N

N

Inside the structure of a nanocomposite electrolyte
membrane: how hybrid particles get along with the
polymer matrix
Manuel Marechal, F. Niepceron, Gerard Gebel, Hakima Mendil-Jakani, H.

Galiano

» To cite this version:

Manuel Marechal, F. Niepceron, Gerard Gebel, Hakima Mendil-Jakani, H. Galiano. Inside the struc-
ture of a nanocomposite electrolyte membrane: how hybrid particles get along with the polymer
matrix. Nanoscale, 2015, 7 (7), pp.3077-3087. 10.1039/c4nr05330c . cea-01734613

HAL 1d: cea-01734613
https://cea.hal.science/cea-01734613
Submitted on 8 Feb 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cea.hal.science/cea-01734613
https://hal.archives-ouvertes.fr

Journal Name RSCPublishing

ARTICLE

Inside the Structure of a Nanocomposite Electrolyte
Cite this: DOI: 10.1039/X0Xxx00000X Membrane: HOW Hybrid PartICIeS Get Along Wlth the

Polymer Matrix

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0Xx00000X M. Maréchal,”®" F. Niepceron,®? G. Gebel, ¢ H. Mendil-Jakani® and H.

www.rsc.org/ Gal ianOd

Hybrid materials remain as a target for a fruitful scope of investigations
especially for energy devices. A number of hybrid electrolyte membranes
consisting of inorganic and organic phases were then synthesized. Mechanical,
solvent uptake and ionic transport properties were studied with the key point
being the characteristic length scale of the interaction between the phases.

A group of nanocomposite membranes made of polystyrenesulfonic acid-
grafted silica particles embedded in a Poly(Vinylidene Fluoride-co-
HexaFluoroPropene) (PVdF-HFP) matrix is studied combining neutron and X-
ray scatterings on the nanometer to angstrom scale. This approach allows for
the variation in morphology and the structure as a function of particle loading
to be described. These studies showed that the particles aggregate with
increasing particle loading and these aggregates swell, creating a physical
interaction with the polymer matrix. Particle loadings lower than 30 wt.%
induces a slight strain between both of the subphases namely the polymer
matrix and the particles. This strain is decreased with particle loading between
20 and 30 wt.% conjointly with the beginning of proton conduction. Then the
percolation of the aggregates is the beginning of the significant increase of the
conduction without any strain. This new insight can give information for the

variation in other important intrinsic properties.
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Introduction

The large family of composite electrolytic polymer membranes has been extensively studied®-
4 with applications from energy devices such as fuel cells to membrane processes. This family
can be divided into several subfamilies depending on whether the polymer phase is an ionic
conductor and whether the inorganic or hybrid phase contains ionic groups. One of the main
families is constituted of membranes with a polymer electrolyte such as Nafion®-like
perfluoroalkylsulfonic acid polymers®! and sulfonated polyaromatic polymers.t> ' These
polymers then include a second phase consisting of either an inorganic filler like mineral
(laponite,” 12 4 montmorillonite,®1° Zr0O, % Si02 ¢ calcium hydrophosphonate,® TiO,%) or a
heteropolyacid (hydrophosphoric acid,!” orthophosphoric acid,*® *° phosphotungstic acid,*> 2°-
24 phosphomolybdic acid,?> 2> 2% silicotungstic acid,> 2> 26 phosphoantinomic acid,?’
zirconium phosphate sulfophenyl phosphate,?® zirconium phosphate,* 2* mesoporous acid
silicate!?). The overall objective is to decouple or couple the properties of the obtained
membranes depending on the applications These properties are, for example, the improvement
of ionic conductivities, the mechanical properties and/or the water retention at elevated
temperatures.** The inorganic or hybrid fillers can also be embedded in non-ionic polymers,
such as partially or perfluorinated polymers.?® 3 The obtained membranes are known to be
chemically and electrochemically stable, with respect to the potential window of the
applications.3

The assumptions, that the hydrophilic nature of these composite membrane systems create an
environment with increased water uptake and increased ionic conductivity (especially at high
temperature up to 120°C), are questionable®? although experimentally supported in the
literature by confused and/or contradictory results®*!. For example, the improvement of the
proton conductivity was low the last 20 years* %2 by using hybrid membranes in the field of
low/medium-temperature fuel cells. In the main family described above constituted of
polymer electrolytes and fillers, the different descriptions are not clearly and definitely backed
up:> ® 12 (i) The water contained in the particles cannot easily be shared with the rest of the
polymer electrolyte phase, and (ii) the conductivity of the inorganic/hybrid phase is in general
at least one order lower than the one of the electrolytic organic phases. Nevertheless some

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 2



Journal Name RSC

composite membranes have better properties in the application uses.® ! Improving effects of
the mechanical properties at the local scale and the localization of the crystalline zones® are
invoked to explain this paradox. The ionic transport has been shown to be intimately linked
with the local mechanical properties®, the crystallinity of the polymer phases and the
multiscale structure.

