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Abstract
Design and implementation of advanced membrane formulations for selective transport of ions
and molecular species are critical for creating the next generations of fuel cells and separation
devices. It is necessary to understand the detailed transport mechanisms over time- and
length-scales relevant to the device operation, both in laboratory models and in working
systems under realistic operational conditions. Neutron scattering techniques including
quasi-elastic neutron scattering, reflectivity and imaging are implemented at beamline stations
at reactor and spallation source facilities worldwide. With the advent of new and improved
instrument design, detector methodology, source characteristics and data analysis protocols,
these neutron scattering techniques are emerging as a primary tool for research to design,
evaluate and implement advanced membrane technologies for fuel cell and separation devices.
Here we describe these techniques and their development and implementation at the ILL
reactor source (Institut Laue-Langevin, Grenoble, France) and ISIS Neutron and Muon
Spallation source (Harwell Science and Technology Campus, UK) as examples. We also
mention similar developments under way at other facilities worldwide, and describe
approaches such as combining optical with neutron Raman scattering and x-ray absorption
with neutron imaging and tomography, and carrying out such experiments in specialised fuel
cells designed to mimic as closely possible actual operando conditions. These experiments
and research projects will play a key role in enabling and testing new membrane formulations
for efficient and sustainable energy production/conversion and separations technologies.
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1. Introduction

With the goal to reduce carbon emissions to net zero by 2050
substantial research is being directed at developing novel mate-
rials and hierarchical structures for energy harvesting, storage
and conversion devices. Key to many of these applications
is the development and optimization of ion-selective mem-
branes that provide a key component necessary for the oper-
ation of fuel cells, electrolyzers and redox flow batteries, as
well as in nanofiltration for water purification and separa-
tion applications [1–4]. Critical issues that are currently being
investigated address improvements in durability and perfor-
mance efficiency combined with lowered production costs [5,
6]. Research to develop and model the chemistry and improve
the performance of novel as well as current membrane formu-
lations is under way in laboratories worldwide [6–10]. Neu-
tron scattering (NS) and imaging techniques designed to probe
the structure and dynamics of bulk and thin film materials are
playing an increasing role in studies to understand, control and
develop critical issues of water uptake and management related
to polymer structure, selective transport of ions and molecular
species through the membrane, and the coupling between these
dynamic processes.

While various new chemistries are under development,
poly(perfluorosulfonic acid)-based Nafion R© membranes
developed as proton-conducting membranes still dominate
the market and are used as state-of-the-art reference materials,
despite suffering from poor selectivity due to swelling in
water. The hydration-dependent nanostructure of these mate-
rials has been extensively studied by small angle x-ray and
neutron scattering (SAXS, SANS) [11, 12] complemented
by quasi-elastic neutron scattering (QENS), to investigate
both water and ion dynamics [13–20]. The studies are now
being extended to in situ investigations carried out under
typical operando conditions within working fuel cells and
ion-selective separation devices [21–27]. Ion transport within
these polymers depends on the formation of interconnected
channels, that depends upon the chemical and physical
characteristics of the polymer and the degree of hydration
[28–30]. Significant challenges include achieving precise
control over pore architecture and size distribution [4, 7,
8, 31–33] to obtain next generations of highly performing
membranes, for operations over a wide temperature range
while optimizing lifetime, that permit selective transport of
either cationic (H+) or anionic (OH−) charge-carrying species
to enable implementation of either proton- or anion-exchange
fuel cells and other devices.

To address these targets, the main strategies being imple-
mented in academic and industry research laboratories
worldwide are based on the development of: (i) new synthetic

membranes, where careful design of chemical and physical
properties is being used to tune channel size and distribu-
tion [34–36]; as well as (ii) formation of composite mem-
branes, where the incorporation of fillers (e.g. silica, clay,
zeolites, etc) into the Nafion membrane serves to increase
the thermal, chemical and mechanical resistance while play-
ing a role in managing water uptake, membrane swelling and
ion transport [37–40]. Recent research is directed at introduc-
ing low-dimensional nanoporous materials including graphene
oxide or graphitic carbon nitride into the polymeric matrix
[4, 41–43] (figure 1), or by using metal organic framework
membranes [44, 45].

2. Neutron scattering as a tool

To evaluate the performance of existing and new membrane
formulations, it is necessary to understand not only their poly-
meric and hierarchical structures across molecular to meso-
scopic length scales, but also to study their water uptake,
ion conductivity and polymer dynamics over picosecond to
nanosecond timescales. These goals are achieved using NS
techniques that exist or are under development at various facil-
ities worldwide (table 1). The local dynamics in relation to the
molecular structure are examined by QENS, while through-
depth profiling of the chemical composition and structure of
membrane materials is achieved by neutron reflectivity (NR)
[46]. Operando studies using these techniques as well as small-
and wide-angle neutron scattering (SANS and WANS) are
beginning to be implemented under conditions relevant to the
functioning of actual fuel cells [21, 24, 25].

Unveiling structural and dynamical properties, as well as
identifying their interplay in polymeric systems is a great chal-
lenge, which becomes even more difficult when increasing the
complexity of the system (e.g. intricate monomeric units, poly-
mer blends, nanocomposites, etc). One possible strategy is to
combine NS with computer simulations (i.e. ab initio meth-
ods, fully atomistic molecular dynamics—MD—simulations,
Monte Carlo methods, etc). The data provided by NS are
complemented by computational studies, where experimental
parameters are used to feedback into model inputs, providing
an effective methodology to understand the formation, stabil-
ity, and properties of membrane materials, as well as guiding
the formulation of advanced designs for specific applications
[17, 43, 47–54].

Unlike x-ray beams that are commonly used for molec-
ular characterisation, neutrons do not typically cause radi-
ation damage to the samples under investigation, and are
ideal to examine soft matter systems including fuel cell mem-
branes. They are highly sensitive to the structure and dynam-
ics of hydrogen-containing materials, and furthermore take
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Figure 1. Schematic illustration of Nafion (a) vs Nafion composite
(b) and (c) membranes. In panel (b) is represented a nanocomposite
membrane where 2D nanomaterial (carbon nitride with a PTI
structure) is co-deposited with Nafion. In panel (c) is represented a
nanocomposite membrane where 2D nanomaterial (GO) is
deposited within Nafion layers.

advantage of isotopic contrast experiments to specifically
highlight and disentangle processes involving different spatial
regions and dynamical behaviours, that are strongly coupled
together in complex multicomponent materials. Moreover,
because they allow ready penetration on the order of several cm
through metallic or ceramic containers and reaction vessels,
it is possible to monitor and image time-dependent structure
and dynamic processes, both in situ and under operando condi-
tions relevant to membrane functionality [55–57]. Achieving
such fundamental understanding is critical to guide the passage
from laboratory experimentation to bulk material formulation
with hierarchical structure designation, leading to up-scaled
production of commercially relevant products.

