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Abstract

Under reverse bias, bipolar membranes (BPMs) enhance water dissociation (WD) at
the junction between a cation exchange layer (CEL) and an anion exchange layer
(AEL), often with additional improvement from an integrated WD catalyst. Recent
research has shown promise for developing and implementing BPMs in renewable
energy systems, such as carbon removal, water and CO> electrolysis, and energy
storage. The economic feasibility of these carbon capture and conversion systems
with incorporated BPMs, however, relies on BPMs to maintain stable operation at
high current densities (>100 mA cm™) and low overpotentials. Existing commercial
BPMs are limited to current densities of <100 mA cm™ as water transport through
the CEL and AEL cannot keep up with the increased rate of WD at the junction at
higher current densities. In this work, we present a freestanding, high current density
BPM (HCD-BPM) with a thin AEL (15 um, PiperlON 15R), a graphene oxide
(GrOx) catalyst layer, and a mechanically supportive CEL (50 um, Nafion 212)
specifically designed to overcome water transport limitations. When tested under
reverse bias in a custom electrodialysis cell with Luggin capillaries, this HCD-BPM
demonstrates the lowest published overpotentials up to 1 A cm™. Furthermore, the
HCD-BPM exhibits stabilities of >1000 hour at 80 mA cm™, >100 hours at 500 mA
cm?, and >60 hours at 1 A cm™, Faradaic efficiencies for H" and OH" of >95%, and
successful implementation into a multi-cell electrodialysis stack designed for
integration into a DOC system. Additional characterization, such as SEM, Confocal
microscopy, and titration, was performed to understand the structure and

performance of the HCD-BPM. Additionally, the BPM was tested in forward bias to
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investigate its use for acid/base flow batteries. Overall, this thesis presents a novel
BPM with record performance in multiple electrochemical systems that mitigate

anthropogenic CO2 emissions.
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a product chamber was placed between the anode and acid chamber to
collect KCI. Nickel foils were used as both the anode and cathode, and 0.5
M K2S504 solution served as both the anolyte and catholyte. Ag/AgCl
reference electrodes were held in two Luggin capillaries, which were
positioned in the acid and base chambers.

Electrochemical characterization of the catalyst furnished BPMs. (a)
Polarization curves for the BPM containing graphene oxide (GO),
graphene nanoplatelets (GN), carbon black (CB), and TiO: at the
Jjunctions. The TiO2 furnished BPMs showed unstable VBPM, and the
values reported are average values for the first 30 seconds. The rest VBPM
values are average values over 30-200 seconds. (b) Polarization curves for
the BPMs with various GO deposition times. The optimal performance was
observed for three time GO deposition. (c) SEM images of GO on the
Nafion CEL afier one, three and five time deposition. (d) Sum of voltage
contributions due to CEL ohmic loss, AEL ohmic loss, and solution ohmic
loss. All BPMs are made from 175 um Nafion and a 15 um PiperlON
(Figure S3). All experiments are performed with 1 M HCIl and 1 M KOH.
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Figure 5.4

Figure 5.5

Figure 5.6

Figure S5.1

Figure S5.2

Figure S5.3

Figure S5.4
Figure 6.1

Figure 6.2

Electrochemical characterization of the catalyst furnished BPMs. (a)
Polarization curves for the BPM containing graphene oxide (GO),
graphene nanoplatelets (GN), carbon black (CB), and TiO2 at the
Junctions. The TiO2 furnished BPMs showed unstable VBPM, and the
values reported are average values for the first 30 seconds. The rest VBPM
values are average values over 30-200 seconds. (b) Polarization curves for
the BPMs with various GO deposition times. The optimal performance was
observed for three time GO deposition. (c) SEM images of GO on the
Nafion CEL after one, three and five time deposition. (d) Sum of voltage
contributions due to CEL ohmic loss, AEL ohmic loss, and solution ohmic
loss. All BPMs are made from 175 um Nafion and a 15 um PiperION
(Figure S3). All experiments are performed with 1 M HCI and 1 M KOH.

Evaluation of power density and durability of various BPMs. (a) Power
density comparison of Fumasep BPM, aBPM, and aBPM-GO using 1 M
HCl and 1 M KOH electrolytes at different current densities. (b) 24-hour
durability test conducted at a constant current density of 50 mA cm-2, with
periodic electrolyte refreshment every 6 hours.

Water transport analysis in forward-bias BPMs. (a) Schematic diagram of
the water transport analysis using deuterium (D)-labeled electrolytes. The
acid chamber was fed with 20 atm% D+ as feedstock, and the 6D was
monitored using an isotopic water analyzer in the base chamber for the
AEL water transport analysis and in the acid chamber for the CEL water
transport analysis. (b) Illustration of the water mass balance for a BPM in
forward-bias mode, which accounts for water from acid-base reaction,
electro-osmotic drag (EOD), and water removed from AEL and CEL
(JH20, AEL and JH20O, CEL). (c) Non-cumulative JH2O, AEL and JH2O,
CEL within 60 minutes at 30, 100 and 150 mA cm-2. For instance, "20
mins" refers to 10-20 minutes. (d) Averaged EOD coefficient values
measured at 30, 100 and 150 mA cm-2. All experiments were carried out
using aBPM-GO.

Investigation on the impact of the tightness of a forward-bias BPM junction
on its performance. In a single CEM or AEM, there is no voltage drop due
to the absence of Donnan repulsion for H+ and OH- ions respectively.
However, for BPM junctions, the thickness can be intentionally modified
to three levels from left to right: electrostatic attached junction, loss
Junctions with water bubbles, or tight junctions with hot-pressed AEL and
CEL. Results showed that the electrostatic attached junction exhibited the
best performance, indicating that either too loose or too tight junctions are
not ideal for a forward-bias BPM.

Optimization of AEL and CEL thickness after adding GO catalyst layer.
The best combination is 175 um thick Nafion with 15 um thick PiperlON.

The BPM performance when depositing inks on Nafion or PiperlON
layers.

A control experiment showing the GO is the active catalyst.

Process flow diagrams of various carbon capture processes. (a) Carbonate
looping with thermal swing desorption. (b) Carbonate looping with
electrochemical pH swing desorption via BPM. (c) Direct ocean capture
with electrochemical pH swing desorption via BPM.

(a) Agreement between experimental (markers with error bars) and
simulated (solid lines) polarization curves for BPMs immersed in various
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Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure Al.1

Figure A1.2

Figure A1.3

Figure A1.4

Figure A1.5

Figure A1.6
Table A2.1

solutions of aqueous bicarbonate. (b-c) Breakdown of partial current
density in the BPM junction due to contributions of salt crossover (orange),
bicarbonate dissociation (blue), and water dissociation (gray) for a BPM
immersed in (b) 1 M KHCOs and (c) simulated seawater. The y-scale for
panels (b) and (c) are zoomed into highlight the unique behavior of the
carbon-containing BPMs at low current densities.

Comparison of experimental (markers) and simulated (solid lines)
polarization curves from the 4-probe BPM measurement in various
electrolytes for i < 20 mA cm™ (within the salt crossover and bicarbonate
dissociation regime).

Image of bubbles forming at the surface of the CEL of a Fumasep BPM
with applied current.

Effect of CO, bubble formation on energetic penalties in BPM-ED
EMCC. (a) Simulated bubble coverage as a function of applied
membrane potential. (b) Simulated energy intensity of a BPM with no

bubble management (solid lines) and perfect bubble management
(dashed lines).

Effect of boundary layer thickness on the simulated bubble coverage on the
CEL.

Impact of bubble induced resistances on BPM polarization curves for
BPMs immersed in (a, b) | M KHCO3 and (c, d) 0.5 M KHCO:.

Experimental measurements of bubbling at CEL surface of Fumasep BPM
with varying flow rate. (a) Comparison of the current density at which
bubbling begins based on flow rate through the cell, via standard deviation
of measured voltage. Voltage vs. time for current step measurements at (b)
0.2 mL min, (c) 1 mA cm?, and (d) 5 mA cm™.

Polarization curves depicting average voltage vs. current density for
Fumasep tested in (a) I M KHCO3 and (b) 0.5 M NaCl.

(a) Deposition and etching for fabrication of NP Cu. (b) and (c) SEM
images of top view and cross- section of NP Cu, respectively.

(a) and (b) are the Faradaic Efficiencies and (c) and (d) are the current
densities of CO, CH4, C2H4, and H?2 at three different potentials (-1.3, -
1.1, -0.9 V' vs. RHE) for planar Cu (10nm Ti and 200nm Cu on glass) and
NP Cu (10nm Ti, 200nm Cu, and 250nm NP Cu on glass), respectively.

(a), (b) and (c) are SEM images of NP Cu etched from 25 vol%, 20 vol%,
and 15 vol% Cu/Al Alloy, respectively.

SEM images for visualization of 1 um thick NP Cu samples. (a) and (b)
show trenches in top-down visualization. (c) and (d) uniformity of NP Cu
through cross section of sample.

SEM images of NP Cu coated with gold nano particles deposited using e-
beam evaporation.

SEM images of (a) carbon paper and (b), (¢c) NP Cu coated carbon paper.

Measured membrane thickness on Si for Nafion D2020, Sustainion,
PiperlON A, PiperlON B, and PiperlON C after spin coating 1-4 layers at
3000 rpm for 30 sec.
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Figure A2.1

Figure A2.2
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Diagrams of how each attempted BPM fabrication method (spin coating,
hot pressing, casting, and sandwiching) was performed along with relevant
laboratory tools.

Images of BPM fabrication trials. (a) warping of base membrane sheet
during catalyst depositions, (b) cracking of base membrane sheet during
catalyst deposition, (c) wrinkling of AEM when using ionomer as a binder,
(d) full BPM with 30 g/L GrOx paste in junction, (e) wrinkled BPM after
testing, and (f) discolored BPM after testing.

Polarization curves for (a) spin coated BPMs with varying CEL and AEL
composition, (b) BPMs constructed from Nafion and PiperlON comparing

fabrication techniques, and (c) BPMs with varying catalyst materials.

Diagram of method used for depositing a catalyst layer onto a membrane
(CEM or AEM) sheet via spin coating. a) start with a clean glass slide, b)
place pretreated and wetted CEM or AEM piece of desired size on the glass
slide, then dab dry with a Kim wipe, ¢) tape down all four sides of the
membrane to the glass slide, and d) drop on GrOx ink while spinning at
3000 rpm for 30 sec.

Polarization curves for BPM heat treatment trials.

Polarization curves for BPMs fabrication trials with varying ionomer types
in GrOx ink and images of the inks and samples.

SEM cross section of BPMs constructed from Nafion 212, GrOx ink, and
PiperlON 15R.

Raman spectra for GrOx catalyst layer on Nafion 212 before and after
electrochemical testing.
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Chapter 1: Introduction to Bipolar Membranes:
Motivation, Fundamentals, and New Achievements

Content drawn from: Eowyn Lucas, Lihao Han, Ian Sullivan, Harry A. Atwater,
and Chengxiang Xiang. Measurement of ion transport properties in ion exchange
membranes for photoelectrochemical water splitting. Frontiers in Energy Research.
2022. DOI: 10.3389/fenrg.2022.1001684.

1.1 Motivation

As atmospheric COz levels from anthropogenic emissions continue to rise, it
is critical to rapidly implements carbon neutral and carbon negative technologies
across all sectors of industry and the economy (e.g., energy, energy storage,
transportation, chemical production). In 2015, the Paris climate accord set a goal of
limiting average warming to below 2°C within this century in order to prevent
irreversible climate tipping points.” However, due to a lack of timely implementation
of carbon neutral solutions, to meet this goal it is critical to drastically expand the
development and implementation of carbon negative technologies (Figure 1.1).5*

Recent studies of bipolar membranes (BPMs), specialized ion exchange
membranes with two laminated regions of opposite charge, have been demonstrated
as beneficial components in electrochemically mediated carbon removal, carbon
conversion, water electrolysis, and energy storage.'” The capital cost per area of a
BPM, however, is significant; therefor, high current density operation is ideal to
produce larger concentrations of acid and base with the same membrane area.'”
Accordingly, for BPMs to be an economically justifiable component in energy
technologies, further work is necessary to demonstrate stable operation at high
current densities (> 100 mA cm). The work presented in this thesis investigates a

novel high current density BPM (HCD-BPM) implemented successfully in multiple



systems (e.g., reverse bias electrolysis, forward bias electrolysis, electrodialysis cell
stack) and used to effectively elucidate fundamental BPM properties because of its

simple design.
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Figure 1.1 Comparison of projected greenhouse gas emissions for multiple scenarios:
business as usual (green), implementation of conventional abatement technologies
(yellow), and implementation of carbon removal solutions (blue). The red line indicated
the maximum emissions allowed to remail below warming of 2°C by the end of this
century.!!

1.2 Background and History of BPMs

First, it is important to clearly define a BPM and its monopolar membrane
components. Monopolar ion exchange membranes consist of polymers with
ionizable functional groups, which allow for selective transport of cations through
cation exchange membranes (CEMs) and anions through anion exchange membranes
(AEMs), as depicted in Figure 1.2.">"'* A BPM consists of a cation exchange layer
(CEL) laminated to an anion exchange layer (AEL), usually with a water dissociation
(WD) catalyst at the junction between the CEL and AEL (Figure 1.2¢)."'> Under

reverse bias, a voltage is applied across the BPM and enhanced WD to H" and OH"



occurs at the junction between the CEL and AEL. H' ions then travel selectively
through the CEL, while OH" ions travel through the AEL, creating separate acidic
and basic streams on either side of the BPM.!” Under forward bias, energy is
produced when H* and OH™ recombine at the BPM junction.!¢!8 Further details on

the fundamentals of BPMs and their components are explored in Section 1.3.

