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ARTICLE INFO ABSTRACT

Keywords: Ion conducting polymer membranes are designed for applications ranging from separation and dialysis, to energy
Neutron conversion and storage technologies. A key application is in fuel cells, where the semi-permeable polymer
iill\\;[l membrane plays several roles. In a fuel cell, electrical power is generated from the electrochemical reaction

between oxygen and hydrogen, catalysed by metal nanoparticles at the cathode and anode sites. The polymer
membrane permits the selective transport of H™ or OH™ to enable completion of the electrode half-reactions,
plays a major role in the management of water that is necessary for the conduction process and is a product
in the reactions, and provides a physical barrier against leakage across the cell. All of these functions must be
optimised to enable high conduction efficiency under operational conditions, including high temperatures and
aggressive chemical environments, while ensuring a long lifetime of the fuel cell. Polymer electrolyte membranes
used in current devices only partially meet these stringent requirements, with ongoing research to assess and
develop improved membranes for a more efficient operation and to help realise the transition to a hydrogen-
fuelled energy economy. A key fundamental issue to achieving these goals is the need to understand and con-
trol the nature of the strongly coupled dynamical processes involving the polymer, water and ions, and their
relationship to the conductivity, as a function of temperature and other environmental conditions. This can be
achieved by using techniques that give access to information across a wide range of timescales. Given the
complexity of the dynamical map in these systems, unravelling and disentangling the various processes involved
can be accessed by applying the “serial decoupling” approach introduced by Angell and co-workers for ion-
conducting glasses and polymers. Here we introduce this concept and propose how it can be applied to pro-
ton- and anion-conducting fuel cell membranes using two main classes of these materials as examples.

1. Introduction

Semi-permeable membranes designed to conduct specific ions are
essential components of devices for energy conversion and storage,
hydrogen production, water purification, dialysis and other separation
technologies. They are central to the operation of fuel cells (FC) that
employ electrocatalytic oxidation-reduction reactions of Hy and O to
generate H or OH™ ions at the cathode and anode sites. These ions are
then transported via polymer-electrolyte membranes (PEM) to form HoO
at the opposing electrode, while the electrons released in the electro-
chemical reaction travel through an external circuit providing electrical
power. Redox flow batteries employ reverse osmosis (RO) through ion-

selective membranes to store electrical charge, and emerging energy-
related technologies involve transport of Na' and other species
through an ion-selective polymer or gel membrane. In all these cases, the
ion transport is strongly coupled to nanoconfined or mobile H,O species
included within the membrane, as well as to the polymer segmental,
main chain and side chain dynamics. It is critically important to un-
derstand and characterise these various processes and the dynamical
interplay between them as a function of temperature, hydration state
and other operational parameters in order to optimize and design next
generation membranes for fuel cells and related energy applications.
The processes involved are studied using complementary experi-
mental tools that probe the dynamics over a wide range of time- and
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distance scales, in combination with advanced simulation studies [1,2].
The results are expressed in terms of relaxation maps that help reveal
and disentangle the characteristic timescales of different dynamic pro-
cesses similar to those studied in other more general material classes
such as glasses, polymers and glass-forming liquids, as a function of
temperature, pressure or other environmental conditions. The exami-
nation of such maps led Austen Angell to develop the serial decoupling
concept for ion-conducting glasses, which was extended to ion-matrix
systems in polymer electrolytes. In this model, the ionic conductivity
becomes decoupled from the primary mechanical relaxation of the
polymer framework and continues with approximately Arrhenius
behaviour below the glass transition temperature, T, [3-7]. Principles
developed by Angell and his co-workers have been applied to analyze
the multi-timescale dynamics associated with the strongly coupled
polymer, water and ion conduction dynamics in PEM fuel cells [8,9].
Here, we show how the approach can be extended to examine and
disentangle the complex coupled interactions between relaxation and
diffusional phenomena in proton- and anion-conducting membranes for
fuel cells and related applications as a function of their relative time-
scales, to provide useful insights into the ionic transport and water
management mechanisms. We illustrate our discussion with recent ex-
amples studied as a function of temperature and membrane hydration
levels.

2. Time-temperature dependence of relaxation processes in non-
polymeric glass-forming systems

In order to introduce the relative timescales of different mechanical
or enthalpic relaxation processes, we begin by considering the glass
transition in inorganic systems.

In the liquid state, the rate of dissipation of mechanical strain (&) due
to cooperative structural configurational rearrangements, is rapid
compared with typical observational timescales. The rate of strain
removal (¢) from the system determines the (shear) viscosity (1;), that is
linked to relaxation timescale () by G/7s. G is the intrinsic me-
chanical resistance at long (“infinite”) timescales, ~10'° Pa for most
glass-forming liquids. Plotting the logarithm of liquid viscosity as a
function of inverse temperature usefully scaled by the glass transition
(T,), provides a set of comparable relationships that range from
approximately linear (Arrhenius) to strongly curved behaviour that is
typically described using a Vogel-Tammann-Fulcher (VTF) relationship.
In 1991, Angell discussed such log #; vs T,/ T patterns for a wide range of
liquids to define a gradation between “strong” (i.e. highly Arrhenian) to
“fragile” behaviour [10]. When ;5 is determined under laboratory con-
ditions, the stress is applied and the strain relaxation is observed over a
period ~10 s, leading to a viscosity of ~10'2 Pa.s at T,, the point at
which the mechanical strain inside the material is no longer relaxed on
the observational timescale, so that it is said to behave as a rigid
amorphous or glassy solid.

