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Glossary

Ionomer membranes ionomers that are cast,
fabricated, and used as a bulk material with a
thickness on the order of micrometers. Most
PEMs in fuel cells are 10 to 200 um thick but
are expected to be thinner and robust for sus-
tainable cell performance.

Ionomer thin films ionomers that are cast on,
and interact with, a support material
(substrate) thereby forming a thin film with
a thickness on the order of nanometers. In
fuel cell catalyst layers (CLs), ionomers
exist as nanometer-thick electrolyte film
responsible for transporting ions and reac-
tants to catalyst sites, where electrochemical
reactions occur.

Ionomer an ion-containing polymer chemically
composed of charged (ionic) groups tethered to
an electrically neutral polymer backbone. The
fixed ionic groups are neutralized by the
mobile counterions of opposite charge, which

© Springer Science+Business Media, LLC, part of Springer Nature 2019
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act as charge carriers, thereby giving the
ionomer its inherent ion-conductive function-
ality. lonomers are commonly used as the PEM
in fuel cells.

PFSA (perfluorosulfonic acid) a fluorocarbon-
based sulfonated ionomer, which is a random
copolymer of a polytetrafluoroethylene
(PTFE) backbone and a randomly tethered
polysulfonyl fluoride vinyl ether side chain
terminated by the polar sulfonic acid ionic
group, SO;, that is associated with a specific
counterion, most commonly a proton (e.g.,
SO;~ + H" — SO;H). Nafion® is a commer-
cially available PFSA developed by DuPont in
the 1960s, which has since been adopted as a
benchmark PEM in fuel cells.

Proton exchange membrane (PEM) a poly-
meric membrane that separates the electrodes
in an electrochemical device, such as a fuel
cell, and conducts protons between the elec-
trodes while separating their reactant gases.

Definition of the Subject

In polymer-electrolyte fuel cells (PEFCs),
ionomers play a key role not only as a proton
exchange membrane (PEM) but also as
nanometer-thick electrolyte “thin films” within
porous catalyst layer (CL) structures, where they
bind and cover the catalytic particles and provide
transport pathways for the ions and reactant spe-
cies. An ionomer’s properties and functionality
are governed by its hydration-dependent nano-
structure, which separates into hydrophilic trans-
port pathways and hydrophobic polymer matrix.
As the ionomer is confined to nanometer thick-
nesses in the CLs, its intrinsic nano-morphology
and resulting transport properties deviate from
bulk membrane behavior. These deviations in
properties manifest themselves as additional resis-
tance to transport of active species that are key for
driving the desired electrochemical reactions.
Thus, some of the performance losses observed
in the cell are rooted in the catalyst ionomer and its
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local environment and interactions therein. In
thin-film form, the ionomer forms dynamic inter-
faces with the air and substrate, which impose
stronger impact on ionomer’s structure/function-
ality. This interplay between the confinement and
dynamic interactions controls the catalyst
ionomer’s properties, which affects the local
transport resistances in CLs, and ultimately
PEFC performance.

Introduction: lonomers in Fuel Cells

Perfluorosulfonic acid (PFSA) ionomers are ion-
conducting polymers commonly used as the solid
electrolyte/separator in electrochemical energy
conversion and storage devices where they pro-
vide multiple functionalities such as ion conduc-
tivity, gas separation, and solvent transport.
Similarly, in polymer electrolyte fuel cells
(PEFCs), PFSA ionomers have been widely stud-
ied and used as the PEM with a thickness on the
order of micrometers (10 to 200 um); yet, increas-
ingly important, but less explored, is the role of
ionomers as thin films and the interfaces they form
within the heterogeneous catalyst layer structures,
where electrochemical reactions occur (see
Fig. 1). In particular, the latter phenomenon of
confinement could have important implications
for the mass-transport limitations in catalyst
layers and PEFC performance, which are strongly
related to the transport resistances occurring
within the ionomer thin film and at its interfaces.

In a catalyst layer (CL), the ionomer functions
as nanometer-thick electrolyte film binding the
catalyst particles together and facilitating proton
transport through the layer and gas and water
transport to and from the catalytic sites. A CL is
a heterogeneous porous structure to increase
electrocatalytically active surface area, where the
ionomer thin film provides proton transport path-
ways to platinum particles, the carbon particles
provide electron conduction, and the pores enable
gas/liquid transport (see Fig. 1). Thus, while the
ionomer’s proton transport functionality persists
throughout the membrane-electrode assembly,
i.e., from PEM to CLs, and is critical to the cell
performance, the ionomer’s gas transport
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functionality differs significantly within the cell.
Ionomer as a PEM functions not only as a solid
electrolyte but also as a (gas) separator requiring
low O, permeability, whereas the ionomer in the
cathode CL must allow ingress of O, molecules
from pores to the catalytic Pt sites, where they
meet electrons (transferred through carbon) and
reduce O, to water (Fig. 1). Hence, an ionomer’s
gas transport functionality exhibits a striking con-
trast between PEM (gas impermeable) and CL
(gas permeable), understanding and optimization
of which is critical for cell design and perfor-
mance [1-15].

The current state of CL diagnostics data sug-
gests that the local resistance arising from the
ionomer/Pt interfaces in CL decreases with
increasing Pt loading, [1, 2, 6-15] exemplifying
how the performance and cost could be
intertwined [1, 7] (also see the chapter » “Proton-
Exchange Membrane Fuel Cells with Low-Pt
Content” by A. Kongkanand). The overall reaction
rate in the cathode CL is slow due to the formation
of water, the four-electron process of O, reduction,
and the use of air as the O, carrier, thereby resulting
in dramatic performance losses. Because the oxy-
gen reduction reactions (ORR) take place at the
ionomer/Pt interface, ionomer interactions are
believed to play a key role in controlling the trans-
port resistance in CLs. The contributions to the O,
transport resistance in CLs illustrated in Fig. 1:
(1) O, transport at the ionomer/air interface, (i) O,
permeation and diffusion through the ionomer film,
and (iii) O, permeation at the ionomer/Pt interface.
Despite distinct physicochemical natures of each
mechanism, they are all related to the behavior of
ionomer moieties and their interaction with the
water and gas molecules, as well as the substrate
composition. Given the unequivocal goal of reduc-
ing the Pt loading (and cost), these transport phe-
nomena create an intriguing performance-cost
trade-off, which is considered one of the most critical
challenges that must be addressed in PEM fuel cells
to make them a competitive technology [1, 2, 7].

