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Polymères, F-69622 Lyon, France
cUniv. Grenoble Alpes, CEA, IRIG-MEM, 380
dInstitut Laue Langevin, F-38042 Grenoble C

† Electronic supplementary informa
10.1039/d1na00005e

Cite this:Nanoscale Adv., 2021, 3, 2567

Received 4th January 2021
Accepted 22nd March 2021

DOI: 10.1039/d1na00005e

rsc.li/nanoscale-advances

© 2021 The Author(s). Published by
ltiscale morphology of chemically
stabilized proton exchange membranes for fuel
cells by means of Fourier and real space studies†

Natacha Huynh,ab João Paulo Cosas Fernandes, a Vincent H. Mareau, a

Laurent Gonon,a Stéphanie Pouget, c Pierre-Henri Jouneau,c Lionel Porcard

and Hakima Mendil-Jakani *a

We recently presented the elaboration and functional properties of a new generation of hybrid membranes

for PEMFC applications showing promising performances and durability. The strategy was to form, inside

a commercial sPEEK membrane, via in situ sol–gel (SG) synthesis, a reactive SG phase able to reduce

oxidative species generated during FC operation. In order to understand structure-properties interplay,

we use a combination of direct space (AFM/3D FIB-SEM) and reciprocal space (SANS/WAXS) techniques

to cover dimensional scales ranging from a hundred to few nanometers. AFM modulus images showed

the SG phase distributed into spherical domains whose size increases with the SG uptake (ca. 100–

200 nm range). Using contrast variation SANS, we observed that the sPEEK nanostructure is mostly

unaffected by the insertion of the SG phase which presents a fractal-like multiscale structure.

Additionally, the size of both the particles (aggregates/primary) is much too large to be sequestered in

the ionic pathways of sPEEK. These findings indicate that the SG-NPs mainly grow within the amorphous

interbundle domains. Noticeable rightward shift and widening of the ionomer peak are observed with the

SG content, suggesting ion channel compression and greater heterogeneity of the ionic domain size.

The SG phase develops in the interbundle regions with a limited impact on the water uptake but leading

to a discontinuity of ionic conductivity. This Fourier and real spaces study clarifies the structure of the

hybrid membranes and brings into the question the ideal distribution/localization of the SG phase to

optimize the membrane's stabilization.
Introduction

Proton exchange membranes fuel cells (PEMFCs) are consid-
ered as promising power systems for the next generation of
electric vehicles operating without emission of any greenhouse
gas. Indeed, PEMFC has many attractive features, including
high power density, rapid start-up and high efficiency, making it
a promising clean energy technology. Although great advances
have been made in PEMFC development, improving both the
performances and durability of the membrane is critical before
any large-scale implementation of this technology.1–4

Membrane degradation under harsh and/or long-term oper-
ating conditions is highly detrimental and ultimately causes the
MMES, 38000 Grenoble, France. E-mail:
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system failure. In addition, in order to reach faster electro-
chemical reactions, increase the tolerance of the catalysts to CO
poisoning and mitigate the cooling management for PEMFC
applications, a higher temperature range (up to 150 �C) is tar-
geted. Yet it is not achievable with benchmark PFSAmembranes
such as Naon® due to a loss of the functional properties
(thermomechanical properties and proton conductivity if not
properly hydrated).

Different strategies have been developed to overcome the
main bottlenecks related to polymer membranes for a wide-
spread implementation of PEMFC. However, the design of more
durable membranes operating at higher temperatures/low RH
is extremely challenging because one key property (conduc-
tivity) is generally improved at the expense of the others (life-
time, mechanical properties). For instance, this problem is
encountered for the three most promising routes, namely the
elaboration of Inter Penetrated Networks (IPN) (one network for
the mechanical strength, crosslinked or not, the other for the
proton conduction),5,6 the design of novel block-copolymers7–10

and the use of llers/nanocharges and stabilizing additives.11

Indeed, the proton conductivity is decreased due to phase
demixing for the IPN strategy intended to improve thermo-
Nanoscale Adv., 2021, 3, 2567–2576 | 2567
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mechanical properties. In addition, crosslinked IPN
membranes can become brittle while copolymers have
a mechanical weakness due to their usually low molecular
weight, and their nal morphology is hardly predictable.
Finally, for hybrid membranes containing llers/nanocharges
and stabilizing additives, issues arise from the introduction,
dispersion and possible elution in the exhaust water of these
llers/additives during FC operation, as well as their impact on
the proton conductivity, mechanical properties and perme-
ability of the membranes.

The hybridization strategy, however, can provide better
control over the nanostructure and functional properties.12 To
name a few, one can cite: (i) an improvement of water retention
with hygroscopic particles as ZrP, SiO2, TiO2, ZrO2 (precipitated
within pre-formed PFSA and sPEEK membranes or in the
polymer dispersion13,14), (ii) an enhancement of the mechanical
properties with SiO2 llers15–18 for PEMPC, (iii) a reduction of
vanadium crossover for vanadium redox ow batteries (again
SiO2 llers),19 (iv) or a mitigation of the chemical degradation
(cerium-NPs).20 In addition, the aforementioned issues like the
dispersion or elution of llers/nanocharges can be overcome if
a SG network is grown in situ in a host ionomer membrane
instead of dispersing inorganic particles into an ionomer
solution previous to membrane casting.21

Indeed, this hybridization process allows for control over the
immobilization and localization of the SG phase across the
membrane. As shown by Mauritz and coworkers, the
hydrophilic/hydrophobic nanophase segregated morphologies
of sulfonated membraned can act as an interactive template
capable of directing SG hydrolysis/polycondensation of inor-
ganic alkoxides and organoalkoxysilanes.17,22

