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Abstract

Separator membranes based on silica/poly(vinylidene fluoride) composites
were prepared by a non-solvent induced phase separation (NIPS) process with
different air exposure times before immersion in a water coagulation bath and
for the same filler content of 20wt%. Mesoporous silica spheres (SS) of ~
400 nm average diameter were synthetized by sol-gel method and dispersed
into the polymer matrix.

It was demonstrated that the morphology, degree of porosity, uptake value
and electrical properties of the composite membranes were influenced by the
time of exposure to air and the presence of SS.



The membranes were assembled in Li/C — LiFePO, half-cells and the best
cycling performance was obtained for the composite membrane after 1 min
exposure to air. This membrane shows an ionic conductivity of 0.9mScm™2.
Moreover, at a very high rate of 2 C and after 50 cycles, the discharge capacity
value, a capacity retention and a capacity fade are 95mAhg™?,79% and 4%,
respectively. Thus, it was concluded that this novel separator membrane is

suitable for lithium-ion battery applications.

Introduction

Energy is among the most relevant global problems that modern society must solve in the
coming years, where it is necessary to guarantee access to energy for all and reduce the
processing and consumption of fossil fuels [1].

Considering the increasing energy demands arising from the continuous technological
development and advances in portable electronic products (cell phones, computers) and
electric vehicles (EV), and hybrid electric vehicles (HEV), it is necessary to increase the
efficiency of storage systems for clean energy providing from renewable energy resources

[2].

The most relevant electrochemical energy storage devices are lithium ion batteries, as they
are lighter, show higher energy density, lower self-discharge, no memory effect, prolonged
service-life, higher
number of charge/discharge cycles and environmental friendliness, when compared to
related systems [3,4].

Lithium ion batteries are composed of anode, cathode and separator, the separator being
placed between the electrodes, which serves as a medium for charge transfer [5].

Typically, the separators are constituted by a porous polymeric matrix of different types,
the most used being poly(ethylene) (PE) [6], poly(propylene) (PP) [7], poly(ethylene
oxide) (PEO) [8,9], poly(acrylonitrile) (PAN) [8,10], poly(vinylidene fluoride) (PVDF) and
its copolymers (PVDF-co-trifluoroethylene, PVDF-TrFE, PVDF-co-hexafluoropropylene,
PVDF-HFP and PVDF-co-chlorotrifluoroethylene, PVDF-CTFE) [11-13]. Those polymer
matrices are soaked by the electrolyte solution, i.e, a liquid electrolyte where salts are
dissolved in solvents, water or organic molecules. In order to improve thermal, mechanical
and electrochemical properties of the separator, different
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Fig. 1. Main experimental steps for the synthesis of mesoporous SS by the sol-gel method.
fillers may be added to the polymer matrix [14].
Typically, fillers are divided into two classes, active fillers based on lithium salts and
passive fillers based on inert ceramic oxides, ferroelectric materials, clays, carbonaceous
and molecular sieves being the most relevant [15].



The most commonly used passive fillers are inert ceramic oxides, among which the most
important are silica ( SiO, ), titanium dioxide (TiO,) and alumina (Al,05) [14].

Silica ( Si0, ) is one of the most investigated inert ceramic fillers as it increases the ionic
conductivity of the polymer matrix through a decrease of the crystallinity of the polymer,
supporting the free movement of the Lithium ions through the segmental motion of the
polymer chains [16].

Considering the suitable mechanical strength of porous polypropylene (PP) separators
and for improving its electrochemical performance for lithium ion batteries, coatings were
performed with SiO,/ PVDF-HFP [17] and SiO, /PVDF [18,19] composites, leading to
improved electrolyte uptake and ionic conductivity, showing also lower interfacial
resistance and improving cyclability of cells.

PVDF electrospun separators loaded with different amount of inorganic nanoparticles of
Si0, were successfully produced and it was found that SiO, enhances the rate of electrolyte
uptake due to its high polarity and improves the insulating properties of the membranes
at high temperatures [20].

