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Abstract:

The increasing use of electronic portable systems and the consequent energy demand,
leads to the need to improve energy storage systems. According to that and due to safety
issues, high-performance non-flammable electrolytes and solid polymer electrolytes
(SPE) are needed.

SPE containing different amounts of lithium bis(trifluoromethanesulfonyl)imide
(LITFSI) into a poly(vinylidene fluoride-co-hexafluoropropylene), PVDF-HFP,

polymer matrix have been prepared by solvent casting. The addition of LiTFSI into
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PVDF-HFP allows to tailor thermal, mechanical and electrical properties of the
composite.

In particular, the ionic conductivity of the composites increases with LiTFSI content,
the best ionic conductivities of 0.0011 mS/cm at 25° C and 0.23 mS/cm at 90 °C were
obtained for the PVDF-HFP/LITFSI composites with 80wt.% of LiTFSI.

This solid electrolyte allows the fabrication of Li metallic/SPE/C-LiFePOs half-cells
with a discharge capacity of 51.2 mAh.g! at C/20. Further, theoretical simulations show
that the discharge capacity value depends on the lithium concentration and percentage
of free ions and is independent of the solid polymer electrolyte thickness. On the other
hand, the voltage plateau depends on the SPE thickness. Thus, a solid electrolyte is

presented for the next generation of safer solid-state batteries.

Keywords: solid polymer electrolyte; PVDF-HFP; LiTFSI; composites; simulations;
Li-ion batteries

1. Introduction

The present highly technological and energy dependent society continuously demands
efficient energy storage devices with higher energy density and safety for portable
consumer devices and electric vehicles, lithium-ion batteries playing an increasing role
[1, 2]. Rechargeable lithium-ion batteries still show the highest energy density when
compared to other battery systems, such as NiCd (nickel-cadmium) and NiMH (nickel-
metal hydride), and dominate the global market for energy storage systems [3].

To improve Li-ion battery energy density and safety, further developments are needed
at the levels of its components: electrodes and separator/electrolyte [4, 5]. A relevant
and major issue that requires special attention is the safety of the batteries, with the
separator/electrolyte playing an essential role [6].

There are several types of electrolytes but the most used are still the liquid electrolytes
with different lithium salts types. Those electrolytes are generally based on organic

alkyl carbonates that are volatile and flammable, and therefore, represent a problem



with respect to battery safety [7]. Another problem of the liquid electrolytes is its
reaction with lithium metal that results in the growth of Li dendrites which render
internal short circuits that often lead to overheating and ignition, causing battery
explosion [8].

In order to solve these safety problems, the use of non-flammable electrolytes without
organic alkyl carbonates and solid polymer electrolytes (SPE) have been intensively
studied, considered as suitable candidates [9] for solid-state rechargeable batteries [10].
SPEs mostly consist of dissolved lithium salts in a polymer matrix [11]. In addition to
the lithium salts, different nanofillers, such as ceramic or metals, can be also added to
improve the mechanical and electrochemical properties [12]. A polymer matrix that
stands out due to its exceptional properties and characteristics, including high polarity,
excellent thermal and mechanical properties, being chemically inert and stable in
cathodic environment, is poly(vinylidene fluoride) (PVDF) and its copolymers PVDF-
co-trifluoroethylene (PVDF-TrFE) and PVDF-co-hexafluoropropene (PVDF-HFP) [13].
When compared to the others PVDF copolymers, PVDF-HFP is an excellent polymer
matrix for SPEs due to its low degree of crystallinity, which allows improving ionic
conductivity. It also shows excellent mechanical properties and high dielectric constant
(~7t0 9), as well as highly polar functional groups (-C-F) [14].

In relation to lithium salts, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is
widely used in SPE development, considering its excellent electrochemical properties,
high chemical and thermal stability and because its large and bulky anions can be highly
delocalized to facilitate the salt dissociation and solubility [15, 16].

The literature reports some works on SPEs based on PVDF-HFP and LiTFSI based on
different approaches with respect to the preparation conditions [17] as well as with
respect to the addition of different fillers (1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (EMITFSI) [18], silica [19], lithium aluminum
titanium phosphate (LATP) [20], nickel-1,3,5-benzene tricarboxylate metal organic
framework  (Nis-(BTC)>-MOF) [21], and 1-cyanomethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([CCNImM*][TFSIT]) [22]. For these SPE, the ionic
conductivity value is between 10° S.cm™ and 0.25 mS.cm™, but electrical properties,
thermal and mechanical stability, must still be improved.

