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ABSTRACT: Interfacial confinement-induced weak proton con-
duction in sub-μm-thick ionomer films impacts the performance of
electrochemical devices. In such films, a fraction of ionomer chains
align parallel next to the substrates. The ionomer−substrate
interaction pins the chains to the substrate, limiting proton
conductivity across the film. We addressed this interfacial chain-
pinning and ion transport limitation by covalently immobilizing (3-
aminopropyl)triethoxysilane (APTES) on SiO2 before depositing
Nafion films (∼60−700 nm thick) on top of it. The silane layer
reduced the ionomer chain density next to the substrate (scanning
electron microscopy with energy dispersive X-ray spectroscopy) and
disrupted the chain packing and orientation within Nafion films
(grazing incidence small-angle X-ray scattering, ellipsometry). These
changes, especially the suppression of surface-parallel lamella,
effectively minimized the substrate-pinning of Nafion chains, reduced film stiffness, narrowed down the poorly proton-conducting
region next to the substrate (confocal laser scanning microscopy), and improved both in-plane (∼2 times) and out-of-plane (about
an order of magnitude) proton conductivity of Nafion thin films (electrochemical impedance spectroscopy). This work pointed
toward a simple but effective surface engineering approach to improve thin-film proton conductivity as well as inform and guide the
design of better ionomer−catalyst interfaces for H-fuel cells and other electrochemical devices.
KEYWORDS: Nafion, ionomer, thin film, proton conductivity, interface, fuel cell, catalyst, energy, electrochemical device,
surface engineering

■ INTRODUCTION
Electrochemical energy conversion and storage devices are
springing forth as ecofriendly means to electrify automobiles
and appliances. The proton exchange membrane fuel cell
(PEMFC) is one such attractive technology that does not emit
harmful greenhouse gases while producing electricity using H2.
While PEMFC holds great promise, its power performance is
impacted by the sluggish oxygen reduction reaction (ORR) at
the cathode of the cell. To improve the ORR kinetics, we must
overcome O2 and proton transport limitations at the catalyst
interfaces of PEMFC cathodes.1−5 The current benchmark
ionomer, Nafion conducts protons poorly in subμm thick
films,6−12 interfacing catalyst particles on cathode where ORR
occurs. Thus, understanding and appropriately engineering the
interface between the catalyst and sub-μm-thick ionomer layers
on electrodes are critical to overcoming proton transport
limitation.
In sub-μm-thick films, ionomer chains experience geometric

confinement7,13 which is not evident in several tens of μm-
thick bulk membrane separators made with the same
ionomers.7,9 The confinement effect is exaggerated by
interfacial interaction-induced entrapment and interfacial

processes13 which critically control ionomer behavior across
thin films. For example, in ionomer films deposited on SiO2

7,14

or Pt,15−19 Nafion chains interact with the substrate and water
molecules residing next to the substrate interface. Neutron
reflectometry18,20−22 revealed that, in hydrated films, ionomer
chains form several nm-thick lamellar layers next to substrates
(SiO2, Pt, C) which are often water-rich, and the rest of the
film is more bulk-like with random ionomer−water distribu-
tion. In this next-to-substrate region, ionomer chains
preferentially orient their backbones parallel to the substrate,
while their side chains (−SO3H-terminated) face the
substrate.4,23−27 This orientation favors interfacial interactions
among silanol (−SiOH) groups of substrate, water, and
−SO3H groups of Nafion chains lying flat on the surface. As a
result, ionomer chains and water get pinned to the
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substrate,7,14,28−30 lose mobility,7,14,20,31 and stiffen the
films.7,14,28,32,10 Interfacial effects around the substrate can
also cause a distribution of glass transition temperature,33−35

polymer chain dynamics,36,34 mobility,9,20 hydration,20,21 and
ion-conduction environment across ionomer films.9,10,16,37−40

For example, using confocal laser scanning microscopy
(CLSM), we are the first to reveal that ionic conduction
across ionomer thin films varies along the depth of the film and
is highly interface dependent.9,10,37 Precisely, proton con-
duction of Nafion thin films on unmodified glass substrates was
extremely weak over a broad region next to the substrate
interface and then gradually ramped up as we approached the
air interface.9 CLSM also identified a stiffened region next to
the substrate within these Nafion films.9 This is unlike free-
standing, bulk Nafion membrane which did not antiplasticize.7

Also, the conductivity of bulk Nafion membrane was
consistently high across the membrane.9 These observations
on distributed properties again pointed toward the critical role
played by interfacial processes and interactions in thin ionomer
films. A similar conclusion was drawn by others38,41,42 as the
highly oriented lamella of ionomers or block copolymers near
the electrode interface suppressed the through-plane ionic

conductivity in thin films. The surface-parallel ionomer chains
adsorbed onto catalyst particles also made ORR active sites
inaccessible to O2 and caused performance loss of
PEMFCs.10,43,30,44,45

To address these interfacial weak ion and gas transport
issues within ionomer thin films, attempts have been made to
alter the structure and chemistry of catalysts46,26,47 and
ionomers.10,31,37,48 Interfacial restructuring is emerging as a
promising approach to negate interfacial chain pinning and its
detrimental effects (catalyst poisoning and slow ORR). For
example, modifying the electrocatalysts with an inert skin
layer,46 rendering substrates with hydrophobic26,49−51/electro-
statically repulsive moieties,26 or favorably orienting the
lamellar structure38,42 weakened the specific adsorption of
−SO3

− anions of Nafion chains onto the substrate46,26 and
increased the overall proton conductivity26 as well as ORR
activity.46 When ionic liquids (ILs),51−54 IL-modified block
copolymers,55,56 or peptides43,57 were present at the catalyst
active sites, phase segregation57 and specific adsorption of ion-
conducting groups of ionomers on Pt altered in a manner
which favored ORR and O2 transport

54 in some cases.