Many associated properties still remain elusive, such as the sizes, the distribution and the
structure of the inorganic or hybrid particles, the interactions and the structure/properties
interplays between these subsystems. This questioning is legitimized by recent systems
obtained by using the silicon sol-gel chemistry.* 3% Indeed, it has been possible to locate and
to control the inorganic phase (size, structure),®3" even at the nanoscale.®® 3 The control of
the ionic inorganic hybrid phase has significantly enabled the ability improve the ionic
conductivity in composite membranes. In this study, an original composite membrane
composed of conducting polystyrenesulfonic acid-grafted silica particles into a
Poly(Vinylidene Fluoride-co-HexaFluoroPropene) (PVdF-HFP) matrix®® was used to address
and clarify these questions.

The structural studies of such hybrid membranes are rare, notably due to the presence of two
subsystems. Despite this complexity, the study of multiscale materials using direct (AFM,
SEM)" and reciprocal (SAXS/SANS, WAXS)* spaces, can permit to reach a thorough
structural description.®® 4! Bulk and surface information is obtained in a large range of
characteristic length scales. In the reciprocal space, the size, shape and interface effects can be
discriminated between the different subsystems due to the large gaps between the related
characteristic correlation lengths. The distribution and the size of the hybrid particles are
notably characterisable. The structural variation of the aggregates of particles, the variation of
the polymer crystalline phase and their interactions as a function of the loading of hybrid

particles were then described.

Experimental (All experiments were performed at room temperature.)

* AFM Atomic Force Microscopy, SEM Scanning Electron Microscopy.
£ SANS Small Angle Neutron Scattering, SAXS Small Angle X-ray Scattering, WAXS Wide Angle X-ray Scattering.
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Composite Membranes N,N-dimethylformamide (DMF, Aldrich, anhydrous, 99.8%) was

used as received. A high molecular weight grade of PVdF-HFP copolymer from Solvay
(Solef®21508) was used for the preparation of composite membranes.

The polystyrenesulfonic acid-grafted silica particles, referred to as A390-g-PSSNa, were
obtained by grafting sodium 4-styrenesulfonate from the surface of fumed silica particles,
using atom transfer radical polymerization techniques (Fig. 1).

reflux, Argon, 4h
Si—OH Toluéne R CH,CI

Si—O. —
re N .
_ -Si{CH
/\ﬁHZG /‘J 2@
(H3CO),Si \

I
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Figure 1. Scheme of the synthetic route for the production of A390-g-PSSNa.

The synthesis of these high proton conducting silica particles has been described in a previous
paper (see SI SO-1 for more details and SI SO-2 for the characterization of sizes).* The same
batch of particles, with an lonic Exchange Capacity (IEC) equal to 2.7 mequiv./g, was used
for preparation of composite membranes.

Composite membranes in the sodium salt form were obtained by solvent evaporation on a
glass plate using a laboratory scale hand coater set at 60 °C. Viscous dispersions of A390-g-
PSSNa and PVdF-HFP in DMF were obtained by first dispersing a known weight of A390-g-
PSSNa in DMF for 48 h before the addition of a known weight of PVDF-HFP. The
dispersions were then stirred for 70h before casting, affording composite membranes with
loadings ranging from 10 to 70 wt.% (SI Tab. S1). The membranes were removed from the

glass plate by immersion in a water bath and then stored under standard conditions.
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The hydration state of the membrane is characterized by A, the number of water molecules per
ionic group. The experimental sorption isotherms (SI Fig. S1) were carried out to obtain
A=f(RH) knowing the ionic exchange capacities*® with a dynamic vapour sorption balance.
The membranes were then equilibrated with several atmospheres having different water
vapour pressures using statured ionic solutions at 25°C. The salts (SI Tab S2) impose a known
relative humidity (RH).#> 43

Confocal Laser Scanning Microscopy (CLSM) This technique was used in the fluorescence
mode. Observations were conducted with a Leica TCS-SP2 (Leica Microsystems Heidelberg,
Germany). A water immersion objective lens was used with 0.31 um as theoretical resolution
in the x-y plane. The membranes were labelled with the fluorochrome rhodamine B solution
at 5 ppm during 1 minute and washed by immersion in ultrapure water bath. Membranes in
hydrated state were inserted between a concave slide and a coverslip and then hermetically
sealed. The incident light was emitted by a He/Ne laser beam at 543 nm which exited the
rhodamine B. The fluorescence light was recorded between 560 and 700 nm. ImageJ program
(free software developed at the National Institutes of Health) was used to obtain 3D building

of membranes by Z-stack methodology.