Ionomers exist in CLs with a distribution of
thicknesses ranging from 7 to 15 nm [2, 4, 16],
which could be influenced by several design
parameters, such as the ratio of carbon to ionomer
(C/1), porosity, Pt loading, as well as CL
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Polymer-Electrolyte Fuel Cells (PEFCs): Role of lonomers
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lonomer Thin Films in PEM Fuel Cells, Fig. 1 Role of ionomers in PEM fuel cells as an ion-conducting polymer
electrolyte membrane (PEM) and catalyst ionomer in the electrodes

fabrication method. Thus, the ionomer thickness
(distribution) is likely to change with the ionomer
fraction in the CL, which affects the surface area
and mass activity of CL therein [10-12, 17]. Sim-
ilarly, water uptake behavior of catalyst ionomer
changes with C/I ratio [3, 9, 10, 17, 18], type of
carbon support [6], Pt loading [18], as well as
pretreatment [18]. The nature of Pt surface also
impacts the water uptake; catalyst ionomer under
reducing environment absorbs less water due to
the removal of oxide layer, the presence of which
creates a oxide-rich PtO layer that is more polar
and hydrophilic [19]. The complex structure of
CL, wherein the ionomer film formation and prop-
erties are controlled by a multitude of parameters
listed in Table 1, has driven the need for develop-
ing model systems for ionomers. Thin-film
ionomers serve this purpose with an idealized
representation of CL ionomers (Table 1). Thin
films are prepared by casting a diluted ionomer
dispersion onto a uniform, homogenous support
substrate followed by thermal treatments and

other post-processing treatments. The most com-
monly used technique is spin casting, where the
ionomer dispersion with a dilute concentration of
solid is cast on a substrate spinning at a controlled
rate, followed by other methods such as self-
assembly or drop casting on a substrate. Due to
the distinct nature of these processes, casting
methods and conditions influence the structure/
property relationship of the ionomer film, as do
the substrate and the dispersion solvents, because
of their interaction with the ionomer moieties
[20]. As the casting and dispersion solvent also
affects both the CL structure and PEM [2, 21-23],
fundamental investigation of such processing
effects in ionomer thin films could be beneficial
for developing material solutions for improved
cell performance. The key aspects and parameter
space of thin films and their diagnostics are shown
in Table 1 and Fig. 2, respectively. Even though
thin films underestimate the heterogeneity and
binary interactions in CL ionomers, they nonethe-
less provide a mean to isolate and study some of
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lonomer Thin Films in PEM Fuel Cells, Table 1 Comparison of ionomers in fuel cell catalyst layers and ionomer

thin films as model systems

Catalyst layer ionomer
Use/function PEM fuel cell electrode

Film formation
ionomer dispersion

Design and Heterogeneous porous structure where ionomer covers

structure particles on nonplanar surfaces

Design and Carbon and Pt type and fraction, ionomer content, CL

material thickness and porosity, coating method and conditions,

parameters ionomer chemistry, casting solvent

Thickness Varies with spatial distribution, C:I ratio, and Pt loading

Interactions Dynamic interactions with catalytic particles including
carbon and platinum

Operational RH, T, potential and time

parameters

Conditioning Cell conditioning and break-in protocols affecting ionomer

these effects in an effort to identify the governing
factors and phenomena. Thus, ionomer thin films
allow characterizing an ionomer’s morphology,
measuring its swelling and transport properties,
and probing its interactions with the substrate,
under controlled environments. Such investiga-
tions, in most cases, require techniques specifi-
cally suited for thin films that are distinct from
those used to characterize bulk membranes (see
Fig. 2).

The challenges common to these techniques
include significantly less volume occupied by
the thin films and the influence of the substrate
composition on the ionomer, which requires a
careful examination and analysis of the measured
properties. Nevertheless, most surface character-
ization techniques are applicable to both bulk
and thin-film form of the ionomer, and any
observed difference between the two could also
be used to study the interfacial effects and their
domain of influence through the thickness of
the ionomer.

lonomer Thin Films

A PFSA ionomer is comprised of hydrophilic
domains of 3 to 6 nm that are interconnected

Through casting and processing of catalyst inks containing

Ionomer thin film
Thin-film model system

Casting from a dispersion onto a
support substrate (e.g., spin casting)

Homogeneous, macroscopically
uniform structure on a planar
substrate surface

Substrate, ionomer chemistry,
casting solvent (dispersion), casting
method and conditions

Constant film thickness controlled
during casting
Interactions with the substrate

RH, T, potential and time

Thermal and solvent annealing of
films after casting

and form a phase-separated network at longer
length scales (100s of nm), which ultimately
controls its macroscopic properties. When the
thickness of ionomer is reduced to 100 nm or
below, its constituent chains and moieties are
confined to volumes comparable to its character-
istic domain size, thereby losing their ability to
form a bulk-like morphology. Such nano-
confinement of an ionomer also amplifies the
overall impact of the substrate interactions on
the thin film, which, in turn, could further restrict
the ionomer moieties’ mobility and cause addi-
tional nanostructural changes, as highlighted in
Fig. 3.

Even though confinement effects in polymer
thin films have long been of interest [47-52], their
application to charge-containing ionomer thin
films used in PEM fuel cells has garnered interest
only recently [6, 9, 20, 25, 27, 30, 32, 33, 36, 37,
53-57], due primarily to the need for understand-
ing the ionomer behavior in PEFC electrodes
[1,2,7-9,13, 14].

Confinement effects are strongly intertwined
with the surface morphology and properties of
bulk ionomers (i.e., PEM), where the ionomer
forms a thin layer of interfacial “skin” that
behaves differently from the ionomer in the
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lonomer Chararacterization and Diagnostics
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Fig. 2 Comparison of characterization and diagnostic
techniques commonly used for bulk ionomers and thin-
film ionomers, which are conceptualized with simplified
schematics for selected techniques. Additional information
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internal regions (see Fig. 3). This surface layer in
bulk ionomer could influence the membrane’s
transport properties by controlling the mass trans-
port of species through its interface [58-61],
although the membrane’s overall behavior is still
controlled by its internal regions, which constitute
the majority of the material’s volume (Fig. 3). As
the thickness of the ionomer is reduced to sub-
micrometer values, however, the interfacial
effects are more pronounced. In the thin-film
motif, in contrast with the ionomer’s open surface

on with the film

on technique can be obtained in the references [20, 24] and
[25-29] for morphology [20, 27, 30-33], for swelling and
uptake [34-37], for conductivity [26, 38], for mechanical
properties [8, 13, 15, 39], for microelectrode [40—46], and
for spectroscopy techniques

that creates an interfacial layer, its other surface
interacts with the solid substrate. Therefore, an
ionomer thin film’s behavior is influenced by
these two key interactions, both of which propa-
gate through the ionomer thin film, but in the
opposite directions, and perhaps with different
strengths (Fig. 3). Once the film thickness reaches
below 100 nm, a strong interplay between the
confinement and substrate interactions controls
the ionomer’s nanostructure and properties. As
the film thickness approaches 10s of nanometers,



422 lonomer Thin Films in PEM Fuel Cells
Film/Vapor Interface
lonomer Film t Thickness ( 5to 500 nm)
Film/Substrate Interface
Reduced Thickness
=
<20 nm 50-200 nm ~ Hm
surfaceinteractions = [hhhe - am————— v surface interactions
ﬁ ________ ) PO .: substrate interactions
= ]
thickness < propagation thickness >~ confinement thickness >> confinement

* interactions dominant = thickness ~ propagation distance .

= interfacial transport = interplay between interactions and

= change in phase-separation with confinement controls structure '
stronger domain alignment = strong domain orientation

—
-

Stronger Interactions

-

lonomer Thin Films in PEM Fuel Cells, Fig. 3 Impact
of thickness on properties of PFSA ionomers from bulk
membrane to the confined thin films highlighting the

i.e., comparable to CL ionomers, the impact of
substrate interactions becomes dominant. Thus, in
the thin-film regime, ionomer properties deviate
significantly compared to its bulk form (i.e.,
PEM), and the magnitude of these deviations
depends on the substrate and the environment
(Fig. 4).