Figure 1. Schematics of self-assembly of APTES onto (a) silicon wafer or glass (−SiOH) and (b) Au IDE. After silanization of the surfaces
(−SiOH or Au), Nafion thin films (blue-gray box) were deposited on top of them. The perfluorinated backbones of Nafion chains in the films are
represented by orange-yellow chains, while the red balls represent terminal sulfonic acid (−SO3H) groups on the side chains appended to Nafion
backbones. R1 shown in the silane structure represents (CH2)3NH2.
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While these studies shed light on surface modification
effects, many fundamental questions persist regarding our
understanding of ionomer films on engineered substrates. First
of all, interface- and depth-specific information on proton
conduction is largely missing in existing literature that explored
the effects of interfacial engineering. We still do not know how
the interfacial effects propagate across ionomer thin films on
engineered substrates, whether the interfacial engineering
manipulates the distribution of proton conduction behavior
at different depths within the films, and, if yes, how.
Furthermore, exploring depth-/interface-specific ion conduc-
tion behavior is crucial, alongside investigating other relevant
aspects. For example, pure Nafion films on unmodified
substrates showed weak next-to-substrate proton transport,9

while some other ionomers with varied molecular geometry
and self-assembly capabilities (we recently reported10,31,37,58)
showed a boost in next-to-substrate proton transport. From
these stemmed the idea that a porous or brush-like/spider-
web-like architecture adjacent to a substrate may prevent the
surface-parallel alignment and anchoring of ionomers and
facilitate proton conduction. Moreover, substrate hydro-
phobicity26,49−51 and the number of surface-interacting
functional groups of ionomers (−SO3H in Nafion) localized
next to a substrate may determine the extent to which water
and ionomer chains can be confined to the substrate.10 These
observations hinted that through interfacial engineering we can
manipulate, understand, and make ionomer self-assembly,
ionomer chain orientation, distribution of ionomeric functional
groups, and mechanical properties of ionomer thin films more
favorable for interfacial- and across-the-film proton conduc-
tion. Prior works have addressed one or a few of these aspects
but not all. It is thus rational and critical to start with a simple
yet effective surface engineering approach, build an extensive
platform to deeply understand the interfacial processes, and
then gradually proceed toward more complex interfacial
systems leveraging the platform.
Keeping all of these in mind, here, we present a simple and

robust electrode engineering approach that can easily
manipulate the physical−chemical makeup of the ionomer−
catalyst/substrate interface, alter the anisotropy within Nafion
thin films, and improve interfacial and across-the-film proton
conductivity.
The work presents a proof of concept where we engineered

the substrate (SiO2, Au) interfaces first with (3-aminopropyl)-
triethoxysilane (APTES) and then deposited sub-μm-thick
Nafion films on top (Figure 1a,b). Covalently immobilizing
APTES at the ionomer−electrode interface enabled us to (i)
disrupt the interfacial packing, pinning, orientation, and
distribution of Nafion chains, (ii) narrow down the weak-
proton-conducting zone next to substrate interface, and (iii)
boost both in-plane and out-of-plane proton conductivity
across Nafion thin films. Silanization is a simple and widely
accepted surface engineering approach, but silanes anchored
and localized next to the substrate may ensure selective
positioning of Nafion chains next to the substrate as well as
across the films.
We also established a holistic platform to understand the

observed improvement in the proton conductivity within
Nafion films on silanized surfaces. While electrochemical
impedance spectroscopy (EIS) provides the average value of
proton conductivity, it lacks the ability to reveal depth-specific
ion-conduction behavior across ionomer thin films. Leveraging
a CLSM-based strategy developed earlier,9 we captured this

crucial information, mapping the proton conduction environ-
ment across the film thickness. We integrated this depth-
specific information with orientational and chemical makeup
and mechanical properties of the films, which helped to
understand the EIS data. Our simple yet effective silane-based
interfacial engineering approach holds promise for guiding the
reproducible, scalable design of interfaces/electrodes stable in
a PEMFC microenvironment. Additionally, the platform we
developed to deeply understand interfacial effects on overall
and distributed properties within ionomer thin films can
benefit the broader electrochemical research community
working on diverse ionomer−catalyst interfaces.

■ MATERIALS AND METHODS
Materials. A 20 wt % Nafion solution (EW ∼ 1100, IEC 0.909

mequiv/g), 6-mercapto-1-hexanol, and the photoacid probe (8-
hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS)) were
purchased from MilliporeSigma (Milwaukee, WI). (3-Aminopropyl)-
triethoxysilane (APTES) was purchased from Gelest Inc. (Morrisville,
PA). Acetone was purchased from Fisher Scientific. Ethanol
(anhydrous, denatured) was obtained from Decon Laboratories,
Inc. (King of Prussia, PA). Silicon wafers coated with native silicon
dioxide (SiO2) (thickness of native oxide layer ∼ 1.72−1.79 nm) were
purchased from Wafer Pro (San Jose, CA). Microscope coverslips (75
× 25 mm, thickness 170 μm) were purchased from ibidi USA, Inc.
(Fitchburg, WI). Au interdigitated electrodes (IDEs) used for in-
plane proton conductivity measurements were obtained from Revtek
Inc. (Torrance, CA).