(a) (b) (c) BPM
AEM CEM

CEL

Figure 1.2 Schematic of an anion exchange membrane (a), cation exchange
membrane (b), and laminated bipolar membrane (c) structure and charged groups.

To facilitate a better understanding of the work being done in the field today,
a brief history of BPM research and development is presented here. Enhanced WD
was first seen to occur in natural membranes in 1914 and the observation was later
confirmed in 1956 via examination of a partial current in membranes carried by H
and OH"."!° The first work describing a layered membrane with a CEL and an AEL
was also published in 1956, defining this laminated structure as a bipolar

membrane.'> This publication described many of the fundamentals of BPMs that are



still the standard in the field today, such as the enhancement of WD due to a strong
electric field at the BPM junction. In 1979, Simons published a detailed theory paper,
which established the concept that WD enhancement in a BPM occurred through a
protonation/deprotonation mechanism, the first step of which is strongly dependent
on electric field strength.?’ This laid the groundwork for a second theory paper
published in 1997, which proposed a model combining the second Wien effect and
protonation/deprotonation reactions at membrane functional groups to explain the
mechanism of enhanced WD in a BPM.?!

In parallel to the development of fundamentals and theory, BPMs began to
be implemented for industrial use starting in 1976 when Allied Chemicals developed
the first BPM for an acid-base recovery system.?? Later, in 1988, Aquatech was the
first to commercialize a BPM electrodialysis (BPM-ED) system for acid-base
recovery in the stainless-steel industry.?® To this day, the most common commercial
use of BPMs is for processing industrial waste streams for acid/base recovery.!

Over the last decade, however, BPMs gained traction as a component in
biochemical processes, food processing, recovery of heavy metals and other raw
materials, energy storage, and carbon capture and conversion.! The work presented
in this thesis focuses on BPMs energy system applications. One of the first examples
of a BPM being used in an energy system was in 1983 when a BPM supported fuel
cell was published.>* For most energy applications to be economically achievable,
however, specific operational performance metrics, such as high current density (>
100 mA ¢cm) and high current efficiency (> 80%) (discussed further in Section 1.3)

must be achieved.?>?’ Current technology readiness level vs. necessary operational



current density for the most common electrochemical energy systems is plotted in
Figure 1.3.2% Section 1.4 of this thesis discusses remaining challenges, addressed in
this thesis, for achieving technological readiness for BPM electrodialysis (BPM-ED),

water electrolysis (hydrogen evolution reaction, HER), CO> reduction (CO2R), and

flow batteries.
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Figure 1.3 Technology readiness level vs. current density for various
electrochemical systems incorporating BPMs.

1.3 BPM Fundamentals

To improve understanding of the work presented in this thesis, a deeper dive
into the fundamentals of BPMs is presented. When a CEL and AEL are laminated
together to form a BPM, free cations in the CEL and free anions in the AEL
recombine at the junction (much like electrons and holes in a p-n junction) forming
a depletion region on the order of just a few nm, which results in a strong electric
field of 108 —10° V. m™".! The thickness of the region and associated electric field
strength is dependent on the pK. (tendency for ionic dissociation) of the fixed charge
groups and the ion exchange capacity (IEC, concentration of fixed charges in an ion

exchange membrane) of the AEL and CEL.**3! Figure 1.4a depicts the



concentration of ion species and resulting electric field across a BPM with an abrupt
junction between the CEL and AEL.! Figure 1.4b depicts the ionic concentrations
and electric field across a BPM with a junction gap, a concept which is discussed

later in this section.?!
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Figure 1.4 Schematic of ion concentration and voltage profiles in a BPM with an
abrupt CEL/AEL junction (a) and a neutral solution layer (b), where c is the
concentration, X is the ion exchange capacity, and ¢ is the electric potential. (c)
Schematic of BPM structure and ion transport in reverse bias.'*!

Another element to consider in the design of a BPM is the individual
properties as well as the subsequent compatibility of the CEL and AEL. One property

already mentioned is the IEC, which dictates the strength of the electric field at the



junction as well as the ionic conductivity of the individual membranes.’! Although
increasing the IEC can improve the electric field strength and increase the ionic
conductivity across the BPM, it can also lead to leakage of undesired co-ions and
counter-ions, and consequently a loss in efficiency.’' Furthermore, it is important to
consider the chemical structures of the CEL and AEL to determine their chemical
and mechanical compatibility. Ideally, the two membranes will have similar lateral
expansion when wetted to mitigate mechanical deformation and junction
delamination.'” The CEL and AEL must also be chemically stable in acidic and
alkaline environments, respectively, otherwise chemical degradation leading to
membrane failure can occur.'” Finally, one or both of the membrane layers must be
able to sufficiently transport water and prevent mechanical degradation due to drying
in reverse bias or excess water build up in forward bias.!”!8

As mentioned in Section 1.2, theoretical studies have demonstrated that WD
is enhanced through a combination of the second Wien effect (which defines the
response of a weak electrolyte in the presence of an electric field) and
protonation/deprotonation reactions on surface sites in the BPM junction, due to the
depletion region and resulting electric field.?**? The rate of WD in a BPM can be
further enhanced with addition of a catalyst layer between the CEL and AEL.
Increased charge density and more extreme pKa values of catalyst sites are theorized
to further strengthen the electric field as well as provide an alternative WD reaction
pathway.*>=® A range of catalyst materials, mostly metal oxides and hydroxides,

have been experimentally examined for enhancement of WD at the BPM junction.¢-



4l These catalyst materials, as they apply to this thesis, are discussed further in

Chapter 2.
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Figure 1.5 Schematic of possible BPM junction geometries: (a) smooth, (b) grooved,
(c)3D.!

The geometry of a BPM junction, as depicted in Figure 1.5, can also play an
important role in WD enhancement. Numerous studies have investigated 3D
geometries of the interface between the CEL, AEL, and catalyst. 3D junctions can
increase the quantity of active surface sites for enhanced WD as well as improve
mechanical stability, preventing delamination.*”** When creating these 3D
geometries, however, an increase in resistance and loss of abrupt junction/strong
electric field can lead to a decrease in WD activity. Therefore, the increase in active
due to a 3D junction geometry and/or added catalysts must be weighed against the

competing decrease in electric field and conductivity.?!-

1.4 Electrochemical Measurement of BPMs

This section outlines the most important electrochemical experiments
typically used to determine BPM performance. First, it is noted that electrochemical
cell design itself is critical for accurate measurement of ion transport through, and

performance of, BPMs. All electrochemical measurements presented in this thesis



were performed with a custom made electrodialysis flow cell with embedded Luggin
capillaries (Figure 1.6). The Luggin capillaries allow for minimization of voltage
losses due to the electrolyte, while the five-chamber flow design allows for H" and
OH produced via WD to be directly measured since the ions in the center chamber

are isolated by the outer AEM and CEMs.*

Cathode Product Acid Base Anode
chamber chamber chamber chamber chamber

B Luggin T
capillary

Ni electrode CEM AEM CEM Ni electrode
SRE  BPM [
i L
- | H* o W= +
Cl ﬂ::j% OH p:j— Na
O ©-
1 M NaOH 3 M NaCl 0.5 M NacCl 0.5 M NacCl 1 M NaOH

Figure 1.6 Diagram of custom five chamber electrodialysis flow cell with Luggin
capillaries.

Chronopotentiometry is one of the most common and -elucidating
electrochemical measurements performed on BPMs. For these measurements, a
specified current is applied across the outer electrodes and the resulting voltage is
measured directly across the BPM with reference electrodes (usually in Luggin

capillaries).*®

The resulting data can then be used to plot voltage vs. current density
(polarization) curves and examine operational voltage stability of the BPM at a

specified current density.
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Figure 1.7 Typical current vs. voltage curve for BPMs in forward and reverse bias,
depicting four typically observed regions.'

Figure 1.7 illustrates a typical polarization curve for a BPM operated in
reverse (1-3) and forward (4) bias and indicates four typical regions observed. In
region (1), where reverse bias current is low, WD is not yet prominent and co-ion
crossover dominates. Eventually, co-ions are flushed out of the CEL and AEL, the
limiting current density for WD is surpassed, and WD at the junction occurs more
rapidly, allowing migration of H" and OH" to become the prevailing source of current.
This leads to the relatively stable voltage seen in region (2), where the current
density-voltage relationship becomes ohmic (V=iR) and the small linear increase in
voltage is due to the membrane resistance and any residual resistance from the
surrounding electrolyte. In region (3), however, the rate of water transport through
the CEL and AEL can no longer keep up with the rate of WD at the junction and a
sigmoidal increase in voltage is observed.!***® These types of measurements and

the resulting polarization curve regions are referenced throughout this thesis.
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Figure 1.8 Faradaic efficiency of H" and OH™ production from enhanced water
dissociation vs. current density and voltage for the commercial Fumasep BPM.

Another important performance metric for a BPM is the efficiency at which
the current applied across a BPM drives transport of WD products, H" and OH", over
co-ions and counter-ions. Efficiency (or Faradaic efficiency, FE) measurements are
typically performed by collecting samples from the acid and base streams of an
operating BPM, measuring the pH/[H"]/[OH"], and comparing this to the expected
pH/[H')/[OH"] based on the set current density and flow rate. These methods and
calculations are discussed in more depth in Chapter 2. As an example,
experimentally measured FE for a commercial Fumasep BPM is presented in Figure
1.8. At low current densities, the FE for both H" and OH" is low, indicating that co-
ion and counter-ions account for the majority of the current. In this region, the
voltages are relatively low, as an insignificant amount of WD occurred. At current
densities >10 mA cm™, however, the FE for both H" and OH" improved substantially
and the measured current became dominated by the transport of WD products (H"

and OH"). An increase in voltage is also observed as WD begins due to reaction
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kinetics and the thermodynamic potential of WD. Additional discussion and analysis

of FE measurements is present throughout this thesis.

1.5 BPM Applications of Focus

One of the main BPM applications investigated in this thesis is electrodialysis
for carbon removal systems. Most current CO; removal projects focus on direct air
capture (DAC), using many large fans to pull air across solid or liquid sorbent
materials, which draw the CO> out of the air stream. The CO; is then typically
recovered from the sorbent through a highly energy intensive thermal regeneration
process. 2430 The process of recovering CO, from sorbents, however, can be
replaced with BPM mitigated electrochemical pH swings.!®?”>! A Bjerrum plot of
the species abundance in percent of the different forms of dissolved inorganic carbon
(DIC) vs. pH (Figure 1.9)% shows that dissolved CO is the predominant form of DIC
at low pH values. Therefore, acidification of DAC liquid CO; sorbents via BPM-ED
can be used for captured CO» recover in place of more energy intensive thermal

regeneration methods use today.
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Figure 1.9 Bjerrum plot. Species abundance vs. pH for dissolved CO», bicarbonate
HCOs5", and carbonate CO3> at 20°C.>
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Another opportunity that has gained traction is direct ocean capture (DOC),
which offers a promising path for atmospheric CO> removal via the ocean (Figure
1.10).5>* As CO; levels increase in the atmosphere, equilibrium is maintained with
dissolved carbon in the ocean, leading to a parallel increase, as depicted by the data
of dissolved CO> over time in Figure 1.11.% Furthermore, there is ~120% more CO
by volume in ocean water than in the air;>* therefore, the ocean itself acts as the
sorbent material, eliminating the need for an absorption step in the CO, removal

process.
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Figure 1.10 Simplified process diagram for a DOC system.

As with DAC, DOC systems take advantage the change in DIC specie
concentration with pH. In DOC systems, however, ocean water flows directly
through a BPM-ED system to generate acidic and alkaline streams. Dissolved CO is
then efficiently stripped from the acidic stream, which is subsequently recombined

with the basic stream and returned to the ocean. Lastly, the CO, is sequestered or
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used to make chemicals, fuels, and plastics.*!>333¢ It is also noted here that the HCD-

BPM presented in this thesis was initially design for the operational needs of a DOC
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Figure 1.11 Partial pressure of dissolved CO; in ocean water and pH of the same
ocean water in three different locations over time.

BPMs can also be implemented into water electrolysis and electrochemical
CO; reduction systems to improve the efficiency of conversion to fuels, chemicals,
and plastics (Figure 1.12) by sustaining acidic and alkaline environments at the

cathode and anode, respectively.’’%* These cathode and anode pH conditions are
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optimal for earth abundant catalyst, which are kinetically more active for HER in
acidic conditions, and kinetically more active for OER in alkaline conditions, leading
to a lowering of total cell voltage. >’-** Minimal related work is presented in this thesis
about the use of BPMs for CO; reduction; however, Appendix 1 presents preliminary
results on the use of nanoporous copper as a CO2R catalyst. Future work could be
done to implement a BPM into this CO2R system for improvement of reaction

environments.

Industrial and
power emissions

Home and
transportation

Long-term
energy

Renewables e storage
<\ - -
§\\ v Electrochemical
» —=——= CO, conversion

N = F———

Water fr——

Chemical =
feedstocks

Figure 1.12 Diagram of steps for CO> capture and electrochemical conversion to
chemicals and fuels.*

The final BPM application presented for this thesis is energy storage via a
combination of reverse (Figure 1.13a) and forward bias (Figure 1.13b) operation.
In forward bias, H" and OH" travel through the CEL and AEL and combine to form
water at the junction of the BPM. When operated in tandem with reverse bias
operation, an acid-base flow battery is formed.!®-¢7 Unlike most flow batteries,

BPM acid-base systems simply use salt water for operation, eliminating the need for
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toxic chemicals and limited mineral resources.’® With improved BPM efficiencies,
these flow batteries have promise to be a scalable, affordable, long term grid level

energy storage solution.%

(a) AEL IL  CEL (b) AEL 1L CEL
H,0 | | H,0 H,0 H,0
-50H - “S0H -
+| 20H" 20t |- -| 204" 2HY |+
m* m*
X xX

Figure 1.13 Flow diagram of water and ions through a BPM in reverse bias (a) and
forward bias (b).!