Scanning Electron Microscopy (SEM) was used to investigate the morphology in-plane and
of the cross-sections of the acid-form membranes. The surfaces were observed using a field
emission gun microscope Zeiss Ultra 55 microscope at 5 kV, in the secondary electron mode.

The cross-sections were obtained by fracturing in liquid nitrogen.

Atomic Force Microscopy (AFM) The AFM technique was used in an intermittent-contact
mode which is a soft contact mode. The force applied by the tip is constant during the
scanning thanks to an electronic control loop. The Nanoscope IV from Digital Instruments
with a Dimension 3100 Controller allowed to record two types of signal: the height and the
amplitude variations as a function of the scanning position. Both resolutions, lateral and

vertical, respectively depend on tip radius and the force (or the amplitude).
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Small-Angle X-ray Scattering (SAXS) The measurements were performed at the ESRF
(European Synchrotron Radiation Facility, Grenoble, France) on the BM02-D2AM beamline.
The incident photon energy was tuned to 12 keV which corresponds to a wavelength of
2=0.103 nm, and the path length was 1 mm. A two-dimensional detector, a CDD camera
developed was used. Two different distances between the sample and the detector were used
to cover magnitudes of the scattering vector ¢ from 0.07 to 11 nm™. The intensity curves
measured by the long geometry were scaled to the absolute intensities with the aid of a
laboratory-calibrated Lupolen® sample. The scattered intensities were recorded during 20 s.
The corrections of primary data were carried out. As an additional correction, the contribution
of the empty cell was subtracted to the scattering intensity of the studied samples. The

membranes were sealed in circular holders equipped with Kapton® windows.

Small-Angle Neutron Scattering (SANS) Small-Angle Neutron Scattering (SANS)
experiments were carried on the small angle spectrometer PAXE spectrometer of Léon
Brillouin Laboratory (Saclay, France). Two sample-to-detector distances (SDD) and neutron
wavelengths (1) were used to cover magnitudes of the scattering vector modulus g from 0.05
to 4 nm? (A=1.2 nm, SDD = 4 m, and 4=0.5 nm, SDD = 1.5 m). The resulting flat level of the
scattering intensity at the high g values is of the order of magnitude of the experimental

background.

Wide-Angle X-ray Scattering (WAXS) X-Ray diffraction investigations were carried out on
a X-Pert Pro MPD Philips diffractometer (cobalt K, radiation: 2 = 0.1789 nm) using Bragg-
Brentano incidence reflection geometry (6/20). The detector was moved by 20 steps of 0.02°,
and the counting time was at least 5 s per step. Soller slits were mounted both in the incident
beam path (0.04 rad), and the diffracted beam path (0.04 rad). The divergence slit was
automatically adjusted giving a 10 mm irradiated length. The diffractogramms were recorded
in the 20 range going from 5 to 120°. The software Profit (Version 1.0c, Philips Analytical X-

Ray) was used to process, and to fit both raw data and (1-g? vs. q) profiles.

Results and discussion

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 6
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The homogeneity on the macroscopic scale of the different membranes is the main condition
to validate the study. To follow the morphology variation as a function of the particle loading,
the ionic domains of the membranes were first labelled with a fluorochrome. The 3D

rebuilding was then obtained by using Confocal Laser Scanning Microscopy (CLSM) (Fig. 2)

e MTIOHE
pA

Particle Loading ”

Figure 2. 3D building of membranes by CLSM for several amounts (wt.%) of particles (size:
150 x 150 x 30 um?q). The aggregates of particles are represented in yellow/orange (10% to

40%) and blue (50% to 60%) in the microscopy images, and in red for the simulations.

This method permits to probe a thickness of 30 um, i.e. 50 vol.% of the membranes. The
results are representative of the whole morphology, i.e. the spatial distribution of the particles
and their connectivity, of the samples since they were confirmed by SEM (EDSS of Si, F, C, S

and Na elements) along the thickness of the membranes, and they are similar for each face.

