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ABSTRACT: Interfacial behavior of submicron thick polymer films critically 2 o Frecstanding membrane
controls the performance of electrochemical devices. We developed a robust, .§ D
everyday-accessible, fluorescence confocal laser scanning microscopy o 5% 1 e ,».-f/x
(CLSM)-based strategy that can probe the distribution of mobility, ion &° .E'Em ;:immm air interface
conduction, and other properties across ionomer samples. When fluorescent £38 oa] substateiterface S
photoacid probe 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) Yo P

was incorporated into <1 um thick Nafion films on substrates, the depth- A RS R REY)
profile images showed thickness- and interface-dependent proton conduction Str Thickness-normalized
behavior. In these films, proton conduction was weak over a region next to g pro, distance

substrate interface, then gradually increased until air interface at 88% RH.
Conversely, consistently high proton conduction with no interface depend-
ence was observed across 35—50 um thick bulk, free-standing Nafion
membranes. A hump-like mobility/stiffness distribution was observed across
Nafion films containing mobility-sensitive probe (9-(2-carboxy-2-cyanovinyl)-
julolidine) (CCV]J). The proton conduction and mobility distribution were rationalized as a combinatorial effect of interfacial
interaction, ionomer chain orientation, chain density, and ionic domain characteristics.
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A s the demand for thinner electrochemical devices electronically excited state, the pK, of HPTS decreases from

increases, ionomer confinement, and interfacial phenom- 7.7 to 0.7. The excited dye can donate its phenolic proton, stay
ena studies become more critical. These studies are of high deprotonated (I;) and show an increased value of deprotona-
relevance to proton exchange membrane fuel cells in which the tion ratio (I13/Ip) only if the neighboring water molecules are
ion conduction limitation within a submicron thick ionomer favorable for carrying the protons away from the proton-
(like Nafion, Figure 1a) layer at catalyst interface slows down generation sites. Using steady-state fluorescence spectroscopy,
the electrochemical reaction.”” While the properties of bulk, we therefore obtained an average value of I /IP for an entire
free-standing, several tens of ym-thick ionomer membranes sample as an indirect measure of the extent of proton
have been explored extensively, the understanding of ionomer conduction.”®'>***  Additionally, HPTS helps to extract
thin films (<1 pm thick) is still inadequate. The continued information about critical parameters of the local hydration
efforts to unravel thin film behavior have made it evident that environment (ionic domain size, acidity)6’8’12’33 that give rise
the proton conductivity’™® of submicron thick ionomer films to the quantitative value of proton conductivity (6) of a
are influenced in a complex manner by parameters such as sample, measured using electrochemical impedance spectros-

hydrophilic—hydrophobic phase separation;’ "' ionic domain
size, ” spacing, and connectivity;é’7’12 water—ionomer
mobility”®' "> and orientation;”' "> water—ionomer—sub-
strate interfacial interactions;”'¢ and film stiffness.®>>'11718

Fluorescent dyes have made an unprecedented improvement

copy (EIS).> HPTS also allowed us to estimate the average
ionic domain size which closely matched with what was
obtained using grazing-incidence small-angle X-ray scattering'”
and demonstrated the reliability of fluorescence-based

¢ Jerstandi ¢ fined/ ; N b techniques.
ob our understanding of coniined/nanoscopic systems by Earlier, we employed CCV] (Figure 1b, bottom) within
revealing (i) glass transition temperature, T, (pyrene-based . . . . .