Polymer gel electrolytes (PGESs) have been prepared by dissolving LiTFSI in 1-methyl-
3-propylpyrrolidinium  bis(trifluoromethanesulfonyl)imide (P13TFSI) ionic liquid
mixing the electrolyte solution with PVDF-HFP copolymer. Further, small amounts of
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ethylene carbonate were added to the PGEs in order to improve the ionic conductivity
and Li ion transport kinetics of the electrolytes [23].

Adding propylene carbonate (PC) contents up to 30wt% into the SPE acts as plasticizer
and improves ionic conductivity. Thus, SPEs based on PVDF-HFP and LiTFSI and PC
with solid-like mechanical stability presents a high conductivity of 1x10™° S.cm™ at the
composition 0.55/0.15/0.30 wt% PVdF-HFP/LITFSI/PC [17]. Another SPE based on
different materials are (PVDF-HFP with LisLasZr,012 [24], (PEO)-LiCIOs-
Li13Alo3Tir7(PO4)3 (LATP)) [25] and PEO-MIL-53(Al)-LiTFSI [26] which have been
prepared for different types of solid-state batteries, including sodium-ion [27], Al
batteries based on NASICON materials [28] and lithium-vanadium batteries [26].

In SPE ions may be present either as free ions, contact ion pairs or diffusion ion pairs,
the ionic conductivity value being essential for obtaining high capacity in the battery
[29]. In solid state batteries it is essential to improve the ionic conductivity of the SPEs,
at room and/or battery operation temperature, and consequently battery performance
[30]. This can be only achieved through proper understating of the interactions between
ions and polymeric matrix and the contribution of ions to the electrical response.

Based on the literature and maintaining a fixed PC content, the goal of this work is to
prepare and optimize SPE based on PVDF-HFP polymer and high amounts of LiTFSI
salt. Samples were prepared by solvent casting with different LiTFSI contents up to
80wt.%. The influence of LiTFSI content in the microstructure, ion-polymer interaction,
ionic conductivity of the SPE, and charge-discharge performance of the SPE in the
cathodic C-LiFePO4 half-cells were evaluated.

Also, the charge-discharge behavior and cycling performance of the SPE are correlated
with the theoretical 1D model simulation of Li-ion Solid State Batteries (SSB) in order
to properly understand and optimize its performance.

The theoretical simulations were performed as a function of lithium concentration,

percentage of free ions and solid polymer electrolyte thickness.

2. Experimental details
2.1. Materials

Poly(vinylidene fluoride-co-hexafluropropylene), PVDF-HFP, Solef 21216 (Mw =
600.000 Da, VDF/HFP mole ratio equal to 88/12) and lithium bis
(trifluoromethanesulfonyl) imide (LiTFSI) were acquired from Solvay and Solvionic,



respectively. Propylene carbonate (PC, anhydrous 99.0%) and N,N-dimethylformamide
(DMF) were purchased from Sigma-Aldrich and Merck, respectively.

2.2. Solid polymer electrolyte preparation

PVDF-HFP/LITFSI composites were prepared after the protocol presented in [31] by
dissolving the appropriate amounts of LiTFSI at a 10/90 w/v polymer/solvent ratio. The
solvent ratio is 75 v.% of DMF and 25v.% of PC. This composition was selected in
order to obtain good dissolution of high amounts of LITFSI up to 80wt.%.

First, the LiTFSI salts were added to the solvents. After complete dissolution of the
salts, the polymer was added to the solution at 25 °C and stirred for 4 hours until a
homogeneous and transparent solution was obtained.

The solution was spread on a clean glass substrate by blade coating and placed in an
oven at 210 °C for 15 minutes to ensure solvent evaporation and polymer melting.

After cooling to room temperature, PVDF-HFP/LITFSI composites with average
thickness of ~ 100 um were obtained and will be identified henceforth by the LiTFSI

content.

2.3. Characterization techniques
2.3.1. Morphological and physicochemical characterization of the PVDF-
HFP/LITFSI composites

The microstructure of the PVDF-HFP/LITFSI composites was analyzed by scanning
electron microscopy (SEM, Cambridge, Leica) with an accelerating voltage of 3 kV.
The samples were previously coated with a thin gold layer using a sputter coating
(Polaron, model SC502 sputter coater).
Polymer phase and ion-polymer interaction in the PVDF-HFP/LiTFSI composites were
investigated at room temperature by Fourier Transformed Infrared (FTIR) spectroscopy
in the ATR mode from 4000 to 600 cm™ after 64 scans with a resolution of 4 cm™ using
a Jasco FT/IR-4100.
Thermogravimetric Analysis (TGA) was performed using a Q600 TGA TA
thermobalance operating between 40 and 800 °C. The PVDF-HFP/LITFSI composites

were placed in open ceramic crucibles, a-Al.O3 pans, with a sample weight of ~10 mg,



and measured at a heating rate of 10 °C/min under a nitrogen atmosphere flow of 50
mL/min.
Differential scanning calorimetry analysis (DSC) was carried out with a Perkin-Elmer

DSC 8000 instrument under a flowing nitrogen atmosphere between -90 and 150 °C at a

heating rate of 20 °C.min"’. All samples were measured in 30 pL aluminium pans with
perforated lids to allow the release and removal of decomposition products.

