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ABSTRACT: Ionomer binders are critical materials for delivering i o T2
ions to and from electrocatalyst surfaces in fuel cell and water 1) o> f f f rr—— fgf
electrolyzer technologies. Most studies examine these materials as FEIRNE A4 N4
bulk polymer electrolyte membranes, and comparatively llttle Controlled thin film anion exchange ionomer (AEl) microphase separation and

ionic conductivity using peptide modification and solvent annealing

attention has been given to their behavior on electrode surfaces as
thin films. This report demonstrates that sequence-defined peptides
anchored to electrode surfaces, or the solvent vapor annealing
processing, alters the microstructure configuration of anion
exchange ionomers (AEIs). It is observed that moderately sized
microphase-separated ionic domains of the AEI, obtained either by
peptide-modified electrodes or solvent vapor annealing, give rise to
a two- to three-fold increase in thin-film in-plane ionic conductivity.
Interestingly, the use of peptide-modified electrodes, in conjunction
with solvent vapor annealing, yields excessively large ionic grains
that compromise ionic conductivity. Overall, the judicious use of sequence-defined peptides adsorbed to electrode
surfaces, or solvent vapor annealing, encourage the appropriate microstructures of thin-film AEIs resulting in ameliorated
ionic conductivity.
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nion exchange membrane fuel cells and water electro- but the liquid electrolyte is undesirable, because it can suffer
lyzers (AEMFCs and AEMWEs) are modular electro- from carbonation, leading to precipitates that clog porous
chemical energy storage and conversion technologies electrodes, and the liquid electrolyte is not conducive to a thin-
that have garnered significant interest as alternatives to cell design and may cause shunt currents.”"® Hence, AEMECs

commercialized proton exchange membrane devices. The
alkaline environment expands the palette of electrocatalyst
materials, particularly non-precious group metals, for the

and AEMWEs, made possible by anion exchange membranes
and ionomers (AEMs and AFIs), offer distinct advantages over

R’ ) liquid alkaline electrolytes and represent a promising pathway
necessary redox reactions. = The electrocatalysts, in many

. . o ) ) to low-cost fuel cell and water electrolyzer technology.
instances, comprise a significant portion of the capital costs of

) 7_9 While there are several reviews''*™*° dedicated to
these technologies when manufactured at large volumes. . . . 1 .
developing AEMs with alkaline resiliency in base baths at
Proton exchange membrane fuel cells and water electrolyzers

are costly, because of their use of platinum group metals,
making widespread proliferation difficult. Their acidic environ-
ment restricts the type of electrocatalyst they can use because

elevated temperatures, as well as a plethora of reports on
catalyst research in an alkaline medium,'®*" a neglected area of
materials research for AEMFCs and AEMWEs is the

there are few alternatives to platinum group metals that are understanding of how AEIs interact with electrode and
both high performing and stable in acid. Alkaline fuel cells and

water electrolyzers using a liquid electrolyte are both mature Received: May 20, 2019

and commercialized technologies that operate effectively]x(/)vitll; Accepted: September 3, 2019

low-cost silver- and nickel-metal-based electrocatalysts, Published: September 3, 2019
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Figure 1. Process of using peptides to assemble AEI layers onto substrates. (A) Amino acid sequence of thiol-terminated elastin-like peptides
bound to gold with a detailed view of the negatively charged guest residue (E) functional group. (B) Chemical structure of PPO-QDMDA
AEI added to the substrate surfaces. (C) Process for peptide and/or AEI deposition on to IDEs (identical process used for gold QCM/

coated wafers or SiOx wafers).

electrocatalyst surfaces."”>** These interactions have strong
implications for ion conductivity in electrode layers, in
addition to influencing reactant delivery and product removal
to electrode surfaces”™** and charge-transfer reactions.”*™>*
With respect to AEM-based fuel cells and electrolyzers, the
breakthrough in peak power density of AEMFCs over 1 W
cm™? with hydrogen and oxygen (or over 0.8 W cm™ with
clean air) are ascribed to several factors that include new AEIs
in the electrode layers (e.g,, ETFE-AEI powders).”” ' Hence,
electrode ionomers have a profound impact on fuel cell and
electrolyzer performance and stability, and thus serves as
motivation for this work.”> Some unanswered questions in the
field, which we address in this study, include: how do the
surfaces of electrodes impact AEI microstructure configura-
tions? And as a result, how do the different microstructure
configurations of AEIs in electrode layers, which may be
different than bulk membrane materials, govern ionic
conductivity?