Neutrons for scattering techniques as a tool for materials
research are produced in large facilities by either fission or
spallation. In research reactors such as the ILL in France, a
high continuous flux of neutrons is produced by fission of
heavy nuclei, yielding around one neutron per fission, with an
average flux 1015 n cm−2 s−1 (figure 2) [58]. Reactors (i) enable
resolutions that can be more easily tailored to experimental
requirements, (ii) achieve higher flux that allows a unique view
on large objects and slow dynamics, (iii) enable easier neutron
polarization and (iv) use of a narrow wavelength band of neu-
trons. However, fission sources have high energy deposition
per useful neutron (∼180 MeV).

On the other hand a pulsed source of neutrons is pro-
duced by bombarding a heavy element target with high-energy
particles, typically protons. This kind of source is typically,
described according to the nature of the proton accelerator:
pseudo-continuous (e.g. SINQ at PSI), short-pulse (e.g. ISIS,
SNS, and J-PARC), or long-pulse (e.g. ESS and SNS 2nd tar-
get station) sources. The spallation process typically produces
around 30 neutrons per proton (∼15 in the specific case of
ISIS), with an average flux of 1013 n cm−2 s−1 despite a high
peak flux (∼1015 n cm−2 s−1; figure 2) [58]. Spallation sources
benefit from (i) ‘low’ energy deposited per useful neutron of

Figure 2. Thermal flux achievable at various neutron facilities.
Adapted from NS, Skold and Price: eds. Academic Press, 1986 [58]
where facility acronyms are defined (see also legend to table 1).
Reprinted from [58], Copyright (1986), with permission from
Elsevier.

∼30 MeV (∼6×more neutron per unit heat compared to reac-
tor source), (ii) a time structure which is advantageous for
some experiments, (iii) a broad wavelength band from each
pulse, and (iv) lowered political implications compared with
nuclear reactor sources. However, the reduced flux at spalla-
tion sources leads to longer acquisition times while the useful
time structure is not implemented for all instruments.

The neutron flux in both types of sources needs to be
thermally moderated to sub-Å to tens of Å wavelengths to
be useful in NS experiments. So-called ‘cold’ neutrons, with
wavelengths in the range of 4 to 30 Å (i.e., energies from μeV
to several meV) permit investigations of structural correlations
from 0.1 to a few 100 nm in length and beyond, in combination
with studies of molecular motions on the pico- to nano-second
time regime.

Neutron sources are constantly in development [59, 60]
to provide innovative and more powerful neutron instrumen-
tation that is being applied to advanced membrane research.
One such instrument is the LET spectrometer [61] at the ISIS
Facility, UK, whose unique features allow accessing an excep-
tionally wide dynamic range (by around three orders of mag-
nitude), distinguishing between magnetic and spin incoherent
excitations [62] and to completely map out reciprocal space
throughout the Brillouin zone [63]. Other features of LET are:
(i) the combination of time-of-flight spectroscopy (TOF) and
longitudinal polarization analysis [64], that opens up the possi-
bility of simultaneously separating cross-section components
over wide regions in (Q, ω) space; and (ii) the implementation
of the repetition rate multiplication method [65]. This method
uses a set of monochromatic wavelengths derived from each
source pulse to permit in-depth studies of samples with com-
plex inelastic behaviour. In practical terms this allows access
to concurrent measurements at different energy resolution, and
thus to studies of both slow dynamics and fast local/diffusive
motions. Other upgrade projects include the addition of a
Si111 analyser bank [66] and a guide upgrade [67] on the
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Table 1. Example beamlines suitable for NS techniques: Oak Ridge National Laboratory Spallation Neutron Source (ORNL), USA;
National Institute of Standards and Technology Center (NIST) for Neutron Research, USA; Paul Scherrer Institute (SINQ), Switzerland;
Australian Nuclear Science and Technology Organisation (ANSTO); Japan Proton Accelerator Research Complex (J-PARC), Materials Life
Science, Japan; (FRM-II) Research Neutron Source Heinz Maier-Leibnitz Forschungsreaktor München II.

ISIS ILL Other worldwide

QENS LET, Iris, Osiris IN16B, SHARP, IN5, PANTHER BASIS & CNCS (ORNL); DCS & HFBS (NIST);
Emu (ANSTO), BL12-HRC, DNA & AMATERAS
(J-PARC); TOFTOF (FRM-II)

NR Offspec, Inter, Surf, Polaref FIGARO, D17, SuperADAM Liqref & MAGREF (ORNL); CANDOR (NIST);
AMOR & MORPHEUS (SINQ); Platypus (ANSTO);
NREX (FRM-II)

NI IMAT NEXT IMAGING (ORNL); NIF (NIST); Dingo (ANSTO);
ANTARES (FRM-II)

Ultra Small -
Small -
Wide Angle

NIMROD, SANDALS, LoQ,
Sans2D, Larmor, Zoom

D4, D11, D16, D22, D33 EQ-SANS & USANS (ORNL); SANS-I (SINQ);
Quokka (ANSTO); BL15-TAIKAN (J-PARC)

OSIRIS backscattering spectrometer, which will increase the
dynamic range to probe processes with longer characteristic
relaxations times and complement the capabilities of LET, and
achieve a factor 5–6 gain in intensity important for thin film
experiments. In addition to the on-going upgrades to spec-
trometers, ISIS has three state-of-the-art membrane-relavent
reflectometers: INTER [68], POLREF [69] and OFFSPEC
[70], which because of their large neutron flux are particu-
larly adapted for collection of scattering signal over a wide
range of momentum transfer (Q) and intensity, useful for time-
resolved kinetics studies [71]. POLREF and OFFSPEC also
allow a complementary analysis of in-plane membrane and
thin film structures and their structural and chemical hetero-
geneity, leading to more realistic models of model membranes
as well as analytical devices.

The ILL reactor in France has also experienced relevant
upgrades and instrumentation developments. A recent devel-
opment for neutron reflectometry involves use of a prism
with a curved surface, instead of traditional choppers. This
upgrade involves applying refractive analysis to the incom-
ing neutron beam over the white spectrum, and the RAIN-
BOWS [72] instrument will increase the transmission by up
to two orders of magnitude. Coupled with high spatial reso-
lution detectors this will significantly enable advanced studies
of reaction kinetics and materials and devices under operando
conditions. This upgrade is intended to be available initially for
the FIGARO reflectometer (optimized for horizontal surfaces
with option of either reflection up or down) and then extended
to the D17 reflectometer (vertical surfaces).