Mechanical tests were performed with a universal testing machine (Shimadzu model
AG-IS) at room temperature with a load cell of 50 N in the tensile mode. The stress-
strain characteristic curves were obtained until rupture in samples with typical

dimensions of 10x4x0.100 mm at 0.5 mm/min.
2.3.2. Electrochemical properties and lithium half-cell preparation and testing

The ionic conductivity of the PVDF-HFP/LITFSI composites was measured by
impedance spectroscopy in an Autolab PGSTAT-12 (Eco Chemie) at frequencies
between 500 mHz and 65 kHz in the temperature range from 20 to 90 °C, using a
constant volume support equipped with gold blocking electrodes placed within a Buchi
TO 50 oven. The sample temperature was evaluated by means of a type K thermocouple
placed close to the composite.

The ionic conductivity (i) was calculated according to equation 1:

d
0 =% )

where Ry, represents the sample bulk resistance, obtained by impedance spectroscopy, d
is the thickness of the sample and A is the electrochemical active area, respectively.
Composite cathode electrodes were prepared by mixing the active material (C-
LiFePOs), conductive active (Super-P C45) and the PVDF binder in N-methyl-
pyrrolidone, NMP, with relation 80/10/10 wt.%, respectively. More details on the
cathode electrode preparation can be found in [32].

Li/C-LiFePO4 half-cells were assembled in an argon-filled glove box (H20, Oz < 1ppm)
using Swagelok-type cells with C-LiFePO4 electrode (8 mm diameter) as working
electrode, PVDF-HFP/LITFSI composite (10 mm diameter) as solid polymer electrolyte
and 1.5 mm thick Li metal foil (8 mm diameter) as reference/counter electrode



The cycling performance of the Li/C-LiFePOs half-cells was investigated in
galvanostatic mode within the 2.5-4.2 V voltage range at C/20 rate (C=170 mAh.g!) at

room temperature using a Landt CT2001A instrument.

3. Theoretical simulation model and parameters

3.1.Theoretical simulation model

The theoretical simulations were performed in order to predict the performance
of the solid-state lithium ion batteries when subjected to variations of the
electrochemical and geometric variables of the separator component, such as,
concentration of lithium, free lithium ions concentration and separator thickness.
Further, battery performance was evaluated at different discharge rates to account for
variations in the energy efficiencies [33].

The simulations were carried out by implementing the finite element method in
MATLAB scripts in order to solve the equations describing the behaviour of battery
electrodes and separator (table 1) for the following solid-state lithium-ion battery
structure: [negative electrode, lithium foil | solid polymer electrolyte, separator | positive
electrode, (LixFePOa)]. The batteries were implemented in half-cells and represented by

a 1D model, as shown in figure 1.
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b) 1D Model
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Figure 1 — Schematic representation of: a) solid-state lithium-ion half-cell b)

representation of the half-cell in the theoretical model (1D model).

Within the half-cells it was considered the solid polymer electrolyte as the separator and

the positive electrode (cathode). The simulations are time-dependent and the



electrochemical model describes the electrochemical and physical processes that occur
in the operation of solid state lithium batteries, such as, electrochemical reactions,
lithium ion diffusion, electron and solid lithium transport [34].

The fundamental equations governing the main phenomena of the operation
processes of lithium ion solid-state micro-batteries are based on the Danilov et al. [35]
model in 1D and the A. Bates et al. [34] model for 2D. The electrochemical model
describes the migration and diffusion of lithium ions through the solid electrolyte using
the Nernst—Plank equation and the solid lithium transport in the positive electrode was
calculated using the Fick’s law. The reaction Kkinetics that occurs in both
electrode/electrolyte interfaces were calculated by the Butler-Volmer equation.

The electrochemical model takes into account the variables corresponding to the
phenomena occurring in the separator and the positive electrode, such as the electrolyte
potential, the concentration of lithium ions in the electrolyte/separator, the concentration
of solid lithium at the positive electrode, and the electric potential at the boundary
interface between each electrodes (lithium foil and cathode) and separator. Table 1
shows the main equations governing the operation of the half-cell solid-state lithium-ion

battery electrodes and separator.