Methods. APTES Self-Assembly on SiO2 Wafer/Glass Substrate.
For confocal laser scanning microscopy (CLSM), grazing incidence
small-angle X-ray scattering (GISAXS), energy dispersive X-ray
scanning electron microscopy (EDX-SEM), contact resonance atomic
force microscopy (CR-AFM), and birefringence measurements, we
created a layer of silane (APTES) on silicon wafers or glass slides
(Figure 1a). The protocol for APTES self-assembly was similar to
what was reported by others.59,60 Briefly, prior to silane immobiliza-
tion, the substrates were first “washed” with acetone and ethanol and
air-dried. Thereafter, substrates were immersed in “Piranha” solution
(75% H2SO4:25% H2O2) for 1 h. Caution: Piranha solution is a
strong oxidizer and extremely corrosive in both liquid and vapor form.
After piranha treatment, the substrates were rinsed copiously three
times (40 s for each rinse) with DI water and dried under a stream of
N2. Just before the silanization, the substrates were immersed for 5
min each in methanol, methanol:toluene (1:1), and toluene solutions,
respectively. Next, the substrates were immersed in a 2% (v/v)
APTES solution in toluene (stirred at 60 rpm) for a duration of 2 h
for surface immobilization of APTES and to create an aminosilane-
terminated SiO2 wafer or glass substrate. After the reaction was
complete, the silane-modified substrates were rinsed with toluene (10
min), methanol:toluene (1:1) (5 min), and methanol (5 min) to
remove the unreacted silanes from the surface. The APTES-
terminated substrates were dried under a N2 stream and stored in a
custom-built desiccated chamber for subsequent ionomer thin film
deposition. Keeping the silane-terminated substrates in dry conditions
is extremely critical as the silane layers are highly moisture sensitive.
Also, for the best results, the APTES termination reaction should be
performed in a well-ventilated fume hood or in a glovebox. The
above-mentioned procedure yielded an APTES layer with thickness ∼
9−12 nm.

APTES Self-Assembly for EIS Measurements. EIS measurements
had to be performed using Au-based electrodes. However, the
geometry of the electrodes was different for in-plane and out-of-plane
conductivity measurements. For the out-of-plane proton conductivity
measurements, first, a narrow Au bar-electrode (3 mm × 3 mm) was
deposited on a silicon wafer (with a Ti-adhesion layer in between the
Au electrode and SiO2) after which the Nafion thin film was
deposited. Finally, the second Au bar electrode was deposited on top
of the Nafion layer. In out-of-plane geometry, the Nafion film
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interfaced with SiO2 mostly. That is why, for the out-of-plane
conductivity measurements, silanizing only the SiO2 regions of the
substrate (not the Au bar electrode parts) was enough to see the
silane effect on the Nafion films.

However, to see the effect of silane on Nafion films during the
traditional in-plane proton conductivity measurement, we had to
silanize the Au interdigitated electrodes (IDEs) (Figure 1b). In the in-
plane geometry, Au IDEs lay flat in an interdigitated manner on top of
a silicon wafer (SiO2) and thus occupied a distinct surface area of the
substrate with which Nafion films can make contact. Therefore,
silanizing could technically be done on either the Au or SiO2 part of
the substrate to see the effect.

Initially, we tried several approaches that had a close resemblance
to what we followed to silanize glass/-silicon wafers. However, none
of these results appeared to be effective. Since the Au layer is sensitive
to piranha and silanization of silicon requires a piranha treatment (to
increase the surface density of reactive hydroxyl groups on silicon),
when we spin-coated the photoresist layer on SiO2, masked, UV
treated, and then did piranha treatment (for subsequent silanization),
the photoresist patterns got washed off. In the second attempt, we
piranha-treated SiO2 first and then tried to create the photoresist
layer, mask, and UV treat. However, the formed photoresist patterns
on the surface appeared to be disjointed. Using such a distorted
photoresist layer yielded defective Au IDEs. In the third approach,
when we spin-coated the photoresist layer, exposed it to UV with a
mask on it to create a photoresist pattern, deposited a Ti (adhesion
layer) and Au layer over the photoresist pattern, washed it with
solvent (to remove the residue of the photoresist), and then treated it
with piranha to modify the exposed SiO2 regions between IDE teeth
for subsequent reaction with APTES, IDE performance dropped; i.e.,
proton conductivity of Nafion films on these IDEs was lower than
Nafion films on regular Au IDEs. Lastly, when we tried to leverage the
natural −OH functionalities of the silicon wafer (i.e., without trying
the piranha treatment) to immobilize APTES, silanization was
inefficient (as per XPS studies).

Therefore, to retain both the integrity and functions of Au IDEs
while having a sufficient molecular density of APTES, we decided to
silanize the Au surfaces instead of SiO2 surfaces to prepare samples for
in-plane proton conductivity measurement. We used a thiol-based
cross-linker, 6-mercapto-1-hexanol, first to leverage Au-thiol affinity
and create sufficient −OH terminals on the IDE surface,61 followed
by silanization as depicted in Figure 1b. Briefly, the IDEs were washed
with acetone followed by ethanol and then UV-ozone cleaned (10
min). The IDEs were then dipped in a 5 mM 6-mercapto-1-hexanol
solution in ethanol for 30 min. After the reaction, the IDEs were
rinsed with ethanol thrice to remove unreacted 6-mercapto-1-hexanol.
Subsequently, the IDE was dipped in a 2 v/v% APTES solution in
toluene (stirred at 60 rpm) for 2 h. The silane-modified Au IDEs were
rinsed with toluene (10 min), methanol:toluene (1:1) (5 min), and
methanol (5 min). This approach of creating an APTES layer on Au
IDE parts rather than on SiO2 regions was efficient and bypassed the
need for piranha treatment. Also, the 6-mercapto-1-hexanol layer on
Au was very thin (<2 nm), and the APTES layer was of similar
thickness (∼10 nm), making the comparison of in-plane conductivity
data with other measurements (where −SiOH was silanized instead of
Au) reasonable.

Please also note that silanization of SiO2 required piranha
treatment, but since the Au-bar electrodes (for out-of-plane
measurement) were much wider than the teeth of Au IDEs (for in-
plane measurements), we were able to maintain functional Au-bar
electrodes, giving reliable out-of-plane proton conductivity data.
Thin-Film Preparation. A 20 wt % Nafion stock solution was

diluted to 2−10 wt % using ethanol to prepare the thin films. Diluted
samples were first vortexed and sonicated for ∼15 min. The Nafion
solutions were then directly spin-coated on the appropriate substrates
(silane-modified or unmodified) using a spin coater (Headway
Research, Inc., Garland, TX). The spinning was performed at 3000
rpm for a duration of 40 s. The spin-coated samples were dried for 3 h
at 42 °C, annealed at 100 °C for 7 h, and cooled to room temperature
overnight inside a vacuum oven (Model #1415, VWR, Radnor, PA).

