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Abstract

The palette of applications for bipolar membranes (BPMs) has expanded recently beyond
electrodialysis as they are now being considered for fuel cell and electrolysis applications. Their
deployment in emerging electrochemical technologies arises from the need to have a membrane
separator that provides disparate pH environments and to prevent species crossover. Most
materials research for BPMs has focused on water dissociation catalysts and less emphasis has
been given to the design of the polycation-polyanion interface for improving BPM performance.
Here, soft lithography fabricated a series of micropatterned BPMs with precise control over the
interfacial area in the bipolar junction. Polarization experiments showed that a 2.28x increase in
interfacial area led to a 250 mV reduction in the onset potential. Additionally, the same increase
in interfacial area yielded marginal improvements in current density due to the junction region
being under kinetics-diffusion control. A simple physics model based on the electric field of the
junction region rationalized the reduction in the overpotential for water dissociation as a function
of interfacial area. Finally, the soft lithography approach was also conducive for fabricating BPMs
with different chemistries ranging from perfluorinated polymer backbones to alkaline stable
poly(arylene) hydrocarbon polymers. These polymer chemistries are better suited for fuel cell and
electrolysis applications. The BPM featuring the alkaline stable poly(terphenyl) anion exchange
membrane had an onset potential of 0.84 V, which was near the thermodynamic limit, and was

about 150 mV lower than a commercially available variant.

Introduction

Many low temperature electrochemical processes(!! (below 200 °C) use polymeric ion-
exchange membranes (IEM) as the separator to partition two fluid compartments and/or the
electrodes. Most IEM research investigates single ion conductors such as anion exchange
membranes (AEMs) or cation exchange membranes (CEMs). These membranes only permit the
passage of anions or cations, while being impermeable to the oppositely charged ions through
Donnan exclusion!?]. A less researched variant of ion-exchange membranes, but a material that has
become increasingly important, is BPMs.

BPMs consist of a CEM directly appended to an AEML! 31, Because the CEM contains a
polyanion and the AEM features a polycation, the oppositely charged polymers at a shared
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interface have been described as an abrupt junction that is analogous to p-n junctions found in
semiconductor devicesl* 31. The opposite charges at the AEM-CEM interface imposes a local
electric field that can be augmented with an externally applied electric field for dissociating water
into hydronium and hydroxide ion charge carriers via second Wien effect(®-l,

Effective water splitting at the bipolar junction interface, often measured through the onset
potential for water splitting and the current density for water splitting at a particular cell voltagel!?],
depends on bulk AEM and CEM properties as well as other factors like the type of water
dissociation catalyst present at the interface and quality of polycation-polyanion interface. In the
recent years, due to a wide range of [EMs with different functionalities and stabilities to choose
from, it is possible to tailor BPMs specific to a particular application or operating conditions
(temperature, pH)!'!l, There are numerous types of water dissociation catalysts* 121 used in bipolar
junctions and they often include materials with weakly basic or acidic moieties (e.g.,
poly(vinylpyridine)['3] and poly(acrylic acid)'4], graphene oxidel'>-7] and metal hydroxides(!?: 1%
14, 18-21),

The quality of polycation-polyanion interface depends on the fabrication method of the
BPM. Large distances between the fixed charges in the bipolar junction region, potentially caused
by air bubbles or particles, deteriorate the effective width of the local electric field. The
consequence of a poor interface necessitates larger cell voltages for dissociating water in BPMs.
Hence, making adequate interfacial contact between the polycation and polyanion in BPMs, is
paramount for minimizing BPM polarization.

From an applications standpoint, BPMs have been primarily used in electrodialysis setups
for the production of mineral acids and bases!* 2224l from their analogue salts in water. This is
particularly useful for converting concentrated waste brine from desalination processes (e.g.,
reverse osmosis) into acid and base chemicals used in industrial processes[?®l. Other commercial
uses include pH adjustment of process streams without the addition of mineral/organic acids or
bases!?¢2°] — e.g., modifying the pH of juice or food streams without the addition of sodium,
potassium, chloride, sulfate, or nitrate ions.

Electrochemical platforms for energy conversion, storage, and chemical manufacturing
require continued cost reductions and improved performance and stability prior to proliferation
and marketplace acceptancel3%l. In niche scenarios, there are inherent advantages of using a BPM

separator as opposed to an AEM or CEM separator in the said devices!!>31-33], First, it is important
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to recognize fuel cells and electrolyzers tend to operate most effectively at pH extremes for
attaining facile electrode kinetics. The use of single ion-conducting membrane separator limits the
device to operate at the same pH at both electrodes. However, there are several instances of fuel
cell platforms operating the electrodes at disparate pH values!'?> 31-31 For instance, low-
temperature polymer electrolyte membrane fuel cells may perform hydrogen oxidation under
acidic pH, which is quite facilel*¥l. Conversely, oxygen reduction reaction has slightly better
reaction kinetics under a basic environment and has reasonable kinetics when operated with non-
platinum group metal electrocatalystsB> 3¢l (e.g., silver, cobalt oxides, N,P doped graphenel®7],
etc.). BPMs and their ability to provide pH control also offers advantages to directed borohydride
fuel cellsi¥-41, In the context of carbon dioxide (CO;) electrolysis*?l, a BPM is useful in
preventing product crossover from the cathode to anodel® and preventing the electrolyzer from
acting as a CO, pump*3-#1 Tt is also effective as a separator in CO, electrolysis for forming organic
acids[#4],