Table 1 - Summary of the main equations governing solid-state lithium-ion half-cells

[34-36]. The identification of each symbol is provided in the nomenclature section.

Electrochemical model (Solid-State Lithium ion half-cell)

Physical process Governing Equation Region
Transport of Li* and n" in 7. F
the electrolyte N; = —D;.V¢; + (ﬁ) D.c;.Vog, i = Lit,n~ Separator
(Nernst—Planck equation)
Transport of solid lithium
electrolyte
(Fick’s law)
Fraction of total lithium Eq Eq
dissociated at equilibrium Cpi+ = Cp= =8¢0 Separator
Overpotential n=¢o— g —Eeq, Electrodes
Lithium ion recombination T Lit=kaiss(cq gt —Cppt ) ~Krec(cppt)en Separator




/ dissociation rate
Relation between the
dissociation reaction rate
(Kdiss) and the Krec: Co it 52 S
1557 = ) At eparator
recombination reaction Kaiss 1-96 P
rate (Krec)
Qneg AnegFN
) Cpi+ negfm,
s ineg = F.kneg <C—l> (e( RT) Electrode /
Reaction kinetics at the o,Li+
negative electrode (1neg)F electrolyte
(Butler-Volmer equation) N e—< ’ /RT>> interface
i, = o, (eaan/ e—(l—aC)Fn/ )
. Electrode /
Reaction kinetics at the | ‘oc I |
positive electrode e e NC e electrolyte
(Butler-Volmer equation) | = Fk, < (Crimax = )t ) < L ) 1 interface
(CLi,max - CLi,min)CO,Li+ CLi;max — CLi,min

3.2. Specific parameters and initial values

The parameters and initial values used for the simulation of the solid-state lithium ion
batteries are listed in Table 2.

Table 2 - Values of the parameter used in the simulations. The nomenclature is

provided in the nomenclature section.

Electrochemical parameters and initial values
Parameter Unit Separator Cathode (LixFePO4)
Li m 100x10° 20x106
CoLi’ mol/m? 3483.23% x 5
L 0,20
CLimax mol/m? 23300
CLi min mol/m? 10200
Krec m®/mol.s 0.9x108 a)
DLi+ m2/S 0 9)(10_]_3 a)
Dy’ m?/s 1,25x10°13




Dui m?/s 1,8x10%5
o« | T 0,6 a)
ke mol/m?.s™! 5 1x10%
Negative Electrode (Lithium foil)
Oheg | ~777TTTTTC 0,5 a)
kneg mol/mz.s_l 1)(10_2 a)
General parameters of battery
fapp Alm? 6,10 *)
F C/mol 96487
R J/mol.K 8,314
T K 298,15
a) Based on [34].

b) Experimental value.

4. Results and discussions

4.1.  Morphological and physicochemical characterization

4.1.1. Composites morphology

In order to evaluate the effect of LiTFSI salts on the morphology of the PVDF-HFP

composites, SEM images are presented in Figure 2a-b first for the PVDF-HFP films

without LITFSI salts in both surface (a) and cross-section (b) views, revealing a

compact structure without pores, which is attributed to the melting and recrystallization

process during sample preparation [31, 37].
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Figure 2 - Surface and cross-section SEM images for the PVDF-HFP/LITFSI
composites with different LITFSI amounts: a-b) 0 wt.%, c-d) 50 wt.% and e-f) 80 wt.%.

When the LIiTFSI salts are introduced into the PVDF-HFP matrix, a porous
microstructure is observed regardless of the LiTFSI content, as verified in figures 2c-f.
The porous microstructure is attributed to the free space between the LIiTFSI salts
(Figure 2c-f) and has been previously reported [18, 38]. In addition, it is observed that
the pore distribution occurs homogeneously throughout the sample. Figure 2 shows that
SEM images for LiTFSI contents of 50 wt.% (figure 2c-d) and 80 wt.% (figure 2f-e),
but the porous microstructure is observed for all PVDF-HFP/LiTFSI composites. It is to
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notice that this microstructure is highly desirable for solid electrolytes as it facilitates
the conduction of the ions [38, 39].

4.1.2. Polymer phase, thermal and mechanical properties

ATR-FTIR spectra allows identifying the characteristic bands of PVDF-HFP polymer
and LiTFSI salts, as well as new bands or band modifications related to ion-polymer
interactions.