Further, hybrid PVDF/polyacrylonitrile (PAN) membranes highly loaded with silica
nanoparticles ( 67.5wt% ) show superior discharge capacity and cyclic performance even
at temperature higher than 120°C, in comparison with pristine membrane [21].
PVDF/poly(methyl methacrylate), PMMA/SiO , composite membrane produced by
electrospinning, the introduction of PMMA and SiO, decreasing the crystallinity of PVDF,
improving the absorption of liquid electrolyte and leading to higher ionic conductivity (
4mScm~! ) and lower interfacial resistance than those of the Celgard separator [22]. SiO,
particles were introduced also in membranes based on polyimide (PI) nanofibers, leading
to high conductivity ( 2.27mScm™! ) due to the excellent electrolyte wettability [23].
Finally, poly(phenylene oxide) (PPO)/mesoporous silica composite separators were
prepared by a non-solvent induced phase separation (NIPS) process, the composite
showing superior electrolyte wettability and thermal stability than the pristine polymer

[24].

Therefore, considering that SiO, fillers improve the performance of separators and that
PVDF is an excellent polymer matrix for Li-ion battery, the main goal of this work is to
prepare PVDF/SS composites membranes by NIPS in order to improve electrolyte uptake,
ionic conductivity and electrochemical properties. The silica spheres (SS) were synthetized
by sol-gel method with the objective to obtain mesoporous structures with large BET
(Brunauer-Emmett-Teller) surface area. The influence of the time exposure to air during
sample processing by NIPS in the microstructure of the membrane was studied and
correlated with the electrochemical performance of the battery separator. During the
preparation of the membranes other processing parameters such as non-solvent (water),
temperature of the non-solvent (25°C) and amount of SS ( 25wt% ) were maintained
constant. Those conditions were selected based on previous works in order to obtain PVDF
with a high degree of porosity [25] and a maximum amount of SiO, within the
polymer composite allowing to maintaining mechanical integrity, high electrolyte uptake
and processability [21,26].

Experimental details



Materials

Poly(vinylidene fluoride) (PVDF, Solef 1010 and 5130), C-LiFePO , (LFP), carbon black
(Super P-C45), N-methyl-2-pyrrolidone (NMP, Fluka) and N,N-dimethylformamide
(DMF) were supplied by Solvay, Phostech Lithium, Timcal Graphite & Carbon and Merck,
respectively. 1 M lithium hexafluorophosphate ( LiPF¢ ) in ethylene carbonate- dimethyl
carbonate (EC-DMC) 1: 1vol/vol solution was acquired by Solvionic

Sodium hydroxide (NaOH), concentrated ammonium solution (NH40H) 28-30%,
cetyltrimethylammonium bromide (CTABr), tetraethyl orthosilicate (TEOS) and absolute
ethanol were purchased from Sigma-Aldrich. Ultrapure and deionized water were
prepared in the laboratory.

Synthesis of mesoporous silica spheres

Mesoporous SS were synthesized by the sol-gel method adapting the method described in
[27]. The main experimental steps for their production are shown in Fig. 1.

In short, 75 ml of NH,OH were slowly added to 250 ml of deionized Milli-Q water and
adjust the final volume to 1000 ml with deionized water. 4 g of CTABr were added at 35°C
and left under magnetic stirring at 1000 rpm for 60 min .

16 ml of TEOS were then added drop-by-drop under mechanical stirring at 1500 rpm for
2 h at room temperature. Then, the solution was filtered and washed several times with
ethanol and water and dried in an oven at 50°C for 1 h . Finally, the powder was calcined
for 12 h at 550°C at a heating rate of 5°Cmin~1.

Composites membrane preparation

Membranes of PVDF with dispersed SS were prepared NIPS technique as illustrated in
Fig. 2. More details on this method for obtaining porous membranes can be found in [28].

First, 0.5 g of SS were dispersed in 10 ml of DMF in an ultrasonic bath (Ultrasons Selecta
). 1.98 g of PVDF 1010 powder were added to the previous solution and dissolved under
magnetic agitation during 3 h at 50°C. The PVDF/DMF volume fraction corresponds to
10% [28]. After cooling to room temperature, the solution was casted uniformly on clean
and highly polished glass substrates ( 15 cm X 10 cm ) by means of a hand-casting knife
with a gap of 200u m. The composite films were then immersed in a coagulation bath
composed by water at 25°C after a preset time exposure of 1,5 or 20 min to air at 20°C and
humidity of 65%. For the pristine film without SS, the time exposure to air was 20 min
before immersed in the coagulation bath. The filler concentration within the polymer is
25wt%.