The glass transition is also typically recorded by calorimetric mea-
surements as an endothermic signal appearing in differential scanning
calorimeter (DSC) traces. The rate of enthalpy evacuation from the
material is typically approximately correlated with that of mechanical
strain relaxation, although the “mechanical” and “calorimetric” T,
values can differ by up to an order of magnitude for highly fragile glass
forming systems, and they can lead to different interpretations of the
meaning of the glass transition event [10]. The onset of mechanical ri-
gidity that marks the passage of the system from relaxed (“liquid”) to
unrelaxed (“glassy”) behaviour is known as the primary or “a” relaxa-
tion. Below Tg, the primary means of structural equilibration are no
longer available to the system, but other modes of configurational
relaxation may still remain active within the glassy solid. Such sec-
ondary or “f#” relaxational processes may include diffusion of ions or
molecular species through the matrix, and local structural excursions
such as molecular rotational degrees of freedom [10]. All of these dy-
namic configurational changes are strongly coupled to each other in the
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liquid state. Below the glass transition, some degree of coupling remains,
until each p relaxation with its own characteristic activation energy and
timescale becomes successively “frozen” as the temperature is lowered.

The “decoupling index” first described by Angell in 1983 was used to
describe how well the ionic transport modes became decoupled from the
amorphous matrix, in fast ion-conducting glasses [3]. Torell and Angell
then extended the concept to polymer electrolyte systems, where they
applied the decoupling concept and index to describe and quantify how
the a and g relaxations associated with polymer main and side chain
dynamics become serially uncoupled from configurational changes in
the solvation shells around the ions and the fast ion conduction mech-
anism [4]. These are important design concepts in the field of glassy and
polymeric materials exhibiting superionic conduction [5-7], as well as
for understanding the properties of ionic and molecular liquids [11,12].
They also highlight important fundamental questions that continue to
exercise the various communities concerned with glassy, liquid and
polymer dynamics [13,14]. We incorporate them here along with the
dynamical processes encountered among polymeric systems in our
extension of the discussion to ion conducting membranes.

3. Relaxation dynamics in ion conducting polymeric membranes

The mechanical and sub-T, relaxations in polymeric systems are
inherently more complex and subtle to interpret than those in ionic or
molecular glass-forming liquids. In ion-conducting polymers, these local
and segmental structural relaxation processes are strongly coupled to
the ionic conduction mechanisms, especially at high temperature. As the
temperature is decreased, the highly non-Arrhenian polymer dynamics
diverge from the ionic conduction that continues with an Arrhenian
temperature dependence, and analysis of this divergence forms the basis
of the “serial decoupling” phenomena first described by Angell. In the
case of H" or OH™ conducting ionomers used in fuel cells, incorporated
water plays a key role in the ion transport mechanism, and so the
problem becomes even more complex, requiring the analysis of coupled
polymer dynamics, diffusion and relaxation dynamics of bulk and
nanoconfined Hy0O, and ionic conduction. Using a combination of
techniques to analyze these coupled contributions to the relaxation and
diffusional dynamics over a wide range of time- and distance scales, as a
function of temperature, pH and membrane hydration state, provides a
useful approach for deciphering the membrane function and
performance.