Most materials related research about BPMs has focused on developing and evaluating
water dissociation catalystsl* 12l BPM fabrication and manufacturel*’> 481 has received less
attention. The lamination of AEM and CEM together through a mechanical hot press makes it
difficult to mitigate the inclusion of air bubbles at the interface that compromise BPM
performance. The direct application of polycation or polyanion dissolved in solution on the
oppositely charged membrane also has challenges as it requires that the one polymer be soluble
(or dispersed well in a solvent) while the receiving oppositely charged membrane being insoluble
to the solvent and resisting swelling during the application process. The direct application process
has mainly relied upon liquid solution deposition!* 71, aerosolized spray deposition** 41, or spin-
coating!!’] approaches. More recently, Pintauro and co-workers!'% 171, and others!*%, have created
intimate, 3D bipolar junctions through electrospinning a polyanion or polycation followed by
depositing a water dissociation catalyst and electrospinning the oppositely charged polymer. Then,
the layered electrospun mats were exposed to solvent vapor to form a compact bipolar junction.
The 3D bipolar junction BPMs displayed superior performance, in terms of onset potential and
current density at a particular cell voltage, when compared to a commercially available BPM
(Fumasep®). Although it is recognized that increasing the interfacial surface area between the
polycations and polyanions in BPMs improves the current density and onset potential for water

splitting, it is unclear how these metrics scale with interfacial area.
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In this work, the process of soft lithography was adopted for preparing BPMs with
systematically varied interfacial areas. This methodology was inspired from previous reports that
micropatterned the surfaces of CEMs (e.g., Nafion™) and AEMs for increasing the interfacial area
between the electrode and membrane in catalyzed coated membranes (CCMs) used in low-
temperature fuel cellsP'-34. The micropatterned CEMs from soft lithography were deposited with
a water dissociation catalyst (aluminum hydroxide (Al(OH);) nanoparticles!'”l) followed by a
thermal-mechanical press with an AEM to prepare BPMs. To ensure adequate interfacial contact
in the bipolar junction, the BPMs were solvent annealed in a custom-built flow chamber that is
traditionally used for solvent annealing thin film block copolymers> 3. A 4-point
electrochemical cell was then used to assess the water splitting kinetics in micropatterned and non-
patterned BPMs!!% 151, Notably, a 2.28x increase in the interfacial area within the bipolar junction
of the BPM caused a 250 mV reduction in the onset potential. These observations were rationalized
by the larger interfacial areas in the bipolar junction region enhancing the junction region’s electric
field. With respect to current density, only very high surface area interfaces (e.g., 2.28x increase)
resulted in improved current density (20 to 50%). The limited increase in current density was
attributed to water diffusion limitations to the junction region. Finally, this report shows that the
scalable and simple soft lithography manufacturing method was successful in making BPMs with
different chemistries ranging from perfluorinated polymer backbone AEMs!>7l and CEMsB®! to
alkaline stable, ether free poly(arylene) hydrocarbon AEMsB? 01, These polymer chemistries are
better suited for fuel cell and electrolysis environments that operate at elevated temperatures (60

to 95 °C) and harsher chemical environments (e.g., extreme pH and oxidizing conditions).
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Results

Table 1. Properties of AEMs and CEMs used in BPMs

Membrane SPEEK QAPSf Nafion™ PF AEM ORION AEM
Thickness (um)  26.7+3.8  37.3:6.4  24.7+3.0  28.3%3.5 37.0+3.6
G (mS cm)? 110£1.0  59+1.2 100£0.1 15£0.5 50+0.0
ASR (Q-cm?)? 0'0205i0' 0.063£0.01  0.025£0.0  0.189+0.03  0.0740.0
Transference 0.96£0.0  1.00+0.0  1.00:0.0  0.960.1 0.80+0.0
number
Permselectivity®  0.940.0  1.00£0.0  1.00£0.0  0.94%0.1 0.70+0.1
IEC (meq g)® 1'65250'0 2.34+0.02 0.91¢ 0.91¢ 2.1¢
Water uptake (%)°  5.0£5.3  38.4%2.5  514+373  27.6%2.7 11.8+2.2

aMeasured in the proton or hydroxide ion form; "Measured in the sodium ion form or chloride ion

form; *Value provided by the manufacturer

Table 1 presents the individual properties of AEMs and CEMs used to fabricate BPMs.
These properties include membrane thickness, ionic conductivity, transference number and
permselectivity for the counterion, ion-exchange capacity (IEC), and water uptake. Figure S1
gives the chemical structure of AEMs and CEMs used to fabricate BPMs. The individual AEMs
and CEMs are below 50 pum in thickness and the resulting BPMs are less than 125 pm in thickness.
The commercial baseline variant, the Fumasep® BPM from Fumatech, was 195 pum thick. Table
S1 provides the thickness values for all BPMs studied in this report. Surface patterning did not
significantly alter the BPM thickness (< 8% than the average value for all BPMs prepared for a
given chemistry). Thicker membranes have the undesired consequence of greater area specific
resistance (ASR) values that can compromise cell efficiency. Further, the poly(arylene ether) and
perfluorinated AEMs and CEMs have permselectivity values over 0.9 making them excellent
candidates for mitigating co-ion leakage in electrochemical cells. The Orion AEM had a slightly
lower permselectivity value (0.8). Despite this shortcoming, it will be shown later that this AEM
paired with the more permselective SPEEK results in a BPM with low co-ion leakage and thus
minimal crossover current. The ionic conductivity in every variant is over 15 mS cm! in DI water.

Using the ionic conductivity values and the membrane thickness values, the ASR values were
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calculated (Table 1) and the highest ASR value was 0.189 Q-cm?. It is worth noting that the ohmic
drop from the BPMs composed of individual AEMs and CEMs will be regulated by the highest
ASR value of the CEM or AEM material in the BPM. This is caused by iso-neutrality constraints.
For instance, every proton gated from the CEM side in a BPM is accompanied by a hydroxide ion
from the opposite AEM side. The limitation of ion migration will be important for understanding
BPM performance in the mixed control region of the polarization curves. Overall, the ASR values,
as well as the low water uptake values, demonstrate that the AEMs and CEMs are good candidates

for fabricating BPMs.
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Figure 1. (a) Process flow for fabricating micropatterned BPMs with systematically varied
interfacial areas in the junction region. (b) Electron micrographs of the membranes’ cross-section
at each stage of the SPEEK/QAPSf hydrocarbon BPM fabrication process: SPEEK CEM with
topographical patterns, after spray deposition of catalyst layer on patterned side, thermal-
mechanical press of SPEEK CEM and QAPSf AEM (formation of BPM), and after solvent
annealing the BPM. (c) Electron micrographs of the surface of micropatterned SPEEK with
different well diameters. Below these micrographs, the normalized interfacial area (NIA) values
are provided. Smaller feature sizes gave larger normalized interfacial area values.
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(b)
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Figure 2. (a) Electron micrographs of the surface of micropatterned Nafion™ with different well
diameters. (b) Cross-sectional electron micrographs at each stage of the all perfluorinated BPM
fabrication process: Nafion™ CEM with topographical patterns, after spray deposition of catalyst
layer on patterned side, thermal-mechanical press of Nafion™ with PF AEM, and after solvent
annealing the BPM. (c) Cross-sectional electron micrographs at each stage of the SPEEK/Orion
hydrocarbon BPM fabrication process: SPEEK CEM with topographical patterns, after spray
deposition of catalyst layer on patterned side, thermal-mechanical press of SPEEK with Orion

AEM (formation of SPEEK/Orion BPM), and after solvent annealing the BPM.