1.6 BPM Challenges Addressed in This Thesis

Although there have been significant advances in BPM performance over the
last century, many challenges for commercial implementation into energy systems
remain, such as water transport, high current density operation, and junction

1928 Furthermore, minimal work has been done to

geometry/lamination.
experimentally probe pH and water transport in a BPM and it is not well understood
the exact mechanism by which catalysts in BPMs enhance WD. This thesis presents
the development, testing, and implementation of a BPM that allows for accelerated
water transport to and away from the junction for efficient, high current density
operation. The same BPM is then employed for fundamental studies of water
transport and pH in and around the membrane.

Chapter 2 presents development, fabrication, and lab scale (1 cm? active area)

testing/characterization of the HCD-BPM. This chapter, as well as chapter 4, also

demonstrate implementation of the HCD-BPM into an electrodialysis cell for DOC.
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Chapter 3 delves into in-situ and ex-situ characterization of the BPM and
surrounding pH environments using a confocal microscope and pH sensitive dye.
Next, Chapter 4 discusses initial scaling (to a 6 cm? active area) of the BPM and
subsequent implementation into a thin cell electrodialysis stack. Then, in Chapter 5,
the BPM is characterized in forward bias, showing that it has potential for
implementation in an acid-base flow battery. In addition, this chapter presents a
comprehensive investigation of water transport using isotopic labeling in a forward-
bias BPM. Finally, Chapter 6 presents experimental work, in collaboration with
theory, demonstrating the use of a commercial Fumasep BPM for electrochemical

CO2 recovery as a component of DAC.
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Chapter 2: High Current Density Bipolar Membrane
Development and Electrochemical Testing

Content drawn from: Eowyn Lucas, Justin C. Bui, Monica Hwang, Kaiwen Wang,
Alexis T. Bell, Adam Z. Weber, Shane Ardo, Harry A. Atwater, and Chengxiang
Xiang. Asymmetric Bipolar Membrane for High Current Density Electrodialysis
Operation with Exceptional Stability. Nature Energy. In Review. Submitted February
7,2023.

2.1 Introduction
Electrochemical technologies such as water electrolysis,>**%% CO,

54,70 1 10,54,71,72

conversion,”™”” and carbon remova are critical for making progress towards
a sustainable future.*® Bipolar membranes (BPMs) that demonstrate stable, high
current-density operation under reverse bias have immense opportunity for
implementation in such devices, due to their ability to sustain constant concentration,
separated acidic and alkaline environments in a single device. The ability to sustain
large differences in pH allows for cathode and anode local reaction environments that
are ideal for attaining high activity, selectivity, and stability of electrocatalysts based
on earth-abundant elements.***>">77 BPMs have also shown promise when
integrated into salt-water fed electrodialysis cells used for pH swing-based direct air
capture (DAC)***%0 or extraction of dissolved inorganic carbon from ocean water
for direct ocean capture (DOC) and ocean deacidification.!*>** Stable BPM
operation at high current densities (~ 1 A cm™) and low voltages (< 1.5 V) is critical
to achieve low capital and operating costs in various electrochemical devices.
BPMs are comprised of a cation exchange layer (CEL) laminated to an anion

exchange layer (AEL) with a water dissociation (WD) catalyst dispersed at the CEL-

AEL junction.! At the CEL-AEL junction, mobile protons and hydroxides from the
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CEL and AEL react to form water, neutralizing the mobile ions to generate a space—
charge depletion region of just a few nanometers, which results in a strong electric
field on the order of 10%to 10° V m™'.%7® Under reverse bias, the immense electric
field present at the junction accelerates WD via the Second Wien Effect, allowing for
enhanced production of H" and OH", which provide ionic currents through the CEL
and AEL and enable buildup of pH gradients across the BPM.!:2%32747980 Existing
commercial BPMs (e.g., Fumasep FBM, ASTOM BPM) are limited to stable
operation at current densities up to ~100 mA cm™, as the rate of water transport
through the CEL and AEL cannot match that of WD in the BPM junction at higher
current densities.**” Multiple recent efforts have attempted to overcome this water
transport limitation by thinning the CEL or AEL to allow for faster water transport
to the junction, successfully extending WD operating current densities to the order of
1 A om2 42446973

Nonetheless, to achieve industrially relevant rates of WD with minimal
applied voltage, BPMs must not only overcome water transport limitations, but also
accelerate the rate of WD at the CEL-AEL junction. The addition of a catalyst at the
junction further enhances the rate of WD beyond that achievable by the second Wien
Effect alone. The catalyst both increases the electric field and provides an alternative
path for the WD reaction per the weak acid/base model.!*! A range of catalyst
materials, such as polymers, metal oxides, and buffer materials have been examined
experimentally for WD enhancement.!*!8! Previous work predicts that the
concentration of ionizable sites in the CEL, AEL, and catalyst layer (CL), along with

the specific pKa values of the catalyst sites, directly affects the rate of WD at the BPM
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junction.!>141:82 Neither theory nor experiments, however, have been able to
determine explicitly which WD enhancement pathway dominates, leaving open a
critical area for further investigation,!438384

Despite the substantial enhancements in polymer and catalyst materials for
improving water transport and enhancing WD, BPMs suffer from a substantial lack
of long-term stability. ' In particular, very few BPMs that have been able to
demonstrate high current density operation in electrodialysis, where BPMs are
separated by electrolyte channels with limited mechanical support, owing to
challenges with adhesion between the two membrane bilayer elements and the CL.
Recent work has sought to address this challenge by creating complex junction
morphologies to improve catalytic surface area and, furthermore, increase
mechanical stability.*** However, no work has demonstrated sustained WD
operation in electrodialysis for more than a few hours of uninterrupted stability at
current densities >100 mA cm™,

Herein, we report a BPM comprised of a Nafion 212 CEL (~50 um), a thin
PiperlON A15R AEL (~20 um), and a graphene oxide (GrOx) WD catalyst (200 —
1000 nm) (Figure 2.1) that is stable at current densities up to 1 A cm™ when tested
under reverse bias in a custom-made, 5-chamber electrodialysis flow cell (Figure
S2.1). GrOx was chosen as the WD catalyst because it exhibits a low WD
overpotential and possesses three ionizable sites with well-defined pKa. values
(Figure 2.1A). Continuum-level simulation were carried out to investigate the
mechanisms of WD occurring on the GrOx layer in the BPM.*-%" Evaluation of all

contributions to the voltage of the GrOx-catalyzed, asymmetric BPM and
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comparison with the total experimental voltage, reveals that the BPM operates at just
above the thermodynamic potential necessary for WD, with an overpotential of <250
mV at 1 A cm™. The reported BPM is also shown to operate for over 1100 hours
operation at 80 mA cm?, over 100 hours at 500 mA cm, and over 60 hours at 1 A
cm, measured independently. This performance indicates effective water transport
through the BPM and excellent stability of CEL/AEL junction. Lastly, the GrOx
BPM is unique in its ability to achieve similarly low overpotentials when tested
freestanding in a 6 cm salt water electrodialysis flow cell, conditions necessary for

carbon capture via BPM electrodialysis (BPMED) at-scale.
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Figure 2.1 GrOx catalyzed, asymmetric BPM design. (a) Schematic of each layer of
the BPM, indicating thickness and chemical structure. For the GrOx CL, the sites (1,
2, and 3) that contribute to WD enhancement are labeled with their pKa values and
the relevant WD enhancement reactions. (b) SEM cross section of the BPM layers.
The lighter region in the AEL is a mechanical support layer. (c¢) Picture of assembled
BPM_ 4188
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2.2 Results and Discussion

Figure 2.1 illustrates the layers and chemical structures of the GrOx
catalyzed, asymmetric BPM, along with relevant catalytic WD enhancement
reactions (Figure 2.1A), a cross sectional SEM of the BPM layers (Figure 2.1B),
and a picture of the fully assembled BPM (Figure 2.1C). Owing to its thin AEL and
GrOx catalyst, this BPM was designed to overcome water transport limitations and
enable operation at high current densities (>500 mA cm) typically unattainable for
commercial BPMs.?® Polarization curves for the best performing GrOx catalyzed,
asymmetric BPM compared to the commercial Fumasep BPM are presented in
Figure 2.2A. The ability to operate BPMs at high current densities and low voltages
is desirable as it enables greater production of acid and base at lower capital and
operating costs.”’>! The GrOx catalyzed, asymmetric BPM outperformed the
commercially available BPMs in all current density regions, where the performance
of the Fumasep BPMs became significantly limited by either water transport or WD

kinetics at current density >300 mA cm™.
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Figure 2.2 GrOx catalyzed, asymmetric BPM performance. (a) Polarization curves
for the best performing BPM (225 ng cm™ GrOx loading) and the commercial
Fumasep BPM, tested in a custom electrodialysis cell, compared to the
thermodynamic potential for WD. (b) Sum of voltage contributions due to WD
potential, CEL ohmic losses, AEL ohmic losses, and electrolyte ohmic losses
compared to measured performance of the BPM. (c¢) Overpotentials for the
asymmetric BPM compared to other reported BPMs at 100, 500, and 1000 mA cm™.
(d) Stability, in hours, at various current densities, for the reported BPM compared
to other BPMs 3%:41-4469.1381.84.89 e Table S2.1 for details about all compared BPMs.
*Not continuous.

Figure 2.2B demonstrates that most of the voltage for the BPM is due to the
thermodynamic potential required for WD, indicating that the BPM has been
optimized for WD close to the maximum possible efficiency. Remarkably, even at a
current density of 1 A cm™, the calculated kinetic overpotential is < 250 mV. The
importance of the CL in obtaining these low operating overpotentials is demonstrated

in Figure S2.3, in which polarization curves of the asymmetric BPM with and
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without GrOx are compared. The total overpotential for high current density
operation could be further reduced by making the CEL layer thinner or by increasing
the ion-exchange capacity of both the CEL and AEL component. However, both
changes would lead to an increase in co-ion leakage through the BPM, decreasing
the efficiency for making acid and base.?! We also note that this analysis of the BPM
voltage and overpotential neglects any contributions due to pH gradients in the BPM
as we are unable to measure the exact pH within the AEL and CEL; however, these
contributions are expected to be minimal.>!-?

Total overpotentials, determined as the sum of contributions due to WD
kinetics, membrane resistance, and solution resistance, at 100, 500, and 1000 mA cm’

BPMs, ¥41-44.69.7381.8489 Thermodynamic

2 were calculated for seven, top performing,
WD potentials at 100, 500, and 1000 mA cm™ were calculated based on the testing
environment described in each study (see Section S2.5.1 for details of these
calculations) and are presented in Table S2.1. The calculated total overpotentials
from the seven publications were then compared to the GrOx catalyzed, asymmetric
BPM in Figure 2.2C. Our BPM demonstrates the lowest overpotentials across all
measured current densities, 126 mV at 100 mA cm™, 144 mV at 500 mA cm™, and
242 mV at 1 A cm?, indicating that it represents a new state-of-the-art for WD energy
efficiency in BPMs. Most studies of BPMs in electrodialysis operation have not
reported stability data due to problems with membrane delamination experienced by

freestanding membranes when tested in saltwater environments.*’ Figure 2.2D

compares the stability of the GrOx-catalyzed, asymmetric BPM with those reported
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for other BPMs. The points shown are the time to membrane failure, or end of
reporting, at a specific current density.

Figure 2.3 shows voltage vs. time plots for the 3 stability points in Figure
2.2D. The asymmetric BPM exhibits excellent voltage stability at 80 mA cm™ of
1100 h, at 500 mA cm™ of 100 h, and at 1 A cm™ of 60 h (Figure 2.3). The noise
seen in the stability data is due to the formation and eventual release of dissolved gas
bubbles on the surface of the BPM. Furthermore, the presence of these bubbles at the
BPM surface, which only occur after > 1 hour of continuous applied current, leads to
additional resistance and higher reported voltage. While many BPMs suffer from
poor mechanical adhesion, commonly associated with delamination of the AEL and
CEL,!? the Nafion CEL and PiperION AEL used in the BPM presented in this work
have excellent adhesion likely due to observed strong electrostatic interactions.
Furthermore, this membrane pairing has proven to be mechanically and chemically
stable under reverse bias operation as well as in acidic and basic environments. 370
2 The addition of a WD catalyst to the BPM junction is typically detrimental to
adhesion, necessitating the use of mechanical pressure during operation.* However,
the stability observed for the asymmetric BPM shows that GrOx only minimally
interferes with the adhesion between Nafion and PiperlON, and as fabricated, the

layer-to-layer adhesion is sufficient to facilitate freestanding operation without the

need for additional mechanical support.
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Figure 2.3 Voltage stability of the BPMs over time at (a) 80 mA cm?, (b) 500 mA
cm, and (c) 1000 mA cm™.