Relaxations in polymers include those arising from the main chain,
those from localized regions (segments) that relax independently but are
always strongly correlated with the main chain motions, and those from
polymer side chains and functional groups (e.g. pseudo-rotational
modes of methyl groups about the C-CH3 bond axis, or side groups
associated with ionic behaviour). For this reason, the relaxation map of
polymer systems is significantly more complicated than for molecular
systems. In the high temperature liquid state the main chain and
segmental dynamics occur on similar timescales that slow down ac-
cording to stretched exponential kinetics. The primary a relaxation
related to the glass transition typically recorded by a principal DSC
endotherm, occurs when the timescale of the segmental dynamics rea-
ches ~10% s. In the fully molten state the other dynamic processes are
also detected with faster relaxation timescales. The secondary or f re-
laxations, which follow an approximately Arrhenius behaviour (in log =
vs 1/T) begin to diverge from the main chain and segmental relaxations
just above Tg. Finally, other faster relaxations including methyl group
rotations maintain an independent signature to very high temperature,
where all processes converge near the vibrational timescale of 7 ~ 10712
s. As the system is cooled below Ty it typically enters a rubbery state, in
which it no longer flows in a liquid like manner but is highly flexible and
deformable, generally returning to a close approximation of its original
form on removal of applied stress [15,16]. Finally, at some lower tem-
perature the system becomes fully rigid exhibiting brittle solid-like or
glassy behaviour, as secondary relaxation dynamics become de-
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activated so the polymer can no longer readjust its shape in response to
the applied stress field on the observational timescale. For ion-
conducting polymers, the ionic conduction is closely coupled to the
segmental, main chain and side group dynamics, making it essential to
understand the relaxation map in these systems. In polymeric mem-
branes designed and implemented to transport H' ions in proton-
conducting PEM systems, as well as in anion (OH™) conducting
AEMFCs, the transport dynamics rely on mediation by sulphonate
(0SO37) or other charged side groups attached to the polymer chain to
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mediate the proton transfer reactions, as well as H,O molecules con-
tained within the membrane that mediate the proton transfer or OH™
diffusion processes. These add further elements to the complex
dynamical map, as one needs to understand the role of the diffusion of
confined H,O and HT/OH™ transport processes. Thus it becomes
essential to study and understand the degree and nature of the coupling
between the polymer, HyO and ion dynamics with conductivity as a
function of temperature and membrane hydration state, in order to
optimize and design PEM systems for efficient fuel cell operation.
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The membrane of choice for proton conducting PEMFCs is currently
one of a class of perfluorocarbon sulfonic acid (PFSA) polymers known
as “Nafion®”. These incorporate sulfonate groups attached to the
polymer side chain that enable rapid conduction of protons through a
hydrogen-bonded system that involves HoO molecules. Such PEMFC
devices typically operate at ~80 °C. To allow more efficient operation at
higher temperatures (up to 200 °C) especially for automotive systems
will require design of new membrane systems aided by advances in fuel
cell technology [18-20]. One key consideration is the glass transition
temperature, ~130 °C for dry Nafion, which decreases rapidly as a
function of membrane water content, ~108 °C at 24% hydration
[21-23]. The coupling between polymer, water and ion transport dy-
namics is expected to show fundamental changes as the operating
temperature is raised throughout the 100-200 °C region. The situation is
even less clear for anion-conducting membranes, which could supplant
the use of Pt-based electrocatalysts by using first row transition metals
such as Ni and Co [24]. However, developing membrane materials that
exhibit sufficiently efficient conduction while withstanding the
extremely alkaline conditions required for operation constitutes an
active area of research [25-27]. Both Grotthuss hopping of H' ions and
vehicular OH™ transport mechanisms are implicated in the conduction
process of anion exchange membranes (AEM), with the balance between
them depending on the hydration state of the membrane [28-32].
Deciphering the complex nature of the charge transport process with its
multiply coupled elements of polymer main- and side-chain dynamics,
H.0 as both a facilitator of ion exchange and H*/OH ™ conduction and as
a diffusive species in its own right, represents a major challenge that
must be addressed for optimal AEMFC design and implementation. One
such way forward is to apply the principles of Angell’s serial decoupling
approach to relaxational/diffusional modes from data obtained over
multiple time- and length-scales.

4. Methods to probe relaxation maps for PEMFCs

Multiple techniques are employed to study glass forming liquids and
polymeric systems, providing information on the relaxation dynamics
across wide ranges of timescales and correlation lengths (Fig. 1). Com-
mon laboratory techniques such as IR and Raman spectroscopies are
used alongside large scale X-ray and neutron scattering at national and
international facilities to investigate the structure of such systems, as a
function of temperature, processing and environmental conditions.
Although these techniques are typically applied to obtain averaged in-
formation on bulk samples, mapping experiments can also be carried out
especially using the latter two to study spatially-resolved structures and
processes within samples including under operando conditions. In terms
of dynamical features, processes in the hours to ms timescales can be
probed by mechanical measurements, dielectric spectroscopy, light
scattering or nuclear magnetic resonance (NMR) spectroscopy. For the
faster processes, neutron scattering methods offer very detailed com-
plementary information to these techniques, accessing dynamics in the
107°-1071*s range.

The ability to disentangle processes such as polymer dynamics, ion
hopping, and water trapped within the matrix is crucial to optimize
membrane and device performance under operational conditions. For
example, in the case of PEMFCs the ability to control water dynamics is
critical to optimize proton exchange performance while preventing
phenomena such as membrane drying and/or electrode flooding [33].
Neutron scattering (NS) is one of the most powerful tools available to
highlight and disentangle these complex cooperative process dynamics
as a function of their characteristic timescales. In addition, because of
the deep penetration of neutron beams into matter including experi-
mental cell enclosures, NS experiments readily permit in situ and
operando studies in sample environments that correspond to or mimic
actual devices, providing a unique view into the interplay between
structure and dynamics under operational conditions.