19221 7 /.5 P . S 23-2s ionomer thin films that can respond to dimensional constraint-
dyes); (ii) water diffusion coefficient,™ viscosity,
mobility,'"**** and stiffness™®! 132627 (rotor probes); (iii) =

— 3 . Macro

proton transport dynarnics,28 32 proton concentration,'>%3 Received: February 23, 2021 - 'u“"e"r’t%
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and ionic domain size'” (photoacid probes); and many other
Published: June 10, 2021

properties. Earlier, we incorporated a fluorescent photoacid
probe HPTS (Figure 1b, top) within ionomer samples.”"*
HPTS is sensitive to the local proton conduction environment
and exhibits ratiometric fluorescence response (I/Ip). At the
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Figure 1. (a) Chemical structure of Nafion; (b) working principles of photoacid probe (HPTS) and mobility-sensitive rotor probe (CCV]) to
obtain depth-specific ion conduction in thin films and membranes using CLSM. Here, I; and I, are the emission intensities of HPTS at

deprotonated (Aepma ~ 510 nm) and protonated (4

‘em,max

~ 430—440 nm) states, respectively.

induced restriction in water—polymer mobility, water—
polymer—substrate interaction-induced film stiffening, or
both.”'*>'! In a stiff/confined environment where rotation
around the bond between electron donor and acceptor parts of
CCV]J is restricted, CCV]J emits strong green fluorescence. But
if CCV]J resides in a less stiff/more mobile environment, this
bond rotation within CCV] leads to charge transfer and
fluorescence quenching of CCV]J. By incorporating CCV], we
revealed the following about ionomeric systems: (i) films <1
um lost water—polymer mobility and stiffened upon
hydration;s’6 (ii) water—ionomer mobility, when sacrificed,
proton conductivity became poor;'' (iii) antiplasticization
dynamics (time-resolved fluorescence) suggested a possible
presence of distributed mobility within ionomer films which
rationalized the water—polymer mass distribution across the
films."**** Fluorescence'”***® and ellipsometric’” measure-
ments are often done to explore the distribution of T in thin
films. Such distributions can lead to distribution in the proton
conduction environment across ionomer films. Techniques,
like, neutron reflectometry,'****>***? X.ray computed tomog-
raphy,’”*" cryo-TEM tomography,'® and resonant soft X-ray
scattering’”~** have elucidated the mass/density distribu-
tion,"¥3*?338~* three-dimensional chemical** and nanostruc-
ture' **"** within heterogeneous materials. But these instru-
ments are not frequently accessible for everyday experimenta-
tion. Importantly, ion conduction’ and mechanical
properties,® the two most critical performance parameters of
ionomers, are still reported as an average value for an entire
sample. We thus need strategies to reveal the distribution of
these two properties across ionomer samples.

Here, we report a robust, versatile strategy using CLSM to
unravel the depth-specific properties of ionomers in both bulk
membrane and thin-film format. CLSM is an everyday-
accessible instrument that can capture two-dimensional (xy-
plane) fluorescence images at different depths within a sample
containing fluorescent molecules. A depth profile image is
obtained by z-stacking these xy-plane images. This depth-
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profile image thus represents the fluorescence response along
with the thickness of the material. When we took CLSM
images of Nafion films and bulk membranes containing HPTS
under controlled relative humidity (% RH), the I;/I, profile
revealed the distribution of proton conduction across hydrated
ionomer samples (Figure 1b, top). We also did a similar CLSM
measurement, but with CCV]J to obtain the distribution of
mobility/stiffness (Figure 1b, bottom) across the same
ionomer samples.