§ EDS Energy Dispersive X-ray Spectroscopy.
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For a low particle loading, until 20 wt.%, the phase separation is significant due to the
incompatibility of both phases being consist of the polymer and the swelled particles. The
hydrophilic domains are not well-connected, and increase in size with the loading. For 30
wt.% of particles, the size of the aggregates of particles concomitantly decreases with an
increase of their number. These domains are evenly distributed in the volume, and become to
be connected which can be considered as the percolation threshold. Above this limit, the
material becomes a proton conductor since the proton conductivity starts to significantly
increase®°(SI Fig. S2). At higher loadings, co-continuous domains appeared progressively in
the volume as a whole. At 50 wt.% of particles, the appearance of porosities defines the
transition from a dense material to a porous one. The resulting materials are self-standing
membranes composed of interconnected aggregates. The homogeneity of the membranes is

then confirmed in a large range of loadings.
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Figure 3. Membranes with 50 wt.% of fillers at 50 %RH: typical SEM micrographs on the

surface (a), on the cross-section of the cryofractured membrane (b), on the surface by AFM

pictures in phase imaging (c) and in error amplitude (d).

This observation is also strengthened by SEM and AFM. At the mesoscopic scale with the
SEM images (Fig. 3a and 3b), the membranes appear homogeneous. On the micrograph of the
surface (Fig. 3a), the holes are due to shadow-particles of the aggregates, and their depths are
in the same order of magnitude than their diameters between 50 and 100 nm. The morphology
of cross-sections, which were obtained by fracturing membranes in liquid  nitrogen, were
also investigated by SEM. Figure 3b highlights the presence of aggregates, about few tens to
hundred nanometers, embedded in a second phase, which can be attributed to the polymer
matrix made up of PVdF-HFP. The AFM images (Fig. 3c and 3d) reveal that the aggregates
are formed of sub-aggregates especially thanks to the Figure 3c with an average size around
10 nm above a loading of 30 wt.%. To sum up, (i) the particles merge to form aggregates with
the loading, (ii) these aggregates measure between fen tens up to hundred nanometers, and
(iii) they concomitantly percolate with the increase of the conductivity (SI Fig. S2). SAXS
and SANS were then used to refine the description of this nanoscale distribution. These
complementary techniques provide insights into the interfaces, swelling behaviours,

multiscale, and multicomponent organisations.
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Figure 4. (a) SAXS/WAXS profile at 50 %RH of a membrane with 50 wt.% of fillers, and
(b) SAXS profile for water swollen membranes at different loadings (wt.%) as a function of
the scattering-vector modulus g, and (inset) fittings of the form factors of a swelled membrane
with 50 wt.% of fillers (i) for core-shell spheres with shell thicknesses distributed according a
Schulz distribution, (ii) with the Debye-Anderson-Brumberger scattering model (see SI M1),
and (iif) for homogeneous spheres with sizes distributed according to a Schulz distribution
(see SI M2).

Indeed scattering techniques are well suited to probe the nanostructure of hybrid membranes
characterized by multiphase systems. The related length scales of heterogeneities are then
described from the mesoscale to the molecular scale, i.e. the correlation lengths ranging from
hundred nanometers to few angstroms (Fig. 4a). These heterogeneities of electron and neutron
densities, due to different subsystems and cause of different scattering coupled terms, lead to
complex scattering patterns. Indeed the scattered intensities, being the sum of the
contributions of the different subphases, with their form and structure factors, make the
interpretation complex. A progressive approach was then used ranging from the low to the
wide angles of scattering, since the description of the aggregates of particles, through the
correlation length between the crystallites of the polymer matrix, the distances between the
polyelectrolyte chains, the variation of the crystallites of the polymer matrix for ending the

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 10
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intramolecular distances of the membranes. This description was possible by dissociating the
different contributions with different particle loadings (Fig. 4b), the relative humidities (Fig.
5a), and the contrast variations (Fig. 5b). The neutralization with a cesium salt increases the
electronic density contrast between the hydrophilic phase and the ionic groups.