One possible hypothesis for the strong adhesion even in the presence of the
GrOx CL is that the high conductivity of the GrOx enables the electrostatic forces
between the AEL and CEL to maintain adhesion with minimal disruption. However,
greater mechanical testing (i.e., pull tests) would be required to fully elucidate the
nature of the improved adhesion when employing a GrOx-containing CL.
Nonetheless, the strong layer-to-layer adhesion of the BPM, resulting from the

optimized combination of Nafion, PiperlON, and GrOx, enables the BPM to
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overcome the stability limitations due to membrane delamination seen in many other
systems.'” The one stability challenge observed for the BPM was delamination due
to warping of the Nafion membrane when the BPM was operated at 500 and 1000
mA cm? for multi-day stability tests. Operation at these high current densities for an
extended period of time led to elevated temperatures (> 40°C) in the BPM due to the
concentration of current through the custom electrodialysis cell. Thus, we theorize
that the elevated temperature over time cause the membranes to warp, delaminate at
the junction, and eventually fail.

In addition to low overpotentials and exceptional stability at high current
densities, the GrOx-catalyzed, asymmetric BPM exhibits excellent Faradaic
efficiencies (FEs, defined as the efficiency of the applied electronic current to
generate protons and hydroxides via WD) for acid and base production at > 200 mA
cm (Figure 2.4A). Because of co-ion leakage through the thin AEL, FEs for H" and
OH" generation were low (~80% and lower) at operating current densities <200 mA
cm™ (or < 0.8 V, Figure 2.4B). However, at current densities of > 200 mA cm™ (>
0.8 V), the FEs for H" and OH" generation were ~95%. This indicates that most of
the current flowing through the cell goes to production of acid and base, as desired
for the use of a BPM for DAC and DOC. Figures 2.4¢-d show the FE of H" and OH"
vs. current density of the GrOx BPM compared to a commercial Fumasep BPM. At
low current densities the thick CEL and AEL of the Fumasep BPM allows for
significantly higher FE, however, for high current densities of interest to this work

the FE of both membranes levels out around 90-100%.
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Figure 2.4 FE for H" and OH vs. current density (a) and voltage (b) for the best
performing GrOx BPM (225 pg cm? GrOx loading) and comparison of FE for the
GrOx BPM vs. a commercial Fumasep BPM for H (¢) and OH™ (d).

Further experiments were performed on the GrOx catalyzed, asymmetric
BPMs with varied loading of GrOx ink, ranging from 75 to 325 pg cm™. The mass
loading of the GrOx catalyst was varied by changing the number of layers of catalyst
ink spin-coated onto the Nafion CEL during BPM fabrication. An optimal mass
loading of 225 ug cm™ was observed in the polarization characteristics of the GrOx
catalyzed, asymmetric BPMs, where further increasing or decreasing the mass

loading lowered the BPM performance (Figure 2.5). This trend was investigated
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further using electrochemical impedance spectroscopy (EIS). The EIS data were
fitted with a simple standard Randles circuit containing three elements (Figure S2.7):
the resistance of the bulk electrolyte and bulk membranes between the two Luggin
capillary tips (Rq), the resistance due to WD (Rwp), and the capacitance of the BPM
junction (Cwp).*** Figure 2.5C shows the relationship between the WD resistance,
Rwp, and the GrOx catalyst loading. The Rwp was the lowest for the BPM at a
catalyst mass loading of 225 pg cm™, exhibiting an identical trend as demonstrated
by the polarization characteristics in Figure 2.5A and 2.5B.

The same trend was also observed for the BPM junction capacitance as a
function of the GrOx catalyst loading (Figure 2.5D), where the junction capacitance
was maximized at a mass loading of 225 pug cm™. As capacitance can be correlated
with the number of (de)protonatable sites at the BPM junction, these data suggest a
maximum number of catalytic sites for 3 layers of GrOx. Increased capacitance and
activity from 1-3 layers of GrOx indicates that the catalyst coverage at the BPM
junction is increasing, which is also supported by optical images and illustrations
presented in Figures 2.5E — 2.5G. The optical images and supporting diagrams, also
depict that upon introduction of layers 4 and 5, GrOx noticeably aggregates, likely
leading to the coverage of a percentage of the active sites available with 3 layers of

GroOx.
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Figure 2.5 Effects of catalyst mass loading on WD enhancement in GrOx catalyzed,
asymmetric BPM. (a) Polarization curves of BPMs with mass loading of 75-375 pug
cm™ of GrOx ink. Voltage (b), Rwp (c), and Cwp (d) vs. GrOx mass loading at 10,
500, and 1000 mA cm™. Optical images and supporting diagrams of (e) 1 layer of
GrOx on Nafion 212, showing partial coverage of active sites (outlined in black), (f)
3 layers of GrOx on Nafion 212, showing full coverage, and (g) 5 layers of GrOx on
Nafion, showing full coverage and aggregation (outlined in white).

To elucidate the mechanism of WD within the BPM, as well as the sensitivity
of the BPM performance to CL properties, a continuum-level model of the BPM was
developed. The model employed a continuum representation of mass conservation in
which the species fluxes were defined by the Poisson—Nernst—Planck equations and
homogeneous-phase bulk reactions in the BPM domain (i.e., WD) were described by
mass-action chemical kinetics with electric-field enhancement. Simulation of the
electric-field enhanced WD in the CL and ionic transport in the polymer and
electrolyte layers reproduced the experimental polarization curves of the GrOx-
catalyzed, asymmetric BPM with a high degree of accuracy (Figure 2.6A).
Additionally, the model was able to accurately simulate measured salt crossover

(Figure 2.6A, red lines and markers) and FEs (Figure 2.6B) for acid and base



31

generation. The model also was able to define local pH and electrostatic potential
profiles within the BPM and CL domains, demonstrating how the pH gradient within
the BPM develops as voltage increases. Interestingly, it can be observed that most of
the pH and applied potential gradient occurs at the AEL-CL interface, suggesting that

WD occurs primarily at this interface.
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Figure 2.6 Simulation of GrOx BPM. (a) Experimental (markers) and simulated
(solid lines) polarization curves for total current density (blue) and salt-ion crossover
(red). (b) Experimental (markers) and simulated (lines) FE of H and OH™ generation
by the BPM in the catholyte and anolyte, respectively. (c) Concentration profiles of
GrOx species at the catalytic AEL|CL interface where the bulk of WD occurs for an
operating current density of 100 mA cm™. (d) Breakdown of WD current density due
to various WD pathways (Figure 2.1A) integrated within the BPM CL. Orange area
represents contribution to WD by Ri. Green area represents contribution to WD by
R». Blue area represents contribution to WD by R3. Grey area represents contribution
to WD by intrinsic WD pathway.
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Analysis of the local electric field within the BPM CL reveals that the
maximum in the electric field at the AEL-CL interface coincides with the maximum
the rate of WD via the Second Wien Effect (see SI). The local maximum in electric
field can be explained by examining the concentration profiles of the GrOx functional
groups within the CL (Figure 2.6C). Local generation of OH™ anions at the AEL-CL
interface causes the most acidic GrOx functional groups (i.e., carboxylic groups) to
deprotonated rapidly, resulting in a large buildup of negative charge at that interface,
which, in turn, enhances the local electric field and accelerates the WD reaction via
the Second Wien Effect. This finding is consistent with prior studies that suggest that
the role of the catalyst is to develop surface charges that enhance the electric field
and drive WD.??82% Examination of alternative WD pathways, along with
experimentally determined concentrations of ionizable groups in the GrOx catalyst,
shows that WD occurs primarily via the reaction of H,O with the least acidic GrOx
functional groups (i.e., phenolic groups) (Figure 2.6D). The occurrence of WD at
substantial rates by a catalyzed pathway has not been theoretically or experimentally
reported before, as many prior simulations of WD observed that the uncatalyzed, but
electric-field-enhanced, WD is dominant, and that the role of the catalyst is solely to
assist in forming the electric field.>>>* By contrast, these simulations show that the
more acidic GrOx sites serve to enhance the electric field and the least acidic GrOx
sites provide additional pathways for WD. The phenolic sites are still present in > 2
M concentrations at 100 mA cm (Figure 2.6C). Thus, the different pK,s of the
acidic groups on GrOx and their high concentration within the CL (see titration in

Section S2.5.6) are the reason that GrOx exhibits dual functionality.
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To determine the extent to which the pKa of different acidic groups in the CL
affects the rate of WD, simulations of the BPM were carried out in which all sites in
the CL were set to a single pKa value equal to that of one of the pKas associated with
phenolic and carboxylic groups in GrOx (i.e., either pKa = 4.3, 6.6, or 9.8). These
single-site simulations were found to be consistent with those reported by Lin et al.
who found that as the pK. of the catalyst decreases, its WD performance improves
because the acidic groups on the catalyst dissociate more readily, thereby enhancing
the electric field and accelerating the rate-limiting step in WD.*? For low pK, (4.3 or
6.6) functional groups, WD occurs primarily via the electric-field-enhanced process,
and catalyzed WD does not occur to a significant extent because of the lack of neutral
sites at the AEL-CL interface.®>** Conversely, for higher pKa (9.8) functional groups,
catalyzed WD becomes the dominant reaction pathway, because the pK. is
sufficiently large to prevent full deprotonation. However, because there is
substantially less negative charge at the AEL-CL interface in this case, the electric
field, and thus the rate of WD, are significantly lower. Intriguingly, for a single pKa
= 4.3 site, the theoretical current density is much higher than for the case of multiple
acidic site GrOx due to the increase in the concentration of dissociated sites, implying
that the role of the electric field enhancement is more critical to dictating WD
performance. Nonetheless, the coexistence of multiple sites on the GrOx enables the
passage of WD through a catalyzed mechanism, and the multi-site GrOx CL vastly
outperforms the simulated single site catalysts with pKa > 5.

Continuum-level modeling also helps elucidate experimental trends observed

when the mass loading of the GrOx catalyst is increased. The simulations reveal that
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changes in CL thickness alone cannot explain the observed trends in WD rate because
WD is assumed to occur at the AEL-CL interface and not within the bulk of the CL.
Further modeling demonstrates that if the volumetric concentration of catalyst sites
increases concomitantly with thickness from one to three layers, the performance
enhancements observed experimentally can be explained. Such an increase in the
volumetric concentration of GrOx sites could result from an increase in the exposed
GrOx surface with increasing CL thickness, consistent with the schematic of the
GrOx structure deduced from the EIS analysis shown in Figure 2.5. While this
hypothesis provides a possible explanation for the observed trends with increasing
CL thickness, more detailed experimental measurements, will be required to resolve

fully the effects of CL thickness on WD performance in BPMs,”>%
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2.3 Conclusion

This study reports the successful development of a GrOx catalyzed,
asymmetric BPM that overcomes water transport limitations and operates in reverse
bias at high current density and low overpotentials, with high efficiencies for acid
and base production. Evaluation of this BPM under conditions relevant for
electrodialysis demonstrated stable operation for 1100 hours at 80 mA cm™, over 100
hours at 500 mA cm?, and over 60 hours at 1 A cm?. Additionally, at an applied
current density of 1 A cm™, the BPM exhibits an overpotential of only 242 mV and
a Faradaic efficiency (FE) for acid and base generation near unity. Additionally, the
combination of anion exchange layer (AEL), cation exchange layer (CEL), and
catalyst (PiperlON, Nafion, and GrOx) chosen for the BPM enables excellent
adhesion at the BPM junction, which contributes to its long-term stability. Initial
testing of the BPM in an electrodialysis cell stack with a scaled active area of 6 cm?
also demonstrated high current density operation at low voltage.

The performance of the BPM was also optimized by varying the loading of
the GrOx catalyst. This effort revealed that an optimum in loading exists, whereas
too low loading results in patchy coverage of the membrane interface by GrOx, which
reduces the catalyst site concentration, and too high a catalyst loading results in
catalyst agglomeration and a similar loss of sites. Furthermore, continuum-level
modeling of the BPM closely matches the experimentally measured polarization
curves and FEs. These simulations revealed that high concentrations of both low and
high pKa deprotonation sites in the GrOx CL enhance the electric field at the AEL-
CL interface and provide alternative pathways for WD, enabling its exceptional

performance. In summary, this work demonstrates an efficient, freestanding BPM
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that can be readily employed in a wide array of electrochemical technologies in which

operation with high current densities and low voltages is desirable.

2.4 Materials and Methods
Materials: Nafion 212 (50 pum, Fuel Cell Store), Nafion 211 (25 pum, Fuel Cell

Store), Nafion 115 (127 pum, Fuel Cell Store), PiperlON A15R (15 um, Versogen),
PiperION 20 (20 um, Versogen), PiperION 60 (60 pm, Versogen), Fumasep FAB-
PK-130 (110-140 pum, Fuel Cell Store), Fumasep FKB-PK-130 (110-140 pum, Fuel
Cell Store), Nafion D520 (5 wt% lonomer, Fuel Cell Store, lonPower), graphene
oxide paste (30 g/L, Graphene Supermarket), sodium chloride (NaCl, Sigma
Aldrich), sodium hydroxide (NaOH, Pellets, Macron Chemicals), hydrochloric acid
(HCL 1.0 M and 0.1 M, J. T. Baker), potassium hydroxide (KOH, pellets, Sigma-
Aldrich). All membranes were received in dry form, pretreated according to
manufacturer’s instructions before use, and stored in DI water (CEMs) or | M NaOH
(AEMs). All chemicals were used as received.

Catalyst ink: Catalyst inks were made by first diluting graphene oxide paste
(Graphene Supermarket) from 30 g/L to 10 g/L. The dilute graphene oxide dispersion
was then mixed with Nafion D520 in a 1:1 volume ratio. The final ink solution was
sonicated for at least 10 minutes prior to use.

