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Abstract: 

By chemically tuning the surface of precipitated silica, we propose an approach to vary the 

hydrophilicity and to elucidate its impact on the state of dispersion of silica aggregates in hydrophobic 

materials. Precipitated silica underwent reversible chemical modification which transformed its 

surface from a hydrophilic surface to a hydrophobic surface, in order to promote the interactions with 

hydrophobic environments, e.g., suspension of silica in hydrophobic solvents and dispersion in 

nanocomposites. Hence, tunable hydrophobic molecules, i.e. 3-mercaptopropyltrimethoxysilane 

(MPTMS) were grafted onto the surface of silica. In a first step, the properties of the surface of silica 

were adapted to enhance the dispersion of particles in a hydrophobic medium (e.g., processing 

hydrophobic polymers filled with silica). Afterwards, the obtained modified silica underwent a 

chemical tuning to recover a part of its initial hydrophilicity, which is desired for some applications like 

batteries separators. Thereby, the grafted molecules onto the surface of silica were oxidized to 

decrease the hydrophobicity of the grafted functions. For each surface treatment of silica particles, 

solid-state NMR analyses were used to confirm qualitatively the presence of the grafted molecules 

onto the surface of silica, TGA analysis and conductance measurements were used to quantify the 

grafted molecules. Water sorption isotherms were also used to characterize the hydrophilicity change 

of silica. Finally, the obtained silicas were used in formulations of UHMWPE (Ultra-high molecular 

weight polyethylene)-silica batteries separators that were characterized by scattering electron 

microscopy (SEM) and small angle neutron scattering (SANS), porosity measurements and electrical 

resistance measurements. The silica grafted and then oxidized presents the best dispersion in the 

UHMWPE while presenting the high hydrophilicity needed for the low resistivity of the membrane. 
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Introduction:  

Silica particles exhibit diverse surface properties that are dependent on the synthesis process, 

including surface area, surface chemistry, and surface hydrophilicity. These properties can significantly 

impact the reactivity, structure, and physical properties when combined with other materials, such as 

for example mechanical reinforcement in elastomers, processability, and electrical resistivity in battery 

separators [1-3]. These final properties of materials are also mainly related to the concentration of the 

silica and to its dispersion state in the polymer matrix [4-5]. The surface of silica commonly contains 

various proportions of hydrophilic chemical groups, siloxane bridges Si-O-Si and silanols Si-OH [6]. The 

silanols are responsible for the chemical interactions and/or reactions (grafting) between silica 

particles and polymer chains or compounds containing a reactive function with respect to silanol. 

Silanols can be obtained through two processes: during the synthesis of silica and by rehydroxylation 

of dehydroxylated silica [7]. In order to enhance the affinity between the silica and the polymer and 

thus its dispersion state, silica is mainly modified with organic species. There are several methods to 

chemically modify the surface of silica with organic functional groups [8-9]. These methods include 

reaction with organoalkoxysilanes or organic molecules, and chlorination of silica surfaces followed by 

modification of the Si-Cl bond with a suitable reagent [10]. Here, the general trend is to give silica a 

level of hydrophobicity that enables good interactions with the polymer matrix and hence good 

dispersion. However, when applied as a battery membrane, it has been shown that this hydrophobicity 

becomes detrimental to electrical conductivity because a significant proportion of pores remains 

inaccessible to the electrolyte [11-14]. UHMWPE-silica battery separators contain over 50 vol% silica 

that contributes to several critical aspects of this application, such as improving oil retention that will 

give the final porosity, reducing shrinkage and enhancing the electrolyte wettability of the separators 

[15-17]. While only pure precipitated and fumed silica have been used in this application to date, the 

objective of this work is to evaluate the effects of different surface treatments on different types of 

precipitated silica and to explore the potential for tuning the silica surface properties during the 

separator production process and in its final application in the battery. Thereafter, this paper will focus 

specifically on the functionalization of particles using organoalkoxysilanes via hydrolysis and 

condensation functionalization to improve dispersion, followed by in situ oxidation to remove the 

hydrophobicity after the membrane manufacturing and improve the conductivity. Most of the studied 

methods for modifying silica particles have been conducted using purely organic solvents, such as 

hydrocarbon-based solvents, as it was previously believed that reaction intermediates would be 

different in alcoholic or aqueous media [18]. However, recent studies have demonstrated the 

feasibility of grafting in mixed media, such as water/alcohol [19]. In this work, MPTMS was selected 

due to its thiol (-SH) functions, which are known to be hydrophobic in nature, and its ability to be 
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chemically tuned through oxidation to sulfonic acid (-SO3H), thus restoring the hydrophilicity of the 

silica surface chemistry. 

In the present work, the successive ways of chemically modify the silica will be shown. At the different 

steps, the silica will be characterized to evaluate the chemical modification and its efficiency on its 

water sorption. Then the different silica will be blended with oil and UHMWPE to manufacture 

membranes that will be analyzed in terms of morphology, porosity and electrical resistivity as battery 

separators. 

 

I) Materials and reagents 

Porous precipitated silica was supplied from the R&I Silica Solvay laboratory. A specific silica 

19AESR010® was used. It has a specific surface area of 213 m².g-1, high dioctyl adipate oil absorption 

capacity (DOA) of 221 mL.100 g-1, high content of isolated hydroxyls 2.85 mmol.g-1 and is qualified as 

hydrophilic by its supplier. The particles form agglomerates of D50 around 6 µm. This silica was used 

because its characteristics because, a priori, the grafting could be more efficient owing to the high 

specific surface area. 