The upturn in intensity at low scattering-vector can be easily attributed to the scattering of the
heterogeneous distribution of the aggregates, commonly interpreted as an inhomogeneity at
the scale of several hundred nanometers.** This conclusion clearly appears in the Figure 4b
comparing the hybrid membranes to the PVdF-HFP reference membrane. These multiscale
structures can be described, and especially the aggregates made up of hybrid nanoparticles.
Moreover, at low g, the electronic contrast variation leading to a modification of the shape of
the upturn for high relative humidities (Fig. 5a) is due to the form factor variation, i.e. the size
and/or the shape of the hybrid particles change, since the low q part of the neutron scattering
(Fig. 5b) slightly varies with neutron contrast variations. The shape especially changes for the
higher relative humidities (Fig. 5a). Then the swelled aggregates slightly break up with the
distance between the particles. This variation is concomitant with the divergence of the
sorption properties (SI Fig. S1). This swelling at high relative humidities do not exclusively
concern the hydrophilic parts of the aggregate, i.e. the polyelectrolyte chains, but also every
“refillable” accessible volumes and notably the volume created between the hybrid particles.
To sum up, at high relative humidity and especially at high loading, the aggregates
overswelled and break up. Below 0.4 nm™, these upturns (Fig. 4, 5, S3 and S4) are mainly due
to the scattering of the hybrid particles within the aggregates. Since the SAXS interpretation is
already complex with polymer-grafted nanoparticles in solution®, the following approach was
implemented to describe this complex system in which these particles are embedded in a

polymer phase.
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Figure 5. (a) SAXS absolute intensity as a function of the scattering-vector modulus for

different swelling states (% of surrounding, and (b) Neutron scattering intensities versus

scattering-vector modulus for different isotopic solution compositions of a membrane with 50

wt.% of fillers

The approach, after different simulations with the expected shapes, i.e. form factors of

overlapped core-shell hybrid spheres, was first to use reasonable and robust solutions by

minimizing the number of variables between several and one or two variables at most. These

variables are the radii of the core and the shell, their dispersions, and parameters to take into

account the overlap of the particles and aggregates. Indeed the interferences stemming from

particles interactions, i.e. structure factor effects, are important, and then have to be

considered by using relevant models. Different simulations using several form and structure

factors support the following choices. These different fittings permitted to conclude, and to

choice the relevant models to fit with the same set of parameters all the SAXS data resulting

from different samples and conditions, i.e. relative humidities (Fig. 5a), and cation natures (Sl

Fig. S3 and S4).

Finally the best agreement between the experimental and the simulated scattering curves were

obtained with the Debye-Bueche model*® 47 (see SI M1) by considering the existence of large-
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scale fluctuations of the density of the particles. However these results were compared with
the local order model with the relevant agreement for the shape and the intensity of the
scattering curves, i.e. a sphere model with a continuous distribution function of macroion's
size and charges®® #° (see SI M2). Both approaches, the Debye-Bueche and the local model,
coupled with the contrast variation, by neutralizing with a cesium salt, and the hydration
states, i.e. swelled or dried, permitted to improve the fittings in order to significantly reduce
the number of adjusting parameters.

The electronic density variation of the ionic phase, with the relative humidity and the cation
exchange, allows modulating the density contrasts at the interfaces between the hydrophilic
phase and the polymer phase. It is then possible to probe and to discriminate the contrast
variations between one or several cores and a hybrid particles or a sub-aggregate of them.
Especially for the low loadings, two of them were more precisely evaluated, the silica-core
radius and the thicknesses of the polyelectrolyte shells. The variation in the correlation
lengths (Tab. 1) globally show the same trend, the average correlation length increases with
the loading.

Table 1. Best-fit parameters of the fitting procedure with hybrid membranes in different
conditions with the two models, the Debye-Bueche (Lpas is the characteristic correlation
length which is a measure of the average spacing between both regions.) and the spherical
models (R is the radius of a particle or of compact spherical-like particles of a finite number

of particles and ¢ is the root-mean-square deviation from the mean size.)

Cation Loading Lpas R

Swelling Wt.9%] fm] - ?
30 9.1 7.9 0.42
H* 40 10 7.1 0.47
Hydrated 50 13 6.1 0.58
60 13 6.7 0.55
30 5.8 5.7 0.56
Cs* 40 5.9 6.2 0.38

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 13
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Dry 50 6.3 6.5 0.34
60 6.2 6.3 0.35