This work reports the microstructure and ionic conductivity
of an AFEI model material, as a thin film, interfaced with a
model electrode material (i.e., gold) with and without peptide
modification and when processed via solvent vapor annealing.
Previous studies by Renner and co-workers®® have shown that
sequence-defined bound peptides can alter interactions and
microstructure arrangements of Nafion with electrode surfaces.
While other surface modifications have been used to control
the interactions with co-polymers (e.g. polymer brushes),”*
peptides are an attractive option, because they are easily
tunable and possess well-defined secondary structures. Work
done by Arges and co-workers®>*® has shown that solvent
vapor annealing facilitates microphase separation between
ionic and nonionic domains in diblock, anion conducting
copolymer electrolytes. Solvent vapor annealing lowers the
glass transition of the polymer film below room temperature
through solvent plasticization. The plasticized film becomes a
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Figure 2. QCM-D experiments monitoring frequency (black) and
dissipation (gray) shifts versus time for (A) PPO-QDMDA AEI
adsorption onto a gold-coated sensor and (B) CVPGEG peptide
adsorption, followed by PPO-QDMDA AEI adsorption onto a
gold-coated sensor. The third overtone is shown.

DOI: 10.1021/acsmaterialslett.9b00173
ACS Materials Lett. 2019, 1, 467—475


http://dx.doi.org/10.1021/acsmaterialslett.9b00173

ACS Materials Letters

polymer melt, and it can now diffuse and reorganize itself into
a thermodynamically favorable microstructure.’”

The overall goal of this study is to characterize the effect of
biomolecular surface modifications with and without solvent
annealing on the microstructure configurations of AEIs and
subsequent ionic conductivity. The model AEI in this report is
a random copolymer brush of poly(2,6-dimethyl 1,4-phenylene
oxide) featuring quaternary benzyl N,N-dimethyl-n-decyl
ammonium hydroxide/carbonate/bicarbonate anions (PPO-
QDMDA). This material was selected because of its ease of
preparation from commercially available polymers®®*” and its
ability to microphase-separate, because of the hydrophobic
brush tails in the N,N-dimethyl-n-decyl ammonium moi-
ety.*>*! In addition, this class of PPO AEMs with alkyl brush

biomolecular modification and solvent vapor annealing for
controlling the microphase separation of AEIs.

Figure 1 depicts the sequence-defined thiol-terminated
elastin-like peptide (CVPGEG) and the PPO-QDMDA AEI
in addition to showing the surface adsorption procedure on to
interdigitated electrode (IDE) substrates. This adsorption
process was identical for gold and SiOx (i.e., silicon wafer with
a l-ym-thick thermally grown oxide layer) substrates. The
terminal thiol group in CVPGEG binds to the gold forming a
monolayer on the surface. Excess rinsing with dilute alkaline
solutions rinsed away the nongrafted peptide. The diluted AEI
then was deposited onto the aforementioned substrates with
and without the grafted CVPGEG peptides.

Table 1. Mass Loading, Estimated Thickness Values, and
Viscoelastic Properties of AEI Films Calculated from QCM-
D Data”

Value
AEI on gold AEI on peptide
mass loading (ng/cm?) 3100 + 700 1200 + 300
thickness (nm) 307 11 +2
viscosity (uPa s) 2800 + 260 -
elastic modulus (kPa) 14+5 -

“Values reported are the average, and the errors represent the
standard error of parameters calculated from three separate QCM
trials (n = 3).

Table 2. Film Thickness Results from Ellipsometry”

Value
AEI without AEI with
peptide peptide
film thickness on silica substrate (nm)
not annealed 21 + 1 22 +2
solvent-annealed 23+ 1 22 +1
film thickness on gold-coated wafer
substrate (nm)
not annealed 27+ 6 18 +1
solvent-annealed 26 + 8 27 + 4

“Errors are the absolute difference from the average (n = 2).