Differential scanning calorimetry (DSC) is typically used to examine
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the thermal relaxation properties of materials including polymers. Here
the sample is heated or cooled at a specified rate and heat flow into or
out of the system recorded as an endo- or exothermic event. As a poly-
meric liquid is cooled metastably below its normal crystallization point,
the main endotherm corresponds to the a process, that is associated with
the inability of the segmental relaxation dynamics to achieve equili-
bration on the timescale of calorimetric experiment. This T, temperature
varies with the cooling rate applied to the sample, and on re-heating
samples initially quenched into a solid amorphous state or having un-
dergone subsequent thermal or mechanical processing, a different value
can be recorded during re-heating [37]. At lower temperature, one or
more subsidiary endotherms are typically observed, that are designated
as “f” relaxations. These are often assigned to sub-T, relaxation pro-
cesses including side-chain dynamics, but have also been ascribed to
formation of nanocrystalline domains within the amorphous polymer
[38-41]. Mechanical relaxation dynamics are investigated by viscosity
measurements in the stable and supercooled liquid state, and also by
indentation, bending or other techniques designed to explore either the
kinetics of initial formation of an initial strained state or return of the
system to its initial geometry following an applied stress. These studies
are critically important to examine the mechanical behaviour of poly-
mers used in FCs and for other separation technologies, as these mate-
rials encounter variable temperatures, internal stresses due to
incorporation of water, and other environmental conditions during
operation.

NMR spectroscopy is widely used to obtain information on the ki-
netics of ionic and molecular diffusion, reorientation and chemical re-
actions and the coupling between them. Different NMR techniques allow
probing events on timescales ranging from the picosecond to millisecond
regime, and even longer. A first set of timescales is introduced by the
coupling between nuclei in different chemical environments, where the
coalescence between individual peaks or multiplet splittings as a func-
tion of temperature or other chemical and physical conditions gives
access to a timescale represented by the peak separation in s~!. These
depend on the gyromagnetic ratio, spin quantum number of the nuclei
involved at a particular magnetic field, and the strength of the coupling
between the different nuclei. In this way, the temperature dependence of
motional averaging of the different nuclei and chemical environments
gives access to timescales extending throughout the ps-ms range.
Studying different NMR relaxation times using multiple pulse tech-
niques probes a much wider range of timescales extending between
approximately 1078 and 10710 s, that are caused by local fluctuations in
the magnetic dipolar and electric quadrupolar properties due to elec-
tromagnetic interactions in the nuclear environments [42]. This time-
scale range is constantly being expanded as new instrumentation and
pulse sequences are developed and applied to probe the relaxation
events [43]. NMR experiments are often performed to study water and
ion diffusion in polymer/ionomer membranes and other nanoporous
materials using static or pulsed field gradients, to gain access to time-
scales that overlap those of molecular diffusion and conductivity studies
[44-48]. The majority of these NMR techniques typically provide in-
formation on dynamic relaxation processes occurring over a molecular
scale, averaged across the entire sample. Experiments in a magnetic field
gradient allow access to dynamics on a timescale of several tens of ms
and distances on the order of a few hundred nm to several pm, which is
relevant to membrane operation [47-51]. Pulsed field gradient,
diffusion-oriented NMR spectroscopy utilizes spatially-dependent
pulsed magnetic field gradients to directly quantify diffusion co-
efficients for species containing protons and other NMR-active nuclei
over ms timescales. NMR relaxometry probes the relaxation rate (inverse
of T7) over an extended range of frequency, providing insights into the
local dynamics typically in the range of microseconds [52-54].
Furthermore, magnetic resonance imaging (MRI), mainly applied to
study time- and spatially-resolved proton concentrations and diffusional
processes, is used to observe the T; or T, relaxation times of 'H nuclei
attached to H,O or as HT/OH™ species located at various positions
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within or diffusing through the membrane. Profiles are established over
a timescale of seconds to minutes, at a spatial resolution of a few pm, and
such studies have been carried out for PEMFCs under operational
working conditions [55-57].

Because the ionic conduction processes involve movement of
charged species, they are examined by AC conductivity and time-
resolved analysis of the electrical impedance properties, probing time-
scales extending between 107> to 10° s associated with processes
ranging from electronic and ionic polarization to hopping and space
charge polarization dynamics. The data produced by these in-
vestigations can be combined into a single plot as a function of the
different timescales of the cooperatively interacting relaxation or
diffusional processes, in order to disentangle their contributions to the
dynamics.

Neutron scattering spectroscopy, in particular the technique of Quasi
Elastic Neutron Scattering (QENS), provides a direct measurement of the
relative displacement of all atoms and molecular groupings within the
sample. In particular, since the so-called incoherent scattering (that pro-
vides a measure of the interaction between the neutron and atomic
nuclei) from H atoms is so much greater than that of all other elements,
it probes the displacement of hydrogen atoms and hydrogen-containing
species in a sample. In this sense, QENS allows a unique perspective on
where the H-atoms are located relative to each other and how they
move, on a timescale that ranges from sub-ps to hundreds of ns. In
practical terms, each relaxation process gives rise to a QENS profile that
corresponds to a broadening in the energy transfer function (+ Ahw,
modelled as a Lorentzian process) around an elastic signal (5(w)). The
scattering profile is described in terms of a dynamical structure factor, S
(Qw) or its Fourier transform (I(Q,t), where Q is the momentum
transfer), as illustrated in Fig. 2.