The availability of selective and low-resistant AEMs and CEMs made it possible to

fabricate BPMs with systematically varied interfacial areas using soft-lithography. In this report,
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a particular interfacial area value is expressed as the normalized interfacial area (NIA) value —
which is the interfacial area divided by the geometric area calculated from the geometry of the
silicon template. Previous research has shown that direct thermal lamination of AEMs and CEMs
can lead to poor performing BPMs when compared to direct drop casting or spray deposition of
one type of ion-containing polymer onto the oppositely charged polymer membrane. Initial studies
attempted the spray deposition approach to fabricate BPMs using a quaternary benzyl ammonium
poly(2,6-dimethyl 1,4-phenylene oxide) (QAPPO)®! dissolved in a water-2-propanol mixture (1
to 5 wt% in a 50:50 solvent mixture). However, the water-alcohol mixture containing QAPPO
swelled the receiving SPEEK CEM during BPM fabrication. Similarly, the dilute PF AEM
solutions (1 to 5 wt% in an alcohol-water-DMAc 40:40:20 mixture) swelled the receiving
Nafion™ CEM. Due to these challenges, the direct spray deposition approach was abandoned, and

the drop casting approach was not pursued further.

To produce mechanically robust and high quality BPMs, a thermal-mechanical lamination
process was adopted followed by solvent vapor annealing to ensure good interfacial contact
between the polycation and polyanion in the junction region. Figure 1a depicts the flow process
for fabricating BPMs with planar and topographical patterned interfaces. For controlled studies
that generated BPMs without a water dissociation catalyst, the spray deposition step of AI(OH); in
water on top of the CEM was skipped. Additionally, the solvent vapor annealing step was skipped
for controlled studies that examined BPMs without the additional processing step to ensure good

interfacial contact between the oppositely charged polymers.

Figure 1b provides the cross-sectional SEM images of: i.) SPEEK CEM with
topographical patterns, followed by spray deposition of AI(OH); nanoparticles on to the SPEEK
CEM, thermal-mechanical pressing the SPEEK CEM with a QAPSf AEM, and then solvent vapor
annealing of the resultant BPM. The cross-sectional SEM image of the micropatterned SPEEK-
QAPSft BPM after the thermal-mechanical press demonstrates that the QAPSTf did not fill in the
topographical wells in the CEM completely. The presence of the topographical features in these
electron micrographs demonstrate that surface patterns, and their interfacial area, are maintained
after thermal-mechanical pressing. Hence, the NIA values calculated from the geometric patterns
observed on the CEM surfaces were used for probing how interface area affects water splitting in

BPMs in subsequent experiments. However, the thermal-mechanical pressing process may have
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slightly altered the NIA values. After solvent vapor annealing, the surface patterns are no longer
observed in the cross-sectional SEM image and a compact interfacial polycation-polyanion layer

(i.e., a bipolar junction) was formed.

The generation of topographical patterns on SPEEK and Nafion™ were produced from
PDMS molds that were generated from soft lithography techniques!®?-64l. The surface patterns of
the CEMs were defined by chromium mask used in the photolithography exposure step. Figure 1¢
shows top-down SEM images of SPEEK with 80, 40, 33 and 20 um topographical well diameters

and the resultant NIA values they produce. A smaller well diameter generates a larger NIA value.

Figure 2a shows SEM surface images of micropatterned Nafion™. Figure 2b provides
the cross-sectional SEM images during the fabrication of all-perfluorinated BPMs from Nafion™
and PF AEM. Figure 2¢ shows the cross-sectional SEM images during the fabrication of a
hydrocarbon, alkaline resilient BPM with Orion AEM paired with SPEEK. Figure S2a presents
pictures of SPEEK/QAPSf individual membranes and resulting BPM. Figure S2b presents

pictures of other BPMs used in this work.

An advantage of the PDMS molds generated by the soft lithography process is that they
are reusable and can be used with both CEM chemistries of SPEEK and Nafion™. They can also
be used with the AEM chemistries of QAPSf, PF AEM, Orion AEM, and QAPPO. Each one of
these AEM or CEM chemistries were dissolved in either NMP, DM Ac, DMF, alcohol, or alcohol-

water mixtures. The PDMS molds maintain their structures and integrity with those solvents.

Overall, Figures 1 and 2 demonstrate a versatile and robust process to produce CEMs with
systematically defined topographical micropatterns that are subsequently used to fabricate BPMs
with good interfacial contact. Systematically changing the surface pattern feature size allowed
control over the NIA value in the bipolar junction region in BPMs. Additionally, the resultant
PDMS mold from soft lithography were compatible with a multitude of AEM and CEM

chemistries and solvents used to dissolve those polymers.
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Figure 3. (a) Polarization curves for non-patterned (i.e., planar interfaces) SPEEK/QAPSf BPMs
with and without AI(OH); nanoparticle water dissociation catalysts and with and without solvent
vapor annealing processing. Error bars correspond to the standard error for n=3 independent
samples; (b) Schematic of the 4-point cell used to evaluate BPM polarization behavior.
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Prior to exploring how interfacial area of bipolar junction interfaces impact the Figures of
Merit for BPM performance, it is necessary to discuss the importance of a water dissociation
catalyst and solvent vapor annealing on BPM performance. Figure 3a presents the polarization
behavior of a commercially available BPM, Fumasep®, and 4 different types of SPEEK/QAPSf
variants with planar interfaces that featured no water dissociation catalyst and a water dissociation
catalyst, and that were solvent vapor annealed and non-annealed. Figure 3b illustrates the 4-pt cell
setup used to collect polarization experiments. A picture of this cell is given in Figure S3a. Figure
S3b shows the anticipated polarization behavior of bipolar membranes based upon theory and
literature precedent(®! for bipolar membrane electrodialysis. The current response before the onset
potential (below 1-1.5V), which typically becomes flat and mimics a limiting current, hails from
the diffusion of co-ion crossover. The higher the permselectivity of the polymers used in the BPM
resulted in BPMs with a low crossover current density value. To illustrate how electrolyte
crossover impacts polarization behavior, a BPM with sub-mm hole was tested in the 4-point cell
setup. The presence of a small hole gave a linear current response across the BPM voltage drop
(Figure S4), and this crossover current obfuscates the contribution from water-splitting in the
BPM (i.e., no limiting current can be seen before the onset potential for water splitting).