In spectroscopy, two upgrades are worth mentioning. First,
a cold inelastic TOF spectrometer SHARP [73, 74] is being
built at ILL as a collaborative project between Sweden and
France. This instrument combines the time-focusing advan-
tage, with four instrument resolutions ranging from 50 to
170 μeV, with a high detection quality leading to a large
improvement in the definition and mapping of the (Q, ω)
domain, essential for the detection of anisotropic signals. A
key feature is the incorporation of a TOF chamber which offers
the possibility for studies of samples under vacuum or in a

controlled atmosphere. The capabilities of SHARP are par-
ticularly relevant for studies of materials for energy devices,
as well as biology and soft condensed matter, where mul-
tiscale dynamics including interactions at interfaces and/or
severe confinement are at play [75–77]. By 2023, the latest
version of the spectrometer (SHARP+) will offer a 15× gain
in the counting rate compared to the IN6 instrument previously
located at this station. These improvements will be critical to
follow the relaxation of membrane materials during and fol-
lowing electrical excitation. Also, the so-called BATS option
(BATS: backscattering and TOF spectrometer) is implemented
for the IN16B high-resolution backscattering instrument. This
operational mode extends the energy window by over one
order of magnitude (340 μeV) with only slightly broadened
resolution (1.2 μeV), to allow studies of slow dynamics over a
much wider timescale than before [78].

In addition to these developments at ISIS and ILL facil-
ities, major efforts are being directed at developing next-
generation very high-brilliance sources incorporating instru-
mentation with very fast collection times and high-sensitivity
detectors for advanced materials research and other studies.
The user programme at the new European Spallation Source
(ESS) in Sweden is expected to begin in 2023 [79], where
instruments such as C-SPEC (TOF spectrometer), VESPA
(vibrational spectrometer) and FREIA (reflectometer) will
offer unique characteristics combined with the high source
brilliance to enable time-resolved studies of non-equilibrium
phenomena and operando investigations of working devices.
Other neutron facilities outside Europe also have similar
cutting-edge improvement projects under way, such as the
power upgrade and construction of a second target station at
the Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory (USA) [80, 81].

All of these upgrades and instrumental innovations for
advanced NS, along with the recent development of flexible
and compact sources [82–84] that can be tailored around the
needs of an individual instrument or specific experiment, apply
particularly to materials and processes involving light atoms
such as hydrogen and lithium that play a central role in energy
generation and storage devices [85]. NS allows researchers to
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pinpoint precisely where such atoms occur within the structure
and how they move under operando conditions [24, 55–57],
that are necessary to design and optimise next-generation fuel
cells and other energy devices. In this way, the NS experiments
will play a key role in helping guide the transition of materi-
als from the laboratory to functional components of operating
devices, and then to commercialisation and widespread imple-
mentation. Some of the current implementations and chal-
lenges facing fuel cell technology are outlined in the next
section.

3. Fuel cell technology

A viable alternative to combustion-based technologies is pro-
vided by fuel cells (FCs), that offer sustainable solutions for
a wide range of stationary and transportation power require-
ments, and for applications providing electrical energy at effi-
ciencies of up to 60%. Because FCs emit only water as a
primary exhaust, they represent a realistic solution to reduce
carbon dioxide emissions and air pollutants.

Despite these advantages, there are still limitations to
their implementation including: (i) irreversible potential losses
related to Ohmic processes where activation mass transport
issues remain to be resolved; (ii) their durability that is cur-
rently set at a target of around 7 and 55 months for trans-
portation and stationary applications, respectively, but must
be improved [32, 86]; (iii) their high cost when integrated
into current membrane-electrode (MEA) assemblies because
expensive and resource-limited transition metals such as Pt
are incorporated in the necessary electrocatalyst formulation.
This latter issue is being addressed through development of
anion-exchange (AEMFC) devices that can operate efficiently
using more easily resourceable metal catalysts such as Ni [87].
However membranes for use in these devices are still being
researched as their performance must be improved for effec-
tive operation in an alkaline environment [88], as well as to
survive the harsh chemical and transient mechanical stresses
experienced under operating conditions [89, 90].

A fundamental issue for fuel cell implementation concerns
the optimization and control of water management in the FC
device. Water uptake by the ion-conducting membrane is usu-
ally expressed in terms of a parameter λ [91], that expresses
the number of H2O molecules per functional group involved
in ion exchange processes. This critical property directly influ-
ences the ionic conductivity, and correlates with the chemical
and physical structure of the polymer, as well as the operating
temperature range.

Fuel cell devices developed around electrocatalytic reac-
tions to generate H+ from H2 fuel at the anode followed
by transport through an ionomeric membrane to react with
oxygen reduced at the cathode (proton exchange membrane
or PEMFC systems) are based on the classic family of
sulphonated tetrafluoroethylene fluoropolymers discovered by
Walther Grot of DuPont in the 1960s, and implemented as
Nafion membrane materials in all PEMFC devices since then.
Despite intensive research efforts since then to improve its per-
formance, Nafion and analogues such as Aquivion, Gore, etc

Figure 3. Schematic illustration of an alkaline fuel cell (AEMFC)
and its mode of operation, including a sketch indicating the main
modes of OH-/H2O transport.

commercialised by other companies, have continued to pro-
vide the membrane material of choice for fuel cell technology.

One of the main limitations of PEMFCs is the need to
use expensive and resource-limited Pt-based electrocatalysts
to enable efficient O2 cathodic reduction as well as imple-
ment H2 oxidation reactions. Alternative solutions include the
development and use of fuel cells that operate under alkaline
conditions (AEMFCs), that can operate using more resource-
able transition metals such as Ni as the critical electrocatalyst
material [92]. Although initial studies have been carried out
using Nafion and related membrane systems, efficient imple-
mentation of AEMFCs requires formulation and development
of alternative membranes adapted to operate under such highly
alkaline conditions. This a topic of intense research among
the international energy materials community. From research
on PEM systems including detailed NS studies, it is estab-
lished that ionic conductivity relates to transport of H+ via
Grotthus hopping in PEMFCs, and also OH− mass transport
in AEMFCs, depending on the degree of hydration [14–17,
23, 87–90, 93]. It is essential to understand the roles of spa-
tial confinement, tortuosity, and connectivity of nanodomains
in these ionic conductivity pathways. A critical role is played
by water molecules, that interact strongly with the hydrophilic
domain surrounding Bronsted/Lewis acidic groups attached
to the polymer species, thus facilitating H+ exchange with
the hydrated environment. It has been shown by NS studies
combined with MD simulations that H2O molecules facilitate
protonic conductivity by solvating the sulfonic acid moieties,
swelling the membrane, and forming a conduction pathway
[15, 16, 23].