Table 3. In-Plane Resistance and Ionic Conductivity (k)
Values of AEIs on IDE Substrates”

Value

AEI with peptide AEI with no peptide

not annealed

R, (kQ) 18+ 7 S2+9

x (mS cm™) 32+ 12 10 + 2
solvent-annealed

R, (kQ) 46 + 8 24+ 8

k (mS cm™) 10 + 2 2+ 7

“Thickness value used for ionic conductivity determination came
from ellipsometry experiments (data reported in Table 2). Error bars
are the standard error for n = 3 independent samples.

tails has reasonable alkaline stability at 60 °C. Our work herein
highlights thiol-terminated peptides, featuring anionic moi-
eties, anchored to electrode and substrate surfaces that
generate favorable microphase-separated grains in the PPO-
based AEI The results demonstrate the utility of both
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Figure 3. AFM micrographs of (A) height (left) and phase (right)
images of PPO-QDMDA AEI on gold substrates; (B) height (left)
and phase (right) images of CVPGEG peptide on gold substrate
with PPO-QDMDA AEI assembled on top.

To characterize the adsorption phenomena of CVPGEG and
PPO-QDMDA AEI to gold, QCM-D was used to sense the
mass uptake and the retention of the deposited layers on a
gold-coated AT cut quartz crystal. Figure 2 presents the shift in
frequency and dissipation from QCM-D experiments that
examined AFI adsorption in the presence (or absence) of
surface-bound CVPGEG peptide. The negative frequency shift
corresponds to the sensor gaining mass. The baseline solution
and carrier, for all components tested, was dilute aqueous
sodium hydroxide (NaOH). Figure 2A shows a representative
experiment where a gold-coated sensor without peptide is
exposed to an AEI solution, and Figure 2B shows a
representative experiment where a gold-coated sensor with
peptide is exposed to the AEI solution. Both samples
experience negative frequency shifts in the presence of AE],
indicating the formation of an AEI layer. Generally, the AEI
assembled on the bare gold electrode had large shifts in
dissipation and was modeled as a viscoelastic film** (goodness
of fit of >0.9, on average), whereas the AEI assembled on the
peptide has small dissipation shifts and did not fit the
viscoelastic model (goodness of fit of 0.4, on average). Details
on the modeling can be found in the Methods section of the
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Figure 4. AFM micrographs of (A) PPO-QDMDA AEFI layer, non-annealed, (B) PPO-QDMDA AEFI layer, solvent annealed, (C) PPO-
QDMDA AEI layer on CVPGEG peptide, and (D) PPO-QDMDA AEI layer on CVPGEG peptide and solvent-annealed. Left images are the
AEI on the gold part of the IDE, and the right images are the AEI on the silica part of the IDE.

Supporting Information. This implies that the AEI film formed
on the substrate with bound peptide had a different structure
and is more rigid than the AEI film formed on gold without the
peptide. The final rinse steps showed minimal frequency
reverse or dissipation change over time. This indicated that the
deposited peptide and AEI films were stable on the gold-based
QCM substrate. Figure SI1 in the Supporting Information
provides the changes in frequency and dissipation versus time
for all experiments, including repeats and Figure S2 in the
Supporting Information summarizes the frequency and
dissipation shifts, on average, for the final assembled AEI
layers on gold versus bound peptide. Table 1 summarizes the
mass uptake, AEI film thickness, and AEI viscoelastic
properties estimated from the QCM-D data (see the
Supporting Information for details about the modeling to
obtain these values). Note that the AEI film thicknesses
reported from QCM-D data do not include the peptide layer,
which was estimated to be <1 nm.

Table 2 reports the film thickness values of the AEI adsorbed
onto gold and silica substrates with and without a peptide layer
from ellipsometry. Furthermore, this table contains film
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thickness values for samples that underwent solvent vapor
annealing with 2-butanone. [Note: 2-butanone liquid was
observed to solubilize PPO-QDMDA at 50 mg mL™".] The
QCM-D results showed variation in film thickness for the AEI
on the gold QCM substrates with and without peptide (range
of 11-30 nm). Film thickness results by ellipsometry on silica
substrates were more precise (within a range of 21-23 nm).
However, the film thickness values by ellipsometry of the AEI
on gold-coated wafers displayed a larger range (18—27 nm). It
is important to note that the QCM-D measurements are made
in a liquid flow environment, whereas the ellipsometry
measurements are done in ambient air post-adsorption and
solvent vapor annealing (if applicable). Despite the variances
between the two independent methods, the thickness values
were fairly close. Generally, the AEI/peptide—AEI films have a
thickness value in the range of 10—30 nm on gold substrates.
The adsorbed layers were ~20 nm in thickness, on average, on
silica substrates.