The used alkoxysilane is 3-mercaptopropyltrimethoxysilane HS(CH2)3Si(OCH3)3 (MPTMS, 95%) was 

purchased from Sigma-Aldrich. With a molar mass of 196.34 g.mol-1, its boiling point is around 213 – 

215 °C.  

The ultra-high molecular weight polyethylene (UHMWPE) is the GUR4150® produced and supplied by 

Celanese. It is a white powder with a melting temperature of 135°C (taken at the onset of the peak 

measured by DSC at 20°C/min [21]), a density of 0.93 g.cm-3 and a volume resistivity of 1012 Ω.m. It has 

a reported viscosimetric molar mass over 9 000 000 g.mol-1 [20].  

Nytex 820® oil is a naphthenic oil (plasticizer) produced by Nynas and composed of heavy naphthenic 

hydrotreated distillates. It has an initial boiling point higher than 250 °C and has thermal stability up to 

280 °C. Its glass transition is at -64°C. Moreover, it has a viscosity of about 2.2 × 10-3 Pa.s at 165°C and 

has a density of 0.91 g.cm-3. It is reported that Nytex 820® is a solvent of polyethylene at high 

temperatures [20-21]. 

The isopropyl alcohol (IPA) of 98% of purity used for Soxhlet extraction of process oil in the membranes 

and porosity measurements was provided by Sigma-Aldrich. Anhydrous toluene (99.8% purity) to 

perform the silica grafting, hydrogen peroxide solution (34.5-36.5%) to perform the oxidations 

reactions and sodium hydroxide solution (0.01 M) to carry out the conductometry titration were also 

all provided by Sigma-Aldrich. 
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II) Silica modification 

Silica underwent successive chemical modifications in order to:  

i) transform its surface from a super hydrophilic surface to hydrophobic, taking advantage 

of the methoxysilane groups of MPTMS that can condense on the silica surface with the 

silanols and the thiol alkyl chain ends that would increase the hydrophobicity. 

ii) recover hydrophilicity, which is desired for the battery separator application through the 

oxidization reaction of the thiol group of the grafted molecule.  

1. Alkoxysilane grafting onto the silica particles: 

For this first type of modification, the followed protocol for grafting silica with alkoxysilane is inspired 

from one of our previous study, [22] in which a mass grafting yield of approximately 2-3 wt% was 

obtained. For the condensation reaction, we consider that a mechanism of alkoxylation happens 

during the condensation where an alcohol molecule is eliminated to form “oxo” bridges or, in the 

silicon case, “siloxane” bridges (Si-O-Si) [18] as shown in Figure 1. 

 
Figure 1: Reactional scheme of the MPTMS grafting onto silica 

A mass of 10 g of silica was dispersed in 250 mL of anhydrous toluene for 60 min under vigorous 

mechanical stirring (in reflux). Next, alkoxysilane was added to the suspension with a mass ratio of 2:1 

of silica: MPTMS, and the reactional medium was treated for 48 h at 80 °C. Then, toluene was 

evaporated, and modified silica particles were dried in a vacuum oven at 90 °C for 12 h. To eliminate 

unreacted alkoxysilane, Soxhlet extraction was carried out for 72 h with IPA, and finally, the residue 

was dried in a vacuum oven at 90°C for 12 h. This silica is called grafted silica in the discussion. 

2. Chemical tuning of the grafted molecules: 

The grafted silica was oxidized by hydrogen peroxide following the scheme given in Figure 2 adapted 

from the publication of Bayse [23]. For this, the grafted silica particles were put in a solution of 38 % 

of hydrogen peroxide under stirring for 72 hours. The suspension was centrifuged at low temperature 

(15 °C), and the solid has been washed 4 - 5 times with deionized water (centrifuged and separated 

from water until measuring a neutral pH). The obtained silica called grafted-oxidized was dried 

overnight at 80 °C. 
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Figure 2: Oxidation reactions of the thiol group to form sulfonic acid 

 

3. Characterization of silica particles: 

a) Solid-State NMR 

Solid-state 13C and 29Si NMR was directly performed on silica powder using a Brüker Avance WB 500 

MHz spectrometer equipped with a 4 mm MAS probe. A cross polarization sequence was used since it 

is sensitive to the 1H-29Si dipole coupling. This sequence consists of transferring part of the 

magnetization from the abundant spins (1H) to the rare spins (29Si) via the 1H-29Si dipole interaction 

during a chosen contact time. 

b) Thermogravimetric Analysis (TGA) 

The TGA measurements were carried out on a TA Instruments Q500 thermogravimetric analyzer with 

a ramp of 10°C.min-1 from ambient temperature to 900°C, in a helium flow of 40 mL.min-1. 

c) Conductometry titration 

Sodium hydroxide solution (0.01 M) was used to determine the concentration of sulfonic acid groups. 