The prepared samples were identified as pristine and, for the composite membranes, by
the time exposure to air, i.e, 1,5 and 20 min
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Fig. 2. Main experimental steps for the processing of PVDF/SS membranes by the NIPS
method.

Characterization of the samples

Mesoporous SS

Transmission electron microscopy (TEM) measurements were performed with a Tecnai
T20 from FEIL. The TEM samples were dispersed in ethanol and dried onto a copper grid
coated with carbon and analyzed at an operating voltage of 120 kV .

The surface area of the silica nanoparticles was determined by nitrogen adsorption-
desorption experiments at —196°C with a TriStar 3000 analyzer, from Micromeritics, and
using the Brunauer-Emmett-Teller (BET) equation. The X-ray diffraction (XRD)
spectroscopy was carried out with a Bruker D8 Discover diffractometer using CuKa
incident radiation.

PVDF/SS membranes

Membranes were coated with a thin gold layer using a sputter coater (Polaron, model
SC502 sputter coater) and their morphology was analyzed using a scanning electron
microscopy (SEM) (FEI Quanta 650 FEG microscope), equipped with an INCA 350
spectrometer from Oxford Instruments for energy dispersive X-ray spectroscopy (EDX).

The polymer phase of the membranes was determined by Fourier transformed infrared
spectroscopy (FTIR) spectra using a FTIR 4100 system, Jasco in attenuated total reflection
(ATR) mode over a range of 650 — 4000 cm™! with a resolution of 4 cm™1.64 scans were
performed to each membrane.

The S-phase content of the membranes was calculated from the FTIR spectra by applying
[29]:

Fg) = —2F A 100 1
= = X
Xo+Xp  (Kp/Ky)Ag + Ap

where, F(f) represents the § phase content; A, and Az the absorbencies at 766 and
840 cm~!, corresponding to the @ and g phase material, respectively; K, and Kj are the
absorption coefficient at the corresponding wave number and Xa and Xp are the degree of
crystallinity of each phase. The value of K, and Kg are 6.1 x 10* and 7.7 x 10* cm? mol ™,
respectively.

The thermal properties of the membranes were determined by Differential scanning
calorimetry (DSC) analysis. DSC was carried out in a Metter Toledo 821e apparatus under



a flowing nitrogen atmosphere between 25 and 200°C at a heating rate of 10°Cmin~! for
cooling and heating. All samples were measured in 40u L aluminium pans with perforated
lids to allow the release and removal of decomposition products.

The degree of crystallinity ( y. ) in % of the PVDF membranes was obtained by the
following equation:

~ AH,,
x(AHwo% cryst. )a + J/(AHmo% cryst. )ﬁ

x 100 2)

Xc

where x is the weight fraction of the a phase, y is the weight fraction of the g phase,
(AH10095 crystalline)a is the melting enthalpy of pure crystalline a-PVDF and (

AH 1009 crystalline ) B 1S the melting enthalpy of pure crystalline f-PVDF which are reported

to be 93.04]/g and 103.4]/g, respectively [29].
2.4.2.1. Degree of porosity and electrolyte uptake value. The degree of
porosity of the membranes in % were measured by the pycnometer method and calculated
using the following relation:
porosity = W x 100
1~ W3
where W is the mass of the sample, and W;, W, and W; are the weight of the pycnometer
filled with hexane, the weight after placing the sample in the pycnometer with additional
hexane to complete the volume and the weight after removing the sample from the
pycnometer, respectively.

The uptake value in % was obtained by immersing the membranes into the electrolyte
solution ( 1MLiPFy; in EC: DMC) through the following equation:

uptake = % x 100
0

where m, is the weight of the dry membrane and m; is the weight of the membrane after

immersion in the electrolyte solution.