Figure 3a shows the ATR-FTIR spectra for the different PVDF-HFP/LITFSI composites
with the rectangles in different colors representing the main vibrational bands of PVDF-
HFP [40]. The peaks at 760, 795, 974 and 1384 cm™ correspond to o phase crystals
(TGTG chain conformation) [37], and decrease with increasing LiTFSI content within
the polymer. The vibration bands at 1064 and 1148 and cm™ are assigned to the
symmetrical stretching mode of CF, and the displacement of these broad peaks to the
left indicate the strong interaction with LIiTFSI. This fact is also confirmed by the bands
in the region 1380 to 1420 cm™ corresponding to the vibrations of the CH, group, which
also show shape changes and intensity variations. Further, figure 3a) also show the
vibrations peaks for LiTFSI at 842 and 1357 cm™ that correspond to N-CO-O
symmetric stretching and asymmetric SO stretching modes, respectively [41, 42].

The thermal evaluation of the PVDF-HFP/LITFSI composites was performed by TGA
thermograms, which are shown in figure 3b for the different PVDF-HFP/LITFSI
composites. Figure 3b shows that the thermal decomposition of pristine PVDF-HFP
occurs in a single step at ~465 °C [43], whereas for PVDF-HFP/LiTFSI composites, a
two steps decomposition is observed: the first decomposition at ~ 340 °C is related to
the degradation temperature of LiTFSI [44] and the second one is related to the
degradation of the polymer. For PVDF-HFP/LITFSI composites with LIiTFSI above
30% a small loss of weight is observed after 100 °C related to the moisture that can be
absorbed during the handling of the test sample. Figure 3b) confirms that all PVDF-
HFP/LITFSI composites are thermally stable up to 100 °C, confirming their suitability

for lithium-ion battery applications.
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Figure 3 — a) ATR-FTIR spectra, b) TGA thermogram, ¢) DSC curves and e) Stress-
Strain results for PVDF-HFP/LITFSI composites. d) Melting (Tm) and glass (Tg)

transition temperatures and melting enthalpy (4H) determined from the DSC curves and
f) Young modulus as a function of the LiTFSI content.

The DSC thermograms of the PVDF-HFP/LITFSI composites with the melting and

glass temperature and melting enthalpy as a function of LiTFSI content are shown in
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figures 3c and 3d, respectively. Regardless of the LiTFSI content, the melting behavior
is similar and characterized by a melting peak around Tm ~130 °C, as in pristine PVDF-
HFP [40] (figure 3d). On the other hand, the glass transition temperature (Tg) as a
function of LiTFSI content, figure 3d, shows that Ty decreases with increasing LiTFSI
content, which shows strong intermolecular interaction between salts and polymer
which significantly improve the segmental movement of the polymer network, leading
to a more flexible polymer matrix [44]. Figure 3d also shows the melting enthalpy value
as a function of the LiTFSI amount. The enthalpy is calculated by the area in the
melting peak and is related to the degree of crystallinity of the polymer. It is observed
that the enthalpy value and consequently the degree of crystallinity of PVDF-HFP
copolymer decreases with the addition of LiTFSI in the PVDF-HFP polymer due to the
complexation with LiTFSI salts (figure 3d).

Suitable mechanical properties of the PVDF-HFP/LITFSI composites are essential for
lithium-ion battery applications [45]. Figure 3e) shows the stress-strain characteristics
curves of the PVDF-HFP/LITFSI as well as the corresponding Young modulus,
calculated at 3% in the elastic region, as a function of the LiTFSI content (figure 3f). All
PVDF-HFP/LITFSI composites show the typical mechanical behavior of
thermoplastics, characterized by two regions (elastic and plastic), separated by the
yielding region. The maximum elongation of all PVDF-HFP/LITFSI composites is
practically the same, independently of the LiTFSI content, with the exception of the
pristine PVDF-HFP. The yielding stress (figure 3e) and the Young modulus (figure 3f),
determined at 3% of maximum elongation in the elastic region by the tangent method
[46], decrease with increasing LiTFSI content. These facts are consistent with a
significant drop in the degree of crystallinity of the polymer as observed by the DSC
curves (figure 3c-d). In any case, the stress-strain curves confirm the suitable
mechanical properties of the composites for battery applications, even for the highest
LiTFSI contents.