In the energy domain, QENS data are typically described by the
examining the dependence of the Lorentzian linewidth (I" = half-width
at half-maximum; HWHM) with respect to Q2. The resulting relationship
can be dispersive, corresponding to diffusive dynamics, or non-dispersive,
associated with localized dynamics (e.g., polymer segmental relaxation,
reorientation/rotation motions, etc.). In the case of localized motions, a
characteristic relaxation time (z) is given by I' = 1/z. For dispersive
behaviour, on the other hand, examining the I (Q2) relations permits
evaluation of the self-diffusion coefficient (D) of the moving particle.
Theoretically, for Fickian diffusion, I follows the DQ? law. However,
this is only valid at low-Q values (<0.1 10\’1). At higher Q the I' vs @
behaviour reveals instead a detailed view of short-range proton dy-
namics, by fitting the data to so-called “jump” or “rattle and hop”
models, at various degrees of model sophistication [58-59]. Information
gained from QENS is highly complementary to that obtained from
pulsed field gradient (PFG-) NMR [35,60-63], with the additional ad-
vantages that it provides spatial information for the diffusion process,
and it allows one to obtain information on dynamics of confined species
at the nanoscale. In this particular case, the I vs Q? plot is characterised
by a plateau occurring at low-Q (I"p), before the onset of jump-diffusion
behaviour. From analysis of the plateau in reciprocal space and time
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dimensions, it is possible to extract information about the local diffusion
coefficient within the confinement region (Djo.), as well as the radius (a)
of the confining area according to: I'yp = 4.33 Dioe/a® [64-66].

In order to disentangle the dynamic contributions of different species
or parts of the complex study under investigation with QENS, it is
typically necessary to employ a range of different spectrometers that
access different timescales, often at different neutron scattering in-
struments and facilities (that may be worldwide), while taking advan-
tage of the unique contrast variation available to NS studies due to
widely different incoherent scattering cross-section for 11 (80.26 barns)
2H (D: 2.05 barns). In this way, selective deuteration allows highlighting
the dynamics of specific parts of the system under study. This approach
is particularly efficient when the dynamics to be disentangled are
associated with two different components, e.g., water and polymer
species. However, when the dynamical processes to be distinguished
arise from a single component (e.g. polymer a- vs f-relaxations) and/or
the system under investigation is characterised by multimodal dy-
namics, the best approach is to combine data from several neutron
spectrometers that cover the wide range of timescales associated with
the relevant processes (Table 1).

One example is shown in Fig. 3 for the case of a polymer membrane
hydrated in liquid/vapour water. Fig. 3a shows the profile taken on a
given neutron spectrometer and the result of fitting the data to two
Lorentzian functions centred at E = 0 (blue and green curves), with one
corresponding to the polymer dynamics and the second to the diffusion
of water molecules. Other atoms present within the system move on
timescales slower than those that can be accessed by the spectrometer,
so that their dynamics are subsumed into the so-called elastic line, which
is modelled as a delta function convoluted with the instrumental reso-
lution function (grey curve in Fig. 3a,b). The overall scattering function
can be expressed as:

S(Q, ®) = {8(@) Pinmobite + (1 = Lirmovite) 150 (Q; @) a
+(1-x) Sw(Q.0) ]|} @R(®)

where Sp and Sy are the scattering functions for polymer and water
respectively, @immobile is the fraction of “immobile” atoms (relative to
the probe timescale used), and R(w) is the instrumental resolution
function, typically determined by acquiring the scattering profile of
either a Vanadium standard, or from a QENS measurement of the sample
at very low temperatures (~2-10 K), where only vibrational dynamics
are presumed to be present. We note that the scattering function con-
tains an implicit “resolution effect”, which translates into specific dy-
namics being “visible or not” within the time-scale accessible by a
specific instrument. This effect can be accounted for by considering the
scattering law in the time domain, in which each contribution is nor-
malised according to its relevant resolution function. The scattering
expression becomes:

1(Q,1) = x1 Ip(Q, 1) + (1 = x1) [NytowTwy, (O, 1) + NpwiIw, (Q, 1) ] 2

where I(Q,t) is the so-called intermediate scattering function, and Ip and
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Fig. 2. Schematic representation of the typical data profile obtained in QENS for a single relaxation process. Reprinted with permission from [35].
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Table 1
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Beam-lines suitable for QENS studies at different neutron scattering facilities, with their achievable energy resolution (E,es) and Q range, as well as accessible timescale
and detectable dynamics. ISIS (Neutron and Muon Spallation source; United Kingdom); ILL reactor source (Institut Laue-Langevin; France); FRM-II (Research Neutron
Source Heinz Maier-Leibnitz; Germany); PSI (Paul Scherrer Institute, SINQ; Switzerland); SNS (ORNL, Oak Ridge National Laboratory Spallation Neutron Source;
USA); NIST (National Institute of Standards and Technology Center for Neutron Research; USA); ANSTO (Australian Nuclear Science and Technology Organisation;

Australia); J-PARC (Japan Proton Accelerator Research Complex; Japan).