Contact Angle Measurements. The water contact angle (WCA) of
the substrates (before and after silane modification) and Nafion films
were measured using a goniometer (Rame-́Hart Model 590 F4 Series
Goniometer and Tensiometer). The sessile drop method was
employed with 5 μL of water dropped on the substrates and ionomer
films, and a digital photograph of the system was taken to accurately
measure the WCA. Figure 2 illustrates the WCA data obtained for

SiO2 surfaces treated with various methods and Nafion films on those,
while Figure S1 shows analogous data for differently treated Au
surfaces.

Confocal Laser Scanning Microscopy (CLSM). For CLSM
imaging, the ionomer films were prepared following a similar protocol
we described in prior work.9,37 Briefly, coverslips (75 × 25 × 170 μm,
ibidi USA, Inc., Fitchburg, WI)) were washed with acetone and
ethanol and then treated with UV-ozone for 20 min. A solution of
Nafion containing 0.75 mM HPTS (Figure S2a) was spin-coated at
3000 rpm for 40 s on the cleaned and UV-ozone-treated coverslips.
The thickness of the HPTS-stained ionomer films (∼60 nm, ∼250
nm, and ∼650 nm) was controlled by controlling the wt % of ionomer
(2, 7.5, and 10 wt %) in solution. The films were dried under vacuum
for 3 h at 42 °C, annealed at 100 °C for 7 h, and then cooled to room
temperature overnight. The samples were stored in desiccated plastic
containers wrapped with aluminum foil and taken to the CLSM
facility for imaging. Using an ibidi humidifying system (ibidi USA,
Inc., Fitchburg, WI), the samples were equilibrated at 90% RH inside
an in situ environmental chamber, which was placed under the
microscope. The humidification chamber and imaging setup are
shown in our prior work.9

Nikon-Ti2 inverted fluorescence microscope with a Nikon NIS
Element-C image acquisition program (Nikon Corp, USA) was used
for all CLSM imaging. Emission data were collected with laser lines
405 and 488 nm and a 20× dry lens. The system was also set to a z-
interval of 100 nm between xy-plane images for relatively thicker films
(250−700 nm thick Nafion films). For the very thin films we studied
(e.g., 60−70 nm thick), we focused on the topmost and bottommost
fluorescent xy-planes, the emission intensities of which gave a HPTS
response at the air and substrate interfaces of those films, respectively.

In-Plane Proton Conductivity Measurements. The proton
conductivity values of ionomer thin films were measured using
electrochemical impedance spectroscopy (EIS) (Solartron 1260a
Impedance/Gain-Phase analyzer attached to the Solartron 1296
Dielectric Interface (AMETEK Scientific Instruments, Berwyn, PA))
via a 2-probe technique over 10 MHz−10mHz frequency range at 100
mV AC potential.31,9,12 For in-plane proton conductivity measure-
ments, ionomer films were spin-coated on unmodified and APTEs-
modified Au IDEs. The Au IDEs were deposited on top of a silicon

Figure 2. Sessile water contact angles of bare silicon wafers and the air
interface of Nafion films before and after silane modifications.
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wafer having a 200 nm thermal oxide layer on it. The IDEs were
purchased from Revtek Inc. (Torrance, CA). Each IDE had 150 gold
teeth (N) where the width of a single tooth (w) was 8 μm and the gap
between two teeth (Steeth) was 40 μm. The overlapping length of the
teeth (l) was 4 mm. For effective APTES immobilization on the Au
IDEs, a thiol-based cross-linker, 6-mercapto-1-hexanol, was first used
to form −OH terminals on the IDE surface,61 followed by the
silanization strategy described in Figure 1b and APTES self-assembly
section. Ionomer solutions were then deposited on unmodified and
APTES-modified IDEs, dried, and annealed. Prior to the measure-
ments, the contact pads were cleaned (with ethanol). Ionomer-coated
IDEs were then placed in the measurement chamber and exposed to
different relative humidities (∼25% and ∼85% RH). The humidity
inside the chambers was maintained using the appropriate saturated
salt solutions. All samples were equilibrated at each %RH for at least 1
h. During humidification, the samples were checked by a short-
frequency measurement (1−10 kHz range) to ensure the stability of
the system. Fitting information on in-plane proton conductivity data
and representative fits can be found in Figure S3.
Out-of-Plane Proton Conductivity Measurements. Out-of-plane

proton conductivities of Nafion thin films on SiO2 wafers and silane-
modified wafers were measured following a specific experimental
procedure outlined in the literature.37,42 To create the EIS sample, a
silicon wafer with a 200 nm thermal oxide layer was used as a
substrate. Briefly, a 50 nm-thick Au bar-electrode (3 mm long × 3 mm
wide) was deposited on this SiO2 wafer with a Ti-adhesion layer (3
mm × 3 mm) in between Au and SiO2. These depositions were
carried out using a mask and an ATC-2000F sputtering system from
AJA International (Scituate, MA). Nafion film was deposited on this
substrate with the Au bar electrode and annealed subsequently.
Finally, the second Au bar electrode was deposited on top of the

annealed Nafion layer. This produced out-of-plane EIS samples of
Nafion films on unmodified substrates. We also made out-of-plane
EIS samples of Nafion films on silanized substrates. Please note that, if
we just silanized the tiny Au bar electrodes (leaving the majority SiO2
region, in touch with Nafion film, not silanized), the silanization effect
on the Nafion film would have been so negligible that it could not be
captured in the out-plane conductivity. This is why, to see the effect of
silane on the out-of-plane conductivity of a Nafion film, the SiO2
region of the wafer (having an Au bar electrode at one edge) was
silanized (following the protocol described earlier in APTES self-
assembly on SiO2 wafer section). Subsequently, the Nafion layer and a
second Au bar electrode were deposited. The out-of-plane ionic
conductivity (σOP) of the samples was then measured using the
Solartron system at ∼83−86% RH. Representative fits are shown in
Figure S4.