Recent years have witnessed a significant
effort dedicated toward understanding PFSA thin
films, which exhibit reduced transport properties
compared to those of bulk films due to
abovementioned confinement effects [1, 20, 27,
32,33, 36, 37, 53-57, 62—65]. Compared to bulk
membrane, Nafion® films of ~100 nm or thinner
have been shown to exhibit reduced swelling
[20, 27, 33, 66, 67], water uptake amounts and
rates [20, 24, 27, 32, 33, 36, 54, 56, 57, 64, 65,
68], reduced ionic conductivity and increased
activation energy [5, 34, 36, 37, 53, 56, 64, 69,
70], lower rate of water diffusion [27, 54, 65, 68,
71, 72], lower intrinsic permeation [73], lower
contact angle [45, 67, 70], higher fraction of
hydrophilic surface area [70], higher modulus

bulk ionomer with interfacial
layers affecting mass-transport
internal nanostructure with
characteristic phase-separation

interplay between the surface/substrate interactions and
confinement controlling the morphology of the ionomer

[26, 38], and lower oxygen permeability [8, 13,
39]. Figure 4 highlights the relative changes in
selected properties of Nafion thin films compared
to their values for thicker Nafion. Upon confine-
ment to nanometer thicknesses, transport proper-
ties for proton and oxygen in Nafion decrease up
to more than 50%, while their activation barrier
increases indicating an overall significant increase
in the transport resistance. The fact that the mag-
nitude of these changes depends on the measured
property and the environmental conditions
reflects the complex nature of ionomer film’s
structure and interactions with the substrate
(on which the properties are measured).

These studies demonstrate trends reflecting the
confinement effects below 100 nm, and signifi-
cant shifts in the values along with stronger effect
of substrates as the film thickness reduces below
50 nm and approaches 10 nm [20, 24, 27, 31-33,
36, 37, 40, 45, 53-56, 63—67, 70]. Confinement,
along with the substrate-/surface-specific interac-
tions, affects the molecular ordering of the back-
bone chains as evidenced from FTIR [40], NR
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Change in the Properties of Nafion Thin Films relative to their value for Nafion bulk Membrane (25-50 pm)
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Fig. 4 Relative change in properties of a Nafion thin film
with respect to its value for thicker Nafion membrane under
the same conditions. Values are determined based on the
reported values for proton conductivity and activation energy
for conductivity (using interdigitated substrates) [34, 35, 37,
64, 67], oxygen permeability (from microelectrode studies)

[25, 28, 65], and GISAXS [20, 24] data, where
orientation of the backbone chains and ionic
domains resulted in reduced water uptake
[27, 33, 57, 62] and transport processes [27, 33,
57, 62]. The increase in ionomer’s transport resis-
tance under confinement can be explained by the
changes in swelling and morphology of the thin
film, as described in the following sections.

Swelling and Sorption Behavior

A key driving force behind an ionomer’s struc-
ture/property relationship is hydration. Owing to
their hydrophilic nature, the ionic moieties absorb
water molecules from the surrounding humid
environment. The amount of water in the hydrated
ionomer is usually quantified by the local water
content, ). (= mol H,O/mol SO5™) [74], which is
described as

5= O (M_)Af_ and
n(S0;) ~ \M, ) M, 0
— 1
=Y = IEc

where My, ) and Mj_,, ;) are the mass and
molar mass of phase i, respectively, and the sub-
scripts w and p stand for water and dry polymer,
respectively. The degree of sulfonation in PFSA

90%RH
(30-40°C)

90%RH  60%RH
(80°C)

[8, 13, 39], and hydrophilic-domain spacing (from GISAXS)
[24]. Thickness values of films are matched and grouped
together, but the substrates could differ among the studies
due to the distinct nature of setups and techniques used to
probe each property. (Values from different reports are shown
as individual bars plotted together for similar thicknesses.)

ionomers is commonly represented by the equiva-
lent weight (EW), which is inversely proportional
to the ion exchange capacity (IEC). The ionomer
accommodates the absorbed water molecules in its
hydrophilic nano-domains, which grow with
hydration and separate from the hydrophobic poly-
mer backbone. Thus, hydration drives the
ionomer’s phase-separated nanostructure, which
results in a volumetric swelling at macroscopic
level. The volume change at a given RH with
respect to dry state can be related to dimensional
change in each direction (7), Li/Lqyy, as follows:

Vdry + Vw _ <Vdry + AiVW)
Vdry Vdry

- (1 L)

Ldry

_ H Li(4)

i Lary

@

where V represents the molar volume. If one
assumes isotropic swelling, L;(1) = Lis(4), then
a simplified expression could be obtained for
swelling as a function of A. In the expression
above, the swelling dimension, m, takes the
value of 3 for three-dimensional (3-D) swelling.
The water uptake and swelling of PFSA mem-
branes are well established based on measurements
at a controlled water vapor activity, a,, (or relative
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lonomer Thin Films in PEM Fuel Cells, Fig. 5 Com-
parison of (a) water uptake behavior of catalyst layer
(CL) ionomer (measured without the membrane) and (b)
ionomer thin films of 50 nm spin cast on silicon substrate,
measured at 25 °C. The ionomers are 1100 EW Nafion and

humidity, RH), at a given temperature [75]. Hydra-
tion behavior of PFSA thin films is usually charac-
terized using quartz crystal microbalance (QCM)
and ellipsometry (Fig. 2). While QCM determines
the mass change of a thin film on a quartz crystal
substrate based on the change in sample frequency
during hydration, ellipsometry measures the thick-
ness swelling, AL/L,, of a film by measuring the
change in its optical response. PFSA thin films’
mass uptake can be characterized by QCM
using the Sauerbrey analysis, which determines
the mass change in the film during hydration,
AM, from the resonance frequency change, Af, of
the quartz crystal [20, 25, 30, 32, 33, 55, 69]. Such
analysis holds for ionomer films of less than
600 nm where they do not exhibit dissipation or
viscoelastic losses [33, 55]. Ellipsometry also pro-
vides properties such as the refractive index of the
ionomer, which must be modeled to determine the
film thickness. The wavelength dependence of the
refractive index 7n(Ayave) is analyzed using the
Cauchy model [31, 76]:

B C
PR

/Lwave

n(iwave) =A+ 3)

jvwave

where 4, B, and C are coefficients determined
through the data modeling. With the above
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(b) Swelling: lonomer Thin Film on a Substrate
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825 and 725 EW 3 M PFSAs. Water uptake profile for bulk
Nafion 212® membrane was included in (a) for compari-
son. The inset in (b) shows the water content at 95% RH
converted from the uptake and swelling data for CL
ionomer and for thin films, respectively

expression, a thin film is modeled as a Cauchy
layer that describes the dispersion of light in trans-
parent media with minimal light absorption and is
used to determine the film’s thickness.

Figure 5 summarizes hydration behavior
of PFSA ionomers as a membrane (PEM), catalyst
ionomer film, and thin film. Compared to a bulk
membrane, ionomers in the CLs have much lower
water content at a given RH. Moreover, as the
ionomer IEC increases, the catalyst ionomer’s
water uptake capacity increases. A similar effect
of IEC on ionomer is observed from the thickness
swelling data of PFSA thin films on a silicon
substrate. In fact, the calculated water content
values are comparable for the ionomer films in
CL and on a flat substrate, which demonstrates
the potential of ionomer thin films as model sys-
tems (Fig. 5b).