2.4.2.2. Ionic conductivity, tortuosity and MacMullin number. The ionic conductivity of
the membranes were measured by impedance spectroscopy in an Autolab PGSTAT-12
(Eco Chemie) at frequencies between 500 mHz and 65 kHz at a temperature of 25°C and
an amplitude of 10 mV using a constant volume support equipped with gold blocking
electrodes placed within a Buchi TO 50 oven.

The ionic conductivity ( o.¢ ) was determined by:

d

%eff TRy XA (5)

where Ry, is the bulk resistance (Q),d is the thickness (cm) and A is the area of the
separator membrane ( cm? ).

Tortuosity (7) and MacMullin number (Ny) are relevant parameters for the separators
and were determined by Eqgs. (6) and (7), respectively:

&
Oeff =003 (6)

Ny = —2 )
M Oerf




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

Electrode preparation, Li/C_LiFePO, cell
manufacturing and testing

The electrode slurry was prepared by mixing of LFP, Super P, and the PVDF 5130 polymer
binder in NMP solvent with a weight ratio of 80:10:10 (wt%), respectively. More details of
electrode slurry preparation can be found in [30].

2016 coin-type for Li/LFP half-cells were assembled inside an argon-filled glovebox where
0, and H,0 level kept bellow 0.1 ppm . The metallic lithium foil ( 10 mm diameter) was
used as counter and reference electrodes, the as prepared composite membranes soaked
with LiPF¢ in Ethylene carbonate and diethylene carbonate (1:1) electrolyte solution were
used as separator ( 14 mm diameter) and the prepared LFP
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Fig. 3. Representative TEM image (a) and XRD pattern (b) of the synthesized mesoporous
SS.

electrode film ( 10 mm diameter) served as cathode.
The cycling performance of the Li/LFP half-cells were evaluated at room temperature
using a multichannel Maccor 4200 potentiostat. The galvanostatic measurements were
performed in the potential window of 2.5 — 4.2 V at various C - rates ranging from C/10 —
2C(C=170mAhg™1).

Electrochemical impedance spectroscopy (EIS) was measured with an Autolab PGSTAT12
instrument at a frequency range from 1 MHz to 10 mHz with an amplitude of 10 mV .

Results and discussion

Mesoporous SS

The size, morphology and crystalline structure of the mesoporous SS were evaluated by
TEM and XRD, respectively. The results are shown in Fig. 3.



Fig. 3a) shows that the SS are characterized by an hexagonal shape (see also
Supplementary information, Fig. S1), which is typical for this synthesis method [27]. The
particles are characterized by a very homogeneous mesoporous arrangement [31] and an
average diameter of 383 + 56 nm The porous nature of the SS after calcination is also
confirmed by the BET results that demonstrate a high surface area of approximately
1197 m? g~1.

The XRD pattern of the silica nanoparticles is shown in Fig. 3b). It can be observed a
broadband centered at 26 = 23.6°, corresponding to the amorphous phase of the silica

[32].

Morphology, polymer phase and thermal
properties of the PVDF/SS membranes

The morphology of the processed membranes, including pristine and PVDF/SS samples
obtained by NIPS is presented in the SEM images of Fig. 4. Moreover, the EDS spectra of
the pristine and the composite membranes after 1 min of exposure to air (representative
also for the rest of the composites) are shown in the insert of Fig. 4a-b), respectively.

All membranes present a porous morphology with microvoids formed from the
interconnected spherulitic structure typical of PVDF [33]. This morphology is dependent
on the diffusion kinetics, i.e., solvent and non-solvent transfer rate [34] and is due to
liquid-liquid demixing where the phase separation occurs due to the high affinity between
solvent and nonsolvent [34]. No nanoparticle agglomerates are observed, indicating a
suitable distribution of the SS nanoparticles all along the polymer membrane. The degree
of porosity of the
membranes, calculated by wusing Eq. (3) and is shown in Fig. 6a.
It can be noticed that the size of the spherulites decreases and their number increases with
the addition of the SS (Fig. 4b-d), when compared to the pristine membrane (Fig. 4a),
showing that these fillers act as nucleating agents for polymer crystallization [35].

