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ABSTRACT: Separator membranes based on poly(vinylidene fluoride), PVDF,
poly(vinylidene fluoride-co-trifluoroethylene), PVDF-TrFE, poly(vinylidene fluoride-
co-hexafluropropylene), PVDF-HFP and poly(vinylidene fluoride-co-
chlorotrifluoroethylene), PVDF-CTFE were prepared by solvent casting method using
N,N-dimethylformamide (DMF) as solvent. In all cases, the same polymer/solvent ratio
and solvent evaporation temperature were used. For all membranes, porous
microstructure is achieved with a degree of porosity larger than 50%. The B-phase content
as well as degree of crystallinity were different for each membrane, which were lower for
the co-polymer membranes when compared with PVDF. On the other hand, the observed
ionic conductivity values, electrolyte uptake, tortuosity and MacMullin number were
similar for all membranes. The electrochemical performance of the separator membranes
was evaluated in Li/C—LiFePOg half-cell configuration showing good cyclability and rate
capability for all membranes. Among the all separator membranes, PVDF-TrFE
demonstrate the best electrochemical performance, with a discharge capacity value of 87
mAh.g! after 50 cycles with a capacity retention of 78 % at 2C.

Finally, the correlation between the B-phase content in the membranes and the cycling
performance was demonstrated (which was significant at high-C rates): larger B-phase
contents, leading higher polarity, facilitates faster lithium ion migration within the

separator for similar microstructures.



1. INTRODUCTION

Advanced energy storage systems are one of the main issues related with energetic
challenges, being essential to increase their efficiency and autonomy in order to improve
their applicability in portable electronic products (mobile-phone, computers, e-labels, e-
packaging, disposable medical testers, drug delivery patches, etc) and electric vehicles
(EV), hybrid electric vehicles (HEV) 3.

These systems are adequate for reducing CO2 emission and dependence from fossil
resources once the stored energy is generated by environmental friendly energy sources,
such as photovoltaic, wind and geothermal +°,

The most widely used energy storage system are based on electrochemical cells and more
specifically rechargeable batteries . There are different types of rechargeable batteries
such as lead acid, nickel cadmium and sodium nickel chloride batteries, but the one with
the largest market share are lithium-ion batteries. This fact is due to their interesting
characteristics, such as being lighter and cheaper, showing high energy density (between
100 and 150 Wh.kg™) and improved charge/discharge cycles .

The main components of lithium-ion batteries are the two electrodes with different
electrochemical potential (anode and cathode) and the separator, the later preventing the
short-circuit of the battery through the separation of both electrodes and controlling the
number and mobility of the lithium ions during the charge and discharge processes ° 1°.
The separator membrane is typically composed by a porous polymer membrane soaked
with an electrolyte solution (i.e, a lithium salt in a mixture of one or more organic
solvents) 1. There are other types of separators such as composites and polymer blends
but the most used ones are single polymers. The main characteristics to be tailored in the
separator membranes are permeability, porosity/pore size, electrolyte absorption and

retention, chemical, mechanical and thermal stability °.



The control of all those parameters is relevant, but one of the key parameter of the
separators is the morphology (porosity and pore size), as it not only affects battery
performance but also the stability of the assembly through their mechanical properties *2.
The most used polymers for separator membranes are poly(ethylene) (PE) '3,
poly(propylene) (PP) 4, poly(ethylene oxide (PEO) *°, poly(acrylonitrile) (PAN) 6,
poly(vinylidene fluoride) ' ¥ and its copolymers (poly(vinylidene fluoride-co-
trifluoroethylene), PVDF-TrFE *°, poly(vinylidene fluoride-co-hexafluoropropylene),
PVDF-HFP 2, and poly(vinylidene fluoride-co-chlorotrifluoroethylene), PVDF-CTFE)
21.

PVDF and its co-polymers show excellent advantages for their use as separator
membranes in single ® 22 and/or composite 1% 2% form in comparison to polyolefins due to
their high dipolar moment (i.e, 5 x 10-% C.m for a-phase PVDF and 8 x 10-*° C.m for p-
phase PVDF 2% and large dielectric constant for a polymer material, which can assist
ionization of the lithium salts 24, Further, PVDF composites based on glass fiber mats 2,
green polymers such as cellulose 2® and single ion conductors 2’ represent new directions
in the development of novel lithium ion battery separators.