BPM fabrication: First, a piece of purchased Nafion membrane (NR212, NR211,
NR115), precut into a 1.5x1.5 cm square and soaked in DI water for at least 1 h, was
placed on a glass slide and patted dry with a Kim wipe. The membrane with then
taped to the glass slide on all 4 sides with Kapton tape. GrOx catalyst ink was then

spin coated onto the Nafion membrane at 3000 rpm for 30 s. Next, the Nafion
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membrane with GrOx was placed in an oven at 100°C for 2 min. This process of spin
coating and heating was repeated if more layers, i.e., greater mass loading, was
desired. Finally, the Nafion membrane with GrOx was rewetted with a few drops of
DI water, sandwiched with the desired thickness of PiperlON membrane, and pressed
firmly between gloved fingers, taking care to press out any air pockets. All
membranes were tested directly after assembly. The same methods were used for
fabrication of both the 1 cm? and 6 cm? active area BPMs.

Membrane conductivity measurements: The conductivity of the all AEMs and
CEMs used in this work were measured using a four-point probe on a Lake Shore
FastHall Station. All measurements were taken from -10 to 10 V on fully hydrated
membranes. These measurements gave an in-plane conductivity, however, as the
membranes are isotropic, this is equivalent to the through plane conductivity.
Measuring mass loading of GrOx: To determine the mass loading of GrOx ink spin
coated onto Nafion, the Nafion membranes taped to glass slides were weighed before
and after spin coating using a Sartorius CP Series electronic microbalance. Before
weighing, the Nafion taped to a glass slide, was dried at 100°C for 10 min so that the
measurements would not be affected by a change in hydration after the GrOx ink was
added and heat treated. After the GrOx was spin coated onto the Nafion and heated,
a Kim wipe was used to remove excess GrOx ink from the tape and glass. The final
loading amount was calculated based on the exposed Nafion area within the tape
border.

Electrodialysis cell design/assembly: Figure S2.1 shows a schematic of the

electrodialysis cell used for testing the BPMs in this work. The cell consisted of, from



38

left to right in schematic, an anode, an anolyte chamber, a CEM, a dilute chamber,
an AEM, an acid chamber, a BPM (1 cm? active area), a base chamber, a CEM, a
catholyte, and a cathode. Both the anode and cathode consisted of Ni foil with copper
tape as leads. Aqueous 1 M NaOH with used as both the anolyte and the catholyte
and was recirculated through both chambers at ~10 mL/min. Aqueous 3 M NaCl was
recirculated at ~5 mL/min through the dilute chamber and aqueous 0.5 M NaCl was
flowed through the acid and base chambers at 0.2 mL/min. Both CEMs used in the
cell stack were Nafion N324 (280 um, Fuel Cell Store) and the AEM was Fumasep
FAB-PK-130 (130 um, Fuel Cell Store). Luggin capillaries holding Ag/AgCl
reference electrodes (CHI111, CH Instruments) were placed in the acid and base
chambers to allow for the most direct measurement of the voltage across the BPM.

Chronopotentiometry: After the electrodialysis cell described above was
assembled, potentiostat (Biologic SP 300, Biologic SP 200, Kiethley 2400) leads
were attached in a four-point measurement configuration so that a current could be
applied across the full cell and the resulting voltage could be measured directly across
the BPM. Chronopotentiometry measurements were used to obtain all reported data
for all polarization curves. For each point, a chosen current was applied across the
anode and cathode and held steady for 5-20 min or until the voltage measured across
the BPM reached steady state. The current was then increased to the next value and
the process was continued until all desired current measurements were performed.
The reported voltage values are averages of the voltage collected over the steady state

region for each chronopotentiometry step.
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Electrochemical Impedance Spectroscopy (EIS): EIS measurements were
performed in the same electrodialysis cell as the chronopotentiometry measurements.
For each BPM tested, measurements were started at 500 mA cm and stepped down
through each desired current density. For each step, the current was held for 1 min,
then scanned from 600 kHz to 20 Hz with an amplitude of 5-10% of the current,
recording every 0.5 sec. Nyquist plots were then fitted using EIS Spectrum Analyzer
software.

Faradaic efficiency: The same five chamber electrodialysis cell was used for
collecting acid and base samples to measure the Faradaic efficiency at various current
densities. Aqueous 0.5 M NaCl was flowed at 5 mL/min through the acid and base
chambers and the desired current was applied across the cell until the voltage
stabilized (usually 10-20 min). Samples were then collected in 20 mL vials from the
acid and base chamber. The current was then increased to the next desired value and
the process repeated. Once the samples were collected, the H" and OH" activity was
evaluated via pH probe measurements or pH titration. Titration was used for more
pH values > 12 and <2. All pH titration measurements and the subsequent calculation
of theoretical H'/OH™ concentration and Faradaic efficiency were performed as
reported in Lucas et al.*®

Low vacuum SEM: All SEM images were obtained using the low vacuum mode on
an FEI Nova NanoSEM 450. A spot size of 5.0 and a voltage of 10.00 kV was used
for most images. For the BPM cross-sectional images, the membrane was embedded

in resin and cut using a microtome. For cross sections of just the Nafion with a GrOx
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CL, the membranes were sliced using a razor blade. ImageJ was used to evaluate
membrane and CL thickness from these SEM cross sections.

Optical Microscopy: All optical microscope images were obtained using a Nikon
Eclipse LV100D-U. Images of GrOx dispersions were taken during the BPM
fabrication process, while Nafion and GrOx-coated Nafion remained taped to glass
slides before they we rewetted and sandwiched with the AEM.

AFM: An Asylum AFM in AC Air Topography mode was used for topological and
roughness measurements of the membrane and GrOx layer surface. As with the
optical microscope images, AFM was performed on Nafion and GrOx-coated Nafion
prior to the samples being rewetted and sandwiched with the AEM.

Continuum simulation: The simulation was performed using the COMSOL
Multiphysics v.6.0 software package. The concentration of H3O", OH", Na', CI", and
of all GrOx surface species along with the electrostatic potential profile were solved
using conservation equations where Poisson-Nernst-Planck described mass and
charge transport. Crucially, the rates of net-charge-generating homogeneous
reactions were modified by the Second Wien effect such that the rate of ion
dissociation, i.e., the forward direction, was substantially enhanced by an electric

field 94,97,98
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2.5 Supporting Information

2.5.1 Bipolar Membrane Experimental Design and Analysis

To accurately understand the performance of bipolar membranes (BPMs) for
electrodialysis, it is important to be able to directly measure the voltage across the
BPM without interference from electrolyte resistance or redox reactions.*® Luggin
capillaries with reference electrodes can be implemented into H-Cells to measure the
BPM voltage as close to the surface of the membrane as possible. However, in a
simple H-Cell configuration, equilibrium at each applied current density cannot be
reached as the acid and base concentration will continue to increase (especially
directly at the surface of the BPM) for the entire duration the bias is applied. To
overcome these challenges for electrochemical testing of BPMs, we designed a
custom electrodialysis cell with embedded Luggin capillaries that also allows
electrolyte to be flowed through each chamber (Figure S2.1). Furthermore, to
guarantee equilibrium during experiments, fresh solution was continuously flowed
through each chamber of the electrodialysis cell, and the acid/base chambers were
agitated using small magnetic stir bars with a plate placed under the cell. Using
accurate pumps to set specific flow rates, Equations S2.1-S2.8 were used to calculate
the theoretical concentration of H" and OH' in the acid and base chambers of the

electrodialysis cell.
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Figure S2.1 Electrodialysis flow cell. (a) Cross section schematic of electrodialysis
cell designed for direct testing of bipolar membranes. (b) Image of actual flow cell,
showing Luggin capillaries, reference electrodes, anode, cathode, and flow channels.
Luggin capillaries with Ag/AgCl reference electrodes are implemented to allow for
direct measurement of the BPM voltage without interference from electrolyte
resistance. The tips of the capillary tubes are placed approximately 0.1 mm from the
surface of the BPM. The BPM active area in the custom cell is 1 cm?. The AEM,
CEMs, anode, and cathode all have an active area of 4 cm?.

It is also important to note that since the concentration of acid and base
increases as current density is stepped up, the solution conductivity increases as well
and therefor the solution iR drop cannot be accurately calculated directly from the
initial salt conductivity (Figure S2.4). As equilibrium can be achieved in the custom
electrodialysis cell by flowing and stilling the acid and base chamber solutions,
Equation S9 can be implemented to calculate the ohmic contribution from the acid
and base solutions. In Equation S9 J is the current density, Kgoiytion 15 the
conductivity of NaCl, HCI, or NaOH based on the current density and flow rate, and
d is the distance of the Luggin capillary tips from the BPM surface (~0.01 cm).
Conductivity value for 0.5 M NaCl and varying concentrations of HCI and NaOH

99—

were obtained from literature.®%-19" Furthermore, the calculated equilibrium acid and

base concentrations were used with Equation S10 to calculate the Nernstian
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thermodynamic potential necessary for WD at a specific current density and flow
rate.® The final iR contributions, from the AEL and CEL, were then calculated using
Equation S11 along with membrane conductivity values measured using a four-

point probe system (see Methods).

Iapplied
G+ = ———— S2.1
Ht nF ( )
GH+
[H " addea = —Q (S2.2)
0.5M NacCl
[H+]present = 10768 (S82.3)
[H+]theoretical = [H+]added + [H+]present (82.4)
G — lappliea (S2.5)
OH nF
— GOH_
[OH™ |aadea = Q— (52.6)
0.5M NacCl
10—13.71
[OH_]present = 10-685 (52.7)
[OH™ ltheoreticat = [OH ™ |adaeat [OH_]present (S52.8)
. J*d
IRsoiution = —— (52.9)
solution
EWD,Thermo = 0-059(prase - pHacid) = 0.059ApH (52.10)
. J *Ax
IRagm/ceM = ——— (S2.11)
KaEM/CEM
.. EWD,Thermo
Efficiencyyp = —— x 100 (S2.12)
VBPM

To determine overpotentials for all BPMs compared in Figure 2.2C, the
thermodynamic WD potential was subtracted from reported operating voltages at

100, 500, and 1000 mA cm™. Values for reported voltages from each reference were
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obtained using Image] measurement tool on reported polarization curves.
Thermodynamic WD potentials for each BPM study were calculated based on the
individual testing environment described in reported materials and methods, with the
three general testing environments and how they were evaluated listed below. We
note that these calculations do not account for co-ion leakage through the BPMs as it
was not reported for all systems. However, if the Faradaic efficiency of H" and OH
production is near unity, these differences would be minimal.
e For systems that used flow cells with salt water, the thermodynamic WD
potential was calculated using the same method reported above.
e For systems that used acid and base fed flow cells, the acid and base
concentration reported for the feed solutions was used with Equation S10.
e For stagnant systems, using H-cells, the flow rate value in the calculations
of acid and base concentration was replace with the approximate amount of
solution present and amount of time that a specific current density was

applied.
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Figure S2.2 Current density vs. voltage curve of thin AEL BPM with 75 pg cm™ of
GrOx ink at the BPM junction operated up to 2 A cm™.
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Figure S2.3 Current density vs. voltage of top performing GrOx catalyzed,
asymmetric BPM compared to same BPM construction without GrOx catalyst at the
junction. The significantly lower voltage of the catalyzed BPM demonstrates that
although WD is enhance due to the electric field at the AEL/CEL junction,
implementation of a catalyst at the BPM inner layer can significantly further enhance
the rate of WD.
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Figure S2.4 Top performing GrOx catalyzed, asymmetric BPM voltage as measured
(diamonds), voltage minus iR calculated based on salt conductivity (squares), and
voltage minus iR calculated based on acid/base conductivity (circles). This shows the
importance of calculating solution resistance voltage contributions based on the
changing conductivity as the solutions are acidified and basified.
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Figure S2.5 Current density vs. voltage plot comparing GrOx BPMs to BPM with
no catalyst and commercial Fumasep BPM at low currents. BPMs with GrOx show
greater co-ion leakage than those without GrOx.
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Table S2.1 Details about each of the top performing BPMs compared in this paper.

# Ref pme pmye  umv)@ Stability. Cell Geometry Temp  CEM AEM Catalyst Electrolyte
100mAcm? 500mAcm? 1000mAcm? (c)
1 ThisWork 126 145 242 1100h @80mAcm? 5 Chamber Cell w/ 25 Nafion212  PiperlON15R  Graphene  0.5MNaCl
106h@500mAcm?  Luggins oxide
65h @ 1000mAcm?

2 Powers, D. et al. Freestanding Bipolar Membranes with an Electrospun 242 368 584 60 h @ 800 mA cm (Not H-Cellw/ Luggins 25 Electrospun  Electrospun  Graphene  0.5M Na;S0,
Junction for High Current Density Water Splitting. Cite This: ACS Appl. continuous) SPEEK QPPO oxide,

Mater. Interfaces 14, 36092-36104(2022). Al(OH);

3 Hohenadel, A. et al. Electrochemical Characterization of Hydrocarbon 244 - - - HeCell w/ Luggins 25 SPPB. HMT-PMBI  Al(OH); 0.5MNayS0,
Bipolar Membranes with Varying Junction Morphology. ACS Appl Energy
Mater 2, 6817-6824 (2019).

4 Chen, Y. et al. High-Performance Bipolar Membrane Development for 301 670 - 14 h @ 500 mA am2 4 Chamber Cell w/ 25 Electrospun  Electrospun  Graphene 1M NaOH,
Improved Water Dissociation. ACS Appl Polym Mater (2020) (steady voltageincrease)  Luggins. Nafion PFEAM oxide 1MH,S0.
doi10.1021/acsapm.0c00653.