Facility Instrument Configuration Q-range Accessible Probed dynamics
(Eres / peV) VA time scale
ISIS LET [67] 20.00 peV (E; = 1 meV) 0.03-1.32 Sub-ps — Hundreds of ps (Extremely) Fast dynamics
500.00 peV (E; = 20 meV) 0.14-5.90
IRIS [68] 17.50 peV (PG 002) 0.42-1.85 ps — Hundreds of ps Intermediate / Fast dynamics
54.50 peV (PG 004) 0.84-3.70
OSIRIS [69] 25.40 peV (PG 002) 0.18-1.80 ps — Hundreds of ps Intermediate / Fast dynamics
99.00 peV (PG 004) 0.37-3.60
ILL IN16B /BATS [70] 0.75 peV (Si 111) 0.20-1.80 Tens of ps — ns Intermediate / Slow dynamics
2.00 peV (Si 311) 0.70-3.50
1.50 peV (Si 111) 0.20-1.80
SHARP [71] 50.00 peV (A = 5.92 A) 0.20-2.20 Sub-ps — Tens of ps (Extremely) Fast dynamics
170.00 peV (A = 4.14 A) 0.20-2.20
IN5 [72] 45.00 peV (A = 6.00 A) 0.20-1.60 Sub-ps - Tens of ps (Extremely) Fast dynamics
80.00 peV (A = 5.00 A) 0.30-2.50
FRM-II TOF-TOF [73] 740.00 peV (. = 2.60 A) 0.40-2.20 Sub-ps - Tens of ps (Extremely) Fast dynamics
70.00 peV (A = 6.00 A) 0.20-1.80
SPHERES [74] 0.65 peV (Si 111) 0.20-1.80 Tens of ps — ns Slow dynamics
PSI FOCUS [75] 36.00 peV (A = 5.75 A) 0.30-1.80 ps — Hundreds of ps Intermediate / Fast dynamics
SNS BASIS [76] 3.50 peV (Si 111) 0.20-2.00 Tens of ps — ns Intermediate / Slow dynamics
15.00 peV (Si 311) 0.40-3.8
CNCS [77] 10.00 peV (A = 12.0 A) 0.10-1.00 ps — Hundreds of ps Intermediate /
500.00 peV (A = 2.90 A 0.40-4.00 Fast dynamics
NIST HFBS [78] 1.00 peV (Si 111) 0.10-1.80 Tens of ps — ns Slow dynamics
DCS [79] 10.00 peV (A = 9.00 A) 0.10-1.20 ps — Hundreds of ps Intermediate / Fast dynamics
500.00 peV (A = 2.00 A) 0.30-6.00
ANSTO Emu [80] 1.10 peV (Si 111) 0.10-1.95 Tens of ps — ns Intermediate / Slow dynamics
Pelican [81] 135.00 peV (A = 4.69 A) 0.30-2.20 Sub-ps - ps (Extremely) Fast dynamics
J-PARC DNA [82] 1.60 peV (Si 111) 0.08-1.98 Tens of ps — ns Slow dynamics
7.00 peV (Si 311; in plan) 1.04-3.79
AMATERAS [82] 900.00 peV (E; = 42 meV) 0.50-7.00 Sub-ps — Tens of ps Intermediate /(Extremely) Fast dynamics
10.00 peV (E; = 1.7 meV) 0.10-1.50

Iy are the intermediate scattering functions for polymer and water
respectively, and Ngjo and N, represent the fraction of “slow” vs “fast”
atoms.

In order to obtain additional information about the slower dynamics
that are recorded as “immobile” atoms in the initial QENS experiments
described above, additional studies must be carried at further spec-
trometer instrument(s) with higher energy resolution, that can access
slower timescales. Typical results for one of our present examples are
shown in Fig. 3b. The data from this high resolution spectrometer con-
tains a contribution from the two processes described above (i.e., dy-
namics extending outside the measurement window, shown as the broad
purple curve), plus a new Lorentzian function describing a third and
slower dynamical process. This demonstration illustrates how mea-
surements on two or more neutron spectrometers are necessary to obtain
QENS data over a full range of timescales necessary to gain a detailed
picture of polymer, water and ion dynamics in fuel cell membranes and
related systems and devices.

Another effective tool offered by the QENS technique, that resembles
a DSC scan in its mode of application and analysis, is the so-called Fixed
Window Scan (FWS) measurement. Such a measurement is typically
used to locate changes in dynamical behaviour, and it is experimentally
obtained by following the evolution of the elastic (EFWS) or inelastic
(IFWS) signal as a function of temperature. Moreover, analysis of EFWS
data yields the mean square displacement (msd) that contains informa-
tion on both vibrational excitations and proton delocalisation. Analysis
of the temperature variation in IFWS provides an estimate of the acti-
vation energy (E,) for those dynamic processes accessible in that specific
spectroscopic window (i.e. time scale) [83]. A new experimental set-up
that enables simultaneous QENS and DSC measurements has recently
been implemented at ISIS to provide complementary information for
mapping phase transition temperatures and identifying sample states