With respect to the SPEEK/QAPSt BPMs that did not contain a water dissociation catalyst,
both BPMs displayed low current responses (< 15 mA ¢m) in Figure 3a across the voltage range
up to 3 V. Additionally, onset potentials for these BPMs were not clearly apparent as a rapid
increase in current was not observed over the voltage range. Comparing the BPMs with a catalyst
at the bipolar junction interface (SPEEK/QAPSf and Fumasep® BPM) to those without a catalyst
(SPEEK/QAPSY), demonstrates that a water dissociation catalyst greatly increases water splitting
in the bipolar junction region. Note: Figure S5 shows that AI(OH); nanoparticle catalyst loading
at the BPM interface (patterned and not-patterned) does not impact the polarization behavior for
SPEEK/QAPSf BPMs.

The other key observation in Figure 3a is that solvent vapor annealing of the planar
interface SPEEK/QAPSf BPMs reduced the onset potential by 300 mV and increased the current
density response by 70 % at 2 V (to 19 mA cm? from 11 mA cm2). As seen in Figure 1b for the
micropatterned SPEEK/QAPSf BPM variants, solvent vapor annealing allows for improved
interfacial contact between the polycation and polyanion in the junction region. The solvent vapor

annealing process plasticizes!?! the individual AEMs and CEMs at the interface allowing these
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polymers to interpenetrate and improves interfacial contact. This improved interfacial contact
renders a greater concentration of effective bipolar junctions that work in tandem with the water
dissociation catalyst to reduce the energy barrier for water splitting. The mathematical scaling
relationships between effective bipolar junction concentrations and the onset potential for water
splitting will be elaborated on in greater detail for the BPMs with systematically varied interfacial
area values.

It is important to note that the current density and onset potential for water splitting of the
SPEEK/QAPSf BPM is comparable or exceeds values mentioned in the literaturel’-1¢l. There are
a few instances where current density values can be substantially higher (e.g. a few hundred mA
cm2)10.15] "but this is most likely attributed to the cell design - which is often custom built as no
commercially available BPM testing cells exist. Hence, the newly fabricated BPMs were
benchmarked against a commercially available material (e.g., Fumasep® BPM by Fumatech).
Table S2 provides BPM performance values from the literature — including data on Fumasep®
BPM by other groups. The data on the benchmark material varies because the testing setup is not
the same between groups (e.g., the supporting electrolyte and working electrodes between
studies are not the same).

Overall, Figure 3a highlights the importance of water dissociation catalysts and interfacial
contact for producing functional BPMs. Without a water dissociation catalyst, SPEEK/QAPSf
BPMs perform extremely poorly. The good interfacial contact in the bipolar junction region of
SPEEK/QAPSf BPMs, enabled by solvent vapor annealing, leads to a substantial reduction in
onset potential and increase in current density. However, the best performing SPEEK/QAPSf BPM
with a planar interface had a higher onset potential, by 200 mV, and lower current response than
the Fumasep® BPM. Despite these shortcomings, the SPEEK/QAPST had greatly reduced co-ion
leakage values compared to Fumasep® BPM. This indicates that the SPEEK/QAPSf would be
better at curtailing crossover current in electrochemical devices. The lower co-ion leakage of the
SPEEK/QAPST hails from their good permselectivity values (> 0.9; Table 1). The next section
will show that BPMs can be improved further by increasing the bipolar junction interfacial area

through micropatterning the membrane surfaces and adopting alternative AEM chemistries.
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Figure 4. a.) Polarization curves for micropatterned and non-patterned SPEEK/QAPSf BPMs and
Fumasep® BPM. The legend provides the NIA values with respect to the non-patterned, planar
SPEEK/QAPSf BPM interface. b.) Onset potential determination for patterned SPEEK/QAPSf
BPMs with NIA = 1 and 2.28. c.) Polarization curves for micropatterned and non-patterned
SPEEK/QAPSf BPMs and Fumasep® BPM with crossover current subtracted. This plot is zoomed
in near the onset potential and error bars are removed for clarity. Increased NIA values for the
SPEEK/QAPSf BPMs reduced the onset potential) d.) The onset potential (right y-axis) and
current density values at 1.5 V (left y-axis) for SPEEK/QAPSf BPMs versus NIA values. Note:
All SPEEK/QAPSt BPMs contained an Al(OH); water dissociation catalyst and were solvent
vapor annealed. Error bars correspond to the standard error for n=3 independent samples.
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Figure 5. a.) Electrochemical equivalent circuit (ECE) used to model water dissociation in a BPM.
b.) Nyquist plot of representative EIS data of water splitting in SPEEK/QAPS{ patterned BPM
with ECE model fit. (NIA=1.95) c.) Plot of R,, and k3P(apparent, forward water dissociation
reaction rate constant) versus NIA value.
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Figure 4a presents the polarization curves for water splitting of SPEEK/QAPSf BPMs
with different NIA values. This Figure also contains the polarization behavior of the Fumasep®
BPM as a reference. Figure 4b gives the polarization curves for the SPEEK/QAPSf BPM at NIA
values of 1 and 2.28 (i.e., smallest and largest only) to highlight how the extreme of NIA values
affect onset potential. Because each BPM displayed some current contribution from ionic species
crossover (i.e., the limiting current observed before the onset potential), Figure 4c subtracted the
crossover current contribution from the polarization data. It is clear from Figures 4b and 4c that
the BPM with larger interfacial areas had a smaller onset potential.