The conductance was measured during titration using a Tacussel conductometer with a probe. First, 

around 0.5 g of silica was suspended in deionized water and stirred for 5 min before starting the 

titration coupled with the conductance measurement. 

d) Dynamic vapor sorption analyzer (DVS) 

Dynamic vapor sorption analyzer, DVS Advantage (Surface Measurement Systems Ltd., London, UK), 

was used to determine the water sorption isotherms of the silica powder. The vapor partial pressure 

(𝑃) was controlled by mixing dry and saturated nitrogen, using electronic mass flow controllers. The 

experiments were carried out at 25°C for water vapor activities, aw, ranging from 0.1 to 0.9. The initial 

mass of the samples was approximately 50 mg. The samples were pre-dried in the analyzer using dry 

nitrogen to obtain the mass of the dry powder. The partial pressure of water was established within 

the apparatus and the mass uptake was followed as a function of time. The equilibrium was considered 

to be reached when the mass change in time became practically null (dm/dt < 2 × 10−4 mg.min-1) for 5 

consecutive minutes. Afterward, the water activity was increased automatically to the target. The 

isotherm sorption of water describes the relationship between the concentration of water in the 

powder and water activity. The water activity 𝑎𝑤 is the ratio of the pressure of water in equilibrium 

R SH R SOH R SOH

O

R SOH

O

O[O] [O] [O]
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with the material (𝑃) and the saturated vapor pressure of pure water (𝑃𝑠𝑎𝑡) at the same temperature, 

as seen in Eq 1:  

𝑎𝑤 =
𝑃

𝑃𝑠𝑎𝑡
=

𝐻

100
 

Eq 1 

where 𝐻 is the relative humidity (%) at equilibrium. 

III) Si-UHMWPE membranes 

1. Protocol of preparation 

The used technique is referred to as the thermally induced phase separation (TIPS) [24] and has also 

been the subject of several works to prepare microporous polymer membranes using different 

polymers such as PE [25-26], polypropylene [27-28], polyvinyl fluoride [29-30], polystyrene [31] and 

others [32]. It can be pointed out that in the membranes based on UHMWPE, this polymer provides 

good mechanical properties (wear resistance, impact strength, puncture, tensile strength. All of the 

mechanical properties are major assets for the production of durable batteries separators. One of the 

most important mechanical properties is the puncture resistance and the weight ratio Silica/UHMWPE 

(Si/PE) has a strong impact on this puncture resistance of the separator. When the Si/PE ratio increases, 

the mechanical properties of the membrane decrease [15]. Our experiences (not presented here) with 

a silica close to 19AESR010 gave a puncture resistance of 75% (with SI/PE of 2.5) and 66% (with Si/PE 

4) compared to this of the UHMWPE without silica. Furthermore, in previous studies the variation of 

the composition was tested (with different silicas) and the conclusion was that increasing the quantity 

of silica over a ratio SI/PE of 2.5 did not improve the electrical conductivity of the membranes anymore, 

the maximum wettability in the membrane pores being obtained [11, 21]. Thus, in the present work, 

the composition was fixed. 

In this study, silica, UHMWPE, and 60 wt% of process oil (the 40 % left are added in the next step of 

the process) were mixed slowly at room temperature using a mortar and pestle until the absorption of 

the oil by silica particles and the obtaining of a dry blend with the appearance of “corn-starch”. The 

formulations were prepared using a 76 cm3 batch internal mixer Haake Rheomix OS equipped with 

counter-rotating Banbury rotors at a mixing speed of 200 rpm at 165 °C and a typical 70 - 75 % filling 

factor for all blends. First, the dry blend is fed in the internal mixer and then, the remaining 40 wt% of 

the total process oil amount of the recipe is added after approximately 2 min. This leads to a decrease 

of the torque of the mixer due to a lubrication effect. Finally, after a certain mixing time corresponding 

to the homogenization of the blend (around 7 min), the torque is stabilized. The total time of mixing 

was fixed to 10 min to keep the same operational conditions for all blends. The cooling of the mixture 

induces the phase separation and creates the porosity in the membrane. 
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The formulations were prepared with fixed mass ratios of Si/PE = 2.5 and oil/PE = 7.5 as displayed in 

Table 1 (Si/PE and oil/PE mean respectively the ratios by weight between silica and UHMWPE and 

process oil and UHMWPE).  

Table 1: Recipes for membranes with Si/PE= 2.5 and oil/PE=7.5. The 3 types of silica have been 
considered (Initial, Grafted and Grafted-Oxidized) 

 UHMWPE Silica Oil 

Introduced mass (g) 5.5 13.75 41.25 

wt % (introduced) 9.10  22.70  68.20  

ɸ % (introduced) 10.25  11.25  78.50  

wt % (post-extraction)* 28.60  71.40  (< 1) 

ɸ % (post-extraction)** 47.50  52.50   

*All of quantity of process oil is extracted in the Soxhlet. 
**The porous ɸ % was not considered in the calculation; it would be equal theoretically to the 
volume occupied by the process oil before extraction. 

It must be added that, for further characterization, one formulation with initial silica was elaborated 

with a higher silica concentration that corresponds to Si/PE = 4. 

To complete the membrane preparation, around 6 g of each blend were used to obtain a film of 

15 cm × 15 cm and 250 m of thickness by compression (press type: Servitec Polystat 200 T). The 

molding was made at 165°C applying first a force of 5 kN for 2 min, then a force of 125 kN for 2 min. 

The force was then released for a few seconds and applied again to degas the sample and avoid the 

heterogeneities. The films were then cooled at room temperature in the mold. Subsequently, oil 

extraction with IPA was carried out on the membranes using a Soxhlet for 12 h (83 °C). According to a 

previous study [11], after this step, there was less than 1 wt% oil in the membranes. Hence porous 

UHMWPE-Si separators were obtained with the composition given in Table 1. For each type of silica, 

at least 3 membranes have been manufactured for controlling the repeatability of the further electrical 

resistivity measurements. The obtained thicknesses were between 0.22 and 0.48 mm. The thickness 

measurements were done in five points of each membranes revealing a standard deviation of 10 %. 