Comparison of swelling (ellipsometry) and
uptake, A (QCM), values could provide insight
into ionomer’s hydration behavior [20]:

Vo Viix ALN"
\/QCM Vp VP Ldry (4)

Ellipsometry

where the (partial) volume of mixing Vi
accounts for the contribution due to nonideal
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mixing [77]. A fair approximation for thin films is
m = 1 as they are confined on the substrate, which
allows them to swell only in the thickness direc-
tion [27, 32, 33, 36]. Swelling dimension
increases toward 2 as the thickness increases
over 200 nm, for the fact that in-plane swelling
starts as the film’s top surface is less restricted by
the constraints imposed by the substrate. A value
of m = 3 should be reached as the ionomer
approaches the “bulk” regime. As for Vi, it is
known for bulk membranes that the partial molar
volumes change as a function of hydration due to
the mechanisms of solvation, although with rela-
tively minor effects at higher hydration levels
[75]. In the case of 1-D swelling assumed
(m = 1), the contribution from nonideal mixing
could be negligible (Viix = 0) [27]. Physically,
the low volume of mixing effect indicates that
confinement alters the solvation process in the
ionomer, which is also evident from the shape of
the hydration isotherms of thin films (Fig. 5b),
which lack the primary solvation regime at low
RH (i.e., Langmuir regime for bulk PFSAs). The
thin-film uptake curve exhibits lower A for a given
RH than for a bulk membrane. This is especially
apparent at higher RHs, where hydration is
expected to be driven by entropic effects and not
primary solvation [78-80]. Thus, confinement
effects not only reduce the swelling of ionomer
thin films but also change the nature of the asso-
ciated water (i.e., whether it is strongly bound to
an ionic group or freely moving). Overall, the
qualitative trends between QCM and ellipsometry
are consistent, with the latter being more com-
monly employed as it works on most substrates,
albeit with the caveat of using the correct model
for the data analysis and difficulties with
converting swelling to water content [53].

Even though limitations in swelling could occur
due to confinement, the reality is more complex due
to the interplays among confinement and substrate
composition, casting, and ionomer chemistry. The
current state of understanding of hydration behavior
of PFSA thin films can be summarized as follows
[20, 24, 69]:

(i) Ionomer’s swelling could be correlated to its
water (mass) uptake where a 1-D swelling
represents a fair approximation, the accuracy
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of which, however, decreases with increas-
ing film thickness (from 100s of nm to 1 um)
[20, 24].

As the film thickness decreases to 50 nm, its
swelling continuously reduces relative to its
value for thick (bulk) membrane. Once the
film is confined to below 15 to 20 nm, how-
ever, it enters a different regime with much
higher swelling and a stronger dependence
on the substrate composition. As an exam-
ple, swelling of Nafion on Au is comparable
on C for 35 to 50 nm thickness, but increases
significantly for 16 nm-thick film (Fig. 6).
Ionomer’s swelling increases with increasing
IEC (or lower EW) [24], although differ-
ences arising from such effects are less pro-
nounced in terms of water content, A, which,
by definition, accounts for the number of
SO; ™~ groups (see Fig. 5b).

Swelling of self-assembled thin films is
higher than spin-cast films on gold, but the
opposite is true on carbon, caused probably
by the substrate-specific interactions chang-
ing the adsorption of the PFSA moieties
from the solution to the substrate during
film formation [20].

Thermal annealing reduces water uptake and
swelling of thin films [20, 24, 66, 70] and
increases crystallinity [24], similar to its effect

(ii)

(iii)

(iv)
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Fig. 6 Thickness swelling (ellipsometry) data of Nafion
thin-film spin casts on carbon and gold substrates (from
Ref. [20]). Open and closed symbols correspond to
unannealed and annealed films, respectively
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on bulk membranes. The impact of annealing
is substrate dependent where it decreases with
decreasing film thickness on gold but increases
on carbon (see Fig. 6), owing to the stronger
sulfur interactions with gold than carbon.
Thinner films on substrates like Au and Pt are
strongly interacting with the substrate surface,
which pins the ionic moieties onto the sub-
strate, thereby restricting the motion and con-
formation changes of ionomer chains under
thermal conditions, which is also supported
by the morphological evidence (from GISAXS
studies[20]).

Hence, when it comes to the effects of pro-
cessing and substrate, the latter could dominate
the ionomer’s hydration, especially when it
strongly interacts with an ionomer confined to
less than 50 nm. Such interactions also drive the
changes in T,, [70] and modulus [38], which alter
the effect of the thermal treatment process. How-
ever, such surface alteration is more restricted in
ultrathin films (~10 nm), which require more ther-
mal energy for annealing and therefore a higher
annealing temperature. This also explains why the
influence of annealing on thin film’s hydration
changes both with film thickness and substrate.

Morphology
As with their swelling behavior, the phase-
separated morphology of PFSAs also changes
under confinement and in the presence of substrate
and wetting interactions, as evidenced by various
techniques including grazing-incidence small-
angle X-ray scattering (GISAXS) [20, 24, 27,
53, 57, 62], neutron or X-ray reflectivity (NR or
XR) [25, 27-29], TEM [53], spectroscopic tech-
niques (e.g., XPS or FTIR/ATR) [40-46, 81, 82],
cryo-TEM tomography [83], fluorescence [33],
AFM [53, 56, 67, 69, 70, 84-87], contact angle
[45, 64, 67, 70], PM-IRRAS [68], and positron
annihilation lifetime (PAL) spectroscopy [45].
GISAXS and NR in particular are powerful
tools to investigate the orientation and spatial dis-
tribution of the nano-domains, at and below the
thin-film interfaces [20, 25, 28, 29, 57, 88, 89].
As opposed to random, isotropic distribution of
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domains in bulk PFSA, in thin films, a hydration-
dependent lamellar-like nanostructure forms at the
film/substrate interface, with alternating layers of
water-rich and polymer-rich domains (Fig. 3)
[25, 28]. In addition, on hydrophilic substrates
(such as Si0O,), a water-enriched surface with a
water layer thickness of 1 to 3 nm is observed due
to the excess water at the substrate/film interface
[25, 69, 89]. Such ordering at the interface could
propagate a significant distance (10s of nm) through
subsequent layers in a thin film, inducing a locally
ordered morphology with alternating layers of
SO;Tich hydrophilic domains and fluorocarbon
hydrophobic domains (Fig. 3) [24, 25, 55, 69,
88, 89]. A recent FTIR study on a PFSA thin film
[40] documented different polarizations in and out
of the plane of the film, with stronger z-polarized
electric field in thinner films indicative of chain
alignment parallel to the surface. Such molecular
ordering exhibits a transition around 50 nm and
depends on processing such as spin casting. The
preferential domain alignment is strongest closer to
the interface, depending on the substrate interac-
tions, and diminishes along the successive layers
toward the film surface [25, 28, 55, 89] (Figs. 3
and 7). Such changes in film morphology with the
substrate, along with the impact of thickness and
humidity, were also witnessed in GISAXS studies
[20, 24]. Typical GISAXS patterns for Nafion films
(0f 90 & 10 nm thickness) on various substrates are
compared and analyzed in Fig. 7.