Figure 4d plots onset potential and current density for water splitting at 1.5 V from
polarization experiments with SPEEK/QAPS{ BPMs that have systematically varied NIA values
(Figures S6a-e provides the determined onset potential for individual BPM curves). Figure S7
shows the method for determining the onset potential from polarization curves. Figure 4d conveys
a 250 mV reduction in the onset potential when increasing the NIA values to 1.95 and 2.28. This
Figure also demonstrates 20% to 50% larger current density values at 1.5 V for most BPMs when
increasing NIA values (i.e., NIA = 1.48, 1.95, and 2.28); however, the current density at larger cell
voltages (e.g., 2 V and 3 V) only occurred for NIA = 2.28. This observation will be discussed in
greater detail in the Discussion Section as the current density is both a function of reaction kinetics
and diffusion.

To better understand the changes in resistances and water splitting kinetics in the bipolar
junction region, in-situ EIS was carried out with a background voltage of 2 V. EIS with this
background voltage ensured the BPM was splitting water and was in the mixed-controlled regime.
The electric circuit equivalent (ECE) model (Figure 5a) proposed by Mallouk and co-workers!!”]
was adopted for extracting the resistance value associated with water splitting (R,,) and the circuit
element, Gerischer element (Rg), that included both the apparent water dissociation reaction

constant (k3P) and diffusion coefficient of ions (D;,,) away from the bipolar junction interface.

R scales to approximately ~ 1/,/kg@PD;op . It is assumed that micropatterning the surface of the

membranes does not impact bulk transport properties of the membranes, such as D;,,, and thus any

reduction in R is primarily ascribed to a larger k3PP value. Figure Sb shows the ECE model fit to

the Nyquist plot from a micropatterned SPEEK/QAPSf BPM (NIA of 1.95) with a water

dissociation catalyst and that was solvent annealed. Figure 5c¢ plots R,, and the k3P as a function

of the normalized area in the bipolar junction of the BPMs. kP was extracted from the Gerisher
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element and data fitting of the impedance data in the low frequency regime (Figure S8). R,
decreased with increasing interfacial area and it was inversely commensurate (i.e., a 2X increase
in NIA gave a 50% reduction in R,). k3P was also promoted with increasing interfacial area,
especially when examining NIA values greater than 1; but sometimes it decreased from one NIA
value to the other (e.g., it went down from NIA = 1.95 to NIA = 2.28). Similar to observations
made by Mallouk and co-workers!!7], the reduction in R, correlated better with improved water-
splitting in BPMs rather than k3?. Their work also showed similar water splitting performance
between a 3D electrospun BPM versus a 2D BPM despite the 3D electrospun BPM having 2x to
3x lower k3PP value. Hence, k3PP extracted from electric circuit equivalents featuring a Gerischer
element may not be a good parameter for understanding BPM water splitting kinetics and

motivates future work that probes k3PP in bipolar junction regions.
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Figure 6. (a) Polarization curves for micropatterned BPMs with different membrane chemistries.
(b) Polarization behavior of Fumasep® and SPEEK/Orion AEM BPMs with the crossover current
subtracted.

Figure 6a conveys polarization behavior of following micropatterned BPMs (NIA = 2.28):
Nafion™/PF AEM, SPEEK/QAPS{, and SPEEK/Orion AEM. These BPMs all had AI(OH); as a

water dissociation catalyst and were solvent annealed. The impetus of fabricating BPMs with PF
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AEM and Orion AEM hails from their excellent alkaline stability in 1 M KOH or greater at
temperatures of 80 °C for prolonged periods of timel37- 3% 60. 691" QAPSf is known to suffer from
backbonel”"! and cation degradation’!1in 1 M KOH at 60 °C and a similar variant has only been
shown to be stable in 2 M NaOH at 40 °Cl’2. Work by Pintauro and co-workers has used
quaternary ammonium benzyl poly(2,6-dimethyl 1,4-phenylene oxide) (QAPPO) AEMs in their
BPMs. This AEM chemistry is also unstable in 1 M KOH at 60 °CI¢!. 73], Hence, functional BPMs

have been fabricated with alkaline resilient AEMs.

From Figure 6a, the SPEEK/Orion AEM BPM had the lowest onset potential (0.84 V) of
all the BPMs tested — including 150 mV lower than the commercial Fumasep® BPM. The observed
onset potential for the SPEEK/Orion AEM BPM is near the thermodynamically predicted value
based upon the water dissociation constant (K,). The excellent polarization behavior of
SPEEK/Orion AEM BPM may be partially ascribed to the Orion AEM’s low water uptake leading
to less swelling of the BPM interface; and thus, maintenance of quality interface that has good
contact!’]. The micropatterned all-perfluorinated BPM from Nafion™/PF AEM displayed similar
polarization as the micropatterned SPEEK/QAPSf BPM up to 1.3 V. After 1.3 V, the all-
perfluorinated BPM gave a smaller increase in current when ramping up the voltage. The lower
IEC values of the perfluorinated materials give rise to a lower Ej,. value. Plus, the higher ASR
values of the PF AEM incurred a larger ohmic penalty when extracting greater current density
values. It is important to note that the linear regime after the onset potential in polarization curves
corresponds to mixed control (i.e., it is governed by both reaction kinetics and diffusion of water

to the interface and migration of ions away from the interface).

Although the current density values are larger for Fumasep® BPM in Figure 6a, it is also
apparent that the crossover current is quite large for Fumasep® BPM and negligible for
SPEEK/Orion AEM BPMs. Figure 6b plots the polarization behavior of Fumasep® BPM and
SPEEK/Orion AEM BPMs with the crossover current contribution subtracted. This plot
demonstrates that the SPEEK/Orion AEM BPM gives current density values for water-splitting
that are similar to the Fumasep® BPM up to 1.5 V. Hence, the newly prepared BPMs dissociate
water to hydroxide ions and hydronium ions as well as the commercial baseline material.

Additionally, it is important to recognize that the micropatterned SPEEK/Orion AEM BPM has a
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lower crossover current values when compared to Fumasep® and this is an important quality for

current utilization in BPM electrodialysis.

Finally, it is important to highlight that the Nafion™/PF AEM, SPEEK/Orion and
SPEEK/QAPSf BPMs are composed of perfluorinated or poly(arylene) chemistries that are known
to tolerate chlorine solutions(’3]. The oxidative stability of these BPMs allows the use of cleaning
solutions to overcome fouling problems such as bio-films and/or surfactants. Overall, the
SPEEK/Orion AEM BPM and all-perfluorinated BPMs are promising candidates for applications

that require harsh environments (e.g., extreme pH values, oxidizers, and elevated temperatures).