Ion conductivity in AEMs is less well understood than H+

conductivity in PEM systems. It is currently thought to be
achieved by a combination of vehicular OH− diffusion and
Grotthuss hopping of protons through the H-bonded water net-
work, with the balance between the two mechanisms deter-
mined by the water content (figure 3) [93–98]. This is achiev-
able because of the presence of quaternary ammonium groups
(-NR3

+) distributed along the aromatic polymer backbone
expressing different chemistries [99–106].

Despite improvements over the past several years, the
achievable conductivity in AEMFCs is still 2 to 8 times lower
than in PEMFCs at similar λ values [107, 108]; this is mainly

5



J. Phys.: Condens. Matter 33 (2021) 264005 F Foglia et al

Figure 4. Schematic diagram showing the reflected (R) and
transmitted (T ) beams when an incident beam (I) passes through
two media with refractive indices n0 and n2, with an interface of
thickness ti and refractive index n1.

due to the higher water content required for the AEM to facili-
tate ionic percolation due to details of the conductivity mecha-
nism. Increasing the λ value causes swelling of the membrane,
which results in lowered mechanical stability. It is therefore
imperative to optimize the polymer molecular architecture to
improve conductivity without compromising the membrane
mechanical resistance at operational conditions [109–111].

3.1. Backbone nanostructure

One of the current strategies to improve AEM performance is
to mimic and adapt design considerations from existing PEMs
by including incorporation of flexible side chains [88], multi-
cationic groups [112], a multi-block polymer backbone [113],
a comb-shaped polymer architecture [104], a layered backbone
[114], and radiation-grafted membranes [115].

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) has been
widely adopted as a precursor in the preparation of grafts and
copolymers [103, 106]. This material has been shown to have
an outstanding film forming ability as well as thermal stability,
with the onset of thermal decomposition above∼400 ◦C [116].
Although the aryl ether linkage allows enhanced rotational
freedom along the backbone structure, it also leads to one of
the main mechanisms of polymer degradation under high-pH
conditions. The latter is accompanied by further decomposi-
tion (∼200 � T � ∼400 ◦C) when functional groups (e.g.
quaternary ammonium cations; QA) are present [117].

Neutron reflectivity (NR), combined with x-ray reflectiv-
ity, techniques are ideal to characterise, with sub-Ångström
precision, the thickness, morphology, and compositional dis-
tribution within thin film materials including FC membranes.
The case of a single homogeneous thin film with thickness ti

and refractive index n1 is illustrated in figure 4.
When the thin film occurs at the interface between two

media with refractive indices n0 and n2, the reflectivity (R) is
given by:

R =

∣∣∣∣n0 sin θ0 − n2 sin θ2

n0 sin θ0 + n2 sin θ2

∣∣∣∣
2

. (1)

From equation (1), applying Fresnel’s law allows expres-
sion of the reflectivity in terms of the momentum transfer
perpendicular to the reflecting surface (Qz):

Figure 5. Cartoon showing the contrast variation technique for NR
using D2O and null-matched water (NMW; mixture of H2O and
D2O with SLD = 0).

R (Qz) =

⎡
⎣1 −

√(
Qcrit/Qz

)2

1 +

√(
Qcrit/Qz

)2

⎤
⎦

2

=
16π2

Q2
z
|ϕ′(Qz)|2 (2)

where Qcrit relates to the critical angle at which the entire wave
is reflected and ϕ′(Qz) is the Fourier transform of the gradi-
ent of the scattering length density (SLD) profile normal to
the interface. A NR experiment mapping the SLD in a cer-
tain volume (V) allows determination of microstructure and
composition of the thin film under examination:

SLD =
∑

i

bi/V (3)

where bi is the atomic scattering length.
This formalism can be extended to model the data consid-

ering a series of multiple thin layers, with SLD related by a
given profile, where the intrinsic interfacial width between lay-
ers (i.e., roughness) sets a finite resolution for detecting minute
composition (or density) differences at the film interfaces. This
information is critical to understanding chemical composition
as well as the solvent distribution within a medium. Further-
more, because NS is highly sensitive to isotopic composition
especially for H/D incorporated within the sample, it is possi-
ble to highlight water uptake processes by carefully choosing
the chemical composition of the hydrating medium. This leads
to evaluation of: (i) membrane nanostructure and void compo-
sition (by choosing an H2O/D2O mixture having SLD equiva-
lent to zero; i.e. 92% H2O, 8% D2O), or (ii) solvent mass and
its distribution (e.g. by using pure D2O) throughout the film
(figure 5).

Furthermore, the variation of SLD allows evaluation of
changes in density [46] as V in equation (3) is defined as
the product of film thickness (ti) and the illuminated footprint
(A; which remains constant during the experiment). It is then
possible to calculate how the volume fraction of the start-
ing component (e.g. dry membrane) changes during hydra-
tion, allowing mapping of membrane porosity. Most advanced
reflectometers permit simultaneous acquisition of specular
(i.e., profile normal to the surface; R(Qz)) and off-specular (in-
plane correlation lengths) NR data providing access to sub-μm
and μm length scales in the same experiment.
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Figure 6. Specular NR data and fits of Nafion on SiO2 and Au in
0/97% relative humidity measuring structural changes with
substrate-impacted water swelling. Reprinted with permission from
[123]. Copyright (2009) American Chemical Society.

Present limitations to the use of NR to characterise AEM
membranes are primarily related to the membrane thickness,
that typically exceeds the μm size range). Research is now
underway to reduce the film thickness for study by approxi-
mately one order of magnitude [31, 108, 118]. This has already
been demonstrated for PEMs, where NR has been used to mon-
itor structural composition and solvent distribution under a
wide range of physical conditions [119–122].

As an example of this application, when deposited on SiO2

surface, Nafion assumes a multi-lamellar form composed of
alternating water-rich and Nafion-rich layers. These layers are
identified by a defined peak at around Q = 0.2 Å−1 in fully
hydrated conditions, which almost disappears in dry condi-
tions [120, 123]. When deposited on metal surfaces (e.g. Pt or
Au) the Nafion structure appears as a single water-rich layer
(figure 6) [120, 123, 124].