2. Characterization of Si-UHMWPE membranes  

a) Scanning Electron Microscopy 

Scanning electron microscopy (SEM) observations were carried using the Zeiss Merlin electron 

microscope at the Centre Technologique des Microstructures (CTµ, Universite Claude Bernard Lyon 1, 

Villeurbanne, France). Membrane samples were cryofractured and then placed on sample holders. 

Then, samples were sputter-coated with a 10 nm layer of carbon in order to limit static charging. The 

aim of using SEM is to qualitatively estimate the characteristic lengths of aggregates of silica, 

polyethylene fibrils, and pores. Also, energy-dispersive X-ray spectroscopy (EDX) was used for the 
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elemental analysis or chemical characterization of samples with grafted silica that are reported in 

supporting information. 

b) Small-Angle Neutron Scattering 

Small-Angle Neutron Scattering (SANS) experiments were performed at Heinz Maier-Leibnitz Zentrum 

(MLZ - Garching, Germany) on the KWS-2 beamline. KWS-2 is a classical pinhole SANS instrument 

where, combining the pinhole mode using different neutron wavelengths (λ) and sample-to-detector 

distances (large q: λ = 5 Å, D = 2 m; middle q: λ = 5 Å, D = 4 m; small q: λ = 10 Å, D = 20 m; Δλ/λ = 0.1) 

[34]. For the present experiments, the range of scattering wavevector q = 4−1 sin (/2),  being the 

scattering angle, was between 1.35 × 10-3 and 4.0 × 10-1 Å-1. To characterize silica aggregates 

(scattering length density, SLDSiO2 = 3.475 × 1010 cm-2) in the membrane, it was necessary that the rest 

of the sample had the same SLD. Hence, we immersed the membranes in hydrogenated IPA 

(SLDh-IPA = − 0.39 × 1010 cm-2), which contrast-matches polyethylene (SLDPE = − 0.34 × 1010 cm-2) as 

illustrated in Figure 3. Therefore, after cutting the membranes in discs of 8 mm diameter, they were 

immersed in the h-IPA for a few minutes and then put between two quartz windows with an excess of 

the adequate solvent before sealing. The scattering data were azimuthally averaged and corrected for 

background and parasitic scattering, detector sensitivity, scattering signal of the empty cell. The 

intensity was calibrated to absolute scale (cm−1) by taking into account the sample transmission and 

thickness, and by using a Plexiglas secondary standard. The incoherent signal, evaluated from the pure 

solvent scattering, was finally subtracted. 

 
Figure 3: Contrast matching SANS experiments. a) Matching polyethylene with h-IPA, b) matching 
silica aggregates with a mixture of h-IPA/d-IPA. 

 

c) Porosity using density kit 

Porosity measurements were performed using a Mettler Toledo density kit combined with a ML 303T 

analytical balance based on the recommendation of the Battery Council International to obtain a better 

measurement of the volume of the membrane compared to geometrical estimation [33]. 250 µm thick 

square samples (1.5 cm × 1.5 cm) were dried at 80°C in an oven overnight, then each sample was 

weighed, and the obtained dry mass was noted 𝑊1. For water accessible porosity measurements, each 

sample was immersed in boiling water for 10 min before being directly hanged in the density kit 

h-IPA + d-IPA

PE fibrils

Silica aggregates

h-IPA

Silica aggregates

PE fibrils

a) b)
Silica
aggregates

PE fibrils

h-IPA
h-IPA + d-IPA   

PE fibrils

Silica aggregates
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apparatus in distilled water at room temperature. After 1 min of stabilization and after making sure to 

evacuate all the error-inducing air bubbles, the sample was weighed, and the submerged mass was 

noted 𝑊𝑤2. The sample was removed from the water, its surface was gently wiped, then the sample 

was weighed to obtain the saturated weight noted 𝑊𝑤3. Thus, we can calculate the water porosity 

𝜀𝑤𝑎𝑡𝑒𝑟: 

𝜀𝑤𝑎𝑡𝑒𝑟 =
𝑊𝑤3 − 𝑊1

𝑊𝑤3 − 𝑊𝑤2
 

Eq 2 

In order to access the total porosity of the membranes, IPA was used as it accesses the total porous 

volume of the membranes, according to Toquet et al. [11]. The IPA porosity corresponds to the total 

porosity obtained using mercury intrusion porosimetry. The same samples were used to obtain IPA 

porosity. Instead of water, IPA was filled in the density kit beaker. The dried sample was weighed 

submerged in IPA and 𝑊𝑖2 was obtained (the mass was noted after stabilization, i.e., when no more 

air bubbles were seen). Then, the sample was removed from IPA, its surface was dried briskly using 

tissue, and it was weighed to obtain its saturated mass 𝑊𝑖3. Then, the total porosity or the IPA porosity 

was calculated: 

𝜀𝐼𝑃𝐴 =
𝑊𝑖3 − 𝑊1

𝑊𝑖3 − 𝑊𝑖2
 

Eq 3 

d) Electrical Resistivity 

The electrical resistivity of membranes was measured with a mixture of sulfuric acid and water at 28°C 

using a Palico system, based on the recommendation of the Battery Council International (BCI) [33]. 