5 Shen, C, Wycisk, R. & Pintauro, P. N. High performance electrospun 339 314 483 - HeCell w/ Luggins 25 Electrospun  Electrospun 10 wt% 0.5MNa,S0,
bipolar membrane with a 3D junction. Energy Environ Sci 10, 1435-1442 SPEEK QPPO Al(OH);

(2017)

6 McDonald, M. B. & Freund, M. 5. Graphene oxide s a water dissociation 491 - - - HeCell w/Luggins 25 Nafion211  NeoseptaAHA Graphene  1MNaClO,
catalyst in the bipolar membrane interfacil layer. ACS Appl Mater Oxide
Interfaces 6, 13790-13797 (2014).

7 Yan, Z. et al. The balance of electric field and interfacial catalysis in 539 - - 10h @ 100mAcm-2 4 Chamber Cell w/ 25 Nafion - Graphene 0.5 MKNO,
promoting water dissociation in bipolar membranes +. Energy Environ. Luggins Oxide
Sci 11, 2235(2018).

8  Al-Dhubhani, E. et al. Entanglement-Enhanced Water Dissociation in 1411 - - - 5 Chamber Cell w/ 25 Electrospun  Electrospun  PAVP NaCl
Bipolar Membranes with 3D Electrospun Junction and Polymeric Catalyst. Luggins SPEEK FAA-3 (Polymer)

ACS Appl Energy Mater 4, 3724-3736 (2021).

9 Oener, S. Z, Foster, M. J. & Boettcher, S. W. Accelerating water 894 - - 4 h @ 500 mA an2 Compressed MEA 50 2umNafion 50 pm Ti0,and NI water,
dissociation in bipolar membranes and for electrocatalysis. Science (steady voltage increase) Sustainion 1MHCl/
(1979) 369, 10991103 (2020). 1M NaOH

10 Oener, 5.2, Twight, L. P, Lindquist, G. A. & Boettcher, 5. W. Thin Cation- 844 1394 1724 4h @ 1000mAcm-2 Compressed MEA 50 2umNafion 50 um Ti0,;andNiO water,
Exchange Layers Enable High-Current-Density Bipolar Membrane (1 h stable, 3 h steady Sustainion 1MHcl/
Electrolyzers via Improved Water Transport. ACS Energy Lett 6, 1-8 voltage increase) 1M NaOH
(2021).

11 FumasepBPM 3a1 1119 - - 5 Chamber Cell w/ 25 - - - 05MNaCl

Luggins

2.5.2 Bipolar Membrane Stability

Beyond the 100 hours reported in the main text, stability measurements of
over 400 hours at 500 mA cm were also obtained, however, they showed a small
but steady climb in voltage through the entire measurement period. By examining
BPMs before and after stability tests, it was observed that the Nafion 212 membranes
were irreversibly warping and pitting at the BPM junction (Figure S2.6). The same
pitting in the Nafion 212 was observed when membranes were heated in a furnace at
150°C for ~10 minutes. During chronopotentiometry experiments, the temperature
measured in the bulk 0.5 M NaCl electrolyte on either side of the BPM was ~35°C
at 500 mA cm? and ~50°C at 1 A cm™, indicating that it was likely even higher in
the BPM itself. To further understand possible temperature effects on the membranes,
3D modeling of the custom electrodialysis cell was performed using COMSOL.
These models indicate that the temperature in the BPM is reaching an estimated 42°C
at 500 mA cm™ and 80°C at 1 A cm™ (Figure S2.13). From these temperature

measurements and modeling results, it was determined that heating in the membrane
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due to high current densities was the cause of the Nafion deformation leading to slow
delamination and voltage ramping in stability tests. To overcome this delamination
challenge, multiple other Nafion membranes (Nafion 211, Nafion 115, and Nafion
117) were heated in a furnace to 150°C for 10 minutes. Out of the three membranes
heated, Nafion 211 was the only one that did not exhibit deformation, therefore, new
BPMs were fabricated with Nafion 211 in place of the Nafion 212. When the BPMs
with Nafion 211 were stability tested, they maintained a consistent voltage over more
than 100 hours, indicating that the membranes were no longer deforming and
delaminating (Figure S2.6).

It should be noted that the potentials reported in the GrOx catalyzed,
asymmetric BPM stability measurements are slightly higher than those reported in
the current density vs. voltage plots. During stability testing, bubbles begin to evolve
from dissolved air in the electrolyte due to elevated temperature when operating for
long periods of time at high current densities. The higher reported potentials therefor,
are due to the evolution of gas bubbles on the BPM surface, which effectively reduces

the active area.
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Figure S2.6 Stability plots comparing BPMs made with Nafion 212 and Nafion 211.
Nafion 211 has superior stability and does not climb in voltage over time as Nafion
212 membranes do. The picture insets depict the irreversible pitting and warping that
occurs in the Nafion 212 membranes due to high temperatures reached in the cell
when testing at large current densities.

2.5.3 Characterization and Analysis of GrOx Loading

Table S2.2 List of the main BPMs, and their properties, fabricated and tested in this

work.
Mass Catalyst
Layers Loading of | Layer
Name | CEL AEL Catalyst | of £ ¥
Catalyst (ng | Thickness
Catalyst 5
cm™) (nm)
BPM 0 | Nafion 212 | PiperlON 15R | GrOxink | 0 0 0
BPM 1 | Nafion 212 | PiperlON 15R | GrOx ink | 1 75 200
BPM 2 | Nafion 212 | Piper[ON 15R | GrOx ink | 2 150 400
BPM 3 | Nafion 212 | Piper[ON 15R | GrOx ink | 3 225 600
BPM 4 | Nafion 212 | PiperlON 15R | GrOx ink | 4 300 800
BPM 5 | Nafion 212 | Piper[ON 15R | GrOx ink | 5 375 1000
BPM 6 | Nafion211 | Piper[ON 15R [ GrOx ink | 3 225 600
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Figure S2.7 Nyquist plots for thin AEL BPMs with varying GrOx loading amounts
at 50 mA cm?. The inset shows the circuit that was used to fit the EIS data. Rq is the
resistance between the tips of the Luggin capillaries, which includes the solution and
the membranes, Rwp is the resistance due to the water dissociation reaction, and Cwp
is the capacitance due to a double layer build up at BPM inner layer.
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Figure 2.8 Current density vs. Rwp plots comparing BPMs with and without catalyst
ink (a) and comparing loading amounts of GrOx catalyst ink (b).
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Figure S2.9 SEM cross sectional images of 1, 3, and 5 layers of GrOx ink spin coated
onto Nafion 212. Cross sections were obtained by slicing dry membranes with a razor
blade and mounting at 90°.
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Figure S2.10 Optical images of 1, 3, and 5 layers of GrOx ink spin coated onto
Nafion 212 at 5x magnification (top row) and 20x magnification (bottom row).

No GrOx 1 Layer GrOx 3 Layers GrOx 5 Layers GrOx
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Figure S2.11 AFM scans of 0, 1, 3, and 5 layers of GrOx ink spin coated onto Nafion
212.
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Figure S2.12 Voltage and current density vs. time plots for BPMs with no catalyst
(a), 1 layer GrOx (b), 2 layers GrOx (c), 3 layers GrOx (d), 4 layers GrOx (e), and 5
layers GrOx ().

2.5.4 Cell and Membrane Temperature Model

A 3-D temperature simulation for the custom electrodialysis cell used in this
work was carried out using a multi-physics finite element model featured with current
distribution, resistive heating, and fluid dynamics. The current distribution is
simulated assuming a primary current model in which the current density distribution
is simulated with an assigned conductivity for the electrolyte and ion-exchange
membrane domains instead of explicitly resolving the ion concentration and flux.
Three average current density values (80, 500, 1000 mA cm™) were applied as the
boundary condition. The current distribution inside the cell is plotted in the top row
of Figure S2.13 with sliced heat maps indicating the magnitude of the local current
density and arrows depicting both the direction and the magnitude of the current

density vector.
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Other than in the BPM domain, the local heating power per unit volume is
calculated based on the local current density and conductivity by the differential form

of Joule heating equation.

dP 1
=) (S13)

where o is conductivity and J is the current density. In the BPM domain, a portion of

the potential is consumed as the energy to facilitate the water dissociation reaction:
H,0 = H" + OH™ Ap = 0.83V (S14)

Thus, the differential form of Joule heating power inside the BPM is calculated by

aP 1 Ag
av o ZZBPM

(S15)

The temperature after 1 hour of operation predicted by the simulation is plotted in the
bottom row of Figure S2.13. The temperature results from this model manifest that
operating at 80 mA/cm?a low temperature, not exceeding 21.6°C can be maintained
throughout the cell, however, when the cell is operating at 500 mA/cm? and 1000
mA/cm?, the temperature reaches a maximum of 42.3°C and 80.7°C, respectively,

near the cylindrical region where the BPM is located.
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Figure S2.13 Temperature model of electrodialysis flow cell. (a-c) Primary current
density distribution of 80, 500 and 1000 mA cm average applied current density.
(d-f) Temperature distribution inside the cell.

2.5.5 Analytic Hyperbolic Tangent Distributions in Model
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Figure S2.14 Fixed charge in BPM as a function of position for (a) entire simulation
domain and (b) zoomed into catalyst layer.
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Figure S2.15 Total catalyst site distribution (C[OGr] (x)) in BPM as a function of

position for (a) entire simulation domain and (b) zoomed into catalyst layer.
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Figure S2.16 Water concentration of BPM as a function of position for (a) entire
simulation domain and (b) zoomed into catalyst layer. Water concentration changes
as a function of current density as BPM changes from Na'-Cl™ form to H-OH™ form
and water content increases.
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Figure S2.17 Relative permittivity of BPM as a function of position for (a) entire
simulation domain and (b) zoomed into catalyst layer. Permittivity changes as a
function of current density as BPM changes from Na'-Cl™ form to H'-OH™ form and
water content increases.

2.5.6 Titration of GrOx
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Volume of 0.1 M HCI (mL)

Figure S2.18 Titration of 0.1 M NaOH (light blue trace) and 10 mL of 10 g/L GROX
paste added to 20 mL NaOH (dark blue trace) with 0.1 M HCI

To calculate the total number of GrOx sites available for proton transfer from
the titration data collected (Figure S2.18), we first assume that the GrOx is in

equilibrium "*:
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C[Gr—COO—]lCH30+ 10743 [u] (S67)
ClGr-cooH]t

Cl6r—coo~]*CHs0* _ 10765 (] (S68)
ClGr-cooH)?

C[GT—O_]3CH30+ — 10—9.8 [M] (869)

Cler-oH]3
At the equivalence point pH = 7, so cy o+ = 1077 [M] and cop- = 1077 [M].
Additionally, we know we have added 10.05 mL of 0.1 M HCI, 20 mL of 0.1 M
NaOH, and 10 mL of a 10 g/ GrOx Paste. Substituting in the known proton

concentration at the equivalence point:

_ =7 S70
Cler—coo-1-(107" [M]) 1074 (870)
ClGr-cooH]t
Yoo PO D (S71)
ClGr-cooH]?
Clor—0-12(1077 [M]) — 10798 [M] (S72)
Cler-oH]3

To determine the equilibrium concentrations of Na" and CI, we simply alter the

starting concentrations to account for dilution.

~ 10.05 [mL] x 0.1 [M] 00251 (S73)
cl” = 710.05 [mL] + 20 [mL] + 10 [mL] _ [M]
20 [mL] x 0.1 [M] 0,000 [M] (S74)

“Na* =70.05 [mL] + 20 [mL] + 10 [mL]
We know there must be a site balance where all of the GrOx surface species add up

to a total:
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0 0 0 _ 0
C[GT—COOH]1 + C[Gr—COOH]Z + C[Gr—OH]3 = Cqr (875)

Additionally, we know the fraction of the total sites occupied by each type of site by
integration performed by prior research,?® and that a site balance must hold for each
type of site on the GO.

0 3 . (S76)
Cler-coont = 16.9 Cor = C[GT—COO_]l + Cigr—coon]*

74 (S77)

0 _ — ,
Clr-coon)? = 16 9CGr - C[Gr—coo‘]z + Cler-coon?

0 6.5 (S78)
Clr-on® = 16.9 Cor = Clgr-0-1® t Clgr—on)?

Electroneutrality is conserved in the system:
c _1+c
[ [

erco 2+ Clgr— -2+ Ccim — Cnagt + Con— — Cpyot =0

Gr—Cco0™|
Solving the system of equation enables determination of the total GrOx site
concentration:
cd. = 0.0506030446[M] (S79)

Now, we must convert back to a mole basis from the concentration basis by
multiplying by the total volume of solution:

n2, = 0.0506030446 [M] x 40.05 [mL] (S80)

= 0.00202665194 [moles]

We note that there was 0.1 g of GrOx added to the solution (10 mL of 10 [g/L] GrOx

paste). Therefore, the ion exchange capacity of pure GrOx can be determined as

follows:

0.00202665194 moles _ (S81)
011s] = 20.2665194 [mmol g~1]

IECGrox =
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Lastly, the fixed-site concentration in pure GrOx can then be determined by

multiplying the IEC by the density of GrOx'” as follows:

Corox,pure = 1ECgrox X Parox (S82)
= 20.2665194 [mmol g~1] x 1.36 [g cm ™3]
= 27.56 [M]
It is important to note, however, that while the model does fit the data without
significant error, the pKas of the GrOx sites used the simulation were taken from

measurements in aqueous electrolyte, which may vary from their values within the

BPM junction.
2.5.7 Ion Transport
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Figure S2.19 Simulated (lines) and experimentally measured (markers) Faradaic
efficiency for water dissociation as a function of applied current density.
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Figure S2.20 Full (a-b) and zoomed in (c-d) profiles of (a, ¢) local pH and (b, d) local
electrostatic potential gradient zoomed into the catalyst layer domain.