Compared to scattering based on transmission
(through membranes), techniques for thin films
rely on reflection geometry, where the incident
beam applied at a shallow incident angle (o; < 1°)
enters the film and then reflects from the substrate/
film interface [90]. To accomplish this, the incidence
angle must be lower than that critical angle, o, of
the film yet lower than that of the substrate, o,
film < 0 < Oler substrate- UNAer such grazing-incidence
conditions, sufficient beam path could be achieved
to collect scattering patterns that probe the local
structure of a thin film as well as its interface with
the substrate. While the reflection geometry
increases the complexity of the scattering, it none-
theless provides a powerful method to characterize
polymer thin films [90].
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lonomer Thin Films in
PEM Fuel Cells, Fig. 7
(a) 2-D GISAXS spectra of
100 nm Nafion thin film on
SiO, substrate at different
humidities and the
evolution of the ionomer
peak obtained from the
intensity profile during
humidification. (b)
Comparison of GISAXS
patterns for vapor-saturated
(100% RH) Nafion films of
two thicknesses on carbon
and gold substrates. (c)
Impact of thickness and
substrate on the orientation
parameter of Nafion film,
which was calculated from
the distribution of intensity
along the azimuthal angle at
the ionomer peak position
(shown schematically
below) (Data are compiled
from Kusoglu et al. [20,
24]) (For ease of
comparison, only one
quadrant of the 2-D images
is shown due to their
symmetry along the vertical
axis, qz)

(a)

(c)

QOrientation Parameter

Morphology of Hydrated Nafion Thin Films (GISAXS)
Effect of Humidity

growth of hydrophilic
nang-domains with

(b)  Effect of Substrate
Carbon (C)

Thinner
lonomer

Thicker
lonomer

EH}D @ humidification 200 nm ; 28 nm
35% RH . ]
05 1 15 2 -2 -1 0 1
g, [nm™] qp[nm ™)
Orientation of lonomer Nano-Domains
L parallel to the substrate [ ]
08r .
06 r 3
O4visory MMM NEN |
02¢ 5

150-250 nm

GISAXS
Patterns

Domain

isotropy

50-60 nm
lonomer Film Thickness on Substrate (Si,C,Au)

Representative

Orientation

20-30 nm

py

anisojl(




428

Characteristic features of GISAXS patterns for
Nafion thin films shown in Fig. 7 are summarized
as follows:

There exists a scattering half-ring that inten-
sifies with humidification indicating hydration-
driven phase separation with a correlation length
between ¢ = 1.5 and 2.5 nm™ ', which corre-
sponds to domain spacing of d = 2n/g ~ 2.5 to
4.5 nm [20, 57]. The degree of phase separation,
quantified by the full-width half-max (FWHM) of
the ionomer peak, decreases with film thickness
and almost disappears for ultrathin films [20, 24,
27, 57]. Nevertheless, this trend is strongly
influenced by the IEC (or EW) of the ionomer,
increase in which it tends to enhance phase sepa-
ration at a given thickness due to a higher fraction
of ionic moieties [24]. As the film thickness is
reduced below 50 nm, the ionomer begins to
exhibit weaker phase separation, which is evident
from the broader ionomer peak in GISAXS
[20, 53, 57], more mixing of smaller-size domains
in TEM images [53] and AFM [56], as well as the
change from hydrophobic to hydrophilic film sur-
face [45, 67, 70].

A rather more important consequence of con-
finement is the (nano)structural anisotropy. Scat-
tering patterns begin to exhibit slight deviations
from isotropy as the film gets thinner since the
ionomer chains are topologically confined. A com-
parison between the intensity profiles taken parallel
(I-qp) and perpendicular (I-g,) to the substrate indi-
cates stronger phase separation in thickness direc-
tion, accompanied by smaller domain spacing.
Compared to the isotropic d-spacing of a bulk-
like ionomer, confinement reduces the ionomer’s
d-spacing more in the thickness direction (d, < d,)
(Fig. 4). Nevertheless, in the thickness direction,
ionomer preserves its phase-separated nanostruc-
ture aided by the confinement effects, which
induce preferential orientation of domains parallel
to the substrate. In such a configuration, domain
orientation is influenced also by the strength of the
substrate/film interactions.

Figure 7b reveals a sharp contrast in
PFSA structure between carbon and metallic sub-
strates. PFSA film’s nanostructure exhibits closer
to a semicircular (isotropic) ionomer peak on sil-
icon and carbon substrates, whereas it becomes
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more anisotropic on gold and platinum. Also, the
substrate appears to have a stronger impact on
domain orientation than on domain spacing. To
characterize this nanostructural anisotropy, an ori-
entation parameter, O.P., is calculated from the
distribution of ionomer peak intensity as a func-
tion of azimuthal angle, y (Fig. 7):

0.P. = (cos?y)

_ BP0 sinGeos sy o

I 1(z) sin (x)dy

An O.P. of 0 and 1 corresponds to perpendicu-
lar and parallel orientations, respectively, while an
isotropic distribution of intensity ({/()) = constant)
yields O.P. = 0.33. As shown in Fig. 7c, the
orientation parameter for Nafion thin film depends
both on thickness (confinement) and substrate
(interactions), with the latter imposing a stronger
effect. On silicon and carbon, the O.P. is closer to
the isotropic distribution, regardless of thickness.
On gold substrates, however, PFSA films exhibita
stronger orientation accompanied by a secondary
impact of thickness. As the ionomer is confined on
gold to a thickness below 50 nm, its
O.P. approaches 1, which is the theoretical value
for parallel alignment. Hence, the strong interac-
tions of PFSA moieties with metallic substrates
lead to substrate-induced ordering, which is
enhanced under confinement. Thus, for ultrathin
films, the substrate-ionomer interaction is strong
enough to propagate the entire film leading to
preferential alignment of all the domains therein
(Fig. 8a).

An increasing number of studies agree on for-
mation of a partially ordered ionomer domain
structure closer to the film/substrate interface
[20, 28, 33, 38, 45, 55, 67], albeit with a strong
substrate dependence [20, 28, 45, 56, 57]. Such
alignment in confined geometries is possible in
light of recent evidence on the locally flat, ribbon-
like morphology of PFSA (see Ref. [75] for addi-
tional reading). It was shown that during
humidification of PFSA thin films, hydrophilic
d-spacing (d(A)/dg4r) increases with thickness
swelling (L(A)/Lgry) in an affine manner,
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Impact of substrate interactions on the local orientation of
PFSA domains on weakly and strongly interaction

indicative of locally flat domains [24]. Hence, a
bulk PFSA ionomer can also be interpreted as a
mesoscale assembly of ionomer structures with
local order, like thin films, which could also
serve as a model constituent for studying multi-
scale transport phenomena.

From these studies, a morphological picture for
PFSA thin film emerges where the ionomer
domains have stronger packing and preferential
orientation nearby the substrate. In the plane of
film, however, they maintain their interconnected
network with more random orientation. It is
instructive to consider that close packing of
domains also results in a strong densification of
ionomer, thereby giving rise to additional resis-
tance to the transport species perpendicular to the
substrate. In such a confined geometry, the poly-
mer chains do not have sufficient energy to orient
themselves randomly as they do in a bulk volume,
and therefore exhibit preferential alignment,

stronger Pt-50;

interactions
W{Eg;_ 50; HH,0
<« SO
B B¢ “5 : Z“ Pt-H = H,0
Pt Pt-O depleted

substrates. (b) Changes in the nature of Pt/ionomer inter-
face under oxidizing and reducing environment

thereby impacting transport of ions [5, 35-37,
53, 91], water [20, 32, 65, 68, 73], and gases [6,
8, 15, 39]. It should be noted that ionomer chains
still have relatively more conformational freedom
in the plane, where their mobility is less likely to
be restricted compared to that perpendicular to
substrate.