The Palico system measures separator resistance by sensing the voltage drop between two pairs of 

sensing electrodes in response to pulses of +100/-100 mA for 0.083 s delivered by electrodes at 

opposite ends of the bath. The difference in voltage drop, with and without a separator in the ionic 

current path, is used to calculate the separator resistance. First, the 15 cm × 15 cm square membranes 

were immersed in boiling water for 10 min, then in a 50/50 volume blend of sulfuric acid (d = 1.28) and 

water for 10 min at 27 °C. Afterward, the sample was put in the sample holder of the Palico 

compartment filled with the same blend of water and sulfuric acid at 28 °C. The measurement cell is a 

disk with a surface area (A) of 32.26 cm2. The resistivity r of the sample is obtained by Eq 4. In this 

equation, 𝑒 is the thickness of the membrane, 𝑅 is the resistance measured by the Palico system, and 𝑓 

is a correction factor between 0.96 and 1.03 which evolves linearly as a function of the bath 

temperature; in our experiments, the temperature was 27.3 °C that corresponds to a correction factor 

of 1.015. 
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𝜌 =
𝑅

𝑒
×  𝑓 ×  𝐴 

Eq 4 

IV) Results and Discussion 

1. Silica chemical modification  

As described above, the silica was modified through the grafting of the MPTMS to enhance its 

dispersion in the UHMWPE and then oxidized to increase its final hydrophilicity for expected battery 

applications. First, qualitative analysis was conducted using solid-state 29Si and 13C NMR in order to 

confirm the presence of the alkoxysilane molecules onto the surface of silica. 

 
Figure 4: a): Spectra obtained from 29Si solid-state NMR for initial, grafted, and grafted-oxidized 
silica. b): Spectra obtained from 13C solid-state NMR for grafted and grafted-oxidized silica. 

According to Legrand et al., several types of groups on the surface of silica can be distinguished [6] and 

the different silicon atoms of silica are designated by the terminology Qn where n represents the 

number of bridging oxygen linked to the central atom of silicon [35]. In solid-state 29Si NMR spectra of 

Figure 4 a, the initial silica sample presented three signals at -93, -100 and -110 ppm that correspond 

respectively and classically to Q2, Q3 and Q4 species. Besides, on the spectra for grafted silica sample 

and grafted-oxidized silica sample (Figure 4 a), additional signals that correspond to T sites indicate 

the incorporation of organic functionalities with specific resonances (usually between -50 and -

80 ppm). The T sites are detected at -57 and -66 ppm that correspond to grafted organosilicon 

compound, T 2 (SiO)2SiR and to T 3 species (SiO)3SiR, respectively. These signals in presence of the Q3 

and Q4 peaks confirm the grafting of the expected molecules. Furthermore, even if the analysis is not 

quantitative, we can notice that the intensity for the T species is lower on the spectrum corresponding 

to the grafted-oxidized silica compared to the one obtained for the grafted silica. This observation may 

evidence a decrease of the grafting amount with the oxidation protocol. 

Solid-state 13C NMR spectra of grafted and grafted-oxidized silica depicted also interesting results 

regarding the step of oxidation of MPTMS thiol function (–SH) into sulfonic acid function (–SO3H). In 

Figure 4 b, for grafted hydrophobic silica, the signal at 27 ppm corresponds to the carbon from the 

bond –CH2SH. This signal is deshielded on the spectrum of the grafted and oxidized silica due to the 

3

2

1

0

[re
l]

-200-150-100-500

 [ppm]

Pure

Grafted

Grafted-Oxidized

4

3

2

1

0

[re
l]

150 100 50 0 -50

 [ppm]

Grafted

Grafted-Oxidized

a) b)

Initial

Grafted

Grafted-Oxidized

Grafted

Grafted-Oxidized

[ppm] [ppm]
0 -50 -100 -150 -200 150 100 50 0 -50

0

1

2

3

[re
l]

0

1

2

3

4

[re
l]



12 

presence of the sulfonic acid functional group (–CH2SO3H) and is found around 50 ppm. Thus, the solid-

state 13C NMR analysis confirms the oxidation of the thiol group.  

In order to quantify the grafting percentage, TGA analysis was conducted on the three silica samples 

after Soxhlet purification. As seen in Figure 5, the thermogram of grafted silica is different from the 

one of initial silica, proving a successful grafting of MPTMS on the silica surface. Grafted silica has a 

lower water content (around 50% less than initial silica) as shown by a lower mass loss in the 

temperature range 25 – 150 °C. For grafted-oxidized silica, water content has increased on the silica 

after the oxidation reaction. This is consistent with the decrease in the hydrophilicity of the grafted 

silica on the one hand, and of a large recovery of the hydrophilicity after oxidation, on the other hand. 

A grafting amount can be deduced from the weight loss in the temperature range (150 – 400 °C). 

However, this calculation can be a bit distorted because, at high temperature, the decomposition of 

the grafted molecules may be superimposed to further modification of the silica.  

 
Figure 5: TGA thermograms obtained at 10°C.min-1 under helium for initial silica 19AESR010, silica 
after grafting, and grafted-oxidized silica. 

In Table 2, the weight losses for different temperature ranges are displayed. Between 150 and 400 °C, 

the weight loss is of 3.7 wt.% for grafted silica. This value is smaller for grafted-oxidized silica (2.4 wt.%). 