To determine the salt crossover current, the contribution to the total current density
from WD as measured by pH change was subtracted from the total current density.
Because the H™ and OH™ current density should be equivalent stoichiometrically,
their average was used to perform the subtraction to determine the salt crossover
current density.

. . JH,0% catholyte +]0H_,anolyte (S1)
Jsalt = Jtotal — 2




2.5.8 Water Dissociation Catalysis Simulations
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Figure S2.21 Simulated BPM polarization curve using Onsager kinetics (solid grey
line) and exponential kinetics (dashed red line).
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Figure S2.22 Simulated concentration profiles for various graphene oxide species
within the BPM CL at (a) 0 mA cm ™, (b) 5 mA cm, (c) 10 mA cm™, and (d) 100
mA cm. Solid lines represent concentrations of various GrOx sites. Dashed grey
lines represent concentration of total sites present within the BPM CL.
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Figure S2.23 Simulated concentration profiles for various graphene oxide species at
the AEL|CL interface at (a) 0 mA cm2, (b) 5 mA cm 2, (c) 10 mA cm™2, and (d) 100
mA cm. Solid lines represent concentrations of various GrOx sites. Dashed grey
lines represent concentration of total sites present within the BPM CL.
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Figure S2.25 Simulated profiles of (a) local electric field and (b) pH + pOH
throughout the BPM domain.
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Figure S2.26 Simulated profiles of (a) local electric field and (b) pH + pOH zoomed
into the catalyst layer domain.
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Figure S2.27 Simulated rate enhancement ( ) as a function of position within
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the BPM CL. (a) Simulated rate enhancement as a function of current density within
the BPM CL domain. (b) Rate enhancement as a function of current density at the
AEL|CL interface.
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Figure S2.29 Simulated WD contribution terms for proton and hydroxide generation
within the BPM CL as a function of applied current density. (a) Local rate of intrinsic
WD. (b-d) Local rates of catalyzed WD by (b) site 1, (c) site 2, and (d) site 3.
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2.5.9 Sensitivity to Catalyst Layer Properties
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Figure S2.30 Simulated BPM polarization curves for a BPM containing only 1 site
(orange line), 2 sites (green line), or 3 sites (blue line), compared to that of the base
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Figure S2.31 Simulated electric field maximum for a BPM containing only 1 sites
(orange line), 2 sites (green line), or 3 sites (blue line), compared to that of the base
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Figure S2.32 Breakdown of WD current density integrated within the CL for a BPM
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Figure S2.33 Sensitivity of BPM polarization curve to WD CL thickness.
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Figure S2.34 Sensitivity of BPM polarization curve to GrOx site concentration at (a)
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Chapter 3: BPM Characterization with In-Situ
Confocal Microscopy and pH Sensitive Fluorescent
Dye

3.1 Introduction

There remains much to elucidate and validate with experimental evidence
about the internal structure of BPMs as well as reactions that occur within and around
an operational BPM.!? This chapter presents preliminary work aimed at visualizing
and measuring pH in and around an operational BPM. To accomplish this goal, a
confocal microscope was employed to emission from pH sensitive fluorescent dyes
soaked into the BPM.

A confocal microscope allows for 3D visualization of fluorescent samples by
detecting emitted wavelengths passed through a pinhole (Figure 3.1a).!%1% The
pinhole prevents scattered light from reaching the detector, enabling the microscope
to produce clear and focused images in three dimensions in transparent samples. '+
106 Since the HCD-BPM is transparent (other than the catalyst layer) this technique
was employed to visualize membrane structure and pH, utilizing a custom cell
designed to accommodate a water immersion microscope objective (Figure 3.1b). In
this chapter, initial visualization (using reflectance mode) of the inner structure of the
HCD-BPM is presented. Furthermore, images are presented of fluorescence from pH
sensitive dyes added to the electrolyte and membranes, allowing for direct

visualization of the pH in an HCD-BPM with and without applied current.
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0.5 M NaCl

Figure 3.1 In-situ confocal microscopy. Diagram depicting the basics of confocal
microscopy for imaging a BPM in solution with a water immersion lens (a). Images
of assembled BPM-ED flow cell for in-situ confocal microscopy and monitoring of
local pH (b).

3.2 Results, Discussion, and Outlook

For these experiments, APTS (8-Aminopyrene-1,3,6-Trisulfonic Acid,
Trisodium Salt) dye was selected because it is sensitive between pH 11.5 and 13.5,a
range that is relevant to the pH in an AEL as well as its alkaline solution
counterpart.'% Before implementing these dyes for measurements with the HCD-
BPM, emission vs. pH calibration was performed. First, a set of solutions with pH
values across the expected sensitivity range for APTS were made and an equal
concentration of the dye was added to each solution (Figure 3.2a). A single set of
microscope parameters, with two channels using the same excitation wavelength and
detecting different emission wavelength ranges, was then applied to all samples, and
resulting emission was measured (Figure 3.2b). Finally, the ratio of emission

between the two channels was calculated for each sample and plotted against the
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sample pH (Figure 3.2¢). This use of a ratio of emission allows for accurate

measurement of pH without dependence on pH concentration in future experiments.
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Figure 3.2 Calibration of APTS dye for monitoring pH in BPM-ED in-situ cell.
Image of varying pH samples made for calibration (a). Absorbance spectrum for
APTS dye with chosen excitation lase wavelengths and fluorescence detection ranges
(b). Calibration curve for ratio of emission vs. pH for APTS dye (c).

The calibrated APTS dye was diluted and added to the electrolyte flowing
through the custom BPM-ED confocal compatible cell. Initial cross section images
of dye fluorescence, obtained from z-stacks, allowed for clear visualization of the
AEL and CEL were compared to the surrounding electrolyte (Figure 3.3). Dye
saturation, however, was too great in the AEL to clearly visualize details in the BPM
cross section structure. One interesting element that was observed though, was the
presence of defect channels through the AEL as seen in the cross section in Figure
3.3. This is the first time that defects like these have been directly observed in an ion
exchange membrane. Inhomogeneous regions of concentrated polymer without fixed
charge functional groups are the most likely explanation behind these regions that

appear to have minimal dye saturation. Further experiments should be done to
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determine if these defects are observed in other types of ion exchange membranes

and to quantify the volume percent of the defects.
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Figure 3.3 Cross section of pH through an HCD-BPM (Nafion 115 + PiperION A40)
as visualized using APTS fluorescent dye Confocal microscopy z-stack data.
Blue/green seen in the AEL is likely not reporting a true pH value as oversaturation
of fluorescence signal occurred in this region.

BPM structure and defects were further visualized using reflectance mode in
the confocal microscope. For these measurements, a wavelength of 600 nm (which
gave the highest response signal) was set for both emission and detection. Z-stack
images created with this method also showed the voids through the AEL seen when
using the APTS dye. Furthermore, the use of reflectance mode allowed for
visualization of the catalyst layer in the BPM junction (Figure 3.4), illuminating the

structure and coverage for different loading amounts of GrOx (Figure 3.5).
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Figure 3.4 Z-stack composed 3D visualization using reflectance mode in a confocal
microscope for a BPM made with Nafion 115, GrOx catalyst layer, and PiperlON
A40.

Figure 3.5 Confocal images taken in reflectance mode of the catalyst layer of HCD-
BPMs with 1 (a), 3 (b), and 5 (c) spin coated layers of GrOx catalyst.

Reflectance mode was also used to visualize regions of delamination between
the CEL and AEL in HCD-BPMs (Figure 3.6). It was observed that small pockets
of delamination, as visualized in Figure 3.6, formed around areas of aggregated
GrOx. This delamination due to GrOx aggregates likely contributes to the poorer
performance seen in Chapter 2 for BPMs with larger amounts of catalyst loading.
Further experiments should also be conducted to quantify the percent of area that is

delaminated in HCD-BPMs with varying GrOx loading.
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Figure 3.6 3D visualization (from two angles) of delamination between the CEL and
AEL of a BPM made with Nafion 115, GrOx catalyst layer, and PiperlON A40. The
images were obtained by collecting a z-stack in reflectance mode in a confocal
microscope.

Initial in-situ experiments were also performed to examine the change in pH
with applied current in the BPM structure (Figure 3.7 and 3.8). Measurements
performed in the electrolyte above the AEL allowed for the first ever visualization of
pH regions, on the order of hundreds of microns, forming and mixing as current is
applied (Figure 3.7). pH shifts can also be seen in BPM cross section images (Figure
3.8) obtained using the same technique. However, direct monitoring of pH in the
BPM layers proved challenging because, not only was the AEL over saturated with
dye, but the BPM also shifted when current was applied. Future cell design
modifications should be considered, such as the use of supportive meshes above and

below the BPM, to allow for further insightful imaging of pH in BPMS.
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Figure 3.7 In-situ confocal microscopy images of electrolyte ~100 um above the
surface of the AEL of an HCD-BPM (Nafion 115 + PiperION A40). Each image is
~20 sec apart starting in the top left corner and progressing left to right and top to
bottom. The first, second, and third rows corresponds to applied currents of 12, 30,
and 60 mA cm™, respectively. Each image corresponds to an area with a length of
590 um and a width of 590 pum.
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Figure 3.8 In-situ confocal microscopy images of HCD-BPM (Nafion 115 +
PiperlON A40) cross section, constructed from z-stack data. Each image is ~10 sec
apart starting in the top left corner and progressing left to right and top to bottom.
The first, second, and third rows corresponds to applied currents of 12, 30, and 60
mA cm?, respectively. Each image corresponds to an area with a heigh of 157 pm
and a width of 590 pum.



75

3.4 Materials and Methods
Materials: Nafion 115 (127 um, Fuel Cell Store), PiperION A40 (40 um, Versogen),

graphene oxide paste (Graphene Supermarket), Sodium Sulfate (Na;SO4), 8-
Aminopyrene-1,3,6-Trisulfonic Acid, Trisodium Salt (APTS, Thermo Fisher). All
membranes were received in dry form, pretreated according to manufacturer’s
instructions before use, and stored in DI water (CEMs) or 1 M NaOH (AEMs). All
chemicals were used as received.

Catalyst ink: Catalyst inks were made by first diluting graphene oxide paste
(Graphene Supermarket) from 30 g/L to 10 g/L. The dilute graphene oxide dispersion
was then mixed with Nafion D520 in a 1:1 volume ratio. The final ink solution was
sonicated for at least 10 minutes prior to use.

BPM fabrication: First, a piece of purchased Nafion membrane (NR212, NR211,
NR115), precut into a 3x3 cm square and soaked in DI water for at least 1 h, was
placed on a glass slide and patted dry with a Kim wipe. The membrane with then
taped to the glass slide on all 4 sides with Kapton tape. GrOx catalyst ink was then
spin coated onto the Nafion membrane at 3000 rpm for 30 s. Next, the Nafion
membrane with GrOx was placed in an oven at 100°C for 2 min. This process of spin
coating and heating was repeated if more layers, i.e., greater mass loading, was
desired. Finally, the Nafion membrane with GrOx was rewetted with a few drops of
DI water, sandwiched with the desired thickness of Piperl[ON membrane, and pressed
firmly between gloved fingers, taking care to press out any air pockets. All
membranes were tested directly after assembly.

Dye calibration: First, a set of solutions with pH values across the expected

sensitivity range for APTS were made by diluting 1 M KOH and 1 M HCI and an
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equal concentration of the dye was added to each solution (Figure 3.2a). A single set
of microscope parameters, with two channels using the same excitation wavelength
and detecting different emission wavelength ranges, was then applied to all samples,
and resulting emission was measured (Figure 3.2b). Finally, the ratio of emission
between the two channels was calculated for each sample and plotted against the
sample pH (Figure 3.2¢).

Electrodialysis cell design/assembly: Figure 3.1 shows an image of the
electrodialysis cell used for testing and visualizing the BPMs in this work. The cell
was designed using SolidWorks and parts were ordered from Xometry. There are two
main pieces in the cell stack. The bottom layer has in flow and out flow ports for
electrolyte, a port for a working electrode, and a port for a reference electrode
(Leakless Ag/AgCl). The top layer contains the same four ports as the bottom, and
has a large opening in the top, which allows use of the confocal water immersion
objective. When assembling the cell for measurements, a BPM is sandwiched
between the two layers, sealed with an O-ring and a gasket. The inlet and outlet tubing
is then connected to a peristaltic pump and 1 M NaxSOys is flowed through both
chambers until they are full. The pump is then stopped to avoid noise from vibrations
when collecting images. The water immersion objective is then lowered into the
solution in the top chamber to start measurements.

Reflectance Measurements: Leica confocal software is used to set an excitation and
detection wavelength of 600nm. The laser is turned on and the microscope stage is
shifted in z until reflectance from the sample is observed. A z-stack measurement is

then set up for which the starting point is just above the BPM and its ending point is
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just below the BPM. The desired zoom, pixel size, and z-step length are then set, and
the measurement is then started. Individual x-y images are reported as seen in the
microscope. The 3D viewing function in the software is used to obtain all 3D images.
Measurements with dye: For measurements with fluorescent dye, the two-channel
emission and detection settings chosen during the dye calibration are used for all
measurements. MATLAB is then used along with the fit curve from the calibration
to create pH maps from the images collected in the confocal. MATLAB is also used
to stitch together images from z-stack measurements and form x-z images for
visualizing the cross section of the BPMs.