Discussion

This section shows how interfacial area amplifies the local electric field resulting in a lower
onset potential (E,,;) for water splitting, and it also demonstrates the relation between current
density with k3P and diffusion coefficient values. Prior to using mathematics to describe the local
electric field as a function of interfacial area, it is important to define E,,, (equation 1) — which
is equal to the sum of water dissociation overpotential (17p) and the junction potential (£;). The
latter term is described by thermodynamics (equation 2). 7y is the difference between E,,,;., and
E; and is a proxy for the activation energy barrier for water dissociation. E; is primarily defined
from the water dissociation constant (K,,), but it is also known to have contributions from the
activity of protons and hydroxide ions in the bipolar junction region. If these activity values are
near one, then £; is dependent upon temperature and K,,. When experiments are performed near 25
°C, E; simplifies to -0.83 V. This value represents the oft-used thermodynamic minimum for water
splitting in bipolar junctions!7¢l,

Eonset = Ej + Nwp (1)

RT RT
E; = Fin(alfabi) — Fin(K,) ()

As seen in the polarization curves in Figures 3, 4a, and 6a, the E,,,, for water splitting is
above the thermodynamic minimum of 0.83 V. As previously stated, the difference between the
E,nser and Ej can be accounted for by #7p. We posit that 7y is a function of the local electric field
(Ele) strength in the bipolar junction region. In this derivation, Ej,. is shown to capture the

concentration of fixed charge groups, the interfacial area, and depletion width. Increasing £,
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alleviates the applied voltage in the cell needed for water splitting in BPMs. E),. as a function of
interfacial area was derived from the Poisson equation (equations 3 to 7). This equation has been
traditionally used to relate the concentration of oppositely aligned charges in the electrochemical
double layerl’”], which is analogous to bipolar junction interfaces in BPMs, to electric field
strength. The Poisson-Boltzmann equation was not used because the ionic charges in the bipolar
junction region are fixed in position since they are tethered to the backbone and the counterions
cannot migrate far from the fixed charges. Hence, the concentration of ionic charges is independent

of the local potential and can be treated as a constant with respect to position and electric potential.

PBpj

Vipp = —— 3)
The Poisson equation (equation 3) can be integrated over the control volume of oppositely fixed
charges in intimate contact leading to the gradient of the electric potential (i.e., £),.). It is assumed
that the permittivity (¢= ¢, gy, dielectric constant multiplied by the vacuum permittivity constant)
and the density of fixed charges (pgp;) are constant for a particular membrane chemistry

(influenced by the water uptake and IEC).

PBP
J VipppdV = — [~ dV (4)
PBP
Voppy = Ejoe = ——J ,dV (5)

The integral of the control volume can be approximated by the product of the interfacial area (4;,,)
and depletion width thickness (z,,).
deV =V = At " taw (6)

The ¢, is defined as the separation distance from one fixed charge to the oppositely fixed charge
that still renders an effective electric field. The #,, can be estimated using a simple electrostatic
derivation!’¢l and the known density of fixed charges. It was also shown in the work of Mallouk
and co-workers that the incorporation of a water dissociation catalyst shrinks the depletion width
but enhances the k4P and lowers the R,!'7). Shrinking R, through the incorporation of a water
dissociation catalyst had a more pronounced effect on improving water splitting in BPMs than
having larger depletion widths. With the control volume estimated and rewritten as a function of

Ajn and ¢, the following expression emerges for £y,

PBP]
Ejoe =— & Apne * taw (7)
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Figure 7. Onset overpotential for water dissociation as a function of local electric field for
various BPMs of varying NIA values and IEC values.

Figure 7 plots #yp, determined from equation 7, against the E,. value, which was
calculated by using the known interfacial area values and constants for ¢4, € and pgp;. The values
shown in Figure 7 are on the same order of magnitude as reported in the literaturel”! (i.e., ~ 1x108
V m') and equation 7 bares similarity to the equation used by Kohl and co-workers[’ except
equation 7 here captures interfacial area. ¢4, used in equation 7 was 20 nm based on literature
precedentl!”]. ¢ was based upon available values for Nafion™ [78] and hydrocarbon anion exchange
and cation exchange membranes!’. ¢ can also be calculated by the weighted average between the
polymer materials and water as described in our previous work(®! and others!”!. pgp; was based
on the lowest IEC value between the AEM and CEM. The lower IEC value was selected because
it dictates the number of oppositely charged pairs that can form in the bipolar junction region. IEC
was converted to density by multiplying by the density of the membrane material (1.40 g cm™3 for
hydrocarbon3l and 1.58 g cm™ for perfluorinated polymers like Nafion™ [82]) This conversion
resulted in an pg, values that ranged from 1.23x10% C cm™ to 2.96x10% C cm depending on the

IEC value used (see equation S1 for an example calculation). Equation S2 is an example

Page 23 of 37



Journal of Materials Chemistry A

calculation for Ey,.. Figure 7 shows that 5y, decreases with increasing the magnitude of Ej,.. This
trend supports that the greater interfacial area increases the strength of £, that is responsible for
the 250 mV drop in onset potential observed in Figure 4b.

The limited increase in current density (20 to 50%) with the largest NIA value BPM (NIA
= 2.28) was ascribed to mixed kinetics-diffusion control. Using Faraday’s Law of Electrolysis

(equation 8), the change in mass per time can be estimated by the VdCy,o/dt. Writing the water

species conservation of mass equation in the bipolar junction region (equation 9) and assuming
i.) no convection and Fick’s 2" Law of Diffusion and ii.) a first-order reaction rate law for water
splitting (equation 10), the current response in Faraday’s Law is controlled both by reaction
kinetics and diffusion of water to the interface (equation 11). Inspection of equation 11 reveals
that the current density response is not explicitly related to interfacial area. The parameter of
interfacial area is captured indirectly in k3P because EIS experiments showed that larger NIA
values increased k3PP(Figure 5c¢), but there was some scatter in the upward trend. Hence,
improving the current density in the interfacial region of bipolar junctions may require a substantial
gain in kPP (e.g., 2 orders of magnitude) while also curtailing any diffusion limitations. The small
to negligible increase in current density for BPMs with smaller NIA values (e.g., 1.19 and 1.48)
were attributed to diffusion resistances dominating over kinetics. Once the k3P value increased

by 10-20x, increases in current density occurred.