However, the initial silica itself presents a mass loss of only 0.9 wt.% in the same temperature range. 

This must be considered for the quantification of MPTMS, leading to 2.8 wt.% and 1.5 wt.% of 

alkoxysilane derivative for grafted silica and grafted-oxidized silica, respectively.  

Table 2: Calculated weight loss at different temperature ranges for analyzed silica samples.  

Temperature 
Range 

Weight Loss% 
initial silica 

Weight Loss%  
grafted silica 

Weight Loss%  
grafted-oxidized silica 

30-150°C 4.4 2 3.4 
150-400°C 0.9 3.7 2.4 
30-900°C 7.4 10.7 10.6 
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In order to further quantify the grafted molecules onto the surface of silica, conductometric titration 

was carried out on the suspension of grafted-oxidized silica in deionized water using strong base 

(NaOH). From the curve in Figure 6, two break points are observed, which corresponds to a typical 

conductometric titration of a mixture of a strong and a weak acid by a strong base [36]. The first 

decrease in the conductance corresponds to the neutralization of strong acid species by the strong 

base as the strong acid has a high conductance value. This is due to the replacement of the fast-moving 

hydrogen ions H+ by the slow-moving Na+ ions. The electrochemical reaction at the first equivalence 

(Veq1= 3.2 mL) is described by Eq 5: 

𝑆𝑂3𝐻 + 𝑂𝐻−
 

↔  𝑆𝑂3
− +  𝐻2𝑂 

Eq 5 

 

 
Figure 6: Conductometric titration of grafted-oxidized silica suspension (mSi= 0.556 g) in water by 
[NaOH] = 0.01 mol.L-1.  

In the second part of the curve of Figure 6, a slow increase of the conductance with the added volume 

of sodium hydroxide base is observed, which is characteristic of the neutralization of a weak acid. The 

weak acid in the silica suspension can be assimilated to silanol groups that were not chemically 

modified by the grafting reaction [37], as well as to the small amount of the sulfinic acid (SO2H) that 

has not been completely oxidized to form the strong acidic form of the species. Therefore, the increase 

in the second part of the curve is slower because of the formation of 𝑆𝑂− and 𝑆𝑂2
− species that have 

low ionic conductivity. The second breakpoint (V2) corresponds to the neutralization of all of the weak 

acid species. Beyond this breakpoint, the dominated species are the hydroxide ions 𝑂𝐻− (strong base) 

with high ionic conductivity increasing the conductance of the solution abruptly. As the strong acid is 

assimilated to the grafted sulfonic acid chain, thus the amount of the grafted species can be calculated 

using the first breakpoint (equivalence volume of NaOH) (n = [NaOH] × Veq1 /msi = 5.8 × 10-5 mol.g-1). 

Hence, a grafting of about 0.88 wt.% is calculated. Importantly, this value is calculated considering that 

the reactions shown in Figure 1 and Figure 2 are complete so that the obtained grafting value is the 
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lower limit. All things considered, this value is in accordance with the one deduced from the TGA 

analysis (1.5 wt.%).  

The possible change of hydrophilicity has been examined by investigating the water uptake and the 

sorption isotherm of initial, grafted, and grafted-oxidized silica. The isothermal mass gain of water as 

a function of the activity (aw), plotted in Figure 7, have the sigmoidal shape of BET II type sorption 

isotherms of silica. The curves obtained for the initial silica and its grafted-oxidized version have very 

similar water sorption isotherms. However, grafted silica depicts a lower overall water uptake and 

behaves differently from initial silica. The total sorption of water for the initial silica is the highest 

(43 %), and it is close to that of the grafted-oxidized sample (33 %) for the activity of 0.9. In contrast, 

the grafted silica presents the lowest mass gain (8.5 %) for the same activity. Both initial silica and 

grafted-oxidized silica exhibit a behavior of a hydrophilic substrate. Nevertheless, the grafted silica 

displays the very low capacity of adsorption of water molecules and exhibits thus a hydrophobic 

behavior. The oxidation of the grafted silica has permitted the recovery of the hydrophilicity of the 

reference silica after grafting. 

 
Figure 7: Water vapor sorption isotherms of initial, grafted, and grafted-oxidized silica versus water 
activity  

2. Properties of the Si-UHMWPE membranes 

Three formulations with different silica (initial, grafted, and grafted-oxidized silica) were processed in 

an internal mixer, and membranes were molded and oil extracted as described in the paragraph III-1. 

An average ratio of Si/PE= 2.5 was selected to compare the properties of the membranes. The 

formulations are presented in Table 1, the same amounts of polyethylene, silica, and oil were weighed 

as the grafted molecules on the surface of silica represent around (1 – 2 wt.%) of the total mass of 

silica. The only variable is the surface properties of silica in terms of hydrophilicity. 
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First, SEM observations were carried out to analyze the morphology of the three membranes. The 

obtained pictures for two magnifications are shown in Figure 8. EDX analysis has confirmed the 

presence of grafted molecules after the process of elaboration and extraction of membranes. These 

EDX data are reported in supporting information. 

