660 cm™, whereas Li(DMF)* shows a peak at 691 cm~ whose intensity gradually
increases with an increasing amount of DMF molecules (Figures 5, S8a, and S9a). Also of interest is the region of C—-N-C symmetric
stretching at around 871 cm™ which is only Raman active and could be used to estimate the DMF/FSI- ratio. As for the previous stretching,
the intensity of this peak gradually increases from DMF to Li(DMF),* (Figure S9b). Considerable changes due to the coordination with
Li* can be observed in the CH; deformation region, 10001200 cm™ (Figures 5, S8b, and S9c). Moreover, in the region of 1700-1760 cm™
1, there is the band corresponding to C=0 vibrations (stretching), which has a peak at 1756.9 cm™in our calculations. The C=0 peak
shifts to 1716.7 cm~! and becomes more intense in the Li(DMF),* complexes, indicating that the formation of the complexes causes a red
shift of 40 cm™ (Figures 5, S8c and S9d). Figure 5 middle panels show the computed infrared and Raman spectra of Li*(FSI-), Li*(FSI-
)(DMF), and Li*(FSI")(DMF), complexes. These spectra are rather complex, but it is clearly evident that the computed spectra of Li*(FSI~
)(DMF),, have all of the characteristic frequencies of Li*(FSI~) and Li(DMF),* complexes. The simulated spectra of the optimized structures
of the PVDF chain and Li(PVDF)* complex are reported in Figure 5top panels. Interestingly, the PVDF and Li(PVDF)* spectra are
overlapping, further confirming that the interaction between Li* and the PVDF chain is weak, as it has no effect on the PVDF vibrations.
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Figure 5. Simulated IR (a) and Raman (b) spectra of Li(FSI™)o(DMF),(PVDF),,* complexes. IR/Raman spectra of (bottom) DMF molecule,
Li(DMF)*, and Li(DMF)s* complexes; (middle) Li*(FSI") salt, Li(FSI")(DMF)*, and Li(FSI-)(DMF),* complexes; (top) PVDF chain and
Li(PVDF)* complex.

The simulated vibrational spectra show important differences in the region of S—-N-S stretching (600-750 cm™), providing insights into
FSI- coordination. Figure 6a illustrates the stretching mode of (FSl.s")(DMF);* complexes (free cases) in three different mediums: PVDF (&
=10.1), acetone (€ = 20.5), and DMF (g = 37.2). Complexes containing free FSl.s~ or FSli.ans~ are isoenergetic, and therefore the following
results were obtained considering only FSlgs™. It can be observed that the effect due to the medium dielectric constant is negligible, and
the peaks are all located at around 680 cm™1. When Li* is added to the previous configuration in the presence of an increased number of
DMF molecules as shown in Figure 6b (CIP), the peaks shift to around 695 cm™. In Figure 6c, it is possible to distinguish two different
peaks. Interestingly, the position of the S—-N-S peak does not depend on the medium, and its shift by about 20 cm™to higher
wavenumbers appears to be independent of the environment.

Figure 6
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Figure 6. (a) Comparison of Raman spectra of the S—N-S stretching region for (FSl.;s")(DMF), in three different solvents: PVDF (€ = 10.1),
acetone (€ = 20.5), and DMF (g = 37.2). (b) Raman spectra of the S—N-S stretching region for Li(FSI")(DMF),* with n = 1-3 in PVDF matrix
(e =10.1). (c) Raman spectra of the S—-N-S stretching region for Li(FSI")(DMF)s* and (FSl.s~)(DMF,) in the PVDF matrix (€ = 10.1).

The overall vibrational spectroscopic features represent further evidence that the interaction of Li* with DMF, even in the presence of
FSI~ directly bound or in the second shell, is feasible and strong. This is in full agreement with experimental data. Therefore, preferential
solvation of Li* by DMF can be expected in its mixture with FSI=so that the primary solvation sheath of Li* markedly depends on the
experimental amount of DMF molecules available in the membranes.

3.2.3. Time Domain '*H NMR

Additional information on the presence of solvent and its interaction with the matrix is provided by Time Domain NMR, a technique
specifically informative on the mobility of polymer chains. (46) We prepared an NMR tube with 156 mg of E_7:3_S. PVDF-HFP can present
semicrystalline structure (47) so we used an NMR sequence containing a refocusing block specifically tailored for quantitative recovery
of the signal. We investigated the membrane prepared with E_7:3_S at 60 °C, higher than room temperature, to enhance the mobility
contrast while avoiding any solvent loss during the experiment itself. As seen in Figure 7, the sample free induction decay could be fitted
with a function composed of a Gaussian contribution associated with the rigid phase, accounting for around 12% of the signal and a slow
relaxing component associated with the mobile phase.
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Figure 7. 'H FID recorded at 60 °C using the MSE pulse sequence of the PVDF-HFP membrane prepared with THF:DMF under the same
instrumental conditions. The sample is the same, investigated before and after an overnight annealing at 80 °C. The corresponding
spectra are shown in Figure S10.

Repeating the experiment after overnight annealing at 80 °C in an open tube, we noticed both a reduction in the signal intensity and a
change in the shape of decay. Since we kept all instrumental conditions, including instrument gain, unchanged, the signal intensity is
proportional to the amount of *H nuclei in the sample. As seen in Figure 7, where for clarity we normalized all of the data considering the
intensity of the pristine sample equal to 1, the loss of intensity is around 11%. The DMF, with 7 H atoms and a molecular weight of 73.09,



has a higher proton content than the highly fluorinated polymer. By considering the different proton content, we estimate that the
reduction in *H signal is associated with the loss of around 4% w/w of residual DMF.