[84].
5. Examples and case histories

In this section we present two cases involving polymer and side chain
dynamics, water relaxation and mobility, and the conduction of cationic
or anionic species through the polymer network. These relaxation pro-
cesses are strongly coupled together over timescales relevant to PEM
membranes under operational conditions for FCs and other devices, and
we advance that the serial decoupling concept can be usefully applied to
disentangle and control the different dynamics, as we seek to design and
improve the device efficiency and extend their operating range. We
begin with a discussion of Nafion, the industry standard for proton
conducting membranes used at current FC operating temperatures, and
that has been the subject of multiple studies. Following a discussion of
the extensive work carried out to date, we outline how application of the
serial decoupling concept can help with further design improvements to
the polymer architecture, especially as FC operational temperatures are
increased to values beyond the polymer glass transition temperature
range (up to 200 °C) [18-20,86-89]. In the second part of this section,
we describe on-going work to study and unravel dynamics operating in
alkaline fuel cell membranes (AEMFCs). Less is known about these
systems which present an additional challenge, AEMs must operate with
comparable efficiency in highly alkaline environments [24-28]. Here,
recent studies in systems covering a wide range of hydration levels, are
applying the serial decoupling concept to disentangle the various
dynamical processes and correlate with the anion conductivity.

5.1. Nafion and related proton-conducting membranes

Nafion is the archetypal proton-conducting perfluorosulfonic acid
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Fig. 3. Comparison between scattering profiles acquired on two neutron spectrometers of different resolutions (namely 70 and 0.75 peV; IN6-SHARP and IN16B;
panel a and b, respectively). The data can be combined as a Fourier transformed function into the time domain to reveal different relaxation dynamics operating
sequentially across different timescale ranges (panel c). Adapted from Foglia et al. [85].

(PFSA) membrane used for low temperature fuel cells. Understanding
the structure-property relationships in this material (and other PFSAs
available from Aquivion, 3 M, Dow membranes, etc.) has been a central
focus of extended experimental and numerical studies over several de-
cades [90-91]. The main challenge is to understand the basic mecha-
nisms of proton transport and the impact of multi-scale structure and
ion/water dynamics on the global performance, i.e., proton conductivity
as a function of polymer and side-chain chemistry, degree of hydration,
and operating temperature (Fig. 4).

The amphiphilic nature of Nafion results in nanoscale phase sepa-
ration where ions, sulfonic acid headgroups and water molecules
(Fig. 4a [92]) are located within the interconnected continuous network
of ionic domains (Fig. 4b-c [93-96]), which itself is embedded within
the hydrophobic matrix composed of ribbon-type aggregates. At larger
scales, micron-sized domains give rise to a hierarchical organisation.
The main features of such complex multiscale structures (Fig. 4d [96])
have been investigated by small- and wide angle X-ray and neutron
scattering techniques, complemented by atomistic (density functional
theory, DFT) and nanoscale modelling (including molecular dynamics,
MD, and dissipative particle dynamics, DPD). It has been determined
that the self-assembled phase-separated morphology directly depends
on the local hydration level quantified by A = [H201/ [SO®~]. The mean
size of ionic nanochannels was found to follow a universal swelling law,
i.e. independent from the details of polymer backbone carrying per-
fluorinated side-chains [97]. Accordingly, this parameter appears to

directly control the local dynamics (Fig. 4f [60,98]), while large-scale
diffusion properties are governed by the macroscopic water content
and long-range connectivity (Fig. 4g [53]). Low hydration regions
correspond to severe spatial confinement, where water and hydronium
ion motions (Figure e [99-100]) deviate from Fickian diffusion [101]
and exhibit a sub-diffusive behaviour (i.e. the molecular motions are
lengthscale-dependent) (Fig. 4f-g [53,60,101]). This conclusion was
established by combining MD, multi-resolution QENS and PFG-NMR
performed on PFSA polymers and model ionic surfactants [60]. At
high hydration, a bulk-like behaviour is recovered and diffusion be-
comes obstacle-limited, associated with significant grain boundary and
tortuosity effects.

Globally, the multiscale dynamics of water that are key to under-
stand in detail how proton transport mechanisms are balanced
depending on the water content, i.e. how structural migration and mass
diffusion mechanisms combine to enable efficient long-range transport
across the polymer (Fig. 4h-i [100,102-103]). Particularly, the reor-
ganisation of the H-bond network allows the fast charge transfer within
Eigen- or Zundel-type clusters, necessitating 2-3 water molecules per
ionic group to be effective, while mass diffusion of hydronium ions re-
quires the presence of bulk-like pools of water within ionic domains, e.g.
A > 6-7. Only a few studies have addressed the relation between solvent
dynamics and polymer chain relaxations.

MD simulations [104], neutron spin-echo [105] and NMR [106-107]
measurements have indicated that hydration-enhanced polymer chain
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dynamics may favour fast local ion mobility, although the corresponding
relaxation timescales were found to differ by orders of magnitude.