4.2.  lonic conductivity

The ionic conductivity was evaluated by impedance spectroscopy in the temperature

range from 25 °C to 90 °C and the frequency range from 10 Hz to 10 MHz.
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Figure 4a shows the Nyquist plot for the PVDF-HFP/LiTFSI composites at 25 °C.
Typically, the Nyquist plot represented in figure 4a, shows three characteristics parts as
shown for the PVDF-HFP/LITFSI composites with 0 and 50 wt% LiTFSI: a semicircle
located in the high-frequency range that corresponds to the charge transfer process (bulk
material properties), a transition controlled by the diffusion of counter ions inside the
electrode, and straight line for lower frequency that is related to the diffusion process,
I.e. the sample/electrode interface [47, 48]. It is to notice that in the insert of figure 4a
for 80 wt.% LiTFSI, the semicircle is not observed due to the higher amount of lithium

salts for this sample.
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Figure 4 — a) Nyquist plots and b) logarithm of conductivity, o, as a function of
reciprocal temperature, 1000/T, for the PVDF-HFP/LITFSI composites

At 25 °C, the radius of the semicircle depicted in figure 4a (the ionic resistance being
calculated in the Z’ axis interception) decreases as the amount of LiTFSI increases.
Increasing LIiTFSI content reduces the bulk resistance by increasing the number of free
charge carriers.

The temperature dependent ionic conductivity (calculated through equation 1) of the
PVDF-HFP/LITFSI composites is shown in figure 4b. Independently of the LiTFSI
content, figure 4b shows that the ionic conductivity increases with increasing
temperature due to the increase of the free volume, polymer segmental mobility and
charge mobility [49]. For a given temperature, the ionic conductivity value increases
with increasing LIiTFSI content, as previously mentioned, due to enhanced charge
carrier density [50]. A maximum ionic conductivity value of 0.0011 mS/cm at 25 °C is
obtained for the PVDF-HFP/LITFSI composites with 80 wt.% filler content. For this
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same sample at 90 °C, the ionic conductivity is 0.23 mS/cm, the temperature
dependence of the ionic conductivity of PVDF-HFP/LITFSI composites being ruled by
a thermally activated process that can be adjusted by the Arrhenius equation to calculate
the apparent activation energy for ion transport [51]. In this context, the activation
energy for the PVDF-HFP/LITFSI composites with 80 wt.% is 0.36 eV.

The solid polymer electrolyte acts as a separator within the battery, providing a medium
for ion transport between the electrodes. Thus, the PVDF-HFP/LITFSI composite with
the best ionic conductivity is the one with 80 wt.% LiTFSI.

4.3. Cycling performance
For actual battery applications, the cycling performance was evaluated at room
temperature for the sample with 80 wt.% LiTFSI.
It is to notice that, comparing the results on the present battery with the ones from the
literature, that typically, battery performance of solid-state batteries is evaluated at high
temperatures (table 3) which limits their applicability.
Table 3 — Some examples of SPE cycled at high temperatures.

Polymer Salts ci /mS.cm? | Capacity/ mAh.g! | Temp/°C | Ref
TPU/PEO LiTFSI 0.54 140@0.2C 60 [30]
PEO LIiTFSI 0.0054 168@0.2C 80 [52]
PEG LIiTFSI 0.19 ---- 60 [53]
PEG LiTFSI 123@1C 60 [54]
P(LA-co- LIiTFSI 0.47 46@1C 55 [55]
TMC)
PEO LiTFSI 0.0045 122@1C 80 [56]

In order to evaluate the suitability of the developed solid electrolyte for battery
applications, cathodic half-cells were fabricated and the cycling performance evaluated
at a low scan rate of C/20 at room temperature due to its ionic conductivity value.
Further, the influence of solid polymer electrolyte thickness and ions concentration were
evaluated by theoretical simulation.

4.3.1. Experimental results

16



Voltage / V vs Li/Li"

4,2 1

3,94

3,64

2,74

2,4

Charge-discharge voltage profiles of the Li/C-LiFePOs half-cells with the PVDF-
HFP/LITFSI composite with 80 wt.% and 100 pm of thickness as SPEs were recorded
at a rate of C/20 between 2.5 and 4.2 V as shown in figure 5a at room temperature.
Figure 5a shows the charge/discharge profile of Li/C-LiFePO4 half-cells for the first and
fifteenth cycles. Independently of the cycle number, the typical flat voltage plateau at
around 3.4 is observed, indicating the presence of a two-phase Fe?*/Fe** redox reaction
between FePO4 and LiFePO4 [57]. The first charge and discharge cycle show a capacity
of 51.2 mAh.g! and 50.5 mAh.g, respectively (figure 5a). This relatively low
charge/discharge capacity is related to the low ionic conductivity of the sample.

Figure 5a shows the good agreement between the theoretical simulations (blue line) and
the experimental results for this scan rate, the small differences between the curves
being attributed to the differences in the diffusion coefficient value assumed in the

theoretical model.