NR data indicate that when deposited on oxide-free Pt sur-
face, partially hydrated Nafion exhibits a tendency to push its
hydrophobic component toward the Pt surface. In contrast, in
the presence of an oxide layer (e.g. PtO), long-range restruc-
turing is observed [125]. This reorganisation could be respon-
sible for the different charge-transfer behaviour during oxygen
reduction [125].

Recently, similar experiments have been extended to MEA
assemblies and for binders in catalyst layers in AEM fuel
cells [126, 127]. The results will be crucial to understand
the metal/binder interfaces and therefore help design and
improve catalysts with non-precious metals. Kimura et al
carried out series of NR experiments for a new polymer

membrane chemistry (hexafluoroisopropylidene with pendant
hexyltrimethylammonium; BAF-QAFs), which exhibits high
OH− conductivity (∼130 mS cm−1 at 80 ◦C) and excep-
tional stability [126]. Their NR profiles indicate the presence
of three-layered membranes with different hydration levels in
SiO2 vs Pt deposited films. They found that the chemistry
of the substrate affects the entire thin film, indicating differ-
ent polymer conformations. Furthermore, they could correlate
the rapid degradation of ionomers in the catalyst layer to the
hydrophobicity of the Pt-attached layer [126].

NR studies can also inform the study of other energy-related
materials systems and devices. This is the case for PS:PCBM
(6,6-phenyl-C61-butyric acid methyl ester—polystyrene) thin
films where NR provided essential new insight into the sta-
bility of these organic solar cell materials under operating
conditions of light exposure and temperature [128]. Another
example is provided by the operando NR measurements of
the bulk c-Si electrode where Li+ transport, distribution, and
concentration were monitored inside the working electrode
[129]. Off-specular NR measurements can give unique insights
into the micro-morphology of the active (top) layer, which is
intrinsically connected to device efficiency [130, 131].

At present, most NR experiments are performed in situ
under laboratory controlled conditions, on model materials and
samples. It is possible to monitor structure variations at differ-
ent levels of relative humidity (RH) using a humidity chamber
with either vertical or horizontal geometry [46, 126] with tem-
perature control up to around 100 ◦C. For studies at higher
temperatures up to around 150 ◦C, modified vacuum chamber
cells can be implemented using quartz glass windows. Such a
high temperature setup was used to follow in situ annealing of
polymer–fullerene mixtures to reveal the molecular mobility
of the fullerenes [132].

Similar experimental arrangements will enable studies of
structure and dynamics in new PEMs designed to operate
at intermediate temperature (100–120 ◦C; IT-PEM). These
fuel cells are of particular interest because of their superior
heat/water management, CO tolerance, and electrode reaction
kinetics [133–135]. Although improved FC performances are
usually recorded at high RH, in the case of IT-PEM oper-
ation use of lower RH is desirable because of the higher
saturated vapour pressure at 120 ◦C. Accessing and control-
ling these conditions is crucial, as functioning at reduced
humidity levels will minimise problems associated with water
management (e.g. flooding), while being effective in resist-
ing damage caused by fuel impurities [135]. Under low-
RH conditions, changes in membrane properties (porosity,
hydrophobicity, thickness) necessitate careful characterisation
of the structure under operando conditions [136] in order
to minimize Ohmic drop while managing the water con-
tent for optimal performance. Improvements in reflectivity
instruments (e.g., RAINBOWS at ILL [72]) are set to open
up new possibilities for operando studies of thin-film AEM
membranes, while highlighting the evolution of interfacial
structures, as has been demonstrated for electrode–electrolyte
interfaces [135].
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3.2. Water distribution

Water fulfills a critical role in FCs, where optimal operational
conditions require elevated hydration levels inside the mem-
brane itself and moderate amounts of water in other compo-
nents. Too high water content results in issues such as back-
diffusion, increased Ohmic loss, hindered flow of reactant
gases, and a reduction in the availability of active sites on
the electrocatalyst [137]. In contrast, too low water content
enhances AEM degradation, which is already an issue due to
the alkaline environment [138]. It is therefore imperative to
understand and control water distribution within the device
under operational conditions to optimize the technology.

On a microscopic level, small-angle neutron scattering
(SANS) provides an additional probe to assess the hydropho-
bic–hydrophilic phase-separated structure of membrane mate-
rials, that can be extended to in situ measurements [24].
Isotopic (H/D) substitution techniques allow decoupling of
the scattering contributions from different components, while
placing constraints on the models used to analyse the scatter-
ing data, such as the empirical potential structure refinement
technique [139]. The spatial range analysed typically extends
between interatomic (Q ∼ 50 Å−1) to tens of nanometers
(Q = 0.02 Å−1 for NIMROD at ISIS) distances [140], allow-
ing simultaneous measurements of complementary structural
information across different length scales of interest.

Neutron radiography/imaging (NI) is used to visualise the
system at the macroscopic level and can specifically be applied
to view the solvent distribution in a polymer medium in
real time. A neutron radiograph is a spatially resolved neu-
tron transmission measurement of an object, where the total
transmission (T ) is given by the Beer–Lambert law

T = I/I0 = e
−
∑

i
(Nσt)i

(4)

where N is the number density, t is the sample thickness, and
σ is the scattering cross section.

The spatial resolution (L/d) is dictated by aperture diam-
eter (d) and the detector–aperture separation distance (L), as
well as consideration and evaluation of the distance between
sample and detector (zd), that causes blurring at the edges
(λg = zd/L). We note that NI requires longer acquisition times
than complementary x-ray experiments, and the spatial res-
olution is, at present, limited to a few μm. However, this is
expected to improve with next generations of beamline design
and detector experiments.

Because of its high penetration (a few cm) through samples
and their metallic containers combined with its high sensitiv-
ity to H-containing materials and processes, NS/NR/NI pro-
vide excellent tools to probe water distribution in a matrix of
variable composition. By comparing images taken before and
after hydration, it is possible to extract, in real time, quanti-
tative thickness data on the hydrated layer and hence infor-
mation on the mass distribution within the sample. NR and
NI can be used to evaluate membrane swelling upon opera-
tion. Here, it is necessary to account for possible compres-
sion of the membrane on the gas-diffusion layer, which might
cause mis-interpretation of the water content, especially at the
edges of the sample. NI has recently been implemented to

Figure 7. Water formation and transport in a direct methanol fuel
cell with hydrophylic (right) and hydrophobic (left) regions after
(a)–(d) 0, 15, 30, and 60 min respectively, showing darkened areas
from water accumulation. Reprinted from [141], Copyright (2011),
with permission from Elsevier.