In accord with these morphological changes,
the surface of a PFSA thin film also changes under
confinement, which is probed by methods such as
contact angle measurements and electrochemical
AFM. The contact angle of a Nafion film exhibits
a strong dependence on not only the thickness but
also the thermal history. Below a critical thick-
ness, L, the film surface is hydrophilic and
becomes more hydrophobic as the thickness
increases toward bulk-like values (L > L) [31,
64, 67]. The contact angle of a Nafion film
decreases from 100° to almost 0° around a critical
thickness of L., = 50 to 60 nm and then increases
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slightly up to 20° for a film of a few nanometer
[31, 64, 67]. The hydrophilicity of thin-film sur-
face was also confirmed by PALS, showing an
SO;-rich surface [45] and NMR [87], which dem-
onstrated that the local hydrogen-bonding struc-
ture of a 10 nm film is water rich with a high
dissociation of protons and exhibits no further
change in "H chemical shifts and mobility with
temperature [87]. This is in contrast with a
160-nm-thick film, which exhibit a bulk-like
behavior with a temperature-dependent proton
mobility, and thus does not suffer from the kineti-
cally trapped state with limited mobility that ultra-
thin films experience [87]. In addition, a Nafion film
annealed at C exhibits hydrophobic surface, regard-
less of the thickness [70]. However, once an
annealed film is exposed to liquid water, it becomes
hydrophilic again, signifying a surface reorganiza-
tion that can be switched by means of surface treat-
ments, accompanied by changes in surface
roughness [64, 70]. The fact that switching of the
surface wettability requires a higher annealing tem-
perature for thin(ner) films indicates the highly
restrictive mobility of Nafion as its confinement
increases.

Structure/Property Relationship and
Transport

It is clear that a thin film’s internal and surface
morphology poses significant limitations to trans-
port and overall device performance [7, 27, 33, 56,
57,62, 65, 91]. Due to similar transport limitations
between the Nafion electrolyte films formed in
PEFC electrodes [6, 7,9, 11, 14, 18, 92] and Nafion
thin films [20, 27, 32, 33, 36, 57, 91], thin films are
used as model systems to investigate and model
electrode ionomers [1, 2, 7]. Key for electrode
performance is good oxygen permeability with
proton conductivity across/through an ionomer
thin film on and between carbon/Pt agglomerates.
Since both transport properties tend to deteriorate
for nm-thick films, understanding the structure/
transport properties therein is of great importance.
As discussed above, such transport resistance,
while being driven by the confinement, is also
impacted by the ionomer/Pt interaction, with struc-
tural ordering through chemical affinity of SO3™
groups onto Pt. With the formation of water-
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enriched surfaces near the substrate, which was
evidenced by the availability of non-H-bonded
water [43] it becomes easier to solvate SO5 groups
with lower energy cost on backbone chain's
deformation. In a DPD model of a 10-nm-thick
Nafion on carbon, diffusion was found to be aniso-
tropic, higher along the film and lower in thickness
direction [93]. Similarly, the conductivity of
ionomer films along the ionomer-substrate inter-
face is strongly influenced by the molecular orien-
tation and ordering of the ionomer moieties therein
[91]. Thus, the impact of morphological changes
on transport is largely dependent on the direction
on which the mechanism is probed.

Confinement-driven structural changes and
ordering reduce not only the transport properties
but also their kinetics. For example, swelling
kinetics of thin films have been shown to yield
time constants [18, 20, 32, 57, 65] similar to those
found for the interfacial transport of bulk mem-
branes, thus revealing the thin-film nature of bulk-
membrane interfaces. It must be noted, however,
that correlating kinetic effects with confinement is
not trivial, especially when probing transport par-
allel or perpendicular to the substrate. This is
because swelling kinetics is strongly intertwined
to dynamic of morphological changes, such as
formation of interfacial layering [25, 65]. It is
worth noting that similar phenomena occur at the
open surface of an ionomer, where the humidity-
dependent film interface changes the mass trans-
port and its kinetics [59, 61, 94, 95]. An intriguing
consequence of this phenomenon is observed when
gas transport at the film’s interface is probed elec-
trochemically using a Pt electrode, where the elec-
trochemically generated water changes the
interface, thereby affecting the measured property
and its kinetics [59].

Hence, there exists a strong interplay between
the film’s morphology and transport phenomena,
as dictated by confinement and interactions,
whether it is in contact with air or a substrate
[8, 14, 20, 34, 53, 55, 67, 68]. When confined to
thin films, PFSA exhibits not only lower diffusion
[27, 54, 65, 68, 71, 72] but also a few orders of
magnitude slower relaxation, indicating more
restricted chain dynamics [68]. An important
implication of confinement effect for fuel cell
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ionomers is the reduced conductivity with
decrease in film thickness [5, 34, 36, 37, 53, 64,
70, 91] and substrate dependence [34] (Fig. 4),
which can be associated with decreased water
uptake [34, 36, 64, 70, 91] and the number of
conducting sites (from conductive AFM) [56], as
the conductivity-A relationship was shown to
extend to the thin-film regime, albeit with differ-
ences from that in the bulk regime [69]. Concur-
rent with the confinement-driven increase in
resistance to transport of water and ions, activa-
tion energy for conductivity also increases as the
film thickness is reduced [34, 35, 37, 64, 67, 91]
(Fig. 4). Conductivity of PFSA film decreases also
after thermal annealing, the impact of which,
however, diminishes for ultrathin (10 nm) films,
which exhibit minimal rearrangement in response
to heat-treatment processes [35]. A noteworthy
observation is that the reduction in conductivity
upon heat treatments is more pronounced than that
in swelling, which not only reveals the key roles
of morphological changes and film interactions on
transport resistances [20, 64, 70] but also under-
scores the enthalpic and entropic contributions to
chain dynamics in thin films which are controlled
by both kinetic and thermodynamic phenomena.
Similar to conductivity, oxygen permeability
also decreases in thin films [6, 8, 13, 15, 39]. Oxygen
transport in thin films is measured electrochemically
using a microelectrode setup, where one of the
dimensions of the Pt electrode is small enough to
probe local resistances at the ionomer/Pt interface
during oxygen reduction reaction (ORR), thereby
mimicking the mechanisms occurring in PEFC cath-
odes [8, 39, 59, 96-98]. By sweeping potential
under various concentrations of O,, diffusion-
limited current densities are achieved and used to
relate for various film thicknesses to the O, transport
through the film to the interface. With such charac-
terization, one can identify the contributions to the
O, transport resistance in CLs (shown in Fig. 1) and
study the role of ionomer film. However, such anal-
ysis is nontrivial due to the nanometer thicknesses
probed. Kudo et al. [8, 39] showed that the reduced
O, permeation in thinner films exhibits a thickness
dependence, which is governed by the surface inter-
actions of the film, especially at the Pt/ionomer
interface. While an overall interfacial resistance to
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gas transport is inferred, separating the oxygen per-
meation through ionomer’s inner regions and at the
ionomer/Pt layer is difficult as below 20 nm thick-
nesses, the entire ionomer film exhibits densification
and acts as an “interface.”

Furthermore, any preferential alignment is
expected to result in local stiffening, which was
evidenced by fluorescence showing anti-
plasticization [33] and correlates to the observed
increase in the modulus of thin films [26, 38].
These changes are consistent with the reduced
water uptake due to a stronger mechanical force
in the mechanical/chemical energy balance that
controls swelling equilibrium. One potential strat-
egy for altering this balance and overcoming trans-
port limitations is using PFSAs with higher IECs
and different side chain chemistries. Lowering the
EW of a PFSA ionomer film increases its swelling,
which could be favorable for enhancing some of
the transport mechanisms, but it could also increase
the local order near the Pt substrate (Fig. 8b),
thereby affecting the transport of species to that
interface. For example, MD simulations showed
that increasing the side chain density by lowering
the EW enhances the H-bonding and charge-dipole
interactions, which impedes water mobility and its
self-diffusion [99]. Such an effect is explored in
CLs, where low-EW ionomers could increase O,
transport resistance despite absorbing more water
[15]. Thus, changes in ionomer’s side chain chem-
istry and density in the presence of an interacting
substrate could significantly alter the transport
mechanisms, which result in multiple distinct fac-
tors influencing the film’s swelling and transport
properties and making it challenging to establish
their underlying origin.