From these analyses, at low magnification (10 KX), SEM pictures for all types of membranes show 

homogeneous distribution of fibrils and torn sheets of polyethylene with dispersed silica particles. At 

high magnification (30 KX), it is possible to distinguish the morphologies and the silica repartition for 

the three different silica. Hence, a wide distribution of silica aggregates appears for membranes 

prepared with initial silica (with aggregates ranging between 800 to 2500 Å). On the other hand, in 

membranes with grafted silica and grafted-oxidized silica, silica aggregates are more dispersed, and 

the aggregate size seems to be slightly smaller (< 1200 Å). 

 
Figure 8: SEM pictures of cross-sections of the membranes at Si/PE = 2.5and oil/PE = 7.5 with the 

three different silica at 10 KX (left, scale bar: 1 m) and 30 KX (right, scale bar: 300 nm). The red 
arrows indicate the silica domains  

Initial Silica

Grafted Silica

Grafted-Oxidized Silica Grafted-Oxidized Silica
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Nevertheless, these SEM observations are only qualitative and it is difficult to draw sound conclusions 

concerning the state of aggregate dispersion. To get a deeper insight on the membrane structure, small 

angle neutron scattering analyses were performed. This technique has been widely used in the studies 

of composites and for probing small, dispersed objects, for instance, silica particles dispersed in a 

polymer matrix, e.g., in SBR composites [2, 38,39]. In our porous Si/PE systems, when the porosity is 

filled with h-IPA, there is no contrast between the PE and the porosity, and the only contrast remains 

between the silica and the rest. As such, the scattering profile plotted in Figure 9 corresponds to the 

scattering of the silica particles (with Si/PE = 4, corresponding to a volume fraction of silica ΦSi = 17%) 

in a neutron-wise homogeneous matrix. A complex multiscale behavior is observed. At high values of 

q, information related to primary particles can be extracted, and the scattering associated with the 

primary particles could be simply fitted with a sphere model (radius RSi = 86.7 Å, polydispersity of 0.2 

(for a log-normal distribution). This information is of utmost importance since the same particles have 

been used in all our systems. 

In the membranes, the silica particles are concentrated and have interactions: they form aggregates 

which contribute to an excess scattering in the low-q region. This scattering can be fitted with a Guinier 

model [I(q) = I0  exp(-q²Ragg²/5)], which gives an approximate radius of the aggregate Ragg = 800 Å 

(with I0  = 41.4 × 103 cm-1) in the case of the initial hydrophilic silica with Si/PE = 4.  

 
Figure 9: Small angle neutron scattering of a membrane with the initial hydrophilic silica (Si/PE = 4): 
Absolute intensity I versus wavevector q. The fits at low and high q regions are described in the text. 

To further analyze the structure of our systems, we have used the model developed by Baeza et al. 

[2,40]. In their model, they correlate the information extracted from the elementary particles to that 

of the aggregates to determine: (i) the distribution of numbers of aggregation Nagg, that is to say, the 

number of elementary particles per aggregate in the membrane and (ii) the compacity of the 

aggregates κ that is the volume of silica per aggregates relative to the volume of the aggregate. This 
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method has been used for the membranes containing the initial hydrophilic, grafted hydrophobic and 

grafted oxidized hydrophilic silica particles with Si/PE = 2.5 (corresponding to ΦSi = 11%). The neutron 

scattering profiles are plotted in Figure 10.  

 
Figure 10: Small angle neutron scattering of membranes with the initial, the grated and the grafted 
and oxidized silica (Si/PE = 2.5): Absolute intensity I versus wavevector q. Intensities have been 
multiplied by powers of 10 for clarity. The dotted lines in the high q region is the reported fit of the 
scattering of the primary particles as determined from Figure 9; the difference with the experimental 
curves can be attributed to the structure factor. In the low q region, the data have been fitted with 
a Guinier model. 

In these systems, the intensity scattered by the elementary particles is the same as in the more 

concentrated membranes, although slightly less pronounced. In the low-q region, the scattering is very 

close from one system to another at the same concentration. The excess scattering due to the presence 

of aggregates can still be quantified in the low-q region, the values of the Guinier fits are reported in 

Table 3. The obtained radius of the aggregates Ragg and the values of I0 (I(q → 0)) are very similar, in 

the ranges 1110 to 1190 Å and 7.8 × 104 to 9.5 × 104 cm-1, respectively. From the determination of the 

radius of the aggregates Ragg and the value of the intensity I0, the aggregates compacity k, the average 

number of aggregation <Nagg> and the distribution of numbers of aggregation in the system were 

determined (see Supporting Information for the detailed procedure). The aggregate compacity (k) is a 

crucial factor that links the size of aggregates to the amount of silica they contain, hence characterizing 

the internal structure of the aggregates and possibly its further wettability. The values of k and <Nagg> 

are also reported in Table 3 for the three systems. Comparing the compactness and the number of 

aggregation of samples with aggregates is a direct characterization of the state of dispersion of the 

samples. For the initial silica, the compacity is evaluated at 50 %; it has to be noted that for the 

concentrated system Si/PE = 4, the same value of compacity has been obtained. The surface 

modification tends to slightly decrease the compacity of the aggregates and also decrease the average 
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number of particles per aggregate, with a better efficacy for the grafted-oxidized sample. In the 

meantime, the average size of the aggregates is increased for the hydrophobic modification and 

decreased for a hydrophilic modification. These results tend to indicate that the grafted-oxidized silica 

dispersion is slightly favored; although the structural variations may seem minor regarding the 

structure of the silica, it may certainly induce more effect on the formation of the porosity in the matrix 

and on its wettability conjugated with the surface chemistry. 