Figure 8. Parallel NI and SANS in fuel cells operated in
counter-flow configurations. Reprinted with permission from [24].
Copyright (2019) American Chemical Society.

study through-plane water distribution in FC devices under
operational conditions for understanding mass transport and
performance (figure 7) [24, 26, 27, 141].

Innovative experiments combining NI and SANS profiles
were recently used to analyze the water distribution within
a commercial MEA formed with a Gore Nafion membrane
[24]. The results showed the development of large in-plane and
through-plane gradients, revealing that the water distribution
is governed, under operational conditions, by a complex two-
phase flow along with evaporation/condensation processes
(figure 8) [24].

Parallel neutron imaging and operando micro x-ray
computed tomography experiments performed on operating
AEMFC devices revealed both water accumulation at the
anode and dry-out at the cathode side [142]. The observations
suggest that operating conditions leading to the highest power
density during polarization are not generally those that allow
long-term stable operation [142], and the NS results thus serve
as a guide for design and optimisation of new catalyst and gas
diffusion layers.
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In a joint project between Université Grenoble Alpes
and ILL, a new instrument (NeXT-Grenoble) is now avail-
able to simultaneously acquire neutron tomography and x-ray
absorption imaging data, taking advantage of the high com-
plementarity between these two techniques [143]. Instead of
discriminating among the wavelengths of incident and scat-
tered neutrons using a TOF approach, NeXT-Grenoble takes
advantage of the wavelength-dependencyof their deflection by
a prism [72], leading to highly spatially resolved wavelength
determination. A similar NeXT instrument is also available at
the NIST Center for neutron research in the USA [144].

At ILL D22, a portable SAXS system is now being installed
to perform nanoscale structural (SANS/SAXS) studies [145].
Such new directions pave the way for real-time investigations
of a wide range of nanomaterials and processes. In one recent
example, a combination of x-ray and neutron tomography was
used to track Li intercalation and electrode degradation in
battery devices [146].

3.3. Ion hopping and water diffusion

Optimizing the durability and stability of AEMs requires a
deep understanding of the OH− and H2O transport, and how
these are modulated by the polymer dynamics, especially
under realistic operando conditions (as for PEM; figure 9).
QENS provides an ideal set of tools to probe and disentan-
gle (because of its intrinsic sensitivity to isotopic composition)
microscopic dynamical events that control the physical pro-
cesses, as well as to determine how the properties evolve under
external stimuli in their functional environment.

Incoherent QENS provides a direct measurement of the
dynamical structure factor (S(Q,ω)) of all hydrogen (H) atoms
in a sample. These dynamics are typically decomposed into
vibrational (V), translation (T ) and rotational (R) contribu-
tions. Assuming these dynamics are uncorrelated with each
other, the measured scattering function is a convolution of
these terms:

Sinc (Q,ω) = SV ⊗ ST ⊗ SR. (5)

Assuming that the vibrations are isotropic and harmonic,
this expression simplifies to:

Sinc (Q,ω) = e−
1
3 Q2u2

ST ⊗ SR. (6)

Because they constitute a thermally activated process, a
good first approach to disentangle different dynamical con-
tributions is given by the study of fixed window scan (FWS)
data, achievable by following the evolution of the scattering
signal within a fixed energy transfer range (ΔE) upon heating
or cooling the sample.

The elastic fixed window scan (EFWS; ΔE ≈ 0) provides
an effective means to locate the temperatures at which each
contribution to the relaxation dynamics enters or exceeds the
time (or energy) window of the spectrometer, giving rise to
characteristic changes in slope of the EFWS signal. It is
therefore extremely useful for selecting temperature ranges in
which useful QENS measurements can be performed. EFWS
is also useful to evaluate the temperature dependence of the

Figure 9. PEMFC QENS spectra (black) and fits (red) consisting of
the sums of fitted water diffusion (purple), water rotation/vibration
(blue) and elastic contributions (green). Data taken at 80 μeV (IN5,
ILL) without (top, blue) and with (bottom, red) drawing current.
Reprinted with permission from [25]. Copyright (2018) American
Chemical Society.

mean-square displacement (msd; 〈u2〉; equation (7)) of hydro-
gen atoms, given by the slope at low T.

Iincelastic (Q, T)
Iincelastic (Q, Tmin)

= exp

(
−1

3
Q2

(
〈u2〉 − 〈u2〉T_min

))
. (7)

Equally useful is examination of the complementary inelas-
tic fixed window scan (IFWS; obtained at ΔE �= 0). Depend-
ing on the neutron spectrometer used, this can be obtained
by integrating the QENS signal over energy intervals (with a
width generally equivalent to the instrumental energy resolu-
tion) centered at different positions of the Lorentzian broad-
ening, as is the case for the BS spectrometers at ISIS IRIS
and OSIRIS, or by measuring QENS intensity with a fixed
Doppler speed, as used at the high resolution BS spectrom-
eter IN16B at ILL [147]. In the IFWS technique, a temper-
ature scan probes the variation in relaxation time (inducing
a change in the inelastic signal; τ ) which reaches a maxi-
mum when the QENS broadening matchesωoff (i.e., the energy
offset) [147]. Recording the IFWS can further discriminate
between local (Q-independent)versus diffusive (Q-dependent)
motions, as well as the activation energy (EA) of each pro-
cess under examination, as demonstrated by the following
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relations:

IIFWS
ωoff

∝ B
π

(1 − A0(Q))
τ (T)

1 + ω2
offτ (T)2

(8)

and

τ (T) = τ0 exp

(
− EA

KT

)
. (9)

In these equations, B is a constant which accounts for the reso-
lution function, τ 0 is the upper limit of the relaxation time, A0

is the elastic incoherent structure factor and κ is Boltzmann’s
constant.

From a practical point of view, in complex systems such
as hydrated membranes, the scattering function is given by a
few terms associated with the polymer (SP) and water (SW)
dynamics, so that the scattering function can be expressed as:

S (Q,ω) = {δ(ω)Φimmobile + (1 − Φimmobile)

× [x1SP (Q,ω) + (1 − x1)SW (Q,ω)]} ⊗ R(ω)

(10)

.
Here R(ω) represents the instrumental resolution function, that
is determined experimentally using a vanadium (V) standard,
or from measurements of the sample at very low temperatures
(∼2–10 K).