We have recently shown that the SG route is an efficient
strategy to physically and chemically stabilize sPEEK
membranes which are prone to rapid chemical oxidation and
short lifetime in FC (hundreds of hours vs. tens of thousands
hours for Naon membrane).23 A SG phase was grown by self-
condensation of (3-mercaptopropyl)trimethoxysilane (MPTMS)
inside a commercial sPEEK host membrane in order to (i)
improve the mechanical properties of the membrane (limita-
tion of the dimensional changes) and (ii) reduce the oxidative
species generated during FC operation, thanks to the mercapto
groups carried by each repeat unit which can be oxidized up to
the formation of new sulfonated groups.24–27 This reactive SG
phase was therefore designed to evolve positively under the
aggressive long-term operating conditions in real devices. If
MPTMS has already been used to increase the proton conduc-
tivity of PEM by a direct H2O2 oxidation of the mercaptan group
to sulfonic ones,24–27 it has never been used so far to neutralize
the oxidative species generated in fuel cell. We observed that the
hybrid membranes have a better water uptake and proton
conductivity than the sPEEK membrane up to a SG uptake of
17%, with a gas permeability slightly higher than the native
sPEEK but still lower than the reference Naon. H2O2 acceler-
ated aging tests evidenced the ability of the SG phase to prevent
the oxidative degradation of the sPEEK phase. This was
conrmed by the fuel cell operability tests showing better and
2568 | Nanoscale Adv., 2021, 3, 2567–2576
more durable performances for the hybrid membranes, without
any increase of the gas permeability during operation.

In the present paper we focus on the exploration of the
structure-properties interplay of these SG hybridized sPEEK
membranes, as the morphology (size, interaction/dispersion,
connectivity) and localization (polar/apolar regions) of the SG
phase inside the host matrix are parameters expected to be
crucial for ionic conductivity, gas permeability, chemical
stability and mechanical properties of the hybrid membranes.
The structural information was obtained by a combination of
direct space (co-localized AFM-Raman,28 AFM and 3D FIB-SEM),
and reciprocal space techniques (SANS and WAXS).

Experimental
Hybrid membrane synthesis

To synthesize the hybrid membranes, a SG phase is grown by
self-condensation of a MPTMS SG precursor inside a commer-
cial sPEEK host membrane.

Starting material. sPEEK (sulfonated polyetheretherketone)
membranes with an IEC of 1.34 meq. g�1 were purchased from
Fumatech. The SG precursor, (3-mercaptopropyl)trimethox-
ysilane (MPTMS) was purchased from Aldrich (CAS no 4420-74-
0).

Membrane fabrication process. The fabrication steps were
detailed in a previous publication and are briey presented
hereaer.28

(1) From a pristine to a host sPEEK membrane. Prior to the
impregnation, the host sPEEK membranes were re-acidied in
a 1 M HCL solution at room temperature for 4 h, triple rinsed
with pure water, hydrothermally treated in liquid water at 80 �C
for 72 h to improve nano-phase separation between hydrophilic
and hydrophobic domains.29,30 This hydrothermal treatment
allows improving the membrane's proton conductivity to make
it comparable with the benchmark Naon®. At this stage, the
membrane is labelled sPEEK_NS (NS for NanoStructured). The
membranes were then swollen for 24 hours in an acidied
(acetic acid addition down to pH ¼ 4) water/ethanol mixture
(64/36 volume composition) to condition the membranes prior
to SG impregnation.

(2) Sol–gel impregnation/condensation into a host sPEEK
membrane (I). Solutions of MPTMS SG precursors in the same
solvent mixture as the one used for membrane swelling were
prepared separately (stirred for 2 hours) to obtain a homoge-
neous solution. Hydrolysis of the MPTMS SG precursors took
place during this step. The host sPEEK membrane was
immersed into this solution during 4 days (at room tempera-
ture). Then the membrane was removed from the solution and
dried in an oven under a nitrogen ux at room temperature
overnight.

(3) Post-condensation of the SG phase to improve its extent of
condensation (PC). The hybrid membrane was thermally post-
condensed for 24 hours at 70 �C and a relative humidity
(R.H.) of 6.3%.

(4) Hydrothermal post treatment to improve the proton
conductivity of the hybrid membrane (PT). A hydrothermal post
treatment (in liquid water at 80 �C for 72 h) was applied to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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hybrid membrane in order to improve its proton conductivity,
and to elute uncondensed SG precursors or entrapped
oligomers.

The hybrid membranes are labeled: HyM-X%-PT with X% the
SGuptake (see denition below) of the hybrid membrane and PT
standing for the last step of elaboration (PT ¼ hydrothermal
post treatment).

Co-localized AFM-Raman has shown a lower SG uptake over
a thickness of about one micron on both sides of the membrane
together with an homogeneous SG phase distribution in the rest
of the membrane.28

In order to understand the impact of the SG phase on the
host membrane's nanostructure, the sPEEK_NS membranes
were conditioned along the aforementioned process (from step
(2) (without SG precursors introduction in the solvent mixture)
to step (4)) to obtain a blank to be compared with the hybrid
membranes. The blank membranes are labeled sPEEK_NS_PT
(steps I, PC, then PT).
Gravimetric measurements

SG uptake. The SGUpt (eqn (1)) of the hybrid membrane was
calculated from gravimetric measurements of the mass of
sPEEK_NS (msPEEK_NSdry) and mass of the hybrid membrane
(mHyMdry), in the dry state (dried in an oven under a nitrogen
ux at room temperature overnight).