These polymers also show excellent thermal and mechanical properties, wettability in
organic solvent, are chemically inert and stable in cathodic environment. Moreover their
porosity can be easily tailored based on the requirement 28, There are different
experimental procedures in order to obtain the electroactive p-phase of PVDF and their
co-polymer, the phase with the largest polarity and dielectric constant of all polymorphs
of PVDF . Thus, for the single polymer in a binary polymer/solvent solution, it is
possible to tailor microstructure and phase content by proper selection of the
polymer/solvent ratio and solvent evaporation temperature 2. Typically, the porous

microstructure of PVDF and its co-polymers is obtained through the solvent evaporation



at temperatures below 30 °C 2*2°, For PVDF-CTFE, the B-phase increases with increasing
the solvent evaporation temperature from a solution with polymer/solvent ratio of 20
wt.% 0.

The microstructure and physical properties of PVDF co-polymers is typically tailored
through non-solvent induced phase separation (NIPS), the final microstructure of the
membrane depending on volume fraction of the copolymer solution, film thickness, time
exposure to air, non-solvent, and temperature of the coagulation bath 3% 32,

In particular, homogeneous porous membranes have been obtained from PVDF-CTFE
with degrees of crystallinity between 15% and 23% and B-phase contents ranging from
33 to 100%, depending on the temperature of the water-based coagulation bath 3.

In order to obtain porous separator membranes based on PVDF and its copolymers,
different processing techniques such as dry and wet chemical processes 2,
electrospinning **, pre-irradiation grafting *° and solvent casting technique with thermally
induced phase separation (TIPS) % can be applied.

It has been previously demonstrated that the cycling performance of PVDF based
separator membranes depend on the membrane structure, i.e, degree of porosity and pore
size: the degree of porosity of the separator membrane determines the electrolyte solution
uptake which in turn affects the ionic conductivity value of the separator 3. On the other
hand, the effect of the polymer phase, being more or less polar, has not been properly
addressed.

Thus, the goal of the present work is to prepare membranes from PVDF and co-polymers
with different B-phase content, while maintaining the similar microstructure of the

membrane, in order to understand its effect into the cycling performance of the battery.



2. EXPERIMENTAL SECTIONS

2.1. MATERIALS

2.1.1. SEPARATOR MEMBRANES
Poly(vinylidene fluoride), PVDF (Solef 6020, My = 700 kg.mol?), poly(vinylidene
fluoride-co-trifluoroethylene), PVDF-TrFE (Solvene 250, My = 150-400 kg.mol?; 70
wt% of VDF content), poly(vinylidene fluoride-co-hexafluropropylene), PVDF-HFP
(Solef 21216, Mw = 600 kg.mol™; 12 wt% of HFP content) and poly(vinylidene fluoride-
co-chlorotrifluoroethylene) PVDF-CTFE (Solef 31 508; Mw =270-290 kg mol*; 18.66
wt% CTFE content) were supplied by Solvay. The solvent N,N-dimethylformamide DMF

(99.5%) was purchased from Merck.

2.1.2. CATHODE ELECTRODE

Poly(vinylidene fluoride) (PVDF, Solef 5130, Mw=1000-1300 kg.mol?), C-LiFePO4
(LFP, Particle size: D10 = 0.2 um, D50 = 0.5 pm and D90 = 1.9 um), and carbon black
(Super P-C45) were acquired from Solvay, Phostech Lithium and Timcal Graphite &
Carbon, respectively.

The solvent N-methyl-1-pyrrolidone (NMP) and conventional electrolyte, 1M LiPFe in
ethylene carbonate-diethyl carbonate (EC-DEC, 1:1 vol) were purchased from Fluka and

Solvionic, respectively.

2.2. PROCESSING OF THE MEMBRANES

Each polymer was dissolved in DMF under magnetic stirring in a polymer/solvent ration
of 15/85 wt% at room temperature during 3 hours. After complete dissolution of the
polymer, a transparent and homogeneous solution was obtained. Then, the polymer

solution was spread on a clean glass substrate by doctor blade and the solvent evaporation
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was achieved at 25 °C for 15 days within an air oven (Binder, ED23), in order to obtain
the porous microstructure .