For the composite membrane immersed in water after a time exposure to air of 1 min (Fig.
4b), a heterogeneous morphology is observed with a larger spherulite roughness.

The composite membranes obtained after exposure to air for 5 min and 20 min (Fig. 4¢
and d) show a very similar porous morphology, the exposure time difference not affecting
the sample morphology. The reason for this behavior is due to the fact that the
crystallization time is sufficient to become irreversible and to overlap the liquid-liquid
demixing process that occurs within the coagulation bath [34].

EDS spectrum show the characteristic peaks of C and F for the pristine membrane (insert
of the Fig. 4a). In relation to the composite membrane, insert of the Fig. 4b) shows,
together with the elements characteristic of PVDF, the characteristic peaks of O and Si
elements, corresponding to the silica nanoparticles.

The infrared spectra of the processed membranes are shown in Fig. 5a and will allow to
identify and quantify the crystalline phases of PVDF in each sample.

The characteristics bands of PVDF ( a-phase at 766 cm™! and B phase 840 cm™! ) and of
the SS are identified in the Fig. 5a [29,36].



These results demonstrate that the addition of SS to PVDF matrix, as well as the exposure
time to air, does not affect the @ phase and 8 phases vibration peaks of the polymer.

Independently of the processing conditions, it is observed a high amount of the g phase
above 90%, calculated using Eq. (1), which is justified by the low evaporation temperature
and, therefore, low solvent evaporation kinetics and slow crystallization. It has been
reported that lower polymer-chain mobility leads to crystallization of the polymer in the
highly polar g-phase [37,38].

All membranes also show the vibration band at 1069 cm™! corresponding to CF,
(symmetric stretching) and CH, (w, wagging), typical of PVDF [39].

Moreover, the FTIR-ATR spectra of the composite membranes reveals the broad band
centered at around 966 cm™! and 1065 — 1095 cm™! corresponding to the in-plane
stretching vibration of Si— O and antisymmetric stretching vibration of Si— 0 — Si,
respectively, ascribed to the presence of the SS [36].

The thermal behavior of the membranes was determined by differential scanning
calorimetry (DSC) and the thermographs are presented in Fig. 5b).

All membranes show a single melting peak between 165 and 170°C
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Fig. 4. Representative SEM images of the microstructure of the membranes prepared by
NIPS for the (a) pristine PVDF membrane and the (b-d) composite PVDF/SS membranes
obtained after an exposure time to air of 1,5 and 20 min before immersion in the water
coagulation bath, respectively. Cross section images of the membrane prepared after 1 min
exposure to air (e) and representative cross-section image for other all membranes
prepared (f). The insets show the corresponding EDS  spectra.
except for the pristine membrane where is observe the existence of the double peak
attributed to the increase of lamellae thickness, i.e. the interlamella diffusion of the
polymer chains [40]. The degree of crystallinity calculated by Eq. (2) from the DSC and
for all samples, is 54 + 3%. These results show that the melting temperature and degree
of crystallinity of the composites membranes is not is affected by the exposure time to air
within experimental error but slightly decreases compared to the pristine membrane due
to the addition of SS that can lead to defects in the crystalline structure.

The high degree of crystallinity obtained for all membranes is typical for PVDF and is
dependent on the crystalline phase present in the PVDF membranes and the processing



conditions [40].
3.3. Porosity, uptake and electrochemical properties of the PVDF/SS membranes

In order to obtain an efficient absorption of the liquid electrolyte, the degree of porosity is
an important property for battery separator. The degree of porosity for the different
membranes ae presented in Fig. 6a.

Fig. 6a shows that the degree of porosity increases for the composite membranes in
comparison with the pristine membrane, the SS affecting the phase separation process of
the polymer and also the degree of porosity of the fillers.

On the other hand, the degree of porosity of the composite membranes is not significantly
affected by the exposure time to air, being the variations within experimental error.
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Fig. 5. (a) FTIR-ATR spectra and (b) DSC thermographs of the processed membranes.

Typically, the degree of porosity of commercial separators for Li-ion batteries ranges from
38% to 60%, depending on the type of separator [41].