30 9.4 8.5 0.40

Cs* 40 10 7.9 0.45
Hydrated 50 14 9.1 0.47
60 15 8.2 0.51

The spherical model evaluates a compact aggregate of a finite number of native hybrid
particles. Then R, the radius of a particle or of compact spherical-like particles of a finite
number of particles with the local model, increases with the loading as Lpas, the characteristic
correlation length of the Debye-Bueche model. The electronic densities of PVdF-HFP
(d=1.75-1.78 g/cm®, Mw~35,0000 g/mol), SiO»-A390 (d = 2.2 g/cm®, M = 60.08 g/mol),
polystyrenesulfonic acid (d = 1.18 g/cm?, Mw~ 40,000 g/mol) and water respectively are 9.0,
6.6, 3.5 and 3.3 - 102 e/cm®. The electronic density of Cs* being estimable to 4.6 - 102 e’/cm?,
the electronic density variation with this cation is then not the most significant and relevant in
the wet state. The dispersions of R (o), in both H* and Cs* forms, increase from 0.40 to 0.55,
and R slightly decreases from 8.5 to 6.1 nm. The increase of the dispersion is mainly due to
the inclusion of more than one particle in the determination of R. The slight decrease of R can
be attributed to the interdigitation of the sulfonated polystyrene shells. In the dried state, the
dispersion decreases, and R reaches a plateau at 10 nm. This correlation length is the average
radius of one dried hybrid particle. The Lpag in the three different conditions permits to probe
the two main isodensities between the silica cores and the hydrophilic phase
(polystyrenesulfonic acid + water + Cs™ or H), and between the hydrophilic phase and the
PVdF-HFP. The core of the hybrid particles constituting the aggregates can be evaluated at 6
nm and the thickness of the shells at 7 nm. Lpas are of the same order of magnitude than R
which is small for large-scale fluctuations. An average density smaller than the electronic
density of the shells around a sub-aggregate can explain this agreement. To sum up the
characteristic sizes of the particles, (i) the radius of the core and the thickness of the swelled

shells are respectively around 6 and 7 nm, (ii) the slight decrease of the radius with the
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loading can be attributed at the interdigitation of the shells and the increase in size of the
aggregates.

The broad peak obtained for the PVdF-HFP membrane appears in the g-range in which the
intensity does not change in the nanocomposite membranes, i.e. does not shift in position or in
intensity as a function of the loading (Fig. 4b, S3 and S4) or the relative humidity (Fig. 5a).
This correlation length is attributed to the distance between the crystallites of the semi-
crystalline polymer phase®® ' considering a sufficient electronic contrast between the
amorphous and the crystalline phases. The intercrystallite distance is well-known to slightly
shift with the different conditions and processes.®! The semi-crystalline polymer phase can be
treated as lamellar systems. This model assumes that the SAXS intensity arises from the
electron density difference between the lamellae and amorphous layers. It is generally
accepted®® 5! that crystallites are formed in lamellar structures, but this does not mean that the
lamella is fully crystalline. On the basis of the position of the lamellar period peak (q°),% the
lamellar period (L) is calculated as L = 2n/q”. The lamellar period is the sum of the average
widths of the lamellae and amorphous layers. In the present case this value is 10 nm, ¢ being
equal to 0.61 nm™ obtained using a Gaussian model to fit the peak. To sum up, the

interlamellar distance is invariant and equal to 10 nm.

The variation in intensity between 1 and 3 nm™ as a function of the loading (Fig. 4b, S3 and
S4) can be assigned to the form factor of the hybrid particles. Indeed they can be simulated by
a core-shell model (S1 Fig. S5) with the parameters obtained in the low-q range. The PVdF-
HFP phase is embedding the hybrid particles constituted of grafted sulfonated polystyrene
chains on silica cores. The contrast variation is a relevant approach since this polyelectrolyte
layer or shell around the silica particles swells with water. The main technique is the isotopic
replacement.®® > Indeed this method is powerful to describe a complex structure.>® The
swelling solution (100% H>0) is replaced by a mixture of H,O and D,O to find the average
scattering cross-section of the hydrophobic phase. This approach permits to probe into the
hydrophilic/hydrophobic interfaces, e.g. mainly silica/water, the PVdF-HFP matrix with the

water, and between the sulfonated-polystyrene-acid chains in the swelled shells. The
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scattering signal extinguishes between 0.8 and 2 nm™ for mixtures about 64 vol.% DO, e.g.
for neutron scattering length densities (SLD) about 2.76-10'* m (Fig. 5b). The theoretical
SLD of the PVdF-HFP and the silica particles can be respectively evaluated around 3.15-10
and 3.47-10* m in the bulk state, the SLD of sulfonated polystyrene chains being between
1.48-10* and 1.58-10'* m. These matching ratios evolving along an average SLD express
the intensity extinction of different contributions/interfaces in the different range of q, i.e. in
the different length scales. The contrast variation permits to reveal a broad peak at 2 nm™. By
comparison with the whole structural description of this system, this peak is interpreted as a
very dispersed correlation length due to the interdigitation of the sulfonated polystyrene
chains linked to two distinct particles. The average distance between two interdigitated chains

is then about 3 nm.