The separator membranes prepared were identified by the name of polymer, i.e, PVDF,
PVDF-TrFE, PVDF-HFP and PVDF-CTFE. The different co-polymers were selected to

obtain a suitable variation of the B phase content in the membranes.

2.3. MEMBRANE CHARACTERIZATION

The morphology of the different membranes was evaluated by scanning electron
microscopy (SEM) (FEI Nova 200 (FEG/SEM)) with an accelerating voltage of 10 kV.
Infrared measurements were carried out with a Jasco FT/IR-4100 system in the attenuated
total reflection (ATR) mode between 650 and 4000 cm™. 32 scans were performed for
each sample with a resolution of 4 cm™.

The [ phase content of each membrane was calculated from the FTIR spectra by applying

24.
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Where, F(p) represents the B phase content; A, and Ag the absorbencies at 766 and 840
cm™, corresponding to the o and B phase material; K, and Ky are the absorption coefficient
at the respective wave number. The value of K, is 6.1x10% and K is 7.7x10% cm?/mol 2,
Differential scanning calorimetry (DSC) measurements were performed at a heating rate
of 10 °C.mintin a Mettler-Toledo DSC822¢ apparatus with Sample Robot TS 0801 RO.
The samples were cut into small pieces from membrane middle region and placed into 40
pL aluminum pans. All experiments were carried out under nitrogen atmosphere and at
temperature between 25 and 200 °C.

The degree of crystallinity (yc) was calculated from the enthalpy of the melting peak (AH¥)

based on the enthalpy of a 100 % crystalline sample, through the following equation:
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where X is the weight fraction of the a phase, Y is the weight fraction of the  phase
determined from the FTIR measurements and calculated by equation 1, AH is the

melting enthalpy of pure crystalline a PVDF and AHﬂ is the melting enthalpy of pure

crystalline p PVDF which are reported to be 93.04 J/g and 103.4 J/g, respectively 383,
Thermogravimetry analyses was performed on a thermal analyzer TGA/SDTA 851e
Mettler Toledo. The samples were heated from 25 to 900 °C, at a heating rate of 10 °C

mint, under a nitrogen flow rate of 50 mL min?t.

2.4. DEGREE OF POROSITY AND UPTAKE VALUE

The degree of porosity of the samples (¢) was determinate by the pycnometer method:

LW, -W, W,
W, -W,

@)
where Ws and W1 are the weight of the sample and the weight of the pycnometer filled
with ethanol, respectively. The weight of the system after the sample is placed within the
pycnometer and ethanol added to complete the volume of the pycnometer is defined as
Wo. Further, W3 is the residual weight of the pycnometer with ethanol once the sample is
removed. The value of the degree of porosity of the samples was calculated for each
membrane as the average of the measurements performed in three samples.

The uptake was calculated after equation through the immersion the membranes in the
electrolyte solution (1M LiPFe in EC:DEC) for 16 hours:

uptake = V% x100 (4)

0



Where Wo and Wi are the weight of the separator before and after absorbing the

electrolyte.

2.5. ELECTROCHEMICAL CHARACTERIZATION

Impedance spectroscopy measurements of the separator membranes were carried out at
room temperature with a Biologic VMP3 instrument at frequencies between 1 MHz to 10
mHz with an amplitude of 10 mV. The ionic conductivity (cerf) of the separator

membranes was determined by the following equation:

(5)

where Ry is the bulk resistance, d is the thickness and A is the area of the separator
membrane.
Another relevant parameters for battery separators, tortuosity (t) and MacMullin number

(Nwm), were determined by equations 6 and 7, respectively:

Ocit = Oo Z_iz (6)
o
N M = —= (7)
O ot

where oo is the conductivity of the pure liquid electrolyte, oefr is the room temperature
conductivity of the membrane plus the liquid electrolyte and ¢ is the degree of porosity of

the membrane.



2.6. ELECTRODE AND HALF-CELL PREPARATION AND TESTING

The cathode electrode was prepared from a slurry prepared with C-LiFePO4 as active
material, carbon black as conductive additive and PVDF polymer binder in a weight of
80: 10: 10 wt% in NMP solvent. The active material mass loading was 2.5 mg.cm. The
slurry was casted on an aluminum foil through doctor-blade technique and dried at 100
°C for 4 h in a conventional oven, Binder (ED23 oven). More details about the electrode
preparation are reported in 4.