The absorption of an electrolyte solution by a separator is a key parameter for the
performance of lithium-ion batteries and it is related to the surface chemistry and the
degree of porosity [42].

Fig. 6b shows the uptake of the electrolyte solution for the all membranes as a function of
the dipping time. In turn, independently of the membranes, Fig. 6b shows that the process
is very fast and more than 80% of the uptake takes place in 30 s, which is attributed to the
strong interactions between the organic electrolyte and the polar functional groups of
PVDF, in particular when crystallized in the electroactive and polar g-phase [43,44]. The
result also show that all membranes reach saturation after approximately 10 min
indicating that the void volume has been filled in two stages: first, the electrolyte fill the
pores and then it is absorbed into the amorphous phase of PVDF [45].

It is to notice that the membrane with the highest uptake value is the composite membrane
prepared after 1 min exposure to air, which is be related to the presence of finger-like pores
in the cross-section of this membrane (Fig. 4e) and also because of the more homogeneous
distribution of the SS through the membrane that show to be less compact than the other

(Fig. 41).



Thus, comparing the pristine membrane and the composite membrane with 1 min
exposure to air, it seems that the presence of SS combined with a precise exposure time to
air before immersion in the water coagulation bath result in a positive effect on the uptake
of the liquid electrolyte, i.e, increasing its uptake value. However, an increase of the time
exposure to air has a negative effect on the uptake value as it decreases and shows values
lower than the pristine membrane. This result is related to morphological variations of the
membranes, as previously stated, that demonstrate a more compact porous morphology,
even with similar porosity values, for higher exposure time to air (Fig. 4).
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Fig. 6. (a) Degree of porosity, (b) uptake value, (¢) Nyquist plots of gold/separator/gold
and (d) impedance plots of Li/separator/LFP cells before cycling of the processed
membranes.

Table 1
Ionic conductivity, tortuosity ( t ), MacMullin number ( Ny; ) and total resistance ( Riyia )
for the processed membranes.

Samples | g.4/mScm™ | T [ Ny | Riota /Q

Pristine 1 2 | 12 58

1 min 0.9 3 | 15 50

5 min 0.4 4 | 29 151




| 20 min | 0.1 | 8 | 118 | 73 |

The Nyquist plot at 25°C of the processed membranes embedded in the liquid electrolyte
is shown in Fig. 6¢ and is characterized by an inclined straight line in all frequency range.

This behavior is related to the diffusion process of the polymer chains, resulting a low
impedance as illustrated in Fig. 6¢ [45].

The ionic conductivity values were calculated by Eq. (5) and are presented in Table 1. The
resistance values are determined from the high-frequency side by the intersection of the
straight line with the real axis. It is observed that the ionic conductivity is practically the
same for the pristine and the composite membrane prepared after 1 min exposure to air
but this value decreases when the air exposure time increases, which is correlated to the
uptake value.

In addition to the ionic conductivity, Table 1 shows the tortuosity and the MacMullin
number ( Ny ) calculated using Egs. (6) and (7), respectively. The tortuosity value of the
membranes varies between 2 and 8 where the ideal value is 1 . This result indicates that
the conductivity path is not completely uniform parallel to the transport direction. A lower
tortuosity value is observed for the pristine membrane and composite membrane prepared
after an exposure time to air of 1 min , which supports better pore connectivity [45].

In relation to the MacMullin number ( Ny ), the obtained values are between 12 and 118,
correlating with the uptake value between the membrane and the electrolyte solution [43].
It is also observed, that the lower value of the MacMullin number was obtained for the
pristine membrane and its value increases with the increase of exposure time to air.

Fig. 6d shows the ac impedance spectra of the cathodic half-cells obtained before cycling
in open circuit voltage (OCV) for the different membranes.

Fig. 6d shows a semicircle in the high and medium frequency range that represents the
overall resistance that is the sum of the ohmic resistance, resistance that represents the
contact film resistance (solid electrolyte interface (SEI)) and the resistance contributions
from the charge-transfer reaction, as well as straight line in the low frequency region that
represents the diffusion of lithium ions in the active material of the cathode electrode [30].