■ RESULTS AND DISCUSSION
In this work, to study the effect of interfacial engineering, we
deposited ∼60−600 nm thick Nafion films on APTES-
terminated model substrates. When silicon wafers or glass
slides (SiO2) were used as substrates, we first covalently
immobilized (3-aminopropyl)triethoxysilane (APTES, ∼9−12
nm thick) on the substrate. Subsequently, Nafion films were
spin-coated on top of these APTES-terminated substrates
(Figure 1a). We created this ensemble for confocal laser
scanning microscopy (CLSM), grazing incidence small-angle
X-ray scattering (GISAXS), energy dispersive X-ray scanning
electron microscopy (EDX-SEM), contact resonance atomic
force microscopy (CR-AFM), birefringence, and out-of-plane

Figure 3. (a) Id/Ip profile (extent of proton conduction) at 90% RH of ∼250 nm-thick annealed Nafion films on glass substrates before and after
silanization. (b) Id/Ip profile of Nafion thin films (∼60 nm (black), ∼250 nm (red), and ∼650 nm (blue)) as a function of film thickness. Open
symbols represent Nafion films on untreated SiO2 surfaces (just washed with acetone/ethanol), while closed symbols represent Nafion films on
silane-treated SiO2 surfaces at 90% RH. In (b), the thickness-normalized distance from the substrate is represented by z/d, where z is the distance
from the substrate interface and d is film thickness. Therefore, z/d values of 0 and 1 represent the substrate and air interfaces of the films,
respectively. (c, d) Id/Ip values at 10% RH for ∼60 and ∼650 nm-thick annealed Nafion films at the air and substrate interfaces on both untreated
(grey) and silane-treated (red) surfaces. Measurements were done in triplicate, and error bars were calculated based on standard deviations.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.3c03218
ACS Appl. Polym. Mater. 2024, 6, 4535−4546

4539

https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c03218/suppl_file/ap3c03218_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.3c03218/suppl_file/ap3c03218_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c03218?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c03218?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c03218?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.3c03218?fig=fig3&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.3c03218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


proton conductivity measurements. On the other hand, for the
in-plane proton conductivity measurements, Nafion films were
spun on Au interdigitated electrodes (IDEs) where the teeth
Au IDEs were evenly spaced across the silicon wafer. Thus, to
create a similar silane environment on Au IDEs to match other
measurements, we immobilized silane on the Au part. First, the
Au-thiol interaction was leveraged between Au IDEs and a
thiol-functionalized compound, 6-mercapto-1-hexanol (Figure
1b). This created −OH terminated Au, which reacted further
with APTES (Figure 1b). Please see the APTES self-assembly
section in the Methods section for further details.
Silanization of the substrates was confirmed by using X-ray

photoelectron spectroscopy (XPS, Table S1). The water
contact angles (WCAs) of bare SiO2 surfaces after washing
with acetone (21°), treating with piranha (23°), and
immobilizing APTES (75°) (Figure 2) showed that silaniza-
tion reduced the hydrophilicity of the bare substrate. The
significant change in the water contact angle upon silanization
of silicon wafer agreed with the data reported by other
groups.59,60 When Nafion was deposited on these three
surfaces, the WCA was the lowest (i.e., lowest hydrophobicity)
for the film on the silanized surface. These suggested that the
APTES modification of SiO2 significantly altered the hydro-
philicity of both substrate and air interfaces of Nafion films.
Silanization also reduced the hydrophilicity of Au surfaces (28°
(Au with MHex), 47° (APTES on Au with MHex), Figure S1).
The decreased hydrophilicity of the substrate interface as a
result of silanization is likely to dictate how the − SO3H
groups of Nafion side chains sit and interact with the substrate.
To see the impact of the silane layer on the distribution of

the proton conduction environment at different depths within
Nafion films, we leveraged our CLSM-based strategy (Figures
3 and S2).9,10,37 A fluorescent photoacid dye (8-hydroxypyr-
ene-1,3,6-trisulfonic acid trisodium salt (HPTS), Figure S2a)

was added to the Nafion suspension before spin-coating it over
silanized/non-silanized substrates. HPTS remains protonated
and emits blue fluorescence (Ip, λem ∼ 430 nm) when it resides
in a poorly proton-conducting environment. On the contrary,
the dye emits green fluorescence upon deprotonation (Id, λem
∼ 510 nm) in a stronger proton-conducting environment. The
ratio of green-to-blue fluorescence (Id/Ip) at different depths
within Nafion films can thus reveal the extent of proton
conduction across the films.9,10,37 It is important to recognize
that Id/Ip refers to the “extent of proton conduction”, a
qualitative measure of proton conductivity, as opposed to the
quantitative measurements of proton conductivity (σ),
typically done using EIS. It was demonstrated earlier that σ
and Id/Ip provide complementary information.9 The advantage
of the fluorescence CLSM-based technique is that it can be
leveraged to get information on proton conduction at different
depths within an ionomer film, while EIS only provides an
average value of proton conductivity for the entire ionomer
film.
Figure 3a shows proton conduction profiles (represented by

Id/Ip) of ∼250 nm thick Nafion films as a function of distance
from the substrate interface (z). When Nafion films were
deposited on non-silanized surfaces with similarly high
hydrophilicity (i.e., SiO2 washed with acetone/ethanol or
piranha-treated), the proton conduction profile of the ionomer
films looked similar. Briefly, the substrate interface of these
Nafion films had a weak proton-conducting zone (Id/Ip ∼ 0.14,
Figure 3a). After that, the Id/Ip increased gradually (∼0.23) as
we approached the air interface, suggesting a relatively better
proton conduction environment at the air interface as
compared to the substrate interface. Interestingly, when we
had a silane layer (APTES) underneath the Nafion film, the
low-conductivity region next to the substrate interface
shortened and proton conduction at the air interface