SGUpt ¼ mSGdry

msPEEK_NSdry

� 100%

¼ mHyMdry � msPEEK_NSdry

msPEEK_NSdry

� 100% (1)

Water uptake. The hybrid membrane water uptake (WUpt) in
liquid water at 25 �C was calculated as follows:

WUpt ¼
mHyMwet � mHyMdry

mHyMdry

� 100% (2)

To measure the mass of the water swollen hybrid membrane,
mHyMwet, excess water on surfaces was removed from the
membrane using absorbent paper just before weighing.
Density measurements

The density of each phase was measured with a Accupyc II 1340
gas pycnometer from Micromeritrics. All samples were dried
before measurement.
Proton conductivity

The in-plane resistance was measured by voltamperometry, by
performing a linear voltage sweep using an Essential VSP
Potentiostat (BioLogic Science Instrument) and a BT-110
conductivity clamp (four-electrode method,31 Scribner Inc.,
USA) at room temperature and at the swollen state, aer equi-
librium (at least 24 hours in liquid water). The slope of voltage
vs. current response was used as the resistance (R inU) in the in-
plane conductivity, s (S cm�1), calculated according to eqn (3):
© 2021 The Author(s). Published by the Royal Society of Chemistry
s ¼ L

W � e� R
(3)

where L is the distance between the inner V-sense electrodes
(cm), W is the membrane width (cm) and e is the membrane
thickness (cm).

It should be stressed that the conductivity measurements in
the present publication are substantially lower from the ones
reported in our previous publication focused on the synthesis of
the MPTMS hybrid membranes.28 Meanwhile we upgraded our
home-made conductivity-cell (using impedance spectroscopy)
to the four-electrode system described above, giving better
accuracy and reproducibility. This has no impact on the
discussion of the results previously published, however no
comparison should be made between these two sets of data.
Multiscale morphology

Atomic force microscopy (AFM). Topographic and mechan-
ical images of the hybrid membranes were obtained using
PeakForce QNM mode on a Nanoscope Dimension ICON AFM
(Bruker). All measurements were made under ambient condi-
tions (room temperature and relative humidity of about 50%)
with a standard cantilever holder for operation in air. In order to
image the sample, the tip (see tip references below) was oscil-
lated in the z-direction (travel distance of 150 nm) at 2 kHz (2000
force–distance curves per second) while scanning the sample
line by line at scan rate of 0.977 Hz. Images were taken with
a resolution of 512 � 512 pixels (average of 2 force–distance
curves per pixel). Thus each image corresponds to about half
a million force–distance curves, distributed over the scanned
surface (10 � 10 mm2 or 1 � 1 mm2). AFM images were analyzed
using Nanoscope Analysis version 1.7. A relative calibration
method was performed using a dedicated reference samples kit
provided by Bruker (Model: PFQNM-SMPKIT-12m). The deec-
tion sensitivity was rst measured doing a ramp on a standard
sapphire sample and the spring constant of the cantilever was
determined using the Thermal Tune method. Using the
polystyrene-low density polyethylene (PS-LDPE) standard
sample, the deection sensitivity was evaluated in order to
conrm the proper difference between the polyethylene (LDPE)
and the polystyrene (PS) modulus (Dlog E � 1.4) and the tip
radius was adjusted to obtain the proper value of 2.7 GPa for the
PS. Cantilevers' spring constant used in this study varied from
30–40 N m�1 for RTESPA Bruker model and 0.2–0.8 N m�1 for
ScanAsyst Air probes. A peakforce setpoint value of 50–100 nN
was used, inducing deformation depths of 2–10 nm for all
samples, in order to have a good correlation between the
modulus values of the references, but also to operate within the
limits of the DMT model used by Nanoscope Soware to
calculate the mechanical properties from the force–distance
curves. The cryo-ultramicrotomy procedure provided access to
unmodied cross-section (no compressive forces, no shearing)
with a very low roughness (very at samples).

3D-FIB-SEM. 3D-FIB-SEM investigations were performed on
a Zeiss crossbeam 550 FIB-SEMmicroscope, a scanning electron
microscope combined with a focused gallium ion beam column
for serial FIB milling and imaging. The previously cryo-
Nanoscale Adv., 2021, 3, 2567–2576 | 2569
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ultramicrotomed surfaced HyM-32%-PTmembrane was imaged
in SEM using Secondary Electrons (SE), with an In-Lens detector
for the topographic image, and Backscattered Electron (BSE) for
complementary chemical contrast. The images were taken with
an optimized acceleration voltage of 1.5 kV and detector
working distance of 4.9 mm. Serial sectioning involved the
removal of a volume of the material by the ion beam followed by
an image with the electron beam. First the membrane's surface
was milled until the core was attained. Then, 500 images were
taken over a depth of 2.5 mm, which means that 5 nm of the
membrane was milled away before each SEM image.