The Li/C—LiFePO4 half-cells (2016 coin-type) were assembled and sealed inside an
argon-filled glove box (O2 and H20 < 0.1 ppm). They were composed by lithium metallic
disc (10 mm diameter) as anode, a swollen membrane prepared from PVDF and its
copolymers (14 mm diameter) and C—LiFePOg electrode as cathode (10 mm diameter).
Cycling performance was evaluated at room temperature in the voltage range of 2.5 V to
4.2 V at current rates from C/10 to 2C (C = 170 mAh.g!) using a multichannel Maccor

4200 potentiostat.
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3. RESULTS

3.1. PHYSICO-CHEMICAL PROPERTIES OF THE MEMBRANES

The microstructures (the surface view as well as cross-section) of the as-prepared PVDF
and co-polymer membranes are presented in Figure 1. All membranes reveled sponge-
like porous microstructure with micrometer size interconnected pores. The pores are
homogeneously distributed along the thickness of the membrane. This structure is
explained through the binary phase diagram of the polymer/DMF system, in which a
phase separation between the polymer and the solvent occurs during the solvent
evaporation process, i.e, precipitation situation dominated by liquid-liquid demixing .
Further, at low temperatures (~ 25 °C), the polymer chains have lower mobility and does
not occupy the free space left by the solvent 22130 |t is already demonstrated that the
membrane morphology based on interconnected pores facilitate the migration of lithium

ions during the charge-discharge cycling .
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Figure 1. Cross-section and surface (insert) SEM images for PVDF (a), PVDF-TrFE (b),

PVDF-HFP (c) and PVDF-CTFE (d) membranes.

On the other hand, the size and shape of the micro pores are different for the different
membranes, as can be observed in the surface images of Figure 1. In case of PVDF,
PVDF-HFP and PVDF-CTFE membranes, the average pore diameter is ¢ ~ 1 um,
whereas in case of PVDF-TrFE it is ranging from 2.5 to 4 um. This effect is mainly related
to the different viscosity of the polymer solutions, in particular for PVDF-TrFE which
shows a larger molecular weight distribution and lower molecular weight in comparison
with PVDF and PVDF-HFP 2,

Considering this morphology, the evaluation of the degree of porosity is an important

parameter affecting the electrochemical properties of the battery separator 4.

12



Figure 2a) shows the degree of porosity for the different membranes, calculated using
equation 3. It is observed that the degree of porosity is 56 % for PVDF-HFP and 72 %,
for PVDF-TrFE. Thus, the degree of porosity is higher than the one of commercial
separators (Celgard 2400, € = 41 %) and in the agreement of the theoretical optimal value,
which should be above 50%. It is relevant to mention that the higher degree of porosity
leads to higher absorption of electrolyte solution %4.

The uptake value of the electrolyte solution is shown in table 1 and it ranges between 66
% (for PVDF) and 84 % (for PVDF-CTFE) *%. The uptake value is proportional to the
degree of porosity of the membranes, hence larger for the co-polymers.

The infrared spectra of the different membranes are shown in Figure 2b. All membranes
reveal the specific vibration bands characteristics of the o phase (765, 796 and 976 cm™)
and B phase (840 cm™) of PVDF 4. The size of these vibration bands is different for each
membrane and the B phase content, calculated from equation 1 and is presented in table
1.

PVDF shows a 3 phase content of 60 %, which is attributed to the preferential all-trans
conformation of the polymer chains for solvent evaporation temperatures below 80 °C?°.
In relation to the co-polymers membranes, PVDF-TrFE shows the highest  phase content
(~100 %) due to the inclusion of the monomer of TrFE 24, For other co-polymers, the p-
phase content is also determined both on the inclusion of HFP or CTFE monomers as
well as on the solvent evaporation temperature %45, The p phase content in the membrane

is in following order: PVDF-TrFE > PVDF-HFP > PVDF > PVDF-CTFE.
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Figure 2. Degree of porosity (a), FTIR-ATR spectra (b), DSC scans (c) and TGA curves

(d) for the different membranes.

The thermal properties of the membranes were determined through DSC scans (Figure

2c) and TGA thermogram (Figure 2d). The degree of crystallinity was obtained from the

DSC scans using equation 2 (table 1).