Figure 4. In-plane Nyquist plots of (a) ∼60 nm Nafion films at 25% RH, (b) ∼140 nm Nafion films at 25% RH, and (c) ∼140 nm Nafion films at
85% RH on untreated and silane-treated Au interdigitated electrodes (IDEs). (d, e) In-plane conductivity and (f) out-of-plane conductivity of
Nafion films on untreated and silane-treated surfaces at low (d) and high (e, f) humidity conditions as a function of film thickness. Measurements
were done in triplicates, and error bars were calculated based on standard deviations.
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significantly improved (Id/Ip ∼ 0.35, Figure 3a). Such
improvement in proton conduction within Nafion films over
the silanized substrate was observed for the entire film
thickness range we studied (60−700 nm, Figure 3b). An
∼650 nm thick Nafion film with no silane underneath had a
weakly proton-conducting region spanning up to z/d of 0.3;
i.e., up to one-third of the film starting from the substrate
interface. However, when Nafion was deposited on the

APTES-treated surface, the weakly proton-conducting region
narrowed down to z/d ∼ 0.1 (Figure 3b). Moreover, the extent
of proton conduction (Id/Ip) across the films on silane-treated
surfaces improved irrespective of film thickness; e.g., Id/Ip at
the air interface of a 250 nm thick Nafion film increased from
0.19 to 0.35 when a silane layer was underneath the film
(Figure 3b). Such improvement of ion conduction environ-

Figure 5. (a−f) GISAXS profiles of Nafion films on unmodified and APTES-modified substrates at 90% RH. To do these measurements, (a−c) θ/
2θ and (d−f) ω/2θ scanning geometries were used. Here, the dry Nafion film thicknesses were (a, d) ∼55 nm, (b, e) ∼120 nm, and (c, f) ∼250
nm. (g) Schematic representation of the possible effect of silanization on the Nafion chain orientation next to the substrate. The Nafion film is
represented by a bluish-green box with orange-yellow Nafion chains having red balls as terminal −SO3H at the side chains. The APTES structure is
shown in purple. The red dotted box indicates the region next to the substrate where silane may alter the traditional lamellar structure in Nafion
films.
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ment across Nafion films on silane was observed at both high
(Figure 3b) and low (Figure 3c,d) humidity conditions.
Typically, hydrophilic surfaces (like SiO2) attract and pin

−SO3H groups of Nafion via hydrogen bonding, inducing a
surface-parallel orientation of Nafion chains near the
substrate.21,23,29,62 The thickness of this multilamellar region
(∼10 nm) is comparable to that of our silane layer. Simulations
indicated that highly hydrophilic surfaces retain water
molecules next to them but hydrophobic surfaces promote
the presence of hydrophobic components like the Nafion
backbone. Our silane treatment reduced the hydrophilicity of
the SiO2 substrate which likely pushed the water and −SO3H
groups of ionomer chains away from the substrate. The spider
web/brush-like structure of the silane layer also hindered the
contact of hydrophobic Nafion backbones with the substrate
interface. This low hydrophilicity and unique silane structure
minimized the substrate-induced entrapment of Nafion chains
and water molecules, thereby improving proton conduction in
the Nafion films. These findings align with previous research
showing that introducing hydrophobic or electrostatically
repulsive functionalities can prevent specific adsorption of
−SO3

− ions of Nafion onto catalysts and improve proton
transport and ORR activity.26,51−53

We further quantified the ionic conductivity of Nafion films
on Au electrodes using EIS which supported our observations
using CLSM. The procedures for APTES immobilization on
Au-interdigitated electrodes (IDEs) are available in Figure 1b
and in the Methods section. The film resistance in the in-plane
Nyquist plots (equivalent to the diameter of the semicircular
region of the impedance curves) decreased when there were
silane layers underneath the Nafion layers (Figure 4a−c). The
equivalent circuit model (Figure S3a) was used to fit the in-
plane Nyquist plots, and some representative fits of the in-
plane impedance curves (Figure S3b,c) to obtain in-plane
proton conductivity (σIP) values are shown in the Supporting
Information. The decreased film resistance indicated that the
ionic conductivity (σIP) increased in Nafion films when they
were spin-coated on APTES-terminated substrates. To under-
stand the contribution of silane relative to Nafion in this film
proton conductivity, we compared the Nyquist plots of bare
Au IDE, silane on Au IDE (Au IDE/silane), and a Nafion film
over silane (Au IDE/silane/Nafion) (Figure S5). As per the
visual inspection of these Nyquist plots, the diameters of the
semicircles for Au IDE and Au IDE/silane were so large that
those could not be captured fully by the EIS instrument, while
the Au IDE/silane/Nafion film ensemble gave a reasonable
and measurable diameter of the semicircle (Figure S5). This
control experiment suggested that silane itself had a negligible
proton conductivity as compared to Nafion films and thus
made a negligible contribution to the overall proton
conductivity of the Nafion-on-silane samples. Despite this,
the heightened proton conductivity of Nafion films on APTES-
treated surfaces (Figure 4) suggested that the silane layer
might have made a profound impact on Nafion layer
characteristics (discussed later).
Silanization-induced improvement in proton conductivity of

Nafion films was observed at both low (25% RH, Figure 4b,d)
and high (85% RH, Figure 4c,f) humidity conditions
irrespective of film thickness. The improvement in in-plane
proton conductivity (σIP) at low %RH (∼3 times, Figure 4d)
agreed with CLSM data where the Nafion films on silane
showed Id/Ip values ∼2 times higher than that of Nafion films
on untreated substrates (Figure 3c). In fact, the CLSM and EIS

data agreed well across the entire relative humidity (%RH)
range (Figure S6). Not only that, both in-plane (σIP, Figure
4d,e) and out-of-plane ((σOP, Figure 4f) conductivity values of
Nafion films showed improvement on silane-treated surfaces;
e.g., at ∼83−86% RH, in 250 nm thick Nafion films, we
obtained: σIP: 5 mS/cm (unmodified); 8 mS/cm (silane-
modified) (Figure 4e); σOP: 8.93 × 10−4 mS/cm (unmodified);
4.27 × 10−3 mS/cm (silane-modified) (Figure 4f). Even in
Nafion films with thickness (∼60 nm) closer to catalyst binder
layers in PEMFCs, we saw such silane-induced improvement in
σIP (2 times) and σOP (10 times) (Figure 4e,f). It is well-
reported that, for Nafion thin films on unmodified surfaces, in-
plane proton conductivity is significantly higher than out-of-
plane conductivity.42 We thus also made a similar observation
for Nafion films on both unmodified and silane-modified
surfaces.
Revisiting the discussion on how silane improved the Nafion