Small Angle Neutron Scattering (SANS). SANSmeasurements
were carried out on the D22 spectrometer at the Institut Laue
Langevin, Grenoble, France. The incoming wavelength was l ¼
6 Å. Sample-detector distances of 2.8 m and 17.6 m were used to
cover the extended range of momentum transfer 2.5 10�3 < Q <
0.4 Å�1, allowing to probe sizes and correlations in the range of
16 to 2500 Å. Q is the scattering vector dened as Q ¼ (4p/l)
sin(q/2) where l is the wavelength of the incident neutron beam
and q is the total scattering angle. The 2D patterns were
isotropic and thus radially averaged to extract the 1D scattered
intensities I(Q). The SANS I(Q) spectra were corrected for
detector efficiency, background and empty cell subtraction.
Absolute intensities were obtained by measuring the direct
beam through a calibrated attenuator. Prior to SANS experi-
ments, the hybrid membranes were equilibrated in H2O, D2O or
a mixture of both for at least 24 h. Thicknesses of the hydrated
samples (stack of 3 membranes) were measured using
a micrometer and were taken as the average of at least four
measurements on the sample. The hydrated samples were then
mounted in a 1 mm-gap cell with quartz windows. The sealing
was ensured with O-rings.
Wide angle X-ray Scattering (WAXS)

The Wide-Angle X-ray Scattering (WAXS) patterns were recorded
using a Panalytical X'Pert diffractometer at CEA-Grenoble/IRIG,
Fig. 1 AFMmodulus images of sPEEK_NS (a), (d); HyM-20%-PT (b), (e) an
and 1 � 1 mm2 images from (d) to (f).

2570 | Nanoscale Adv., 2021, 3, 2567–2576
equipped with a copper X-ray tube (lKa1 ¼ 1.5418 Å) delivering
a linear beam and with a 1D X'Celerator detector. A 0.5� diver-
gence slit was used on the primary path with a set of anti-
scattering slits before and aer the sample. The axial diver-
gence was limited by 0.02 rad Soller slits. The measurements
were performed in q/2q transmission geometry. The data were
recorded for 2q ranging from 5� to 60� (0.35 to 4 Å�1). The
samples were equilibrated at room temperature and relative
humidity.
Results and discussion

It is well established that the membranes' functional properties
(ionic conductivity, permeability to gases and mechanical
properties) strongly depend on their microstructure. In order to
decipher the structure-properties interplay, we scrutinized the
microstructure of the membranes by a combination of direct
space and reciprocal space techniques to cover dimensional
scales that range from a hundred to a few tenths of a nano-
meter. To do so, we utilized co-localized AFM-Raman,28 AFM,
SANS, and WAXS. Complementarity between these techniques
allows cross validation thereby increasing the reliability of the
described morphology. We characterized hybrid membranes
with different SG uptakes (10%, 20% and 32%, hereaer labeled
HyM-10%-PT, HyM-20%-PT and HyM-32%-PT).
Real space morphological characterization of the hybrid
membranes by AFM and 3D-FIB-SEM

AFM experiments were performed on cryo-ultramicrotomed
cross-sections (not the ultrathin section but the opened
membrane following the procedure presented in a previous
work32). Fig. 1 shows AFM modulus images (10 � 10 mm2 and 1
� 1 mm2) of hybrid membranes with a SG uptake of: 0% ((a) and
(d)), 20% ((b) and (e)) and 32% ((c) and (f)). Scale bars are given
to distinguish 10 � 10 mm2 from 1 � 1 mm2.
d HyM-32%-PT (c), (f). 10� 10 mm2 images are presented from (a) to (c)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Modulus of each phase of the hybrid membranes (AFM)

Sample DAFM (Å)
sPEEK modulus
(GPa)

SG modulus
(GPa)

HyM-20%-PT 1100 � 480 1.9 � 0.1 0.89 � 0.05
HyM-32%-PT 1350 � 630 1.9 � 0.1 0.85 � 0.05
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From the 10 � 10 mm2, it is clearly observed that the SG
phase is organized into spherical-shaped domains. The mean
diameter of SG domains (DAFM) measured on the 10 � 10 mm2

images was found to be: 1100 � 480 Å and 1350 � 630 Å, for
HyM-20% and HyM-32%, respectively. As expected from
a nucleation and growth process, DAFM increases with the SG
uptake. DAFM as well as the sPEEK and SG modulus measured
on the 1� 1 mm2 images (Fig. 1(d)–(f)) are presented on Table 1.
The SG phase was found with a modulus of about 0.9 � 0.1 GPa
and the sPEEK phase with a modulus of about 1.9 � 0.1 GPa.

The modulus of the host sPEEK membrane and the one of
the ex situ SG phase (homopolymerized MPTMS) taken sepa-
rately were measured by AFM at 1.9� 0.1 GPa and 0.9� 0.1 GPa
respectively. The moduli of the sPEEK and SG phases within the
hybrid membranes do not vary signicantly with the SG content
and are similar to those of the phases alone. It can therefore be
concluded that each phase remains relatively pure upon
hybridization. In other words, even if the presence of a limited
amount of sPEEK inside the SG domains should not be
excluded, this indicates that the two phases coexist without
signicant mixing at this scale. On the 1 � 1 mm2 images
(Fig. 1(e) and (f)) one can see that the SG domains do not appear
massive, but more like aggregates of smaller particles. To verify
this latter assumption and the fact that the SG phase does not
form an interconnected network, 3D-FIB-SEM experiments were
performed on the sample HyM-32%-PT. Fig. 2(a) shows the
milled area of the membrane to access its core for 3D analysis.
Fig. 2(b) presents one of the BSE images of the stack (3 � 3
mm2), and Fig. 2(c) is an enlargement of a selected area of this
gure (1 � 1 mm2). These BSE images conrm the AFM obser-
vation of SG aggregates being formed by smaller particles, with
a chemical contrast for BSE images complementary to the
mechanical contrast of AFM images. The SG phase contains
Fig. 2 (a) SEM image of the milled area of the membrane HyM-32%-PT;
and (c) BSE image enlargement of a selected area of (b) (1� 1 mm2). The s
are available as ESI-1.†

© 2021 The Author(s). Published by the Royal Society of Chemistry
silicon atoms, absent in the sPEEK phase. The brighter the area
on the BSE image, the more it contains silicon (higher atomic
number: 14 for silicon versus 8 for oxygen and 6 for carbon), and
therefore SG. The stacks of SE and BSE images corresponding to
a volume of 3 � 3 � 2.5 mm3 are shown in ESI.† They reveal that
the SG domains are not interconnected but rather individually
dispersed in the sPEEK matrix, thus conrming the AFM
observations.