The DSC heating scans of the membranes (Figure 2c) show for all samples the

endothermic peak corresponding to the melting of the crystalline phase. The melting

temperature for the different membranes ranges between ~ 140 °C and 170 °C, in which

the minimum value is observed for PVDF-HFP and the maximum value is obtained

PVDF. Thus, the co-polymerization process destabilizes the crystalline phase of PVDF

6 For PVDF-TrFE membrane, a second endothermic peak is observed below the melting
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peak that corresponds to the ferroelectric (FE) phase — paraelectric (PE) phase transition
(Curie transition) at ~103 °C *®. The degree of crystallinity was obtained from the DSC

scans through the application of equation 2 (table 1).

Table 1. B phase content, degree of crystallinity and uptake value for the all separator

membranes.
Samples B-phase /% = 2 % v/ % =4 % Uptake / % + 5%
PVDF 60 55 66
PVDF-TrFE 100 28 84
PVDF-HFP 75 33 79
PVDF-CTFE 32 22 80

The degree of crystallinity for PVDF is ~ 55 %, being significantly lower for the different
co-polymers.

Whereas for the co-polymers membranes, the degree of crystallinity is between 22 % and
33 %. The high amorphous content is beneficial for achieving a higher ionic conductivity
47.

Figure 2d) shows the TGA curves of the membranes, all showing a similar single
degradation stage between 390 °C and 500 °C and is related to chain-stripping where
carbon-hydrogen (C-H) bond scission occurs, leading to the formation of hydrogen

fluoride (HF) “,
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3.2. IONIC CONDUCTIVITY AND BATTERY PERFORMANCE

The ionic conductivity of the membranes was determined by impedance spectroscopy at
room temperature after the uptake process. Representative Nyquist plots are shown in
Figure 3.

Independently of the membrane, Figure 3 shows an inclined straight line in all frequency

range, indicative of the electrode/electrolyte double layer capacitance behavior #°.

800 - - .
=M= PVDF
{ | =@=PVDF-TIFE o 1
PVDF-HFP
6001 | =y=pPVDF-CTFE il

o ] ]
—~ 400 - / v .
f\.] | .//O /v/ -
200 - /l//:/v J

] ...‘I" ]

0 50 100 150 200 250 300 350
Z'lQ

Figure 3. Nyquist plot at room temperature for the different separator membranes.

The ionic conductivity was calculated by equation 5 where the resistance value is
determined from the high-frequency side of the Nyquist plot from the intersection of the

straight line with the real axis *° (table 2).
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Table 2. Room temperature ionic conductivity (oi), tortuosity (t) and MacMullin number

(Nm) for the separator membranes.

Samples oi/ mS.cm?! T Nm
PVDF 15 2.0 5.5
PVDF-TrFE 11 2.3 7.5
PVDF-HFP 1.3 1.9 6.3
PVDF-CTFE 15 1.8 55

Table 2 shows that the ionic conductivity value is similar for all membranes (i.e, 1.1 to
1.5 mS.cm™), independently of the morphological characteristics of the membranes.
Further, this value is higher than the minimum required value (10* S.cm) for lithium
battery applications.

Tortuosity and the MacMullin number (Nm) were calculated by equation 6 and 7,
respectively, and these values are also similar for the different membranes. In particular,
the tortuosity is between 1.8 to 2.3, very close to the ideal value t = 1, which describes
the pore connectivity leading to faster ion transport 8,

The MacMullin number (Nm) describes the resistivity of the electrolyte within the porous
membrane and the obtained value ranges between 5.5 and 7.5 for the different
membranes, which indicate a relatively low resistivity. This small value is determined by
the tortuosity, degree of porosity and electrolyte uptake value of the membranes.

In order to evaluate separator performance, Li/C-LiFePQOas coin cells were assembled and
the cyclability of the separators was tested at room temperature between 2.5 V to 4.0 V
and different scan rates (C/10 to 2C), the results are presented figure 4.

Figure 4a shows that the first charge-discharge profile of the PVDF sample at different C

rates (C/10 to 2C) is characterized by two voltage pseudoplateaus at 3.1 V and 3.8 V,
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representing the typical electrochemical behavior of the C—LiFePO4 spinel, i.e, reversible

charge (lithium removal) — discharge (lithium insertion) cycling process *°.