film proton conductivity, we examined several factors. First, we
examined the influence of silane on water uptake by Nafion
films. However, when Nafion films were made on non-silanized
and silanized Au QCM crystals, the average water uptake or
hydration numbers (λw) did not appear to be much different
(Figure S7). This observation directed attention to another
prominent factor: the silane layer potentially modified the
nanostructure of the Nafion layer, thereby affecting its
enhancement in proton conductivity.
Silanization improved the in-plane (σIP) and out-of-plane

(σOP) proton conductivities of Nafion films. Also, it reduced
the ratio of in-plane-to-out-of-plane proton conductivity (σIP/
σOP) and led it to convergence toward unity (Figure 4e,f), a
scenario where film nanostructure does not trigger direction-
dependent proton conductivity. Based on the improved
conductivity and altered anisotropy in conductivity, we
hypothesized that silanization of the substrate likely changed
the organization of Nafion chains across the films and
ultimately impacted the distribution of the ion-conduction
environment across Nafion films. We, therefore, studied the
grazing incidence small-angle X-ray scattering with a point
detector (0D GISAXS) to see how silane modified the order
within Nafion films (Figure 5). We performed a scattering
study using both θ/2θ and ω/2θ geometries. While θ/2θ
enabled us to capture the order or repeating structure in the z-
direction, ω/2θ captured repeated structures in both z- and xy-
directions. In θ/2θ scans (Figure 5a−c), the primary ionomer
peak for Nafion on an unmodified surface was seen at the same
position as has been reported typically (q ∼ 1−2 nm−1).63 We
also saw a secondary peak (q ∼ 3−5 nm−1) which has been
reported by several groups.64,65 Both of these peaks completely
disappeared when Nafion films were on APTES-treated
surfaces, irrespective of the film thickness (Figure 5a−c).
Silanization did not only impact the out-of-plane order but also
affected the in-plane order. In ω/2θ scans (Figure 5d−f), the
orders were weakly retained in relatively thicker (120−250 nm
thick) films with a slight shift in scattering peak. For example,
for an ∼250 nm thick Nafion film (Figure 5e), qmax for the
primary ionomer peak was found to be ∼1.86 nm−1 (without
silane) and 1.94 nm−1 (with silane), which corresponded to
the d-spacings of ∼3.35 nm (without silane) and 3.24 nm
(with silane), respectively. While the scattering peak in thicker
films (120−250 nm thick, Figure 5e,f) weakened in intensity
but still remained, the scattering peak totally diminished in
thinner films on silane (∼55 nm, Figure 5d). This suggested
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that the orders completely disappeared in thinner films on
silane.
Such disruption of ionic domains can be discussed in light of

prior works on Nafion thin films. Typically, meaningful
information on structural orders within ionomer thin films is
obtained by using neutron reflectometry, 2D GISAXS, and
simulation. For example, Weber et al.,3 via some advanced
analysis of ionomer peak (as a function of azimuthal angle)
using 2D GISAXS, suggested that Nafion and some other
perfluorinated 3 M ionomers have preferential domain
alignment parallel to the substrate in thin films. In another
work, Kreuer et al.64 simulated and compared the experimental
GISAXS data within the 1−5 nm−1 region for stacked planar
polymer−water sheets. When some degree of disorder was
introduced in such stacked structures, the diffraction peaks
broadened, and good fits were obtained within this q-range.
Finally, Dura and DeCaluwe pioneered neutron reflectometry
work showing the location of the stacked structures within
Nafion films.21,29,42,47 They asserted the surface-parallel
lamellar structure near the substrate interface of the Nafion
thin films.
All of these studies suggested the likelihood of having

stacked or lamellar structures in Nafion films on the
unmodified substrate (Figure 5g, left). On the contrary, the
loss of correlation in Nafion films on silane likely manifested an
induced disorder in lamella and/or a randomization of
ionomer chains in all directions (Figure 5g, right). As per
neutron reflectometry,21 the lamellar region usually spans
around the 10 nm region within the film next to the
unmodified surface. On the other hand, the thickness of our
APTES layer was ∼9−12 nm. This strengthened our
hypothesis that silane has a contribution to disrupting or
suppressing the surface-parallel lamella of Nafion chains
(Figure 5g, right). If silane is suppressing the lamella formation
by letting a lower number of chains reach the substrate
interface, the ionomer−substrate interaction next to the
substrate (Figure 5g, right) can be milder. This weakened
interfacial interaction can be a major reason behind the
improved conductivity7,26 in ionomer films on silane.
Literature on block copolymer thin films also supports how
lamella weakens the ionic conductivity in the direction the
lamella grows.38,41,42 Therefore, the disruption of the lamella
and significant improvement in through-plane proton con-
ductivity in our case (Figure 4f) complemented each other.
On another note, our CLSM data suggested that ionic

conductivity was not only getting better close to the APTES-

treated substrate interface but also improved throughout the
Nafion films (Figure 3). This likely suggested that the silane
layer, despite being next to the substrate, may impact the
properties of the entire film. This is not uncommon. For
example, Drummond et al.66 discussed the structuration of the
entire polymer thin film via controlled patterning of the
supporting substrate. In fact, they showed that substrate
pinning and unpinning can determine the mobility of polymer
chains at the air interface. Thus, it can be rationally inferred
that the reduced extent of interfacial chain pinning can be a
major manipulator and booster of proton conductivity near the
air interface (CLSM, Figure 3).
Since GISAXS hinted toward the disruption in ionic