To bypass performance loss that is especially associated with flood-
ing/drying out of the membrane electrode assembly (MEA), major
research efforts are now being devoted to the design and development of
new systems that can operate at high temperature (HT-PEMFC) and low
humidity, while tolerating impure fuel streams. This critical research is
expected to lead to PEMFCs that can operate with much higher effi-
ciency, incorporating new membrane systems such as those based on
phosphoric-acid-doped polybenzimidazole (PBI) [19,108-110]. These
rely on phosphoric acid species embedded within the membrane to
enable proton conductivity [111-113]. Current research is directed at
optimizing the conductivity and performance of these new membranes
via direct modification of the PBI, introducing crosslinkers as well as
using additives to reinforce the structure [114-119]. In this scenario of

increased structural and dynamic complexity it is essential to implement
the ability to understand, deconvolute and control the relationships
between intermolecular interactions and cooperative relaxation pro-
cesses with respect to their relative timescales.

5.2. Anion-conducting membranes

Ion conductivity in AEMs is thought to be achieved by a combination
of vehicular diffusion and Grotthuss hopping through the water
network, with the balance between these two contributing processes
determined by the water content (Fig. 5a) [30,32,120-123]. Despite
constant improvements in developing higher ion conductivity in
AEMFCs, this property still remains considerably lower than in PEMFCs,
resulting in a general reluctance to implement these systems that could
usefully replace use of Pt-based metal catalysts by less costly and more
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Fig. 5. Schematic illustration of an alkaline fuel cell (AEMFC) and its mode of operation, including a sketch indicating the main modes of OH/H,O transport (panel
a [85]) as well as possible polymer architecture (panel b [141]). Adapted from [85 & 141].

sustainable transition metals [24,124]. As for Nafion and other PEMFC
systems, optimizing AEM performance requires a deep understanding of
the coupling between OH™ hopping and H»O transport, and how these
are modulated by polymer relaxations [125]. This outcome can be
achieved by using QENS in combination with other techniques to study
the multi-timescale dynamics.

This approach was recently applied to commercial membranes for
AEMFC and other applications requiring specific and selective anion
conductivity [126-128]. However, the presence of H-containing poly-
mer backbone and functional groups (e.g., quaternary ammonium QA ™
species) used in these materials [129-137] makes the study more
complicated, as these dynamics also contribute to the overall scattering
profile. Furthermore, the poor thermal and chemical stability of the
membrane especially in high pH environments poses a barrier to their
operation under temperature conditions especially at low hydration
levels, and this has slowed down development of the technology [137].
A further disadvantage is related to the sensitivity of AEMs to carbon
dioxide that reacts with OH™ groups to produce (bi)carbonate species,
resulting in a reduction in the operating voltage of the cell [138-139].
For this reason, they require a pure fuel stream of H to operate effec-
tively, which considerably raises the operating costs.

With the goal of improving membrane stability and conductance a
series of new polymer and side group chemistries along with hybrid
mixtures (e.g., by adding SiO3 and/or TiO to the membrane) have been
investigated [140], together with various polymer architectures that
have been developed to mimic the phase separation that is important to
successful operation of Nafion (Fig. 5b) [141-147]. Besides the classical
comb-shaped polymer structure, it has been reported that the addition of
flexible spacers confers to the membrane a much higher alkaline sta-
bility [148], as these enhance the backbone flexibility as well as the
formation of ionic clusters, with consequent enhancement of water
transport [148-150]. All these chemical/structural modifications
further increase the complexity of the system, and it is clear that detailed
understanding of the interplay between microscopic physical processes

and structure at the macro- to meso-scale, especially under operational
conditions, is required to guide the next-generation designs. In this
scenario an overall view of sequential (relaxation) processes occurring
over a wide time scale (e.g. sub-ps to a few ns) becomes essential. This is
possible by following the complex process in the time domain (e.g. I(Q,
t); Fig. 3¢) where the different processes and the coupling between them
are highlighted by their different onset temperatures and relaxation
dynamics. This approach then mirrors the “serial decoupling” method-
ology described by Angell and co-workers.

6. Conclusions

The serial decoupling approach introduced by Angell is a powerful
way of evaluating, examining and interpreting the often strongly
coupled contributions to the relaxation and diffusional dynamics in
molecular glasses and in glass-forming polymers as a function of their
characteristic timescale and temperature dependence. It has already
proved advantageous in analysing, predicting and optimizing the ionic
conductivity of such materials. Here we discuss the wide range of
dynamical processes, many coupled together, which are present in
ionically conducting polymer membranes designed for use in fuel cells
and related applications. Furthermore, we discuss the methods available
to study these processes in situ and under operating conditions, with a
special emphasis on quasi-elastic neutron scattering that provides
simultaneous information on dynamical processes over a wide range of
relevant time- and distance scales. We present the current state of
knowledge for both proton- and anion-conducting systems, and discuss
how the serial decoupling approach could be extended and applied to
systematize the different datasets and ultimately help improve mem-
brane performance.
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