This plateau corresponds to the Fe?*/Fe®* redox reaction and is dependent on the C-rate

as it is shown in Figure 4a. The capacity value decreases with increasing C-rate due to

the ohmic polarization effect related to the electrolyte diffusion kinetics “°. The similar

behavior is also observed for the co-polymer membranes (data not shown).

Figure 4b represents the first charge—discharge curves at 2C rates for all membranes. At

2C, the voltage profile is stable, and the discharge capacity are 118 mAh.g?, 107 mAh.g"

1102 mAh.g* and 85 mAh.g* for PVDF-TrFE, PVDF-HFP, PVDF and PVDF-CTFE,

respectively.
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Figure 4. Charge-discharge profiles for the PVDF membrane (a). For the different
separator membranes: 2C rate (b), rate performance as a function of cycle number (c) and

capacity retention (d) during the discharge process.

Figure 4c shows the comparison of the rate performance of the different membranes.
Independently of the C-rate, the cycling performance is very stable as a function of the
cycling number and decreases more rapidly for PVDF-CTFE membrane. For C-rates
below C, the capacity value is very similar for all membranes except for the C/5-rate
where the capacity retention of the PVDF-CTFE membrane is similar to the one for the
PVDF-TrFE membrane. For high C-rate (2C-rate), the capacity value decreases in the
following order: PVDF-TrFE > PVDF-HFP > PVDF > PVDF-CTFE. It is to notice that
this behavior is according to the  phase content in the membranes (table 1), being an
indication of the relevance of this parameter for battery performance. This fact also is
demonstrated through the capacity retention (capacity normalized with respect to the
nominal one) as a function of the C-rate (Figure 4d).

All membranes show a progressive decrease of the capacity value with increasing C-rate,
which is associated to the diffusion phenomena taking place within the electrode active
material phase and polymer electrolyte separator membrane L. The membrane that
present the best capacity retention is PVDF-TrFE that shows 78 % in charge and/or
discharge process in half an hour (2C). Considering that the membrane with the best
cycling performance is PVDF-TrFE and comparing the results at room temperature with
PVDF membranes * (136 mAh.g™* for C rate) and green polymer membranes (Lignin 3:
137 mAh.g?! for C-rate; Cellulose %: 130 mAh.g? for C/2-rate, etc.) reported in the
literature for the same electrode, it is observed that the battery performance reported in
the present work is in certain cases better than the one for the PVDF membranes and

green polymers. It is to notice, nevertheless, that a direct comparison is not possible as
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the degree of porosity, electrolyte absorption and ionic conductivity are not similar for

the different membranes presented in the literature.

The cycling performance of the membranes at 2C during 50 cycles is shown in figure 5.

After 50 cycles, the capacity values are 87 mAh.g, 77 mAh.g?, 72 mAh.g* and 68

mAh.g? for PVDF-TrFE, PVDF-HFP, PVDF and PVDF-CTFE, respectively, also

following the 3 phase content of the samples.

120
o
c 90
<
e
> 60 |
kS ® PVDF
g @ PVDF-TIFE
<o 30f PVDF-HFP i
O @ PVDF-CTFE
O 1 1 1 1 1
0 10 20 30 40 50

Cycle number

Figure 5. Cycling performance of the membranes when cycled at 2C.
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Figure 5 also shows that the coulombic efficiency (CE) is about 100 % for all samples,

related to the reversibility of the process.
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4. DISCUSSION

The parameters affecting the cycling performance of the separators are the ionic
conductivity value, degree of porosity, uptake, degree of crystallinity and f-phase content
of the membranes.

The ionic conductivity value of the different membranes is practically the same but the
degree of porosity varies in 20%, the uptake in 15% and the degree of crystallinity in 30%
for the different membranes. It is to notice that those variations are small in terms of
separator characteristics, to account for the observed performance variations. The polar 3
phase content of the polymer separator membrane, on the other hand, is another relevant
parameter that can be affect the battery performance. This parameter has not been
considered in the literature as much as other structural or morphological elements, and
for this reason, the different separators prepared in the present work present variations of
B phase contents up to 60 %.

Figure 6 shows the capacity retention at 2C for all membranes as a function of the § phase

content.
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Figure 6. Capacity retention as a function of B phase content for the different membranes
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Thus, it is demonstrated that the capacity retention increases with increasing B phase
content (figure 6).