D
o

Capacity / mAh.g™ Cycle number

Figure 5 - 1%t and 15" charge and discharge room temperature cycles at C/20 rate and
theoretical simulation curve (a). Charge and discharge capacity and coulombic

efficiency as a function of cycle number (b).

Figure 5b shows the charge/discharge specific capacity as a function of cycle number at
C/20. The charge and discharge capacity are 43.9 mAh.g? and 43.7 mAh.g?,
respectively, in the 15 cycle and the coulombic efficiency is about 99%. It is observed
that capacity fade is low and the excellent coulombic efficiency value indicates good
reversibility of the process independently of the number of cycles.

It is an increasing effort in developing SPEs such as, P(VDF-HFP)/PV Ac with BaTiO3
[58], P(EO)1(LiTFSI)o1(PYR14TFSI)o1 [59] and polymeric ionic liquid [60], but the
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Voltage / V

charge-discharge tests are typically reported at 40 °C and 80 °C, respectively. The main
advantage of our results when compared with the literature is the charge-discharge

behavior at room temperature.

4.3.2. Theoretical simulation results

In order to understand battery performance and thus to be able to further optimize it,
theoretical simulations have been carried out. The solid-state battery used in the
theoretical simulations presents the same characteristics obtained in the experimental
cyclic behavior (figure 5a) with 80% lithium concentration, 20% free ions in the solid
polymer electrolyte and thickness of 100 um. The lithium concentration in the solid
polymer electrolyte was calculated considering the LiTFSI weight added to the PVDF-
HFP polymer. Figure 5a shows the good agreement between experimental and
theoretical curves, allowing the validation of the theoretical model for solid state
batteries

Figure 6a shows the simulated discharge profile of this sample at different C-rates.

It is observed that the discharge capacity value and voltage plateau decrease with
increasing C-rate due to the migration of the lithium ion and solid lithium species,
resulting in higher internal losses for higher currents. This fact can be explained by the
solid lithium concentration in which, when a maximum value is obtained, the discharge
voltage reduces rapidly [34]. Figure 6a also shows that the maximum operating rate of
the solid-state battery is C/2.
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Figure 6 — Discharge profiles at different scan rates between C/30 to C/2 for PVDF-
HFP/LITFSI composites with thickness of 100 um (a) and discharge value at different

C-rates as a function of lithium concentration (b).

Figure 6b shows the discharge capacity as a function of lithium concentration between
10 to 90% at different C-rates (C/20, C/15, C/10, C/5) from solid electrolytes with a
thickness of 100 um and 20% of free ions. Regardless of C-rate, it is observed that the
discharge capacity value increases with increasing lithium concentration, which is also
related to increased diffusion rate allowing Li-ions to more freely travel through the
electrolyte. In addition, it is noted that, depending on the C-rate applied to the solid-
state battery, there is a minimum lithium concentration to operate the battery.

For the C/20 and C/15 rates, the battery do not operate below of 10% of lithium
concentration but for C/10 and C/5, the minimum lithium concentration is 15% and
25%, respectively. The reason for this fact is due to the solid Li diffusion which is most
significant for high discharge current.

The influence of solid polymer electrolyte thickness on battery performance at different
C-rates (C/20, C/10 and C/5) was studied for 80% lithium concentration and 20% free
ions as shown in figure 7.

Figure 7a-b shows the discharge capacity value as a function of solid polymer
electrolyte thickness between 25 um to 300 pm for C/20 and C/5, respectively.

For these C-rates (figure 7a-b) it is observed that the discharge capacity value is nearly
independent of the thickness of the solid polymer electrolyte. This fact is observed in
more detail in figure 7c, representing the discharge capacity as a function of solid
polymer electrolyte thickness, which is constant for C/10 and C/5 rates. For the C/20
rate, the discharge capacity value decreases with increasing thickness due to the slower
Li-ion motion towards the positive electrode. At the electrolyte/electrode interface Li-
ion motion is reduced becoming solid lithium which diffuse through the positive

electrode to allow further reactions at the interface [34].
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Figure 7 — Discharge profiles for different sample thickness at C/20 (a) and C/5 (b) for
PVDF-HFP/LITFSI composite with 80 wt.% of LITFSI. Discharge capacity value (c)
and initial voltage value (d) as a function of sample thickness for C/20, C/10 and C/5
rates.

Figure 7d shows that for all C-rates the voltage plateau decreases with increasing
electrolyte thickness due to concentration variations in the solid polymer electrolyte and
in the positive electrode. Those variations are due to the voltage plateau of the
equilibrium potential towards the end of the discharge, compared to the large initial
equilibrium voltage drop for a fully charged battery [34, 35].