) F o Amy F-v dChy

L T Y P ®)

dChyo

~ac =~V Nu,o+ Ruyo 9)
. . d*Ci0 . . .. .

—V: Ny,o 1s simplified to —Dy,0 e because convection is negligible and 1-D transport is

X
assumed.
BP
H0"*H* + OH™
RHZO = VUH,0TH,0 = _kgpp CHZO (10)

Page 24 of 37

Page 24 of 37



Page 25 of 37

Journal of Materials Chemistry A

Up,0° Stoichiometric coefficient for water is -1.
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Figure 8. Diffusion of water to the interface and electro-osmotic drag of water away from the

interface.

Rapid water delivery to the bipolar junction region in BPMs and avoiding dehydration at
the interfacel!?! is vital for high current density operation in BPMs and long-term stability. Water
management in BPMs has not been researched extensively, but most BPMs show relatively low
current density values in comparison to their AEM and CEM analogues (i.e., difficulty achieving
high current densities > 1.5 A cm2). It was shown recently by Boettcher and co-workers!'?] that
BPMs can sustain a high current density with judicious selection of the catalyst at different AEM
and CEM layers in BPMs (i.e., using two different catalysts in the interfacial region). However,
they also discussed BPM instability due to dehydration. It is important to recognize that every
water molecule brought to the bipolar junction interface for splitting in BPMs is accompanied by
solvated hydronium and hydroxide ions migrating away from the interface. These solvated ions
drag a few water molecules with them. Hence, water diffusion to the interface has to flow against
the electro-osmotic drag of ions away from the interface (Figure 8). Future work will look to study

water management in BPMs and to devise solutions that overcome diffusion limitations that result
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in relatively low current density values seen in BPMs when compared to single ion-conducting
IEMs used in fuel cells and water electrolyzers. Recently, Boettcher and co-workers demonstrated
that a thin CEM appended to an AEM improves water transport to the junction region and enhanced

current density!®6l,

Conclusions

BPMs with systematically controlled interfacial areas were fabricated via soft lithography.
This approach for manufacturing BPMs was conducive for a multitude of materials chemistries
that are known to have excellent chemical stability at extreme pH values, elevated temperatures
(up to 80 °C), and in the presence of oxidizers. By using micropatterned interfaces for
SPEEK/QAPSf BPMs, the interfacial area was increased up to 2.28x resulting in a 250 mV
reduction in onset potential and 50% improvement in current density at 1.5 V over the non-
patterned/flat BPM variant. EIS and simple physics models revealed that the increase in interfacial
area amplifies the junction region electric field resulting in lower resistance values for water
dissociation (R,) and a larger apparent water dissociation reaction rate constants (k3?). The best
BPM material was comprised of SPEEK CEM and Orion AEM and this material showed an onset
potential at 0.84 V, which was near the thermodynamic minimum, while also displaying
significantly lower crossover current when compared against a commercial variant BPM
(Fumasep®). Future work will look to fabricate CEM or AEM surfaces with smaller patterned
feature sizes in addition to incorporating the respective interfaces with more appropriate metal
oxide catalysts!!?]. The role of bonding and adhesion in the fabrication of BPMs with high surface
area interfaces also requires further investigation — especially in the context of potential mixing
and complexation between oppositely charge polymers (e.g., similar to what is observed
coacervate materials!®3l) and their effect on water splitting in BPMs. These activities may lead to
BPMs that facilitate large current density values and thus overcoming barriers that currently stymie
BPMs from being deployed in established and emerging electrochemical energy conversion

technologies.

Experimental

Materials
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The base polymers for making hydrocarbon poly(arylene ether) CEMs and AEMs were
poly(ether ether ketone) (PEEK) from Victrex and Udel® poly(arylene ether sulfone) (M, =
60,000, ACS grade) from Acros Organics. Another type of hydrocarbon AEM, Orion TM1
polymer (medium molecular weight and an all-carbon backbone poly(arylene) chemistry), was
sourced as a powder resin from Orion Polymer. The perfluorinated CEM was prepared from
Nafion™ dispersion (20 wt% in alcohol-water mixture) sourced from Ion Power. The

perfluorinated AEM, Gen 211b, was prepared by the National Renewable Energy Laboratory

(NREL)P7. Commercially available BPM (Fumasep®) was obtained from the Fuel Cell Store.

Materials used for preparing micropatterned PDMS molds were silicon wafer (Purewafer),
SU-8 2025 negative photoresist (Microchem), SU-8 developer (Microchem), gamma
butyrolactone (GBL) (Sigma-Aldrich) and Sylgard® 184 silicone elastomer base (Dow Corning).

Other chemicals for modifying the base polymers, fabricating membranes, and performing
electrochemical experiments and material characterization are: chloroform (CHCl;) (> 99.8 %),
methanol (MeOH) (> 99.8 %), n-methyl-2-pyrrolidone (NMP) (> 99.0 %), 1-methylpyrrolidine
(98 %), sulfuric acid (H,SO4) (= 95 %), chlorotrimethylsilane (= 98.0 %), potassium nitrate
(KNO3) (= 99.0 %), dimethylsulfoxide (DMSO) (= 99.9 %), deuterated dimethylsulfoxide (d6-
DMSO) (99.5 %), deuterated chloroform (CDCls) (99.6 % D), reagent alcohol (90 % ethanol, 5 %
methanol, and 5 % 2-propanol), N,N-dimethylformamide (DMF) (> 99.8 %), and isopropanol (>
99.5 %) obtained from VWR, paraformaldehyde (reagent grade) and stannic chloride (SnCl,) from
Sigma-Aldrich, N,N-dimethylacetamide (DMAc) (ACS grade) from Alfa Aesar, and aluminum
hydroxide Al(OH); Nanopowder (10 nm, 99.9 %) from U.S. Research Nanomaterials, Inc.
Deionized (DI) water with 18.2 MQ resistivity and < 10 ppb TOC (Millipore) was withdrawn

within 2 hours of performing an experiment. Ultra-pure nitrogen gas was sourced from Airgas.