The formation of SG-rich phase is in accordance with the
ability of acid-catalyzed SG derived silica materials to form
fractal structure created by large particles (secondary particles/
aggregates) which are also clusters of smaller primary
particles.33

In addition to the AFM and 3D-FIB-SEM experiments, we
performed scattering techniques (SANS/WAXS) in order to
provide a multiscale description of the impact of the SG phase
on the host membrane nanosegregated morphology (ionic/
crystalline/amorphous phases) and on the hierarchical struc-
ture of the SG phase (typical size of the primary particles and
their distribution). WAXS measurements performed on
sPEEK_NS_PT, an ex situ synthesized SG sample and HyM-32%-
PT (see ESI-2†) show that the hybrid membrane pattern can be
mainly considered as the sum of the patterns of the polymer
and sol–gel components, conrming the absence of structural
modications in the hybrid membrane at a scale ranging from
a few Å up to a few nm.
Fourier space morphological characterization of the hybrid
membranes

In the case of condensed and dispersed particles consisting of
homogeneous isotropic scattering centers, the scattered inten-
sity I(Q) contains information on the particles shape (form
factor P(Q)) and organization (structure factor S(Q)). For Np

centrosymmetric particles of volume Vp the intensity per unit
volume V writes:34,35

IðQÞ ¼ Vp
2

V
NpDr

2PðQÞSðQÞ ¼ FVpDr
2PðQÞSðQÞ (4)

with F the particle volume fraction and Dr2 the so-called
contrast factor, determined by the difference in the scattering
(b) BSE image extracted from the stack of images obtained (3 � 3 mm2)
tacks of SE and BSE images obtained from this 3D-FIB-SEM experiment
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Fig. 3 SANS profiles at room temperature of HyM-10%-PT (ꟷ), HyM-
20%-PT (ꟷ), HyM-32%-PT (ꟷ) in 16.5% D2O. The SANS profile of
sPEEK_NS_PT (D2O) (ꟷ) is added for comparison. The insets are zoom
of the ionomer peak.
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length density (SLD) between the particles and the medium r1
and r2 respectively with r ¼ dNAb/M, where d is the mass
density, NA the Avogadro constant and b the neutron scattering
length and M the molecular weight of the repeat unit.

A series of contrast variation Small Angle Neutron Scattering
(SANS) experiments was performed on hydrated hybrid
membranes. This experiment consists in recording the SANS
proles of membranes equilibrated with different H2O–D2O
solvent mixtures to vary the contrast between the polymer
phase, the SG phase and the solvent. It is possible to continu-
ously adjust the scattering length density (SLD) of the solvent in
order to match out selectively the SLD of a component (either
the polymer or the SG phase), making it invisible to neutrons.
This contrast variation strategy, which can be applied thanks to
the hydrophilicity of the ionic domains, constitutes a consider-
able advantage in terms of cost and feasibility over the selective
deuteration of polymers because many useful deuterated
monomers are not commercially available or prohibitively
expensive.

The neutron SLD (r) of the different phase were calculated
(using the molecular weight of the repeat units and densities of
both sPEEK and SG powder obtained by polycondensation of
MPTMS, respectivelyMsPEEK ¼ 320 g mol�1, dsPEEK ¼ 1.4 g cm�3

and MSG ¼ 127.2 g mol�1; dSG ¼ 1.26 g cm�3) and were found
equal to rsPEEK ¼ 2.75 �1010 cm�2 and rSG ¼ 0.62 � 1010 cm�2.
The solvent mixture corresponding to the SLD of the sPEEK and
SG phase are respectively 50% H2O–50% D2O and 83.5% H2O–
16.5% D2O by volume (hereaer abbreviated as 50% D2O and
16.5% D2O for the sake of brevity). The calculated SLDs were
cross-checked experimentally by performing contrast variation
SANS on each component. Each phase was equilibrated in
different H2O–D2O solvent mixtures; the square root of the total
intensity was plotted as a function of the solvent SLD or
equivalently, the D2O content (eqn (3)). The SLD of the phase
corresponds to the composition for which the signal vanishes,
i.e., the contrast match point. Table 2 gathers the calculated
SLDs and contrast terms.
Impact of the SG phase on the host membrane nanostructure

Contrast variation experiments were performed to match out
the SG signal (hybrid membranes equilibrated in a 16.5% D2O
mixture). Fig. 3 compares the SANS proles of HyM-10%-PT,
HyM-20%-PT and HyM-32%-PT equilibrated in 16.5%D2O and
Table 2 Calculated scattering length density r (SLD) of the different
phases and contrast factors (Dr2). SLDs are calculated from the
molecular weight of the repeat units and density of sPEEK and the solid
obtained by polycondensation of MPTMS, respectively MsPEEK ¼ 320 g
mol�1, dsPEEK¼ 1.4 g cm�3 andMSG¼ 127.2 gmol�1; dSG¼ 1.26 g cm�3