Otherwise the correlation length between two chains belonging to the same hybrid particles
can be studied by varying their swelling (Fig. 5a). This method permits to reveal a thinner
peak whose intensity decreases with the relative humidity due to the decreasing of the
electronic contrast between the chains. The related correlation length does not vary with the
swelling since the sulfonated polystyrene chains are covalently bounded on a silica particle.
By describing the peak with a Gaussian shaped peak, the average correlation length is found
to be equal to 1.71 nm, g being equal to 3.67 nm™, with a small standard variation of 0.07.
The dissymmetry is due to the interdigitation contribution. A mean value of 22 chains of
sulfonated polystyrene per hybrid particles (close to 0.45/nm?) is estimated. This order of
magnitude is somewhat four times higher than the one obtained by using this grafting-from
method to graft polystyrene chains with larger silica particles®.

This incremental approach therefore allows to simulate the form factor of the hybrid particles
with relevant parameters (SI Fig. S5), to isolate the contribution of the polymer matrix (Fig.
4b), and to describe the polyelectrolyte chains (SI Fig. S6). A better understanding of the
structure factors could then permit to model the small-angle g-range. Nevertheless the results
stress the possibility of a dichotomous interpretation leading to an overall quantitative and
qualitative description of the nanostructure.
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Concomitantly the invariance of the intercrystallite correlation length with the loading
questions about the crystallite variation themselves. WAXS measurements permit to evaluate
short-range periodicity in a polymer membrane. Thus the WAXS intensities are typical of a
semicrystalline polymer. They include the Bragg reflections and a broad peak respectively
arising from the crystalline and the amorphous phases. The ratio of the crystalline to

amorphous phases can be calculated through a profile analysis.
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Figure 6. (a) WAXS diffractrograms for several amount (wt.%) of particles, and (b) X-Ray
profile of the PVdF-HFP membrane (solid line) with the resolved individual reflections
(dashed lines).

The PVdF and the PVdF/HFP copolymers have been investigated through different studies to
comprehend the influence of several parameters like blendings®® with salts,> plasticizers,>
fillers®” or/and mechanical®® %8 and treatment®® effects on the obtained membranes.

The diffractogram of the membrane without fillers (Fig. 6a) reveals three main peaks at the
diffraction angles 26 = 20.8°, 23.3° and 31.3°, and a hump at 20 = 21.7° due respectively to

the crystalline and amorphous phases. The three crystalline peaks can be respectively
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associated to the reflections (100)+(020), (110) and (021).%° These peaks are representative of
the coexistence of the p phase for the first peak and an orthorhombic crystal lattice of the
copolymer in its form Il (or o) for the two other peaks. According to the X-ray diffraction
measurements shown in the Figure 6a, a crystalline phase remains with the fillers. The o
phase crystals continue considering the peak positions of the different crystalline phases.
Actually both persistent peaks, between 20 and 24°, are characteristic of the crystals of o and
B phases . Their intensities decrease with the loading. Both contributions of amorphous and
crystalline phases were separated as shown in the Figure 6b. The presence of a  phase is due
to the use of DMF at 60°C for the casting of the membrane. Indeed the solvent dissolves a
part of the original a phase that, during the evaporation at 60°C, crystallizes into the B phase.
Each one of the three crystalline peaks was fitted with a pseudo-Voigt function usually used
in X-ray powder diffraction fitting procedures (Fig. 6b). The positions and the Full Width at
Half Maximum (FWHM) are recorded (SI Tab. S3). The FWHM of a peak is influenced by
three main factors: (i) the presence of deviations to the ideal lattice, (ii) the evolutions and
heterogeneities in strains on the crystallites, and (iii) the size of the crystallites.

The position of the peak related to the amorphous phase (20am) dramatically shifts for the low
loadings, and after the percolation of the fillers. The composition of the amorphous phase
cannot change during these both events. Thus this shift, indicating a potential decrease of
correlation lengths, could be due to the absorption of strains of the other constituents like the
crystalline phase or the fillers. This variation is comparable to the one of the crystallinity
index (wcr) obtained by the ratio of the integrated crystalline scattering to the total scattering
(see SI M3). The crystallinity of the polymer phase decreases with the increase of the filler

amount (Fig. 7a).
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Figure 7. (a) Variation in the crystallinities obtained by DSC and WAXS, and (b) in the
crystallite correlation lengths as a function of the filler content.