PVDF and its copolymers are semicrystalline polymer composed by small crystallites
with typical dimensions of ~10 nm organized in groups of lamellas, with partially oriented
amorphous intra-lamella phase as represented in the figure 7. The uptake value is
correlated to the degree of porosity and the electrolyte solution penetrating within the
pores of the membrane. The pore space would be reduced by the swelling of the
amorphous region of the polymer as illustrated in the figure 7a) °*. As a result, the ionic
conductivity of the membrane, indicative of ion transport and migration, will be also
determined on large-scale segmental motions of the polymer chains in the amorphous
region >°. The observed variation of these parameters among the different membranes, as
well as the observed variation of the degree of crystallinity, is not large enough to play a
significant role into the cycling performance of the battery ® 1° (Figures 4 and 5).

The polar B phase is characterized by the parallel alignment of chain dipoles in the unit
cell, which gives rise to the spontaneous crystal polarization as it is shown in figure 7b °.
The local electric field that stabilizes the parallel alignment of chain dipoles in the f3-
phase will act for movement of the lithium ions.

The B phase is the most polar of the phases of PVDF, due to the all-trans conformation
of the monomers within the polymer chain, showing also the largest dielectric constant:
g ~ 7 for the o phase and £~12 for the B phase of PVDF 357, o-PVDF, on the other hand,
shows a trans-gauche conformation and a non-polar unit cell 24, Thus, larger p phase
contents facilitates fast lithium ions migration on the separator and enhances the binding
affinity of lithium ions at high-scan rate, promoting to reach the active materials to store

lithium ions %8,
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PVDF and its copolymers contain polar functional -C-F group (as it is shown in Figure 7
for B phase) where the fluorine ions can dissociate into the electrolyte solution, induce a
negatively charged diffuse layer and a positively charged capillary wall *°.

Figure 7 shows the schematic representation of the interaction between the positive
charged lithium ions and the fluorine atoms into B phase with higher dipole moment

(black arrow).

V L, Amorphous
region

2 Crystalline
Separator v BN\ : —  lamellae
membrane

2 i T
“““ ‘ 0 ‘ "QQ“OO‘thmmvons

Figure 7. Schematic representation of the interaction between lithium ions and the

fluorine atoms of the p phase of PVDF.

Theoretical simulations of PVDF as a binder demonstrate that the interaction energy
between PVDF and LFP surface is stronger when the polarization axis is parallel to the
substrate, facilitating lithium ion transport in charge-discharge processes °8. The binding
affinity of Li-ion was estimated by calculating its adsorption energy (AEads) where AEads
=-3.04 eV for B phase and AEags=-0.72 eV for a phase) demonstrating the higher binding
affinity for the B phase of the polymer %8, This fact also is verified in this case for the

battery separator.
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5. CONCLUSIONS

The relevance of the polar  phase content in the performance of PVDF base separator
membranes into Li-ion batteries has been demonstrated. Separator membranes based on
poly(vinylidene fluoride), PVDF, and their co-polymers poly(vinylidene fluoride-co-
trifluoroethylene), PVDF-TrFE, poly(vinylidene fluoride-co-hexafluropropylene),
PVDF-HFP and poly(vinylidene fluoride-co-chlorotrifluoroethylene), PVDF-CTFE were
prepared by a solvent casting method at the same polymer/solvent ratio and solvent
evaporation temperature. All membranes show a similar porous microstructure with
variations of 16% in the degree of porosity and of 20% in the degree of crystallinity. On
the other hand, variation up to 70% were achieved in the polar B phase of the different
membranes. The ionic conductivity, electrolyte uptake, tortuosity and MacMullin number
were similar for all membranes: ~ 1.1 mS.cm™, 84 %, 2.2 and 8, respectively.

All membranes showed good cyclability and rate capability. At the C-rate of 2C, the
capacity values after 50 cycles are 87 mAh.gt, 77 mAh.g?, 72 mAh.gt and 68 mAh.g*!
for PVDF-TrFE, PVDF-HFP, PVDF and PVDF-CTFE, respectively, showing a close
correlation with the B-phase content of the membranes, which facilitates the fast lithium
ions migration through the separator.

Thus, based on this work, it can be concluded that the B phase content of the polymer
membranes has to be maximized in order to improve the power density of lithium-ion

batteries.
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