Phase
r

(1010 cm�2)

Dr2 (1010 cm�2)

sPEEK SG

sPEEK 2.75 — 4.55
SG 0.62 4.55 —
50% D2O 2.92 z0 5.30
16.5% D2O 0.59 4.65 z0

2572 | Nanoscale Adv., 2021, 3, 2567–2576
the one of sPEEK_NS_PT in D2O (the SANS prole of a nano-
structured sPEEK in H2O is very similar to the one recorded in
D2O).36 This membrane conditioning ensures to reach swelling
equilibrium.30

As expected, the SANS prole of the sPEEK_NS_PT displays
a well-dened ionomer peak (located at Qiono � 0.1 Å�1 asso-
ciated to an inter-domain spacing diono ¼ 2p/Qiono � 63 Å),
which is the ngerprint of the nanophase separation between
hydrophilic and hydrophobic domains.29 At larger angles, a Q�4

Porod's law is observed, which is the signature of well-dened
interfaces between hydrophilic and hydrophobic phases.29,30

At this stage, it is therefore worth reminding the similarities in
terms of microstructure between sPEEK and Naon®. The
Naon®microstructure is still the subject of debates37,38 but the
ribbon-like polymer particle model of Rubatat et al. appears as
the most suitable model to describe the main structural
features of Naon® together with its transport properties.39–43

The local structure is formed by polymer ribbons with the ionic
groups at the water–polymer interface. These ribbons are locally
oriented and are packed into randomly distributed bundles of
50–100 nm (estimated from USAXS and AFM40) which give rise
to a typical small angle upturn (related to the large-scale
heterogeneities in the electron density associated with the
disordered distribution of ionic domains).39,40,44 The same was
concluded for sPEEK aer achieving good nanophase separa-
tion.29,30 Indeed, the scattering entities of sPEEK were found to
be compatible with at aggregates (ribbon-like), as expected for
most of the dissociated ionomers.45

The SANS proles of the hybrid membranes soaked in
a 16.5% D2O mixture display similar scattering behavior:
a small angle upturn followed by an ionomer peak which shows
that the original phase separated morphology of the host sPEEK
matrix persists despite the insertion of the SG phase, which is
essential to ensure proton conduction.

Similar results were obtained on SAXS and SANS analyses of
Naon®/SG-derived silicon oxide phase, obtained either by
membrane casting or by in situ SG reaction.13,15,18,19
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Ionomer peak position Qiono (�0.01) and corresponding
correlation length diono ¼ 2p/Qiono for the different membranes
swollen in pure water at room temperature then conditioned in
a 16.5% D2O mixture for the hybrid membranes and in D2O for
sPEEK_NS_PT for SANS measurements (room temperature)

Sample Qiono (Å
�1) (�0.01) diono (Å)

sPEEK_NS_PT 0.10 63 � 6
HyM-10%-PT 0.10 63 � 6
HyM-20%-PT 0.11 57 � 5
HyM-32%-PT 0.12 54 � 4
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Concerning the intensity, shape and position of the ionomer
peak, we observe a clear dependence with the SG content. A zoom
of the ionomer peaks is presented in the inset of Fig. 3. A signif-
icant ionomer peak broadening and shiing to higher Q is
observed when increasing SG loading for SG uptakes greater than
10%. In other words, the SG content's increase results into
a tightening of the ionic domains together with an increase of their
size heterogeneity. The ionomer peak's positions Qiono and the
corresponding correlation length diono are displayed in Table 3.

From these measurements, indications about the SG aggre-
gates' localization can be deducted. Indeed, the tightening of
the ionic domains can be explained by a compression of the
polymeric aggregates exerted by the expansion of the SG
aggregates. The latters therefore likely reside within the inter-
bundle areas where the spatial arrangement of the polymer
ribbons is less compact39,40 making it compatible to accommo-
date large aggregates (observed by AFM) as also suggested in the
work on Zr–P particles formed by in situ precipitation in
Naon®.13

Hierarchical mesostructure of the SG phase, the case of HyM-
32%-PT

In order to measure solely the SG signal, HyM-32%-PT was
soaked in 50%D2O which corresponds to the contrast match
point of the sPEEK phase.36 Fig. 4 displays the corresponding
SANS prole.
Fig. 4 SANS profile (room temperature) of HyM-32%-PT in 50% D2O.
TheQ�4 andQ�2 slopes are eye-guides. The inset compares the SANS
profiles (room temperature) of a sPEEK_NS_PT in D2O (x̂) and in 50%
D2O (C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
The inset of Fig. 4 compares the SANS proles of
a sPEEK_NS_PT equilibrated in pure D2O and in 50% D2O. No
signal was measured except the small angle upturn associated
to long-range heterogeneities that cannot be completely
matched out; the associated intensity is negligible, i.e., between
two and three orders of magnitude lower than the scattered
intensity for hybrid membranes (depending on the SG uptake,
see Fig. 5). This conrms that this solvent composition corre-
sponds to the match point where the contrast is zero, i.e., sPEEK
membrane is essentially invisible to neutrons. Therefore, the
features observed in the SANS prole of hybrid membranes
equilibrated in a 50% D2O originate solely from the SG phase if
both sPEEK and SG phase do not mix resulting in a third phase
with an intermediate SLD. The fact that the two components
sPEEK and SG are successfully matched independently is
a further indication of the absence of mixture of the sPEEK and
SG phases at this scale. This result supports the hypothesis that
the SG phase mainly developed in the interbundle areas (free
volume available for large aggregates, observed by AFM and 3D-
FIB-SEM).