The QCM-D results substantiate that the peptide layer and
AEI adsorbed to the gold substrates, while the ellipsometry
results demonstrate peptide and AEI adsorption to both gold
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Figure 5. Ionic conductivity versus AEI ionic domain size on the
SiOx region of the IDE. The y-axis error bars represent the
standard error while the x-axis error bars correspond to the range
of ionic grain sizes seen in the right column of Figure 4.

and silica substrates. The peptide adsorption is attributed to
the thiol moiety in the terminal cysteine group, which binds to
the gold*’ and silica surfaces.** The AEI adsorption to peptide-
containing substrates partially arises from the quaternary
ammonium moieties along the PPO backbone forming
electrostatic interactions with the glutamate (E) residue (i.e.,
a carboxylate moiety) in the peptide chain. The electrostatic
interactions anchor the AEI to the peptide that is bound to the
substrate surface. Figure S3 in the Supporting Information
verified the electrostatic interactions between the peptide
CVPGEG and PPO-QDMDA AEI in liquid solution using
dynamic light scattering (DLS). For the substrates not
containing the peptide, the quaternary ammonium groups
are also known to adsorb to gold*® and silica.*® The role of
electrostatic interactions in AEI assembly on bare gold and
peptide-functionalized gold was further confirmed by perform-
ing QCM-D in 10 mM sulfuric acid (see Figure S4 in the
Supporting Information), where much lower frequency shifts
were observed in both cases. The deposition process of
peptides and AEI through immersion in dilute NaOH
solutions was shown to be successful for the preparation of
thin AEI films on electrode-type substrates. These thin films
mimic the ionomer layers observed in the electrodes of fuel
cells and electrolyzers.

After successful confirmation of the adsorption of AEI layers
to bare and peptide-modified gold electrode surfaces, the in-
plane ionic conductivity of the AEI films on IDEs were
investigated using galvanostatic electrochemical impedance
spectroscopy (EIS). The IDE substrates consisted of gold
electrode teeth on silicon wafer substrates that contained a 1-
pm-thick electron-insulating thermally grown silica layer (i.e.,
silica substrate). The IDE material composition was selected
due to our previous observations that the AEI adsorbed to
both gold and silica. Figure SSA in the Supporting Information
shows representative Nyquist plots from EIS with the AEI
samples covered in a drop of liquid deionized water. The
impedance behavior of four different types of samples is
plotted in Figure SSA: (i) AEI with peptide and no solvent
vapor annealing, (ii) AEI without peptide and no solvent vapor
annealing, (iii) AEI with peptide and solvent vapor annealing,
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and (iv) AEI without peptide and no solvent vapor annealing.
The diameters of the semicircles in Figure SSA correspond to
the in-plane resistance of the samples from ionic conduction
within the AEI layer. Reports by Karan and co-workers, Patel
and co-workers, and others, have shown that the semicircle
diameter corresponds to ionic migration resistance.”’~>?
Figure SS5B in the Supporting Information is the electric
circuit equivalent (ECE) model used to fit the data in the
Nyquist plot to extract the in-plane resistance attributed to
ionic conductance. Table 3 provides the modeled in-plane
resistance values of the AEI samples, and it also reports the
calculated in-plane ionic conductivity from the resistance
values (see the Supporting Information). Equation S1 relates
the in-plane ionic conductivity to the measured thickness
values from ellipsometry, the IDE geometry, and the measured
in-plane resistance. The samples with the AEI film assembled
on a peptide layer, but not solvent-annealed, displayed one of
the highest ionic conductivity values (32 + 12 mS cm™'). A
statistically equivalent ionic conductivity value was attained
(22 + 7 mS cm™") with AEI without peptide, but solvent-
annealed. Conversely, the AEI film without peptide or solvent
vapor annealing yielded a significantly lower ionic conductivity
value of (10 + 2 mS cm™"). The AEI film with peptide and that
was solvent-annealed displayed a similarly low ionic con-
ductivity value (10 + 2 mS cm™') to the AEI without the
peptide sample but not solvent-annealed.