Table 3: Structure parameters obtained from the neutron scattering data for membranes with silica 
of different treatments Si/PE = 2.5). I0 and Ragg are obtained from the fits in the low-q region using 
a Guinier model [I(q) = I0  exp(-q²Ragg²/5)]; the average number of aggregation <Nagg> and the 

compacity of the aggregates k are obtained following the method given in supporting information 

Membrane with silica I0 (cm-1) Ragg (Å) <Nagg> k (%) 

Pure hydrophilic 94 990 1163 323 50 
Grafted hydrophobic 80 890 1186 307 46 

Grafted Oxidized hydrophilic 78 110 1118 278 47 

 

The impact of the surface treatment of silica on the total porosity but, above all, on the porosity 

accessible to the water in the membranes and the measured resistivity is reported in Figure 11. 

Moreover, to complete the study, the global electrical resistivity of the membranes was assessed. The 

ionic conductivity of the separators depends directly on the wettability by the electrolyte. In other 

words, the increase of water accessible porosity leads to a membrane resistivity decrease [11]. The 

membranes were characterized using a Palico system. The lowest limit of resistivity is given by the 

resistivity of the electrolyte itself RE =1.26 Ω.cm (H2SO4 at 27°C, d = 1.28 g.cm-3), measured alone in the 

Palico cell. The obtained resistivity values are also given in Figure 11 (on a logarithmic scale). 

 
Figure 11: Water accessible Porosity, IPA accessible Porosity and resistivity of the membranes with 

initial, grafted, and grafted-oxidized silica.  

From these data, it is clearly evidenced that the wettability of the membranes is modified with the 

silica modification. The membranes prepared with initial hydrophilic silica present a water accessible 
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porosity of 43%. This water accessible porosity decreases drastically to a very low value (5%) for 

membranes containing hydrophobic grafted silica. Concurrently, the electrical resistivity is increased 

by much more than 2 decades (precisely from 5.85 ± 0.67 to 1670 ± 440 W.cm). As expected and in 

agreement with the hydrophilicity recovery, the wettability of the membranes elaborated with 

grafted-oxidized silica is again enhanced, and the measured value of water accessible porosity is 49.5 

% while the electrical resistivity (3.9 ± 0.37 W.cm) becomes even lower to the value for the membrane 

with initial silica. A decrease in the total porosity is measured, especially for membranes with grafted 

silica may be related to a decrease in the oil absorption capacities of grafted silica; still, this value is 

considered acceptable for this type of conventional recipes (Oil/PE = 7.5 leads on average to a total 

porosity between 65 – 70 %). 

Hence, the used protocol for preparing the silica led to an enhanced electrical conductivity of the 

membranes, compared to the initial silica. The mechanism can be summarized as follows: using the 

initial silica, that has a very good hydrophilicity, a low electrical resistivity is obtained. Nevertheless, 

this silica is constituted of compact aggregates and the silica dispersion is not optimized. One way to 

improve the dispersion is to pulverize these aggregates by grafting MPTMS. However, if the treatment 

is stopped at this point, the obtained silica presents a very high hydrophobicity (as shown by the water 

sorption measurements). It is admittedly much more dispersed in the membrane (as shown by SEM 

and especially by SANS) but the hydrophobicity leads to a dramatic increase of the electrical resistivity 

of the membrane. Nevertheless, the oxidation treatment of the grafted silica allows the recovery of a 

very high hydrophilicity without leading to the compactness of aggregates. This a very important issue 

because this allows the very good dispersion of the silica in the membrane, even with a slightly higher 

quality compared to the grafted form as shown by the lower value of aggregates radius for a similar 

compacity. The resulting porosity accessible to water is increased by a factor 1.15 compared to the 

membranes with initial silica and the subsequent resistivity is decreased by a factor 1.5. 

 

Conclusion  

In this work, the use of chemically modified silica in the membranes has been investigated. The used 

grafted molecules were tunable hydrophobic molecules that can be chemically modified to obtain 

hydrophilic tales. The initial silica, the grafted, and the grafted-oxidized silica were processed in 

membranes formulations. An improvement of the wettability of the separators was recorded for 

membranes with grafted-oxidized silica compared to the membranes with initial silica. As expected, 

the porosity in the membranes with only grafted silica was not accessible to water giving a very high 

electric resistivity. 
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Furthermore, the structures of these membranes were analyzed by SEM and especially by SANS. The 

SEM characterization has only shown slight differences between membranes with pure, grafted and 

the grafted-oxidized silica. In fact, smaller aggregates seemed to be obtained for the latter. Still, these 

observations were not very reliable for these membranes with a Si/PE ratio of 2.5. That is why SANS 

experiments were realized on these membranes in contrast-matching experiments (matching PE). 

These experiments have shown that membranes with grafted silica and with grafted oxidized silica 

presented smaller aggregates with a lower compacity than those containing the initial silica. Therefore, 

the combination of a good dispersion and a high hydrophilicity of the grafted-oxidized silica led to very 

performant membranes for the targeted application of battery separators. 

However, some works are still needed to entirely validate this type of membranes for battery 

applications. First, it is necessary to deeply characterize the mechanical behavior. Nevertheless, it is 

worth mentioning that the membranes obtained in this work could be handled without any special 

precautions, suggesting that mechanical properties are not degraded compared to other studied 

system. The other analysis to be done is the evaluation of the battery performances as the charging 

and discharging characteristics. 
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