Table 1 shows the overall resistance calculated from Fig. 6d for all processed membranes.
It is observed that the composite membrane prepared after 1 min exposure to air present
lower resistance value (50Q) in comparison to the other membranes, indicating better
interface stability that is the base for obtaining improved battery performance. Also, the
addition of SS leads to a decrease of the resistance value for lower exposure time to air in
comparison to pristine membrane, the exposure time to air affecting the resistance value
through morphological variations of the membrane.

Battery performance of the PVDF/SS membranes
in Li/LFP half-cells

Charge-discharge behavior of Li/LFP coin cells with the different processed membranes
as separators were assembled and evaluated at room temperature as shown in Fig. 7.



Fig. 7a shows the charge-discharge profile in the fifth cycle at different C-rates from C/10-
2 C for the composite membrane prepared after 1 min exposure to air.

Fig. 7a shows the typical flat voltage plateau at around 3.4 V
indicating the presence of a two-phase Fe?*/Fe3* redox reaction between FePO, and
LiFePO,, the plateau being independent of the scan rate and cycle number [46].

The flat voltage plateau is detected up to C-rate, but for 2 C-rate an oblique line is
distinguished that represents a capacitive storing behavior (Fig. 7a) [47].

Fig. 7a also shows that the charge-discharge profiles decrease with increasing C rate due
to the influence of ionic transport on ohmic polarization but also on the interfacial reaction
resistance on the lithium electrode [48]. The charge-discharge behavior represented in
Fig. 7a is also representative for the other membranes (data not shown).

For the composite membranes prepared after 1 min exposure to air, the discharge capacity
value is 149mAhg~1,146mAhg~1, 139mAhg~1,127mAhg~! and 118mAhg~! at rates of
C/10, C/5, C/2, C and 2C, respectively, which corresponds to 88%, 86%, 82%, 75% and
70% of the theoretical capacity of C— LiFePO,(170 mAhg™1), indicating a good
electrochemical stability even at higher C rates. The high discharge capacity values of these
membranes are related to their ionic conductivity and indicate improved rate capability
and excellent affinity towards the electrolyte through of its porous structure.

Fig. 7b represents the fifth charge-discharge curve at 2 C for the different membranes. At
2 C, the voltage profile is stable with an oblique line, and the discharge capacities are
118mAhg~1,111mAh g~!,83mAhg~!, and 75mAhg~! for the composite membrane
prepared after 1 min exposure to air, the pristine membrane, and the composite
membrane with 20 min and 5 min exposure to air, respectively. This charge-discharge
behavior for all membranes is correlated with their ionic conductivity value and also with
the uptake process, where the addition of SS stabilizes the electrode interfacial resistance
and facilitates the migration of lithium ions at this interface [49].

Fig. 7c shows the rate performance of 5 cycles for each rate from C/ 10 — 2C in the charge
process of the membranes.

It is observed that the cycling performance is quite stable for the pristine membrane and
the composite membrane for 1 min exposure to air. Whereas, the capacity decreases more
rapidly for the composite membranes prepared after 5 and 20 min exposure to air,
independently of the C rate.

Until C/2-rate, the capacity values are very similar for all membranes. For rate above 1 C,
the capacity value decreases in the following order: composite membrane 1 min > pristine
membrane > composite membrane 20 min > composite membrane 5 min , which is in
agreement with the uptake values correlated with the variation of the microstructure.

Fig. 7d shows the charge capacity retention as a function of C-rate calculated through the
normalization of the delivered capacity for each C-rate with respect to the nominal value
for C/10 rate. For all membranes, it is observed that the capacity retention decreases with
increasing C-rate, which is associated to the diffusion phenomena taking place within the
electrode active material phase and the separator membrane soaked with the electrolyte
solution [50]. The capacity fading is more pronounced for the composite membranes with



20 min and 5 min exposure to air due to low efficiency lithium ions transport between the
electrodes.

For composite membrane for 1 min exposure to air, at 2C (charge and/or discharge process
in half an hour), the capacity retention is 79% which is superior when compared with other

PVDF based separator membranes, such as PVDF-HFP [50] and PVDF-TrFE/PEO [45]
membranes.