Both dissociation and recombination rates (Kdiss and krec) are linked via the fraction of
free lithium ions, & (see equation in Table 1). Figure 8 shows the discharge capacity
value as a function of the fraction of free lithium ions for different lithium concentration

at C/20 and solid polymer electrolyte thickness of 100 um.
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Figure 8 — Discharge capacity value as a function of percentage of free ions within the
sample for different lithium ion concentrations at C/20 rate.

For lithium concentrations between 10% and 90%, the percentage of free ions in the
solid polymer electrolyte varies between 5% and 90%, as it is shown in figure 8.

Regardless of the lithium concentration, it is observed that the discharge capacity value
increases with increasing the percentage of free ions. Increasing the percentage of free
ions in the solid polymer electrolyte allows increasing the rate of dissociation /
recombination of the ions in the solid polymer electrolyte, which leads to higher battery
performance. Further, the presence of high amounts of free ions in the solid polymer
electrolyte facilitates the mobility and diffusion thereof, thus obtaining a consequent
reduction of the resistance to this mobility. The simulated results quantify how solid
polymer electrolyte performance can be tailored by the lithium concentration and

percentage of free ions to improve the solid-state battery performance.
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5. Conclusions

Solid polymer electrolytes (SPE) based on poly(vinylidene fluoride-co-
hexafluoropropylene), PVDF-HFP, copolymer and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) have been prepared by solvent casting and
the effect of LIiTFSI content on ionic conductivity and other physical properties
evaluated.

PVDF-HFP/LITFSI composites show a porous morphology. Their thermal and
mechanical properties correlate with the LiTFSI content. Incorporation of LiTFSI into
PVDF-HFP decreases the melting enthalpy and thermal stability of the polymer as well
as the Young's modulus when compared with pristine P\VDF-HFP pristine. Further,
FTIR demonstrated the ion-polymer interaction.

The ionic conductivity of the PVDF-HFP/LITFSI composites increases with LiTFSI
content in the composites, the best ionic conductivity of 0.0011 mS/cm at 25° C and
0.23 mS/cm at 90 °C being obtained for PVDF-HFP/LITFSI composites with 80wt.%
LiTFSI content.

The electrochemical performance of the Li/C-LiFePOas half-cells at room temperature
with this composite leads a discharge capacity of 51.2 mAh.g™* at C/20.

The theoretical simulation of the solid-state lithium-ion battery allows obtaining a
correlation between cycling performance and lithium concentration, percentage of free
ions and solid polymer electrolyte thickness. The theoretical results allow designing and
improving battery performance by lithium concentration and percentage of free ions.
The solid polymer electrolyte thickness does not affect the discharge capacity value, but
the voltage plateau.

Thus, the developed solid polymer electrolyte represents a step forward towards the

next generation of safer solid-state Li-ion batteries.

Nomenclature

List of symbols

cuit concentration of lithium-ions, mol/m?
Co.Li" initial concentration of lithium-ions, mol/m?
CLi solid lithium concentration, mol/m?
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maximal lithium activity in the positive electrode, mol/m?

CLi,max
CLi.min minimum lithium concentration in the positive electrode, mol/m’
Cr concentration of negative ions, mol/m’
Di diffusion coefficient for speciesi (i=Li*, n°), m?/s
diffusion coefficient of solid lithium through the electrolyte at positive
Dui electrode, m?/s
Eeqii equilibrium potential in the electrode (i=c), V
F Faraday’s constant, 96487 C/mol
Ineg current density at negative electrode, A/m?
ic current density at positive electrode, A/m?
ioc initial current density at positive electrode, A/m?
Tapp applied current density at 1C, A/m?
Kaiss dissociation reaction rate, 1/s
Krec recombination reaction rate, m’/mol.s
Kneg charge transfer reaction rate constant at negative electrode, mol/m?.s™!
ke charge transfer reaction rate constant at positive electrode, mol/m?.s™
Li width of the battery component (i=sep,c) , m
N; transport value of species i (i=Li), mol/m?
R gas constant, 8,314 J/mol K
rut lithium ion recombination/dissociation rate, mol/m?.s
T temperature, K
t time, s
Z charge of species i (i=Li", n’)
Greek symbols
Clneg charge transfer coefficient at negative electrode
Ole charge transfer coefficient at positive electrode
S fraction of free lithium ions in equilibrium
o electric potential initial value, V
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e electrolyte potential, V

n over-potential, V

Subscripts referring specific components of the battery and initial condition

C cathode
neg negative electrode
sep separator

0 initial condition
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