The results reported in Table 3 highlight that peptide
modified electrodes and solvent vapor annealing are extremely
influential on the ionic conductivity of AEIs. For the AEI with
the peptide-modified electrode that was not solvent-annealed,
the gain in ionic conductivity cannot be taken into account by
the carboxylate moieties in the peptide. The peptide features a
low ion-exchange capacity value (1.66 mmol g™') and thus it
lacks the quantity of fixed-charge carriers to augment the ionic
conductivity. Second, the carboxylate group binds a small
fraction of the quaternary ammonium groups in the PPO-
QDMDA AEI and the rinse step will wash away the released
HCI from the adsorption process (i.e., hydronium comes from
the peptide and the chloride counterion comes from the
quaternary ammonium in PPO-QDMDA). Because the
number of carboxylate groups is smaller, compared to the
AE] it is assumed that all the hydronium counterions are
removed. Hence, this also explains why the peptide layer
cannot contribute to the ionic conductivity. It can only bind
the AEI through electrostatic interactions, as verified by Figure
S3 via DLS. To understand why the peptide and solvent vapor
annealing processing impacted the ionic conductivity of the
AEI thin films, the microstructures of the AEI samples were
investigated by tapping-mode AFM.

Figures 3A and 3B present the AFM topography and phase
images of the AEI films on the QCM gold substrates with and
without a peptide layer. The AEI layer deposited on the gold
QCM sensor without a peptide displayed smaller phase-
separated grains (light circles in phase image) when compared
with the phase images of AEI assembled on a peptide layer
(Figure 3B). The sample with AEI assembled on gold without
peptide produced grains that were 14 + 1 nm in size, versus
the sample with AEI assembled on peptide, which produced
grains that were 31 & 2 nm. Interestingly, the AEI sample with
the peptide underneath showed more uniformity in the AFM
height images, when compared to the AEI on gold by itself.
Recall that the QCM results indicated that there was more AEI
mass uptake during the adsorption process for the electrode
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without the peptide. Hence, the mass uptake data and AFM
height image in Figure 3A indicate that more mass uptake does
not necessarily result in more uniform deposition of the AEI
layer. Figures 3A and 3B clearly show that the film uniformity
and grain microstructure for the AEI differ if a peptide is
present on the gold surface. Overall, the AFM images reveal
why the AEI with the peptide underneath may yield higher
ionic conductivity. However, it is important to note that the
IDE substrates contain gold electrodes and a silica layer
between the gold electrodes. The difference in the IDE
samples could cause varying microstructures, and thus the
microstructures of the AEI on the IDEs were interrogated by
AFM.

Figures 4A—D present the AFM phase images of AEI
microstructures on IDEs in the areas with gold electrodes and
the areas with the silica substrate. Figure 4A is the assembled
AEI sample with no peptide and was not solvent-annealed, and
Figure 4B is the assembled AEI sample with no peptide that
was solvent-annealed. Figure 4C represents the AEI sample
assembled on peptide without solvent annealing, and Figure
4D is the AEI assembled on a peptide layer that was solvent-
annealed with 2-butanone. It is assumed the dark spots in most
of the phase images for Figure 4 correspond to the ionic
domains. It is clear from the AFM images in the silica regions
of the IDE that the AEI by itself appear to have the smallest
microphase-separated ionic grains (18—24 nm in size), while
the AEI with the peptide and the AEI by itself but solvent-
annealed have slightly larger ionic grains (20—35 nm in size).
Recall that the AEI assembled with a peptide, but not
annealed, and the AEI by itself, but annealed, displayed
roughly a two- to three-fold increase in ionic conductivity over
the AEI by itself and not annealed. The substantial increase in
ionic conductivity for the samples in Figures 4B and 4C are
attributed to their larger ionic grains in the silica regions of the
IDEs. It is clear that the increase in ionic grains, spurred by the
peptide-modified electrodes and solvent vapor annealing,
resulted in higher ionic conductivity. However, this trend has
limitations. The AFM phase image of the assembled AEI on a
peptide layer and solvent-annealed (Figure 4D) displayed
excessively large ionic grains of 30—65 nm. This sample was
observed to have low ionic conductivity that is similar to the
AEI by itself and was not annealed. Hence, appropriately sized
ionic grains afforded the best ionic conductivity for thin-film
PPO-QDMDA AEI samples (see Figure S).