We measured both & (EIS, Figure S1) and I4/1, (steady-state
fluorescence spectroscopy, Figure S2) of Nafion films. For bulk
membrane, we measured Id/Ip, while took the o value from
literature® at similar conditions. The curve shows a decent
correlation between Iy/I, and o (Figure 2). This correlation
proved that the fluorescence-based techniques, despite being
qualitative, provide reliable information which can help to
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Figure 2. Correlation between deprotonation ratio (I4/1I, measured
using fluorescent photoacid probe HPTS and steady-state fluores-
cence spectroscopy) and quantitative value of proton conductivity (o,
measured using EIS).
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Figure 3. CLSM images (pseudocolored) of an annealed Nafion (NR 212) membrane with HPTS taken in ambient air (~20% RH, measured using
RH probe) (a), and after a quick dipping in liquid water (b). CLSM images of another annealed Nafion membrane exposed to 20% RH (e) and
90% RH (f). The membrane was equilibrated at each RH for 2 h. Since the blue (Ip) and green (I;) emissions of HPTS are difficult to differentiate
visually, we used red (a, b, e, f - top row) and green (a, b, e, f - mid-row) as pseudocolors to represent the emission of protonated (Ip) and
deprotonated (I;) states of HPTS, respectively. The bottom rows of these images (a, b, e, f) were obtained by superpositioning both red and green
color channels for a sample. I3 and I, profiles are shown for water-dipped (c) and humidified (g) membranes. Corresponding I,/ I, profiles are also
shown (d, h) in comparison with those at ambient or low humidity (20% RH) conditions. The CLSM images showed that the thickness of the
Nafion membranes used for these two sets of measurements was different at ambient conditions. The membrane thicknesses were reconfirmed
using Vernier calipers and the differences in thickness were attributed to the roll-to-roll variation of purchased membranes. The thickness increase
of wet (b) and humidified (f) membranes represents hydration-induced swelling. All these experiments were repeated three times.

understand the quantitative values of o. Also, this correlation
curve and CLSM-based I4/I, profile together allowed us to
predict the ¢ value at different depths within ionomer films/
membranes.

Our first, proof-of-concept CLSM experiment was with an
HPTS-incorporated Nafion membrane. After imaging the
membrane at ambient condition (~20% RH; Figure 3a), it
was dipped into liquid water for S s and reimaged (Figure 3b—
d). At ambient conditions, we obtained bright red (I,; Figure
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3a, top) and faint green (Iy; Figure 3a, mid) z-stacked images.
The corresponding 14/, profile showed a consistently low
value (I4/I, ~ 0.35) across the membrane. This indicated a
uniform, but weak proton conduction environment across the
membrane at 20% RH. After quick-dipping in water, about
10—15 pm region on each side of the membrane showed faint
red (Figure 3b, top) and bright green (Figure 3b, mid)
emission. In the superpositioned image (Figure 3b, bottom),
these two edges of the membrane were yellowish-green, while

https://doi.org/10.1021/acsmacrolett.1c00110
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Figure S. Fluorescence response of CCV] (Auyemay = 440 nm, Ay ey = S10 nm) across 65—850 nm thick, annealed Nafion films at (a) 25% RH and
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repeated three times.

the mid-region (~70 pm) was orangish-red. Because of quickly
dipping in water, water diffusion deep down into the
membrane did not occur, and only a small region next to
the air interface of the membrane was wetted. This rationalized
the sharp increase in I4/I, (~2.25—3.5) at the two edges and
the relatively flat, low-lying I;/I, (~0.84) profile in the middle
of this membrane (Figure 3d). This experiment demonstrated
the feasibility of the CLSM-based approach to obtain polymer
properties across the sample.

We then exposed an HPTS-incorporated Nafion membrane
to humid air in a humidity-controlled chamber (Figure S3) and
imaged it at 20% (Figure 3e) and 90% RH (Figure 3f—h). The
superpositioned image showed orange emission (Figure 3e,
bottom) and indicated weak I /I, across the membrane at 20%
RH. At 90% RH, this orange image turned yellowish-green
color with a dominance of green uniformly throughout the
membrane (Figure 3f bottom). 14/I, value was relatively low
(~1.3, Figure 3h) when humid air was used instead of liquid
water and agreed with different membrane hydration™ and
ionomer self-assembly*”** achieved by these two hydration
methods. Additionally, the & value corresponding to Iy/I, ~ 1.3
was ~17.44 mS/cm (Figure 2), which was close to that of bulk
membrane at similar conditions."