Fabrication of micropatterned PDMS molds

A silicon submaster, using the procedure by Arges and co-workers!%% %31, was prepared by
a standard photolithography process. In this process, SU-8 2025 resist was diluted with GBL to
obtain 55% solid ratio. This solution was spincoated on to a silicon wafer at 2000 rpm for 45
seconds, soft baked at 95 °C for 30 minutes, cooled in a heat insulating cabinet for 30 minutes, and

exposed to 225 mJ cm? UV radiation in presence of a chromium mask that has the desired pattern.
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Immediately after exposure, the silicon wafer was baked for 1 minute at 65 °C followed by 1
minute at 95 °C and allowed to cool slowly for 5 minutes. The wafer was developed by immersion
in SU-8 developer for 5 minutes with gentle shaking and agitation, quenched in IPA and dried with
nitrogen. The resulting wafer was thermally treated at 95 °C for 10 minutes. Finally, PDMS was
cured on top of the silicon submaster to obtain the micropatterned PDMS mold by using the
following procedure: 10 mL PDMS solution (SYLGARD-184) and 1 mL curing agent were
thoroughly mixed and poured onto the silicon submaster kept inside a desiccator. Vacuum was
slowly applied to the desiccator and held for 30 mins. It was then heated to 75 °C to cure the PDMS

mixture for 40 mins.

Synthesis and chemical characterization of CEMs and AEMs from poly(arylene ethers)

PEEK was converted to SPEEK for preparing CEMs using the procedure by Palakkal et a/
(84 PSf was processed into AEMs by chloromethylating the PSf via Friedel-Crafts alkylation
followed by amination of the chloromethylated PSf (CMPSf) with a tertiary aminel®] to make
QAPST. The scheme for preparing SPEEK and QAPS{ is detailed in the SI section. Figures S9a
and 9b present the synthesis schemes for SPEEK and QAPST.

'H NMR spectra of SPEEK, CMPSf, QAPSf are provided under Figures S10a to S10c.
Integration of the NMR spectra allowed for determination of the membranes’ ion-exchange

capacity. (IEC values; see the SI section for calculations).

Preparation of perfluorinated AEMs and CEMs, and alkaline stable hydrocarbon AEM

Nafion™ dispersion was diluted with reagent alcohol to make a 10 wt% solution. For every
9 mL of 10 wt% Nafion™ dispersion in reagent alcohol, 1 mL of DMF was added. This solution
was drop casted on a flat glass plate or patterned PDMS mold and placed in an oven. The oven
temperature was maintained at 60 °C overnight (14 hours) followed by a temperature of 120 °C
for 2 hours to evaporate the solvents completely. The perfluorinated AEM was used as is.

For the alkaline stable hydrocarbon AEM, Orion resin was dissolved in DMSO to make a

5 wt% solution and drop casted on a flat glass plate in an oven at 60 °C overnight (14 hours)
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followed by a temperature of 120 °C for 2 hours to evaporate the solvents completely. After that,

the membrane was removed from the plate with the aid of DI water.

Characterization of AEMs and CEMs

The SI details the experimental procedures for measuring ionic conductivity, 1EC,
transference number, permselectivity, and water uptake. The details for imaging the samples using

a scanning electron microscope are also provided in the SI.

Preparation of flat and micropatterned BPMs

For BPMs that contained water dissociation catalysts, a suspension of AI(OH); in DI water
was spray painted on the CEM and allowed to dry in a fume hood at room temperature (22 to 25
°C). Catalyst loadings were systematically varied from 0.02 mg cm™ to 0.50 mg cm2. BPMs were
fabricated by hot pressing the flat or patterned CEM with an AEM at 5000 Ib and 120 °C in a
Carver thermal-mechanical press for 30 min. Then, the BPMs were solvent vapor annealed in a
custom-built flow chamberl%®l at room temperature in a mixture of saturated 2-butanone (or
saturated acetone for perfluorinated BPMs) and dry nitrogen. The flow rates were 5 sccm for each
stream and the BPMs were annealed for 1 hour. After annealing, the saturated solvent vapor stream
was set to 0 sccm and the dry nitrogen stream was increased to 250 sccm for 10 minutes to rapidly

remove solvent from the BPM.

Polarization behavior of BPMs

A homemade 4-point cell was prepared to test the polarization behavior of BPMs. Figure
3b presents the two-compartment cell for polarization studies of BPMs. Both compartments were
filled with 1 M aqueous KNOj; solution and separated by the BPM. The working and counter
electrodes on the potentiostat were attached to platinum wires with Pt-Ir meshes in the 4 point cell
(Figure 3b). The working electrode from the potentiostat was connected to the Pt-Ir mesh
electrode facing the AEM side. The Pt-Ir meshes were immersed in the KNO; solution placed in

either compartment of the cell. Two Ag/AgCl reference electrodes were placed close to either side
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of the BPM using Luggin capillaries. During electrochemical experiments for studying
polarization behavior, the working electrode was biased in the positive direction.

A Gamry Reference 3000 Potentiostat/Galvanostat was used for obtaining the polarization
curves. Polarization curves were obtained by running chronoamperometry experiments on the
BPMs in the voltage range of 0-3 V with a step size of 0.1 V. The voltage was held at a constant
value for 15 seconds and the final steady state current at each step was recorded.

Figure S7 shows an example of the method for determining the onset potential for water
splitting in BPMs using data analysis and graphing software “Originlab”. In this example, the
onset potential was 0.92 V and was obtained by the intersection points of the tangents seen on the
curve. The application automatically picks a point in the kinetics limited part of the polarization
curve with constant slope and another point in the mixed control regime of the curve with a
constant slope. It then draws tangents from both points and calculates the intersection of the

tangents. This intersection is designated the onset potential.
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List of symbols used

abEM = activity of protons in the PEM

agi = activity of hydroxide ions in the AEM

i = current density

kPP = apparent rate constant for water dissociation
m; = mass

TH,0 = reaction rate of water

t =time

taw = depletion region width

x = direction of flow of water and ionic species
A = interfacial area

CH,o = concentration of water

Dy, o = diffusion coefficient of water

E; = junction potential

E o = local electric field

E ,nser = onset potential for water dissociation
F = Faraday constant

K,, = water dissociation constant

Npy,o = flux of water molecules

R = universal gas constant

Ry,o = rate of dissociation of water
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T = temperature

V = control volume

€ = permittivity of the medium

£p= vacuum permittivity

¢, = dielectric constant

nwp = water dissociation overpotential

Vy,0 = stoichiometric coefficient of water

ppp; = density of fixed charges

¢pp; = local potential
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