domains and lamellar chain packing in the presence of silane,
an alteration of atomic composition next to the substrate can
be expected. SEM-EDX supported so (Figures 6a,b and S8).
Both %F (Figure 6a) and %S (Figure 6b), components of
Nafion, decreased at the substrate interface as a silane layer was
placed in between the Nafion film and SiO2. For example, in a
150 nm thick Nafion film, %F in a region next to the substrate
interface with dimensions 75 nm (height) × 1350 nm (length)
decreased from 46% to 23% as the silane layer was placed
underneath the Nafion layer (Figures 6a and S8a,b). A
simultaneous decrease in %S was also observed for Nafion
films on the silanized surface (%S: 0.45% (no silane), 0.21%
(with silane) for a 150 nm thick Nafion film, Figures 6b and
S8). This suggested that the silane layer next to the substrate
led to a reduced population of Nafion chains next to the
substrate. Similar trends were consistently seen for Nafion
films over the entire thickness range (150−600 nm) that we
studied (Figure 6a,b). This supported our prior hypothesis and
depiction of the silane effect (Figure 5g, right) that ionomer
chains are likely finding it difficult to reach the substrate
interface because of silane crowding at that location. Ionomer
chain density next to the substrate thus decreased, and both
backbone and side chains of Nafion were likely oriented
differently when silane was there next to the substrate.
To understand the nature of the alteration in the orientation

of ionomer chains with respect to the substrate, we measured
the birefringence (Δn) of Nafion films with and without a
silane layer underneath. To date, only a few reports have been
made on Δn of ionomer thin films as a way to explain the
orientation of ionomer backbones and respective side chains in
ionomer thin films.24 Conventionally, a birefringence less than
zero represents the polymer backbones parallel to the
substrate, while a birefringence value of zero indicates an

Figure 6. (a, b) SEM-EDX quantification near the substrate interface: (a) % F and (b) % S. (c) Storage modulus at ∼20−25% RH of 50−600 nm-
thick Nafion films on untreated and silane-treated surfaces, respectively. Measurements were done in triplicates, and error bars were calculated
based on standard deviations.
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isotropic or random orientation of the backbones with respect
to the substrate. We found that, for a pure Nafion film with no
silane layer underneath, Δn was negative, but when a silane
layer was placed underneath the Nafion layer, Δn approached
zero (Figure S9). This, alongside the GISAXS and SEM-EDX
data, confirmed that the silane layer initiated an alteration of
the ionomer chain orientation in the films overall and led
toward a more isotropic (randomized) chain structure. The
randomization was done in such a way that favored proton
conduction in thin films.
On another note, Nafion films are known to stiffen at low

humidity conditions which is often attributed to interfacial
interactions between −SO3H groups of Nafion, substrate, and
interfacial water.7,14,20 We thus measured the storage modulus
of Nafion films at ambient conditions using CR-AFM. The
storage modulus of a ∼60 nm thick Nafion film on an
unmodified substrate (∼1100 MPa) was significantly higher
than that for the Nafion film on an APTES-treated substrate
(∼800 MPa) (Figure 6c). While CR-AFM is a local modulus
measurement technique, such a big decrease in the modulus of
films with silane underneath demonstrated a critical role played
by substrate and interfacial interactions on the modulus of the
entire film. This together with the fact that the sulfur atoms are
less reachable to the substrate interface suggested that the
substrate pinning-induced film stiffening may have been
alleviated by the presence of a silane layer next to Nafion
film.10

In summary, in this work, we used APTES to demonstrate a
proof of a concept; i.e., if you create a silane-like structure next
to the substrate, you can boost thin-film proton conductivity.
Not only did we demonstrate the utility of interfacial
engineering through exploring depth-specific ion conduction
behavior but also unraveled a wealth of information explaining
why interfacial engineering improved next-to-substrate as well
as across-the-film proton conduction properties. The major
takeaway from this work in a broader sense is that, by creating
hydrophobicity and/or brush/spider web-like architecture next
to the substrate, we may be able to prevent some of the
interfacial phenomena (like, chain pinning, lamella, interfacial
confinement) detrimental for proton conduction in thin
Nafion films (Figure 5g). Our vision was to harness the
relatively less complicated silane platform to uncover a
plethora of insights into the interfacial behavior of ionomer
thin films, but the success of this APTES-based study
suggested the importance of leveraging and building up on
this platform via exploring a wide range of engineered
interfaces and seeing their impact further in thin films, real
electrodes, and membrane electrode assemblies. By exploring
these avenues, we will continue to advance the concept further
and inform the advanced design of ionomer−catalyst interfaces
for an array of electrochemical systems.

■ CONCLUSIONS
We demonstrated how through a simple surface engineering
approach we can manipulate the interfacial orientational and
chemical makeup that can make the overall proton conduction
environment more favorable in sub-μm-thick Nafion films.
Introducing an APTES-based silane layer between the
substrate and Nafion thin film disrupted the order/repeating
structure within the Nafion film (GISAXS) and reduced the
Nafion chain density next to the substrate (SEM-EDX).
Especially, the suppression of surface-parallel lamella may have
reduced substrate-pinning of ionomer chains and interfacial

confinement (reflected in birefringence and storage modulus).
As a result of these modifications in the interfacial environ-
ment, the poorly proton-conducting region next to the
substrate interface narrowed (CLSM) and made the proton
conduction environment across the Nafion films become more
favorable. The enhancement in the proton-conductive environ-
ment across the Nafion films induced by silane, as evidenced
by CLSM, aligned with the improved proton conductivity
(both in-plane and out-of-plane) observed in Nafion films
through EIS. Overall, this work offers a promising pathway to
overcome interfacial ion-transport limitations and elevates our
understanding of the interfacial processes. In particular, the
depth of insights into interfacial phenomena and the
propagation of their effects uncovered in this study distinguish
it as a unique contribution to the field. The established
protocols offer valuable guidance for attaining greater control
over interfacial processes in sustainable energy-driven electro-
chemical devices and for advancing our understanding of them.
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