We then CLSM-imaged 65—1000 nm thick films (contain-
ing HPTS) on the substrates at 20% and 90% RH (Figure 4).
The concentration of HPTS in ionomer suspension and the z-
interval for xy-scanning were chosen based on systematic
studies of their effects on I4/I, profile (Figures S4 and S5). The
CLSM images of representative Nafion thin films are shown in
Figure S6.
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An 850 nm thick Nafion film at 20% RH showed a relatively
flat profile with I;/I, ~ 0.12—0.22 (Figure 4a) and indicated
consistently low I/I; across the film at low humidity. At 90%
RH, the I4/I, profile stayed flat at a value ~0.33 up to ~400
nm distance (z) starting from substrate interface, then
gradually increased up to I;/I, ~ 0.76 at the air interface
(Figure 4b). The corresponding o values from the correlation
curve (Figure 2) supported weaker proton conductivity across
submicron thick films (~1.60 and ~8.87 mS/cm at the
substrate and air interfaces of 850 nm thick film, respectively)
as compared to the bulk membrane (~17.44 mS/cm).

When we plotted I3/I, as a function of distance fraction z/d
(Figure 4c), we saw that in all the films, a low 14/1, region
propagated up to about half the depth of the films from the
substrate interface (z/d ~ 0.5). 14/1, then gradually increased
and showed the highest value right next to the air interface (z/
d=1). The I4/1, at the air interface was thickness-dependent
and increased as films became thicker. While submicron thick,
supported Nafion films showed interface-dependent proton
conduction behavior, bulk Nafion membrane, having no
confining substrate interface, had a more favorable and almost
uniform ion conduction environment (I / I, ~ 1.2—1.4) across
the membrane (Figure 4c). The I4/I, profiles thus clearly
showed the role of thickness and interface on ionic conduction.

Neutron reflectometry measurements suggested water
accumulation near the substrate interface of submicron thick
ionomer'****° films; while our CLSM images suggested that
the water molecules residing near the substrate interface are
likely not conducting protons efficiently. This can happen if
the water molecules and ionomer chains near the substrate

https://doi.org/10.1021/acsmacrolett.1c00110
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interface are not mobile enough to favor local proton
hopping.>®'"** Exploring the mobility distribution across
ionomer films can thus help us understand the observed
distribution in the proton conduction (Figure 4) within the
films.

We, therefore, incorporated rotor probe CCV] within
ionomer films to explore the mobility/stiffness distribution
across ionomer films. To present the mobility/stiffness of a
location within a film (I,/;) relative to the substrate interface
(I,=), we plotted I,4/I,_, as a function of z/d (Figure S). I,/
I,y > 1 at any location (z/d) within a film thus indicated that
that location (z/d) was stiffer relative to substrate interface (z
=0).

At 25% RH, all films stiffened gradually and to almost a
similar extent (I,,,/I,.y ~ 1.3) up to about half-depth of the
films (Figure Sa). As we moved beyond that point (i.e., z/d >
0.5) and approached the air interface, thicker films (600—850
nm thick) began plasticizing and water—ionomer inside the
films started to become more mobile. But thinner films (65—
300 nm) showed a tendency to retain the low mobility/high
stiffness until the air interface. The shear force acting during
spin-coating of ionomer films**”"* and self-assembled features
(e.g, ionomer micelle bundle) longer than film thickness'*"®
can preferentially align the ionomer backbones parallel to
substrate and side chains (with —SO;H groups) perpendicular
to substrate as film thickness approaches ~50 nm.”'* Such
chain orientation may favor interfacial interactions among
—SO;H (Nafion), —SiOH (substrate), and water, and pin the
ionomer chains and water molecules to the substrate.”**" If
the major volume fraction of the film comprises such
geometrically and interfacially constrained ionomer chains
(e.g, 65 nm thick film), low segmental mobility of ionomers
can propagate up to the air interface (Figure Sa). Conversely,
polymer chains in relatively thicker films (>50 nm) prefer to
adopt more isotropic conformation.”'* Thus, the constraints
imposed by substrate interface can impact a relatively smaller
fraction of the film next to the substrate, while the air interface,
being a substrate-free interface and away from the substrate,
can impart more mobility to polymer chain segments and
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water molecules in the region next to it."” This likely explains
the onset of plasticization in thicker films above a certain value
of z/d (Figure 4a). The fact that thinner films are stiffer at the
air interface at low humidity is in agreement with the elastic
modulus reported by others where 55—950 nm thick films
were indented from 5 to 50% of their thickness from the top.>