As a result, the rigid fraction of the remaining membrane increases from 12 to 17.5%. This is far more than the simple reproportionation
due to the loss of mobile fraction, which means that the DMF removed through annealing also acted as a plasticizer in the material. This
measurement supports the hypothesis that, at this composition, a significant part of the DMF is bound to the ions and increases their
mobility.

3.3. lonic Conductivity

Figure 8a shows Arrhenius plots of the ionic conductivity of several samples subjected to different drying processes. The conductivity
values decreased as the intensity of the drying treatments increased, i.e., with the decrease in the amount of solvent still available in the
QSEs. This is a clear indication of the role played by the solvent in the ion transport mechanism. The conductivity curves showed a Vogel—
Tammann—Fulcher (VTF) behavior which is more evident for lower conductivity values. This behavior is typical of polymer systems with
significant free volume, or gel-type electrolytes. (21) However, due to the relatively narrow temperature range, the curves could be fitted
correctly with the Arrhenius equation. The activation energies were reported in Figure 8: as expected, they increased by decreasing the
solvent amount in the matrix. Figure 8b shows the Arrhenius plots of the ionic conductivity of samples dried for 3 days but with initial
different amounts of DMF. The membrane prepared using only THF turned out to have a conductivity of ~9 x 108 S cm™ at room
temperature. As the concentration of DMF used as the solvent increases, the electrolytes show higher conductivity throughout the
temperature range, with similar activation energy values, confirming that the presence of DMF is necessary to make the material a good
ionic conductor. Figure 8c shows the behavior of the ionic conductivity vs the actual amount of DMF in the membranes, as determined
by weighing the samples (see Table 1). In terms of site percolation theory, (48) the ionic conductivity can be expressed as

o=Ax—x;)* 3)

where A is a constant, x is a parameter related to the amount of conducting phase (e.g., its molar fraction), x; is the threshold value for
site percolation, and a is a critical exponent that gives information about the nature and the dimensionality of the network involved in
the transport process. By fitting the data of Figure 8c in terms of eq 3, we obtained x; = 0 and a = 1.26 (R > 0.99). A threshold value very
close to zero means that pure PVDF (or PVDF-HFP) — LiFSI systems cannot be considered as perfect insulators. In fact, the rt ionic
conductivity of the E-THF sample is ~9 x 1078 S cm™L. However, also small quantities of DMF ([DMF]/[Li] = 0.31) lead to a more than 2
orders of magnitude increase of the ionic conductivity (o = 4.3 x 10™> S cm™), which confirms that DMF is very effective in determining
the formation of a conducting phase. The value of the a exponent slightly higher than 1 points toward a 1D transport mechanism,
suggesting a uniform distribution of the DMF among the ordered strands of the semicrystalline polymer matrix.
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Figure 8. Arrhenius plot of the conductivity of electrolyte membranes: (a) subjected to different drying protocols and (b) with different
initial DMF amounts; (c) room-temperature conductivity values vs the DMF amount following different drying protocols (see Table 1c—
e). The line is a power law best fit (see text).

Our combined Raman, EIS, and DFT evidence points to a transport mechanism where the Li* ions are solvated by 2—3 DMF molecules and
diffuse among the polymer strands plasticized by the solvent. The forced extraction of DMF leads to a decrease of conductivity and an

increase of the activation energy. From elementary physical chemistry, we know that

oxnu (4)



where n is the number of carriers and u is the mobility. Our Raman results (Figure 3e) suggest that carrier concentration varies almost
linearly with the DMF content; therefore, the superlinear behavior observed in Figure 8c must be attributed to the increase of Li* mobility
due to DMF, which acts both as a plasticizer and as a complexing medium that favors ion transport.

4. Conclusions

In this paper, we discussed the physicochemical properties and the ion transport mechanism in PDVF-based QSEs. In the
literature, (8) these very promising systems were claimed to be solid-state electrolytes. Indeed, their robustness and overall mechanical
properties well resemble those of solid-state systems. However, we provided circumstantial evidence (9) that a significant amount of
residual solvent (e.g., DMF) is entrapped in the polymer matrix and strongly influences the Li* transport. Here, our careful DFT modeling,
coupled with IR, Raman, and NMR spectroscopies, showed that strong coupling takes place between lithium ions and DMF, whereas the
polymer-DMF and polymer-ion interactions are minority. The resulting systems should, therefore, be considered quasi-solid electrolytes,
due to the unavoidable and strongly active role played by residual DMF.

The amount of residual, or better permanent, solvent in the polymer matrix is dependent on the drying/aging procedures. However,
even prolonged and harsh treatments leave in the matrix quantities of solvent of the order of several weight percent, sufficient to ensure
a conductivity close to 1073 ohm™cm™ at room temperature. From the meso/microstructural point of view, NMR relaxometry
measurements highlight that DMF can diffuse in the matrix and act as a plasticizer. Thus, the amount of DMF in the matrix should be
carefully tuned to optimize the mechanical and ion diffusion properties relevant to real devices. In a companion paper, we will discuss
the electrochemical/functional properties of these systems and how they can be further tuned/improved by the addition of hybrid fillers.
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