To probe the effect of solvent vapor annealing on the
peptide structure itself, Fourier-transform infrared spectrosco-
py (FTIR) measurements were taken on gold QCM sensors
with an assembled peptide layer. A sample exposed to DI water
was compared to a sample exposed to 2-butanone, which was
the same solvent used in vapor annealing. The results shown in
Figure S6 feature a peak at ~167S cm™" in both samples, which
was observed previously with a similar peptide,” and suggests
that a f-turn structure is present even after exposure to 2-
butanone. Similarly, Thomas et al.>* observed the preservation
of secondary structure in larger proteins after exposure to
solvent vapor annealing. These data indicate that the
differences in microphase structure observed are not due to
structural modifications in the peptide.

The AEI on the gold portion of the IDEs showed different
coverage and microphase behavior than the AEI in the silica
regions if no peptide was applied to the substrate (Figures 4A
and 4B). Conversely, the peptide modified electrodes caused
the AEI to yield the same coverage uniformity and micro-
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structure arrangement for samples that are (or are not)
solvent-annealed (see Figures 4C and 4D). These images
provide further evidence explaining why the AEI on the
peptide layer that was not annealed displayed the highest ionic
conductivity, on average: (i) the sample had appropriately
sized ionic domains and (ii) the AEI was uniformly covered on
the gold and silica portion of the IDEs. Figures S7TA—7E in the
Supporting Information present Raman spectra and maps of
the peptide on the IDE before addition of AEI These results
substantiated uniform coverage of the peptide over the IDE
leading to uniform AEI microstructure across the IDE. Recall
that the AFM images of AEI on gold QCM sensors (Figures
3A and 3B) also substantiated that the AEI had better coverage
and larger grains when the gold was modified with an adsorbed
peptide. It is important to note that the morphologies of the
AEI on the gold QCM sensors were different than the gold
portion of the IDEs. This may be due to the gold surfaces
being different: the gold on IDEs is ~2 times rougher, in
comparison to the gold on QCM-D sensors, according to AFM
topography images (images and roughness factors shown in
Figure S8 in the Supporting Information). We also speculate
that the difference in gold surface roughness is the reason why
the grains are sometimes represented by a different color (light
vs dark) in Figures 3 and 4, since topography has been shown
to affect phase imaging.

Figure 5 summarizes the trends between ionic conductivity
and the sized ionic domains. Although Figure S suggests that
an optimal ionic grain size may give the best ionic conductivity
for PPO-QDMDA (a 2- to 3-fold improvement over the lowest
value attained), it is important to note that other reports
highlight that smaller ionic domains give higher ionic
conductivity‘%’57 or ionic grain size does not impact ionic
conductivity at all.”® The difficulty in correlating ionic grain
size to ionic conductivity relates to the control of other
structural factors such as percolation and tortuosity.’** The
work here is the starting point to manipulate microstructures
of AEIs with peptides and solvent vapor annealing. Other AEI
systems, such as block copolymers, that are more conducive to
long-range order and connectivity”” will be pursued in future
studies with modified electrode surfaces to definitively
understand how grain size impacts ionic conductivity.

Sequence-defined peptides, featuring a carboxylate moiety,
anchored to a surface generated better ionomer coverage and
larger microphase-separated ionic grains compared to samples
with AEI films assembled without the peptides. In turn, the
appropriately sized ionic grains that formed on the peptide
layer substantially improved thin-film ionic conductivity by a
factor of three, compared to samples without peptide. When
the samples were solvent-vapor-annealed, appropriately sized
ionic grains were observed in the microphase-separated PPO-
QDMDA AEI assembled without a peptide, but nonuniform
coverage persisted. Lastly, a combination of peptide-modified
electrodes and solvent vapor annealing resulted in large AEI
ionic domains that were as large as 65 nm, but the larger
domains proved catastrophic to AEI conductivity. Generally,
these results show that both biomolecular modifications and
solvent vapor annealing can be used to control the microphase
separation of AEIs on solid surfaces to discover important
structure-property information, such as ideal grain size for
ionic conductivity. Future work will take advantage of this
discovery by exploring the rich design space enabled by
different peptide sequences in combination with different
solvent vapor annealing conditions, AEI block copolymer
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designs, and electrode potential to achieve new microphase-
separated structures and to investigate their functional
properties.
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