As expected from AFM and 3D-FIB-SEM analyses showing
that the SG phase is aggregated into homogeneously dispersed
spherical-shape aggregates on the order of 1000 Å, the low-Q
signal obeys scattering of high-polydispersity spherical objects,
with almost constant intensity of the low-Q region (i.e. I(Q)
scales with Q�0), followed by a Q�4 Porod behavior without
oscillations. The absence of correlation peak at small angles
conrms that the large spherical objects are dispersed without
any signicant correlation in position or orientation.

The high intensity and the low angular position of this signal
is coherent with the SG aggregates size observed by AFM and
3D-FIB-SEM, of the order of a hundred nanometers. Consid-
ering the size of these aggregates, ranging from �1000 to 1400
Å, it is clear that they are much too large to be sequestered
within ion conducting channels typically 20 times smaller29

which conrm the previous conclusions. Once again, the
formation of some small SG-NPs within the ionic domains
Fig. 5 SANS profiles at room temperature of HyM-10%-PT ( ), HyM-
20%-PT% ( ) and HyM-32%-PT ( ) in 50% D2O. The Q�4 and Q�2

slopes are eye-guides. The inset displays the Kratky plot I(Q)Q2 vs. Q.
The arrows illustrate the evolution of the peak positions Qagg (aggre-
gates) and QPP (primary particles) with the SG content.
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cannot be excluded, considering the hydrophilicity of the
hydrolyzed SG precursors.

At larger angles, a bump is observed at about Q � 5.8 � 10�2

Å�1, a position independent of the SG uptake (see Fig. 5). This
signal is associated to the presence of primary particles (PP); the
SG phase is multiscale organized. This is in agreement with the
ability of acid-catalyzed SG based materials to form fractal
structure created by aggregates which are clusters of primary
particles. In addition, the fact that the Young modulus of the SG
aggregates (AFM) is similar to the one of the ex situ SG phase
strongly suggests that the primary particles are densely packed.
Therefore, this bump is attributed to the interaction peak
between the primary spherical SG particles.
Hierarchical mesostructure of the SG phase, impact on the SG
content

What is the typical size of the aggregates and primary particles
aggregates? In order to address this question, we recorded the
SANS proles of HyM-10%-PT, HyM-20%-PT and HyM-32%-PT
hydrated in 50% D2O. Fig. 5 shows the corresponding SANS
proles.

As expected, differences of intensities and position of the
breaks in slope are clearly noticed in the SANS proles when the
SG uptake varies. Very similar scattering proles are observed.
This indicates that the SG content does not signicantly inu-
ence the SG phase morphology but mainly drives the charac-
teristic sizes of the SG aggregates.

Usually, a Guinier plot (ln[I(Q)] vs. Q2) allows estimating the
radius of gyration Rg of nanoparticles (where the slope of the
linear t of the low-Q region equals Rg

2/3).34 However, for the
aggregates, we have no data point for Q < 2.10�3 Å�1 where this

holds true (RgQ < 1, estimation of Rg from AFM by Rg ¼
ffiffiffi
3
5

r
R, R

being the geometric radius of spherical particles). Instead, we
therefore used the Kratky representation, which consists in
plotting I(Q)Q2 against Q, and allows observing breaks in slope
as well-dened maxima. The inset of Fig. 5 displays the corre-
sponding Kratky plots highlighting two peaks associated to the
aggregates (at small angles) and to the primary particles (at
wider angles). The radius of gyration Rg of the aggregates are

calculated from the peak maximum Rg ¼
ffiffiffi
3

p
=Qmax.34 The mean

separation distance between primary particles dPP, which is very
likely their diameter DPP_SANS, is deduced from the peak posi-
tion QPP from dPP ¼ DPP-SANS ¼ 2p/QPP. The data are gathered in
Table 4.

The mean diameter of the SG aggregates measured by SANS
and AFM modulus images are in very good agreement. For the
Table 4 Peak position of the maximum in the Kratky plots and diam
(respectivelyQagg_SANS and Dagg-SANS,QPP_SANS and DPP_SANS) of the SG p
by SANS analysis

Sample Qagg_SANS (�0.1) (10�3 Å�1) Dagg_SA

HyM-10%-PT 4.4 1016 �
HyM-20%-PT 3.5 1280 �
HyM-32%-PT 3.2 1400 �

2574 | Nanoscale Adv., 2021, 3, 2567–2576
lowest SG uptake, the number of primary particles within an
aggregate ((Dagg/DPP)

3) is mainly proportional to the SG uptake
while it increases less rapidly for higher SG content. This
observation suggests that the size of the SG aggregates may be
limited by the accommodation of the sPEEKmatrix (mechanical
resistance and deformation of the polymeric aggregates, free
volume). The size of the primary particles remains independent
(DPP_SANS � 11 nm) of the SG uptake, which is an expected
result. The primary particles are also too large to reside within
the ionic domains.

In a nutshell, AFM, 3D FIB-SEM, SANS and WAXS experi-
ments show that the sPEEK and SG phase coexist as two inde-
pendent phases without signicant interaction.
Macroscopic properties

In this section we will study the potential correlation between
the microstructure and the macroscopic properties of interest.

Fig. 6(a) and (b) display the evolution of the water uptake and
the proton conductivity against the hydrophilic volume fraction
(sPEEK phase) in order to highlight the contribution of the
conducting phase. It has to be noticed that aer the hydro-
thermal treatment, all the membranes were kept at least 24 h in
liquid water at room temperature before measurements. As
previously published,30 these storage conditions ensure the
stability of structure, swelling and conductivity of sPEEK
membranes (swollen sPEEKmembranes are in their glassy state
at room temperature).