Now, if the substrate interface alone was controlling the
mobility, we should see the lowest mobility (highest I,,,/I,-,)
next to the substrate interface or at least a flat mobility profile
extending from substrate interface onward.”” But we
consistently saw hump-like mobility distribution curves
indicating the lowest mobility in the middle of the films. We
saw this hump-shaped curve even at the dry state (Figure S7),
suggesting the lowest midzone mobility as a humidity-
independent behavior. We attributed this to polymer chain
density and entanglement.’*”>>>* As per neutron reflectometry,
the midregion of Nafion films are more polymer-rich (layer
density ~1.59—1.83 g/cm® at 30% RH) than the region next to
the substrate interface (~1.24 g/cm’).** Also, the spatially
resolved entanglement density was found maximum in the
middle of the polymer films.”* Dense packing of entangled
polymer chains can lower the chain mobility and stiffen the
films. Additionally, some Nafion chains (isotropically ori-
ented), bound to the substrate, can extend and reach to the
middle of the film where their segmental mobility can be
controlled by substrate remotely.>”

Hydration stiffened the films further. For any film, I ,;/1,_, at
88% RH became higher than that at 25% RH (Figure Sb),
demonstrating the participation of water molecules in the
stiffening processes. But the highest midzone stiffening/lowest
midzone mobility (I,/4/I,-, as high as 2, Figure 5b) could still
be a combined effect of water—ionomer interaction, polymer
chain density, and chain entanglement density. Importantly,
the width of the antiplasticized region (Figure Sb) matched
with that of the low I;/I, region (Figure 4c) of a specific film.
This clearly showed that water—polymer mobility has an
important role in modulating proton conductivity.

However, the water—ionomer mobility may not solely
determine the proton conduction behavior of these films.
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For example, the mobility at air (z/d = 1) and substrate (z/d =
0) interfaces were not much different in ~600 nm thick film
even at 88% RH (Figure 5b), but I;/I, was. Tonic conductivity
is controlled by both mobility and concentration of charge
carriers. Air interface, being more ionomer rich than substrate
interface,>**° can have a higher concentration of charge carrier
(—SO;H) groups. We also estimated the availability of surface
charge carrier groups in thick vs. thin films using surface
elemental mapping (Figure 6). The sulfur-to-fluorine (S/F)
ratio indicated that the surface of 850 nm thick Nafion film (S/
F = 0.09, Figure 6a,b,e) was more hydrophilic than the 250 nm
thick one (S/F = 0.02, Figure 6¢c—e). Additionally, I;/I, is
correlated to ionic domain size."” Together these facts made it
evident that the hydrophilic charge carrier groups in close
proximity, when formed larger ionic domains, higher I,/I;, was
favored, as seen in thicker films at the air interface.

In conclusion, our CLSM-based strategy can unravel the
distribution of ion conduction, water—ionomer mobility/
stiffness across ionomer thin films and bulk membranes.
CLSM-imaging of Nafion samples containing HPTS revealed a
uniform proton conduction behavior across the bulk
membrane, while both thickness- and interface-dependent
proton conduction was observed across submicron thick films
at controlled humidity. In submicron thick films, proton
conduction (Id/Ip) was always weak near substrate interface,
then gradually increased until the air interface. The mobility/
stiffness distribution was also elucidated using the same
strategy but using CCV]. The width of the antiplasticized
region near the substrate interface matched with that of the
low 14/I, region of a film and demonstrated the critical role
played by water—ionomer mobility on thin-film ionic
conductivity. Earlier, we had to rely on an average value of
proton conductivity for an entire ionomer sample. The CLSM-
based strategy now allows us to reveal how the ionic
conductivity is at different depths and how far the interfacial
effects propagate inside very thin films. Such information will
guide us to design catalyst layers for electrochemical devices.
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