Substrate/Film Interactions and Related
Phenomena

The nature and composition of the substrate sur-
face, including its oxide layers (e.g., SiO,, PtO), is
critical to the understanding of their interactions
and response to various stimuli, such as humidity
and electrochemical potential [8, 19, 20, 29, 30,
34,41, 56,69,91, 100, 101]. Thus, compared to a
hydrophilic Si native-oxide surface, films on
hydrophobized Si substrates exhibited less water
uptake and strong structural anisotropy with
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domains parallel to the substrate [57]. On carbon,
the nature of the substrate becomes critical as well
[10, 20, 29, 30, 45, 56]. In addition, aging of
carbon was shown to cause surface oxidation
and rearrangement, accompanied by reduced
film thickness and irreversible swelling
[29]. Also, when the carbon surface is hydropho-
bic, the ionomer’s interactions occurs via its
apolar fluorocarbon chains [10], whereas hydro-
philic carbon preferentially interacts with the
polar SO;H groups (Fig. 8a) [102]. Similarly,
aggregates of PFSA are randomly adsorbed onto
a highly oriented pyrolytic graphite (HOPG) sur-
face, thereby forming an ordered morphology
[103]. The favorable interactions between SO;~
groups and a hydrophilic substrate’s polar groups
[29, 45, 56, 57, 103] become strongest on a Pt
substrate [41, 45, 56, 101] (Fig. 8). While the NR
studies report higher affinity of SO3~ groups on
hydrophilic SiO, compared to metallic substrates
[25, 28], GISAXS data show stronger substrate-
induced morphological changes on Au and Pt
[20], which is likely the cause of stronger domain
orientation (Fig. 8c). Nevertheless, due to
dynamic and chemically heterogeneous nature of
the substrate-ionomer interface, local structure
probed therein could also be influenced by the
type of excitation, which could explain some of
these discrepancies between various techniques.
The substrate-specific changes are in accord with
simulation results [43, 93, 104-106], confirming
the key role of affinity of water to the substrate in
an ionomer’s molecular rearrangement that affects
the morphology [104] and surface hydrophilicity
[70, 93, 104, 105].

PFSA(—SO;H)/Pt interactions are well-
explored electrochemical cell studies to elucidate
the effects of electrochemically formed water and
the oxide layer formation on ionomer film behav-
ior [6, 8, 14, 29, 30, 44, 101, 107] with spectro-
scopic evidence [41-44] and supported by
molecular simulations [43, 104, 106] (Fig. 8b).
These studies confirmed the high chemical affin-
ity of sulfonate SO3;~ groups to the Pt, which was
also supported by FTIR [41, 43, 44], XPS [45],
PALS [45], and MD studies [10, 43, 99, 104, 108].
PFSA/Pt interactions were shown to be reversible
during Pt-oxide formation and reduction such that
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adsorption of PFSA moieties onto the Pt surface
weakens and disrupts surface oxide formation
(e.g., due to applied electrochemical potential)
[14, 30, 41, 44, 101, 107]. Thus, in reducing
environment as well as at low hydration levels,
PFSA’s acid groups are embedded on the Pt sur-
face, whereas formation of an oxide layer (PtO)
creates a polar, hydrophilic interface between the
ionic groups and the Pt particles [41, 44]. Such
changes affect the long-range restructuring of the
ionomer chains, which was accompanied by the
changes in the mobility of SO;~ H3;0" and H,0O
[41, 44], ionomer structure [14, 30, 41, 43, 45,
101], and transport resistances [6, 8, 14, 29]. Spec-
troscopic evidence suggests that with increasing
potential, SO;~ preferably adsorbs onto the Pt,
which restricts the vibrational mobility of ionic
groups (vs- (SO37)) and expels the water mole-
cules from the interface [41]. Cyclic voltammetry
(CV) studies showed that the SO;~ adsorption/
desorption peaks are shifted to lower potentials
with ionomer dehydration indicating enhanced
adsorption of SO; ™ onto Ptunder drier conditions,
which is attributed to higher local concentration of
SO;~ and/or reduced hydration stabilization
energy of ionomer [14, 109]. Hence, strong order-
ing of ionomer chains at the interface aided by the
Pt-SO; "~ interactions restrict the mobility of the
pendant chains and reduce the fraction of avail-
able (active) ionic groups participating in trans-
port, which could effectively block the gas
transport pathways and thereby increase the local
O, resistance [7, 8, 11, 14, 15]. This phenomenon
is also interpreted as the poisoning effect of the
ionomer on the catalyst. The adsorption/desorp-
tion of the SO;~ onto/from the Pt could be
explained by the balance between an electrode
metal spring (Pt-SO;7) and ionomer spring
(backbone-SOs-cation) [101]. With increasing
potential, SO;~ approaches Pt, as the Pt-SO;~
interaction dominates the cation/anion interaction
within Nafion. For the same reason, for other
cations that interact more strongly with SO3;™, a
higher activation potential is needed to adsorb the
cations onto the electrode surface [101]. Thus, in
essence, SO3~ responds to electric potential like
single counterions (i.e., forming an electric double
layer) [44] and affects the backbone (orientation)
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through the flexible side chain [43, 44,
108]. These interactions also change the nature
of interfacial water, some molecules of which are
relocated to Pt, thereby reducing the hydration of
the sulfonate layers (i.e. less H;0") and hydrogen
bonding [43, 107, 108]. Therefore, the potential-
and hydration-dependent changes of the Pt sur-
face, including its oxide coverage, influence,
chemically, the interaction and mobility of the
ionomer’s acid groups and, physically, the densi-
fication of the ionomer at the interface, which
together controls the diffusion pathways. This
phenomenon was simulated in a MD study,
which showed that closer to the Nafion/substrate
interface, the ionomer density increases, but its O,
concentration decreases [106].

Summary and Remarks

In summary, from the current state of understand-
ing of PFSA thin films, the following thickness
regimes can be identified (see Fig. 3):

(1) Bulk-like regime: (from pm down to a few
100 nm) where the majority of ionomer vol-
ume behaves like the inner regions of the
bulk membrane, albeit still with interfacial
effects arising from the presence of a surface
layer which may differ from the inner
structure.

Thin-film regime: (between O (10) nm to a
few 100 nm) where confinement-induced
changes begin to influence the structure/
transport properties resulting in reduced
swelling, slower diffusion, limited transport
properties, and anisotropic nanostructure
with preferential orientation of ionomer
domains parallel to the substrate. Such
confinement-driven orientation also
enhances the role of substrate/film interac-
tions, which could induce additional changes
in morphology including local ordering of
the domains at the substrate/film interface,
accompanied by higher transport resistances
therein.