It is observed on Fig. 6(a) that the water uptake increases
almost linearly with the volume fraction of the conductive phase
FvsPEEK. This result is consistent with our previous publication
showing a similar phenomenon for water vapor sorption exper-
iments.28 This suggests that the polysiloxane phase does not
hinder the accessibility of water to the ionic SO3H groups and
exhibits itself a very limited water sorption. It should be noticed
however, that the conductivity shows a break in its linear
evolution withFvsPEEK: a sharp (but however limited) decrease of
conductivity is observed even for very limited SG uptake, while
the rest of the evolution is however linear (Fig. 6(b)).

The decrease in conductivity with the increase of the SG
phase content can be explained by the combined effect of the
decrease in the sPEEK content, useful for proton transport and
the compression of the ionic domains (SANS result, Table 3).
However, the observed conductivity drop even with limited SG
uptake, indicates that the development of the SG phase in the
interbundle regions is certainly responsible for an interruption
of the conduction paths in these zones which moderately
participate to the proton conduction.46
eter of the spherical secondary (aggregate) and primary particles
hase within HyM-10%-PT, HyM-20%-PT and HyM-32%-PT determined

NS (Å) QPP_SANS (�0.1) (10�2 Å�1) DPP_SANS (Å)

23 5.8 108 � 2
37 5.8 108 � 2
44 5.8 108 � 2

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Evolution of the (a) water uptake ( ) and (b) proton conductivity ( ) of the membranes as a function of the volume fraction of the
conductive phase FvsPEEK measured at room temperature after a swelling in liquid water at 80 �C for 72 h. The straight lines are eye guides.
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Conclusions

The aim of the present work was to provide correlations
between microstructure and functional properties for a new
generation of PEMFC hybrid membranes holding promise for
improved durability and performances. The strategy was to
grow a SG phase by self-condensation of (3-mercaptopropyl)
trimethoxysilane (MPTMS) inside a commercial sPEEK host
membrane in order to protect the membrane by reducing the
oxidative species generated during FC operation, thanks to the
mercapto groups carried by each repeat unit which can be
oxidized up to the formation of additional sulfonated groups.

We provided in-depth insights into their multiscale
morphology by a combination of direct space (AFM/3D FIB
SEM) and reciprocal space (SANS/WAXS) techniques (�100 to
a few nm) performed on hybrid membranes with �10, 20 and
32% SG content.

AFM and 3D-FIB-SEM analyzes showed that the SG phase is
organized into spherically shaped aggregates whose size
increases with the SG uptake (diameters about 100–200 nm).
These aggregates are much too large to reside within ionic
pathways of sPEEK membrane (diameters about 3–6 nm).

We used contrast variation SANS to provide a multiscale
description of the impact of the SG phase on (i) the host
membrane nanosegregated morphology (ionic/crystalline/
amorphous phases) and (ii) the hierarchical structure of the
SG phase (typical size of the constitutive particles/distribution).

Matching the SG phase signal (16.5% D2O, rSG_calc z 0.62 �
1010 cm�2), we observed that despite SG insertion, the ionomer
peak, the ngerprint of the hydrophilic/hydrophobic nano-
phase segregation is still observed, proving that the sPEEK ionic
pathways are conserved. Noticeable rightward shi and
widening of the ionomer peak are observed with the SG content,
which suggest ion channel compression and greater heteroge-
neity of the ionic domains size.

With sPEEK matching conditions (50% D2O: r50–50 ¼ 2.92 �
1010 cm�2 z rsPEEK ¼ 2.75 � 1010 cm�2; no ionomer peak), we
observed that the SG phase is multiscale organized, showing its
fractal-like nature (aggregates which are clusters of smaller
primary particles).
© 2021 The Author(s). Published by the Royal Society of Chemistry
We found that the mean diameter of the SG aggregates
measured by AFM modulus images and SANS are in very good
agreement. The size of the primary particles determined by SANS
remains constant (about 11 nm). We concluded that SG
aggregates/primary particles are much too large to be compatible
with the dimensions of the ionic pathways of sPEEK (�3–6 nm).

The cross-correlation of AFM, 3D-FIB-SEM and SANS anal-
yses strongly indicates that the SG aggregates mainly grow
within the interbundle areas (free volume available for large
particles growth). AFM, 3D-FIB-SEM, SANS and WAXS results
show that the sPEEK and SG phases coexist as two independent
phases without signicant interaction.

Finally, the microstructural behavior was naturally corre-
lated to the macroscopic properties of interest, i.e. the water
uptake and the proton conductivity. While we observed that the
water uptake increases almost linearly with the volume fraction
of the ionic phase FvsPEEK, the conductivity increase is linear
only if we exclude the pure sPEEK membrane. Indeed a jump of
conductivity is observed for FvsPEEK ¼ 100%. This conductivity
drop supports the proposed morphological description of the
hybrid membranes, with a SG phase that develops in the
interbundle region: limited impact on the water access to the
ionic sPEEK phase, however a partial interruption of the ionic
path previously connected through the interbundle regions.46

With this work, we are condent to optimize the design of
alternative hybrid membranes by tailoring the chemistry of the
SG precursors (reactivity of the stabilization group, number of
hydrolysable functions) and the morphology of the host
membrane to optimize the architecture/properties/durability
interplay for improved PEMFC performances.
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