As expressed in equation (10), the experimental scattering
function contains an implicit ‘resolution effect’ incorporated
within R(ω), which translates into specific dynamics being
‘visible or not’ within the time-scale accessible by a specific
instrument and its energy- or timescale resolution capabili-
ties (figures 10(a) and (b)). Practically, this means that slower
dynamics that lie outside the resolution window are incor-
porated into the δ(ω) function, while faster dynamics may
vanish into the background. To probe the full range of the
dynamics, it is necessary to carry out complementary studies of
the same materials at different instruments, under comparable
experimental conditions. To ensure the reliability of the anal-
ysis, the same analytical correlation function must be used to
describe the dynamics across the extended range of timescales,
where the weight of the various components is evaluated and
expressed according to the dynamic window of each exper-
iment. Such experiments carried out across multiple probe
timescales under complementary conditions then provide addi-
tional constraints on chosen models for the membrane and
ionic conduction dynamics, thus facilitating the interpreta-
tion of the datasets and their implementation for design and
optimisation of FC membranes and devices.

It is also advantageous to apply the same cross-correlated
analysis to study the scattering profile in the time domain, that
is obtained by Fourier transforming S(Q, ω) (figure 10(c)). In
this case, different datasets are readily normalised according
to the relevant resolution function, and the full range of data
can be treated using a single analytical function.

In this scenario, equation (10) becomes:

I (Q, t) = x1IP (Q, t) + (1 − x1)
[
NslowIWslow (Q, t)

+ NfastIWfast (Q, t)
]
· R(t) (11)

Figure 10. Comparison between scattering profiles acquired at two
instrumental resolutions (namely 70 and 0.75 μeV; IN6-SHARP and
IN16B) showing the ‘resolution effect’ (a) and (b). Combined data
Fourier transformed into the time domain to reveal different
relaxation dynamics operating sequentially across different
timescale ranges (c).

where

IWfast (Q, t) = Ilocalised (Q, t) · Ilongrange (Q, t) (12)

which accounts for the coupling between (nano-)localized and
long-range diffusion motions and relaxations.

Such an approach has been applied extensively to stud-
ies of Nafion membranes, related model polymer materi-
als, and water transport additives of interest [13–18, 43]. It
allows two types of protons to be distinguished: slow and fast
moving. The former population is hydration-independent and
consists of three protons (i.e. H3O+) involved in the dynam-
ics, and is present also in the almost dry sample. The sec-
ond emerges upon more extensive membrane hydration, and
relates to hydration water dynamics, a process that is intrinsi-
cally subdiffusive within the nanoscale hydrophilic channels
of an ionic material. At pico- to nanosecond time scales, the
diffusion of water molecules can be modelled as fast intra-
droplet localized motions (i.e., quantified by a local diffusion
coefficient Dloc) and slower inter-droplet long-range diffusion
(quantified by Dnano) [15–17, 23]. Similar dynamics are also
found in self-assembled perfluorinated surfactants, where the
nature of the phase plays a role in the level of confinement
[15–17, 23]. These results combined with extensive structural
studies as well as benchmarking with (PFG-) NMR data (pro-
viding information on the self-diffusion coefficient at micro-
scale, Ds) and MD simulations, allow the ionic conductivity
results to be correlated with the material chemistry. Key fea-
tures are that: (i) water cannot establish hydrogen bonds with
the Nafion skeleton due to the highly hydrophobic backbone,
(ii) the characteristics of nanoscale phase separation drive the
low hydration behaviour by imposing strongly sub-diffusive
motions, (iii) structural rearrangements upon swelling impact
the global balance between interactions, topology and
connectivity, and (iv) fast vs slow proton mobility relate to
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Figure 11. Cell design for PEMFC QENS studies under operational
condition. (a) Sample stick; (b) fuel cell and sketch of the operation
principle. Reprinted with permission from [25]. Copyright (2018)
American Chemical Society.

strongly-interacting and bulk-like dynamics which are inti-
mately coupled and determine the molecular level mechanism
of ion conduction [23].

A similar approach has been extended to describe water,
ion, and polymer dynamics within commercial AEM mem-
branes. One of the principal difficulties in approaching the
study of AEMs is related to the backbone chemistry. Because
it is an H-containing polymer material it is not ‘invisible’ to
QENS, as in the case for Nafion. To bypass this issue, selec-
tive deuteration of the polymer matrix is often necessary to
complete the study. For studies of commercial materials, an
alternative approach would include hydrating the membrane
in D2O or use of a null scattering D2O/H2O mixture. In the
latter case, it is then possible to disentangle polymer segmen-
tal relaxation from water dynamics and address their dynamics
separately.

Performing neutron studies in operational conditions
(especially in the case of fuel cells) necessitates a delicate
and complex optimization of cell dimensions and geometry
to maximize transmission and scattering while operating in
representative conditions of flow, relative humidities, tempera-
ture, current density, etc. Pioneering studies at ILL have estab-
lished the applicability of QENS to monitor in situ water
dynamics in PEMFCs (figure 11) [25].

Carrying out these experiments required an extensive pro-
gramme of sample environment design to (i) hydrate uni-
formily the membrane over the investigated footprint (i.e.
PEMFC is heterogeneously hydrated due to mass transport
losses and heat production [21]), and (ii) ensure that appli-
cation of the current did not change either the hydration
state or membrane homogeneity. Interestingly, the comparison
between in situ and ex situ results indicated no difference in the
overall performance, suggesting that ex situ data might be suf-
ficient to be used to provide realistic inputs for modelling and
evaluating FC performance under operational conditions [25].

3.4. Simultaneous studies

It is clear that complex systems such as membranes and/or
hierarchical structures need more than one single technique
to achieve a detailed understanding of the interplay between
microscopic physical processes and structure at the macro-
to meso-scale. Furthermore, as the structural complexity
increases, so do the challenges to guide the transition from

Figure 12. Simultaneous SANS/DSC measurements during
35–90–35 ◦C temperature sweep for C30H62/C36D72 mixture.
Reproduced from [150]. © IOP Publishing Ltd. All rights reserved.

theoretical properties to practical applications. Furthermore it
is challenging to replicate the same experimental conditions,
especially when dealing with commercially available sam-
ples. It is therefore crucial to implement and develop instru-
ments and capabilities to perform simultaneous studies to test
the relative importance of essential physical and operational
parameters.

Recent examples of work implementing these principles
some of which have been cited above include: simultane-
ous SAXS/WAXS—UV–Vis measurements [148], SANS—
dynamic light scattering (DLS) [149], SANS—differential
scanning calorimetry (DSC; figure 12) [150] and SANS—
nuclear magnetic resonance (NMR) [151].