Ultrathin-film regime: (less than 20 nm)
where the ionomer interactions with the

(i)

(1ii)
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substrate and open surface cause an intrigu-
ing interplay that propagate throughout the
film thickness. As the film thickness
approaches the characteristic length scale of
the ionomer (e.g., domain spacing), the
ionomer begins to exhibit reduced phase
separation accompanied by increased swell-
ing, resulting in dispersion-like behavior. In
the presence of a metallic substrate, strong
alignment and densification of ionomer
chains at the substrate interface occurs. In
such a morphology, the ionomer might
begin to lose characteristic features of its
mesoscale domain network, with weaker
connectivity between its constituent domains
and reduced hydrophobic-domain elastic
forces, which tend to prevent dissolution of
the ionomer [53].

Although the transitions between these
regimes are neither well defined nor understood,
there still appears to be a critical thickness of 50 to
60 nm, around which confinement effects mani-
fest themselves even stronger as discussed above.
It must be noted that this critical thickness
(or transitions between regimes) could change in
the presence of other effects, such as annealing
and substrate interactions, and additional devia-
tions might occur for properties that may be dom-
inated by larger-scale morphological
reorganization, such as diffusivity, permeability,
and mechanical properties. Similarly, for the bulk-
like regime (i), QCM and ellipsometry data devi-
ate the most, suggesting that the swelling and
water uptake processes are more complicated
due to the presence of additional mixing effects,
multidimensional swelling, and disruption of
locally ordered structure or its diminishing influ-
ence over larger thicknesses.

Due to their similarity to the locally hydrated
nano-domains of bulk ionomers and their interfa-
cial layers, thin films show premise for modeling
ionomer systems and studying their structure/
property relationship at multiple length scales.
Hence, a bulk PFSA ionomer can also be
interpreted as a mesoscale assembly of ionomer
structures with local order, like thin films. Thin
films possess a higher level of complexity due to
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the presence of electrostatic interactions arising
from ionic groups responsive to environments,
surface and wetting interactions, and confine-
ment. Thus, additional studies are needed to
understand how electrochemical potential impact
thin-film morphology and properties in these
regimes.

Lastly, for a given substrate composition, the
impact of EW and chemistry on ionomer’s struc-
ture/property relationship is stronger in regime
(1), where shorter backbone chain (lower EW)
and side chain collectively enhance the structural
order and the degree of phase separation in thin
films. The effects of EW in PFSAs are more
pronounced in the thin-film regime (ii), which
underlies the important role of ionic interactions
on the morphology. Since the ionomer interacts
via its pendant chains and SO;~ acid groups,
higher IEC could amplify the overall impact of
the interactions near the substrate interface
thereby enhancing ordering and densification.

Future Directions

The role of ionomers in state-of-the-art PEFCs has
expanded beyond the conventional solid electro-
lyte separator PEM into catalyst layers, where
they maintain their electrolyte functionality as a
thin film but also require permeation of reactant
gases critical for the electrochemical reactions. In
particular, the local resistance to oxygen flux at
the CL ionomer/Pt interface leads to significant
losses in cell performance, especially at reduced
Pt loadings. To overcome the performance limita-
tions without sacrificing cost, one must under-
stand the genesis of the transport resistances in
the cell, from membrane to CLs. Thus, ionomer
thin films serve as model systems to study, char-
acterize, and understand ionomer behavior in
PEFC CLs, where transport resistances imposed
by confinement and substrate interactions lead to
increased mass-transport limitations. Despite the
simplified nature of the thin films on model sub-
strates, they help elucidate properties of CL
ionomers and pave the way to mimic their behav-
ior under conditions relevant to cell environment
with operando characterization techniques. The
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fact that both CL ionomers and ionomer thin
films exhibit similar water uptake behavior and
trends in terms of restrictions to ion and gas trans-
port suggests that thin films can be used as proxies
for the films occurring with the CLs. Neverthe-
less, there exist significant knowledge gaps in
terms of (i) improving model systems with more
realistic substrate compositions that enable a bet-
ter representation of the catalyst ionomer films;
(ii) investigation under conditions relevant to
PEFC operating environment, including humid-
ity, temperature, time, and potential effects; (iii)
characterization of the dynamic nature of the sub-
strate/film interfaces, in particular with ionomer/
Pt interactions; and (iv) establishing the structure-
property correlations by accounting for ionomer
chemistry to model and predict the transport
limitations.

In ionomer thin films, the interplay between the
interactions and confinement results in preferen-
tial orientation and densification of domains,
which could pose significant limitations to trans-
port of species occurring through these domains.
Most of these transport limitations manifest them-
selves in terms of reduction in water uptake and
diffusion, ion conductivity, and gas permeability,
accompanied by higher activation energy barriers.
The magnitude of these transport-property reduc-
tions changes with many factors, including sol-
vent type, casting and processing conditions (e.g.,
posttreatment), ionomer chemistry, film thickness,
substrate type, composition, and interface, as well
as environmental conditions relevant to cell oper-
ation (e.g., humidity, temperature, potential),
resulting in a wide material parameter space that
still remains to be explored fully in order to elu-
cidate the governing phenomena and develop
material solutions.

There is a growing body of evidence on
changes in PFSA thin films® swelling, water
uptake, and morphological features under con-
finement, which help understand the role of thick-
ness and, to a certain extent, the substrate.
Hitherto, most studies on PFSA thin films have
focused on silicon substrates, followed by gold.
Nevertheless, to better understand the PEFC CL
ionomers, there is a need to explore their behavior
on carbon- and platinum-mixed substrates and in
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thinner regimes. A large fraction of the ionomer
films in CLs are below 15 nm thick, yet their
structure/function relationship has not been
established in model systems, due in part to the
challenges associated with probing their morphol-
ogy and properties at such thicknesses. Further-
more, since thin films exhibit anisotropy in
morphology and transport properties, there is a
need to explore and model the anisotropy of prop-
erties. The thin films highlight the importance of
substrate interactions, especially their dynamic
nature during operation, such as the formation
and reduction of oxide layer on Pt, which expands
the required data, needs, and science, most of
which are still in early stages. Even though
substrate-specific interactions control the ionic
moieties’ distribution at the interface, a complete
picture as to how these interactions control the
orientation of ionomer’s side and main chain,
and their conformation in the morphology propa-
gates through the thickness, has yet to emerge. In
particular, there is a need to explore PFSA
ionomers beyond Nafion to identify the role of
EW and side chain chemistry in controlling thin
film’s interactions with various substrates and
structure/functionality. The fact that permeability
of a gas depends on its solubility and diffusion,
which respond differently to the environmental
and nanostructural changes, makes it difficult to
identify the role of chemistry on gas transport near
the ionomer/Pt interface.

PFSA ionomers’ remarkable transport proper-
ties could be associated with its nanoscale environ-
ment, where high mobility of bulk-like water aids
rapid water and ion transport, and the
interconnected mesoscale domain network that
governs the macroscopic transport. It is important
to understand how this multiscale three-
dimensional morphology is disrupted when the
ionomer is confined to nanometer thicknesses
including anisotropy formation and altered trans-
port properties of various species, which are highly
coupled. Moreover, elucidation of the anisotropy in
relation to the film’s confined domain network
requires models and techniques that enable charac-
terization of transport properties beyond scalar
values to direction-dependent vectors Thus, there
is a need to build a new knowledge base for PEFC
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ionomers, to understand their structure/functional-
ity across the length scales, and in the presence of
various dynamic interactions. This is a significant
challenge and opportunity to design and implement
advanced characterization techniques to probe
ionomer-substrate interface and to develop more
predictive multiscale models to elucidate transport
phenomena.
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