Taking into account the good rate capability of all membranes (Fig. 7¢), Fig. 8 shows their
cycle stability at C/5 and 2C-rate for 50 cycles.

For C/5-rate (Fig. 8a), it is observed an excellent capacity value and good stability for all
membranes.

In relation to 2C-rate (Fig. 8b), the cycling behavior with best performance is for the
composite membrane for 1 min exposure to air, being practically constant as a function of

the number of cycles with a
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Fig. 7. Charge-discharge profiles for the composite membrane prepared after 1 min
exposure to air (a). For the different processed membranes: 2 C rate (b), rate performance
as a function of cycle number (c¢), and capacity retention (d) during the discharge process.
capacity fade of 4%.



Further, the coulombic efficiency presented in Fig. 8b) and related to the reversibility of
the process is ~ 100% for all membranes independently of the number of cycles.

Considering the excellent charge-discharge results presented in Figs. 7 and 8, Table 2
compares the electrochemical properties of the composite membranes with best
performance in this work with other membranes with silica reported in the literature for
the same electrode and LiMn,0,.

Table 2 shows that the electrochemical results of the present work are similar or even
better for high C-rates to the ones reported in the literature for other separators
membranes with silica fillers.

Taking into account that the membrane with the best cycling performance is the composite
membrane prepared after 1 min exposure to air and comparing the results at room
temperature with Whatman glass
microfiber separators [53] ( 127mAhg~? for C rate for discharge capacity value) reported
in the literature for the same active material but with smaller mass, it can be concluded
that the battery performance reported in the present work is excellent and the developed
separators represent a suitable alternative to commercial separators.

Considering that the used method allows to obtain membranes in a controlled and
reproducible way and the addition of mesoporous SS into PVDF matrix improves battery
performance in comparison to the pristine membranes in terms of reduced capacity fade,
the novel composite membrane proposed in this work represents a promising separator
for lithium-ion battery applications.

[ ]
Conclusions
Silica/poly(vinylidene fluoride) composites prepared by non-
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Fig. 8. Cycling performance of the membranes when cycled at C/5 (a) and 2C (b).
Table 2

Electrochemical parameters for different composites membranes with silica as fillers.



Silica Electrolyt Ionic Capacity/m
Polymer Size/n e conductivity/m Al'Il) _1y Ref
m uptake/% S cm &
PVDF 7 - - 120@ C [20]
PVDF-HFP
coated 300 - 2.57 140@ C/5 [51]
PVDF/PAN 12 ~ 430 1.68 2%0? C at [21]
PVDF/PMM
A nonwoven 25 406 4 158@ C/2 [22]
102@ C (
PI 15 2400 2.27 LiMn,0, ) [23]
PS-co-PBA
coated 70 - 0.7 145@ C/5 [52]
PPO 300 357 2.62 142@ C/2 [24]
This
PVDF 383 214 0.9 118@2C wor
k

solvent induced phase separation (NIPS) have been investigated for li-thium-ion battery
separator applications. The composites membranes were prepared with different air
exposure time before immersion in the water coagulation bath for the same amount of
silica spheres (SS). Mesoporous SS were synthetized by sol-gel method with an average
size of ~ 400 nm. The morphology, degree of porosity, uptake value and electrical
properties of the composites are influenced by the time of exposure to air and the presence
of SS.

It is demonstrated that the characteristics of the membranes and their thermal properties
are not influenced by the time of exposure to air and the presence of silica. Further, the
composite membrane prepared with 1 min exposure to air, showed the best ionic

conductivity of 0.9mScm™!.

The electrochemical performance of Li/C— LiFePO, half-cells prepared with the
composite membrane for 1 min exposure to air as separator, showing a discharge capacity
value between 149mAhg~! at C/10 and 118mAhg~1 at 2 C, respectively. Further at 2 C it
is observed a high capacity retention of 79% and after 50 cycles at 2 C -rate, the capacity
fade of this separator is 4%, which is lower when compared with the pristine membrane (
16% ).

Thus, the excellent electrochemical performance including capacity retention, rate
capability and cyclability of this composite membrane, indicates its suitability as
perspective separator for lithium-ion batteries.
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