This last combination to be installed on the new SHARP
spectrometer (ILL) will include an NMR spectrometer to allow
probing excitations and relaxation events from the pico- (neu-
trons) to milli-second (NMR) ranges. This combination will
enable characterization of the diffusion processes of water
molecules confined and partly mobile within a polymer mem-
brane. A similar concept applies to the newly designed sam-
ple holders and environments suitable for combined multiple
experiments at IRIS (ISIS) [152, 153].

New sample environments enabled by instruments with
enhanced access space will allow increased use of combined
NS with other techniques ranging from optical spectroscopy
to x-ray diffraction and imaging, reactant/gas flow and elec-
trical inputs and measurement that are all relevant to FC
and other energy materials and device measurements. Raman
scattering that provides complementary vibrational informa-
tion to INS and QENS studies is enabled using a ‘Raman
center-stick’ arrangement inserted into the 100 mm-bore cryo-
stat developed at ISIS and implemented at TOSCA and IRIS
[152, 154, 155] and would be suitable to complement struc-
tural studies at high count-rate neutron diffractometers such as
GEM [156] and POLARIS [157]). Such a sample holder and
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investigation geometry would perfectly apply to monitor
potential degradation of AEM materials in harsh alkaline envi-
ronments, while simultaneously studying the polymer/water
dynamics. Other opportunities afforded by new sample holders
developed at ISIS allow performing simultaneous QENS and
DSC measurements [153]. QENS and DSC are complemen-
tary techniques applied to map phase transition temperatures
and identify sample states. EFWS data are readily correlated
with results of a DSC scan. At present, sample holders are only
available for 0.5 mm and 1 mm annular can sample holders
sealed with Indium wire. This configuration limits studies to
non-viscous liquids (e.g. deuterated materials or hydrogenated
components in deuterated solution) in a temperature range not
exceeding 373 K. Efforts are now under way to extend the
capability to powder/film samples as well to reduce the can
thickness, to MAE these suitable for work with hydrogenated
solutions [158]. Both of these new exciting opportunities will
open up possibilities such as monitoring not only polymer
glass transitions (Tg) but also the nature of freezable vs un-
freezable water, in bulk vs nano-confined bulk states as well
as contained within FC membranes.

4. Conclusions

Functional membranes are hierarchical structures in which
defined macroscopic properties and specific functionalities are
the results of a delicate balance between fundamental chem-
istry and physical processes of the assemblies as well as their
processing conditions. Because of this intrinsic complexity,
despite improvements, predicting and optimizing overall per-
formance is still poorly understood, as it requires a detailed
understanding of the interplay between microscopic physical
processes and structure at the macro- to meso-scale. Further-
more, as the structural complexity increases, so do the chal-
lenges to guide the transition from theoretical properties to
practical applications. It is, therefore, crucial to develop the
ability to deconvolve the relationships between intermolecular
interactions and relaxation processes over a wide range of time
and distance scales.

In the specific case of fuel cell operation and design,
one of the most promising ways to improve performance is
via water management optimization. The main challenge is,
therefore, identifying materials that selectively transport or
reversibly absorb molecules, where a precise design and con-
trol over inner architecture is necessary to enhance perfor-
mance and durability, while avoiding unwanted phenomena
such as compaction and/or undue swelling. Achieving this
requires a methodology that: (i) provides information on the
chemical profiling, transport and nanoconfinement dynamics
across many length and time scales, (ii) can be used to guide
the design form bulk material to up-scaling production, and
(iii) can be extended from ex/in situ laboratory experiments
to studies under realistic operational conditions to determine
how properties evolve under external stimuli in their functional
environment.

NS techniques provide an ideal set of tools to achieve these
goals. They offer critical complementarity to computational
modeling studies, where experimental parameters are used to

feedback into model inputs, providing an effective method-
ology to understand the formation, stability, and properties
of materials, as well as guiding advanced designs, especially
as advanced neutron instrumentation is being developed and
implemented at high-brilliance sources worldwide.
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48 6166

[31] Veh P, Britton B, Holdcroft S, Zengerle R, Vierrath S and
Breitwieser M 2020 RSC Adv. 10 8645

[32] Mustain W E, Chatenet M, Page M and Kim Y S 2020 Energy
Environ. Sci. 13 2805

[33] Huang N, Wang P and Jiang D 2016 Nat. Rev. Mater. 1 16068
[34] Wu D, Xu T, Wu L and Wu Y 2009 J. Power Sources 186

286
[35] Hasani-Sadrabadi M M, Dashtimoghadam E, Majedi F S,

Kabiri K, Mokarram N, Solati-Hashjin M and Moaddel H
2010 Chem. Commun. 46 6500

[36] Yuqian S, Yexin D, Huayuan H, Jieshu Q and Xuan Z 2019 J.
Mater. Chem. A 7 19820

[37] Kwangjin O, Osung K, Byungrak S, Dong H L and Sangaraju
S 2019 J. Membr. Sci. 583 103

[38] D’Epifanio A et al 2010 Chem. Mater. 22 813
[39] Chang C-M, Li H-Y, Lai J-Y and Liu Y-L 2013 RSC Adv. 3

12895
[40] Steffy N J, Parthiban V and Sahu A K 2018 J. Membr. Sci. 563

65
[41] Chen L et al 2017 Nature 550 380
[42] Abraham J et al 2017 Nat. Nanotechnol. 12 546
[43] Foglia F et al 2020 Sci. Adv. 6 eabb6011
[44] Patel H A, Mansor N, Gadipelli S, Brett D J L and Guo Z 2016

ACS Appl. Mater. Interfaces 8 30687
[45] Mukhopadhyay S, Das A, Jana T and Das S K 2020 ACS Appl.

Energy Mater. 3 7964
[46] Foglia F, Karan S, Nania M, Jiang Z, Porter A E, Barker R,

Livingston A G and Cabral J T 2017 Adv. Funct. Mater. 27
1701738

[47] Kawakami T, Nakada M, Shimura H, Okada K and Kimura M
2018 Polym. J. 50 327

[48] Arbe A, Alvarez F and Colmenero J 2020 Polymers 12 3067
[49] Paddison S J and Paul R 2002 Phys. Chem. Chem. Phys. 4 1158
[50] Wang C and Paddison S J 2013 J. Phys. Chem. A 117 650
[51] Spohr E 2004 Mol. Simul. 30 107
[52] Tuckerman M E, Marx D and Parrinello M 2002 Nature 417

925
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[74] Berrod Q, Lagrené K, Ollivier J and Zanotti J-M 2018 Inelas-

tic and quasi-elastic neutron scattering. Application to soft-
matter EPJ Web Conf. 188 05001

[75] Ollivier J and Zanotti J-M 2010 Ecole thématique J. Physique
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