The crystallinity index obtained for the membrane with the neat copolymer is comparable to
the crystallinity given by the supplier (25%). The comparison with the crystallinity obtained
by DSC*® shows a common trend. The gap of indexes can be due to the instrumental errors,
the measurement theory, and the measurement protocol (DSC). The crystallinity index
dramatically decreases for the low loadings, very slightly until the percolation, and a little bit
more before reaching an asymptotic value from 50 wt.% upwards. To understand these trends,
it is first interesting to compare the three crystallite sizes, obtained through the formula of
Debye-Scherrer (see SI M4),% as a function of the loading (Fig. 7b). The characteristic size of
the crystallites along the (021) reflection of the orthorhombic lattice is small and invariant. It
characterizes the paracrystalline aspect of the crystal phase. In contrast to this invariance, the
two other sizes drastically change at the percolation threshold, one varying from 6.0 to 3.8 nm
and the other one from 2.8 to 3.6 nm (Fig. 7b). The paracrystal character is then reinforced.

The variation in FWHM can be also explained by a change of strains undergone by the
crystallites. In addition, two phenomena are usually at the origin of the peak variation, the
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very small size of the crystallites on the one hand, and a random distribution of crystalline
parameters round the average value on the other hand.

Using this reasoning, before the percolation, both longer lengths are large and the crystallites
under strain. And after the percolation these sizes shift to 3.5 nm and the strains become nil.
Three main reasons can explain these evolutions: (i) with the loading, the crystallites are
getting smaller, as a result the strain on one crystallite decreases, (ii) the amorphous phase
absorbs a part of this strain, in agreement with a previous hypothesis, and (iii) in the process
to obtain this membrane,® the membranes with a high loading contain a porosity which can
also play the role of strain absorber.

The average volume of the crystallites can be obtained by the multiplication of the three main
correlations lengths. This value gives an order of magnitude of its variation in the loading
which also is the variation in the surface of the crystallites since the smallest length slightly
varies. Taking into account both previous main inferences namely the constancy of the
intercrystallite length, and the evolution of the strains in the membranes as a function of the
loading, this trend can be interpreted. First of all, the continuum between the strains during
the process to obtain the membranes, and in the final membranes is assumed. The following
interpretation was put together in the light of Ostwald’s ripening: (i) Before the percolation,
the casting creating strains, the ripening is promoted, and the average volume significantly
increases, and (ii) the small crystallites tend to disappear and the bigger ones to get larger.
The distribution of average volumes becomes more monodisperse. At the percolation
threshold, this average volume dramatically comes down following the variations in size of
the crystallites (Fig. 7b). The homogeneity of the system during the casting permits to
maintain the monodisperse character of this new distribution of smaller crystallites. This
evolution is then due to the strains on the crystallites by the surrounding phase, i.e. the
swelled aggregates of particles. At the percolation threshold, the particles therefore hinder the
crystallisation. Beyond the percolation, the average volume slightly increases for two reasons:
(i) the distribution is already well-nigh monodisperse, so the ripening is less important, and
(ii) strains in the membranes do not exist, so the casting unfolds without strains. To sum up,
with the loading, (i) the crystallinity index of the polymer phase decreases, (ii) the crystallites

vary from a polydisperse population under light stress, in which the aggregates press the
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polymer phase during the casting, to a monodisperse population without strain during the
casting and in the obtained membranes.

Finally, a peak massif is observed (Fig. 4a) in the 26 range going from 37 to 50° (between 22
and 30 nm?). This massif is not frequently described and attributed to the intrachain
distances. In few diffractograms, three small broad peaks emerging from the massif stand out.
They can be successively interpreted as the C-H, C-F and C-C distances.

Conclusions

The morphology, structure, crystallinity and internal interactions of nanocomposite
electrolytic membranes have been described as a whole over a very large range of lengths (nm
to A). The particle aggregates ranged from 50 to 500 nanometers in size with radii of swelled
particles around 13 nm. These aggregates are swelled in water creating an interaction with the
polymer phase during the casting and in the obtained membranes. These membranes vary in
two main regimes before and after the percolation threshold of the particles based upon the
percent of particle loading. Before the threshold, the proton conductivity is low and the
crystalline phase is under slight stress with a polydisperse population. After the threshold, the
proton conductivity increases and the population of crystallites becomes monodispersed. In
this system, the interdigitation of the sulfonated polystyrene shells could be at the origin of
these behaviours. Indeed they locally act as strain regulators since it is a unifying hypothesis
of the study.

This work permitted to incrementally underpin the elucidation of a multiscale complex
structure. Beyond this constructive and unique insight, this overall comprehension gives the
opportunity to better understand other close implied properties such as mechanical behaviours

or transport mechanisms.
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