Chronopotentiometry: Chronopotentiometry using a Biologic SP 200 was used to

apply current steps for in-situ measurements.
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Chapter 4: Bipolar Membrane Scaling and
Implementation into Electrodialysis Stack

Content drawn from: Eowyn Lucas, Justin C. Bui, Monica Hwang, Kaiwen Wang,
Alexis T. Bell, Adam Z. Weber, Shane Ardo, Harry A. Atwater, and Chengxiang
Xiang. Asymmetric Bipolar Membrane for High Current Density Electrodialysis
Operation with Exceptional Stability. Nature Energy. In Review. Submitted February
7,2023.

4.1 Introduction

As previously discussed, BPM-ED is a promising method for DAC and
DOC.31%7 This chapter explores scaling of the HCD-BPM and implementation into
a custom electrodialysis thin cell stack to evaluate its potential for implementation
into industrial systems. Due to the high capital cost of ion exchange membranes and
cell parts, large area BPMs (~ 0.5 — 1 m?) are employed in commercial systems to
avoid excess material waste.'%?>2730 Furthermore, to drive a current and maintain
electroneutrality, BPM-ED systems must contend with the energy penalty of a redox
reaction (typically water electrolysis) across the anode and cathode of the device.>*
To limit the contribution of the redox reaction to the total power needed to run the
system, BPM-ED stacks are designed with multiple acid/base flow channel cells
(typically > 100 for commercial systems) sandwiched between the outer anode and
cathode. This design means that, when divided across all cells in a stack, the energy
penalty from the redox reaction is negligible. These multi cell stacks are also
engineered to minimize the thickness of each flow chamber and reduce solution
resistance losses, which can add up quickly across the full cell. All multi-cell stack
experiments presented in this chapter were performed in a custom BPM-ED system

(Figure 4.1) designed in house by Monica Hwang (Staff Scientist, Caltech).
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Figure 4.1 Diagram of layers and flow channels in BPM-ED 1-cell stack (top) wit

images of each membrane and gasket layer (bottom).

To show that the HCD-BPM is functional beyond an active area of 1 cm?
previously presented, the BPM was scaled to have an active area of 6 cm? (with the
full size of the BPM = 35 cm?, indicating that further scaling is possible) and tested
in the thin electrodialysis cell stack. The same fabrication methods used to make the
small area BPMs were successfully employed for the scaled membranes. When the
HCD-BPM was tested in the custom cell stack system, cell voltages were achieved
that were significantly lower than with a commercial Fumasep BPM and similar to
those obtained with a commercial Iontech BPM. Furthermore, the HCD-BPM

demonstrated stable operation in the cell stack for > 15 hours at 500 mA cm™.

4.2 Results and Discussion

First, the cell configuration and components will be described as they vary
some across experiments, which plays an important role in the observed results.
Details on the CEMs, AEMs, BPMs, and gaskets used for experiments presented in

this chapter are given in Table 4.1. The specific membranes used as well as the
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conductivity and voltage contributions for the dilute, acid, and base flow channels is

stated later in the text as relevant for each experiment.

Table 4.1 BPM-ED cell stack components.

Component Thickness Conductivity | Voltage contribution
(nm) (mS cm™) (V) @ 500 mA cm™

Fumasep FAB-PK-130 (AEM) 126.2 1.19 5.30
Aemion AF2 (AEM) 95 5.50 0.88
PiperION A40 (AEM) 64 10.5 0.305
Fumasep FKB-PK-130 (CEM) 130.4 1.22 5.34

Nafion NR212 (CEM) 57 23.7 0.12
Fumasep (BPM) - - 2.18
Iontech (BPM) - - 1.40
HCD-BPM - - -

Gasket (Dilute) 450 - -

Gasket (Acid) 450 - -

Gasket (Base) 450 - -

For the thin cell stack used in this work, the voltage is measured across the
entire stack as opposed to what is reported in Chapter 2 where the voltage is
measured across reference electrodes in Luggin capillaries placed on either side of
the BPM. Therefore, to report the voltage of a single cell, without the redox reaction
voltage loss, a 0-cell measurement is taken for each BPM. A zero-cell stack consists
of a single BPM with two electrolyte outer chambers. A 1-cell, 2-cell, 3-cell, etc.
stack then comprises a grouping of membranes (AEM/CEM/BPM or AEM/CEM)
repeated the appropriate number of times following zero-cell stack BPM (Figure
4.2). To report the voltage of a single cell (excluding the redox reactions and edge
BPM) with a specific BPM implemented, polarization data is collected for both a 0-
cell and a 1-cell stack configuration with the same type of BPM and the O-cell voltage
is subtracted from the full 1-cell stack voltage. The result is reported at the

experimental 1-cell voltage.
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Figure 4.2 Cross section diagrams of BPM-ED cell configuration, flow, reactions,

and ion transport for BPM-AEM-CEM assembly (a) and BPM-CEM assembly (b).

Once the cell stacks described above are assembled, they are compressed
between two electrodes using the device pictured in Figure 4.3. Proper alignment of
the layers and compression of the stack is critical to prevent leakage, which can lead

to unaccounted for voltage losses.

NN SR}
Figure 4.3 Images of cell stack assembly uncompressed (a) and ¢

ompressed (b).
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Multiple different 6 cm? active area HCD-BPMs with varying CEL and AEL
thickness and fabrication methodology were made and tested to determine the most

stable for scaled stack operation (Figure 4.4, 4.5 and Table 4.2).

(a)

Figure 4.4 Images of multiple generations of scaled GrOx BPMs before and after
testing in BPM-ED cell stack. (a) BPM1, (b) BPM2, (¢c) BPM3, (d) BPM4.

Table 4.2 CEL, AEL, and catalyst layer for BPMs 1-4.

Sample | CEL AEL Catalyst Layer

BPM1 | Nafion NR212 | PiperION 15R | 3 layers spin coated GrOx, 3000 rpm,
30 sec, heated at 100°C for 2 min
BPM2 | Nafion NR212 | PiperION 15R | 1 layer spin coated GrOx, 500 rpm,
30 sec, heated at 100°C for 50 min
BPM3 | Nafion NR212 | PiperION 15R | 3 layers spin coated GrOx, 3000 rpm,
30 sec, heated at 100°C for 30 min
BPM4 | Nafion N115 | PiperlON A40 | 3 layers spin coated GrOx, 3000 rpm,
30 sec, heated at 100°C for 30 min

The initial set of BPMs (BPM1) were fabricated identically to the best
performing 1 cm? active area BPMs. Although these BPMs operated successfully in
the ED cell stack, voltage was not stable at high currents and wrinkling of the AEL
was observed after removal from the cell. Furthermore, it appeared that some of the
GrOx catalyst layer was washed away during operation. To prevent the loss of
catalyst material, new membranes (BPM2) were made with a slower spin rate for

catalyst deposition and a longer heat treatment to adhere the catalyst to the Nafion.
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The slow spin coating rate, however, led to wetting and wrinkling of the Nafion
causing and inhomogeneous coating of GrOx. Nevertheless, when tested in the cell
stack, BPM2 demonstrated some of the lowest voltages out of all configurations
tested. BPM3 was an attempt to recreate the successful GrOx adhesion through heat
treatment observed for BPM2, without wrinkling of the Nafion on the prosses by
keeping the same heating time and returning to the initial faster spin coating rate.
This third set performed similarly to BPM2; however, wrinkling was still seen in the
AEL after removal from the cell. To overcome the wrinkling of the AEL and
generally improve mechanical stability, BPM4 was made with a thicker AEL and
CEL layer. The performance of BPM4 remained close to that of BPM2 and BPM3,
indicating that any increase in resistance due to the implementation of thicker

membrane layers was negligible in the stack.
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Figure 4.5 0-cell polarization curves for commercial Iontech and Fumasep BPMs
compared to novel GrOx BPM tested in electrodialysis cell stack.
When 0-cell and 1-cell measurements were completed and the experimental

single cell voltage was calculated, a significant gap was observed when compared to
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calculated voltage contributions (Figure 4.6). It was hypothesized that the thin nature
of the HCD-BPM made it challenging to fully compress the cell stack leading to
leakage between the chambers and unaccounted for voltage losses. One method that
was employed to eliminate these voltage losses was to use a thicker CEM and AEM

for chamber separation.
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Figure 4.6 Experimental voltage and calculated voltage contributions for one of the
top performing HCD-BPMs.

When implemented, thicker CEM and AEM layers did in fact allow for
matching of the experimental and measured voltages (Figure 4.7). The taller stacked
bars in Figure 4.7b show the calculated voltage values for each layer’s contributions.
The grey error bars show the standard deviation for the AEM and CEM voltage
contribution and the black error bars show the total standard deviation for the AEM
and CEM voltage. All other voltage contributions did not have significant error. It
can be seen in Figure 4.7b that the total calculated voltage contributions closely
match the experimental one-cell voltage for the 6 cm? active area GrOx catalyzed,

asymmetric BPM.
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With optimization of the electrodialysis stack design to allow for increased
compression, thin AEM and CEM layers can be implemented again. The shorter bars
in Figure 4.7b show the voltage contribution of each layer of a one-cell stack based
on the conductivities of thinner AEMs, CEMs, and gaskets. With this improved

system, the total cell voltage at 500 mA cm™ would be dropped from ~ 14 to <4 V.
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Figure 4.7 6 cm? active area thin AEL BPM tested in single cell electrodialysis stack.
(a) Photo of actual layers of electrodialysis cell stack. (b) Experimental one-cell
polarization curve for multi-cell stack with GrOx catalyzed, asymmetric BPM
(dashed line), calculated voltages for each section of the one-cell stack at current
densities of 10 — 500 mA cm (taller stacked bars), and calculated voltages for each
section of a projected optimized one-cell.

Finally, stability data is presented for an HCD-BPM made identically to
BPM3 presented above (Figure 4.8). These initial results show that the BPM was
stable for >16 hours at 500 mA cm?. Further stability measurements are still

necessary however, to optimize the BPM for further scaling and commercial use.
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Figure 4.8 Stability of GrOx BPM in electrodialysis cell stack at 500 mA cm™.

4.3 Conclusion and Outlook

In this work scaling and testing of our novel BPM in a scaled cell stack was
performed. The experiments showed an operational performance better
than/comparable to commercial BPMs. More work still needs to be done, however,
to understand the voltage gaps between measured and calculated seen for most
experiments. Furthermore, improves adhesion of GrOx and overall adhesion at
junction of BPM as well as development of a new catalyst deposition method will be

necessary to scale beyond 6 cm?.

4.4 Materials and Methods
Materials: As described in Chapter 2.

Membrane preparation: As described in Chapter 2.
BPM fabrication: As described in Chapter 2.
Scaled cell stack: A commercial cell with iridium oxide-mixed metal oxide

electrodes and a 6 cm? active area (ED 08002-010-1031-EDR, PCCell GmbH) was
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modified with two holes on the catholyte chamber to create inlet and outlet ports for
the dilute chamber. For a single-cell stack, from anode to cathode, the membrane
stack comprises of a BPM, AEM, CEM, and a BPM. All membranes were cut to a
size of ~5 cm x 7 cm with a blade. 2 mm and 4 mm holes were punched in the
appropriate locations to allow solution flow past the membranes for the acid and base
chambers and dilute chamber, respectively. In between the membranes, a modified
commercial polypropylene mesh silicone gasket (ED 08-115-085, 450 um thickness,
PCCell GmbH for the inner chambers and ED 08-115-086, 450 um thickness, PCCell
GmbH for the outer chambers) is used to allow continuous, segregated solution flow
through the inner chambers (acid, base, and dilute) and outer chambers (anolyte and
catholyte) of the cell. 1 M KOH solution was recirculated in two separate 5 L
polypropylene reservoirs (3795T27, McMaster-Carr) for the anolyte and catholyte
chambers at rate of ~1.5 L/min (BT601S-YT25, Golander Pump). 0.5 M NaCl
solution flowed through the cell from separate source reservoirs for the acid, base,
and dilute chambers and exited to a communal waste container at rates of ~35
mL/min (Masterflex L/S 7519-20, 2.79 mm ID tubing, Cole-Parmer) for the acid and
base channels and ~45 mL/min (PWM-controlled motor pump, 4 mm ID tubing).
Small cell chronopotentiometry: As described in Chapter 2.

Faradaic efficiency: As described in Chapter 2

Scaled cell stack chronopotentiometry: After the electrodialysis cell described
above was assembled, power supply (2260-B-80-13, 360 W, Keithley) leads were
attached to the cell in a two-point configuration to apply current and measure voltage.

A custom LabVIEW VI controlled the applied current and chronopotentiometry
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measurements were used to obtain all reported current density and voltage data. For
each point, a chosen current was applied across the anode and cathode and held
steady for at least one minute or until the measured voltage reached steady state.
Voltage data was collected at a time step of 5 s. The current was then increased to the
next point and the process was continued until all desired current density
measurements were obtained. The final reported voltage values are the averages of
the voltage collected over a section of the steady state region for each
chronopotentiometry step.

Stacked cell voltage contribution calculations: At each chosen current, under
steady state, solution samples were collected in 50 mL polypropylene conical tubes
from the acid, base, and dilute chambers. Once the samples were collected, the
conductivity was measured using a four-ring conductivity probe (HI76312, Hanna
Instruments) and meter (HI5521, Hanna Instruments). The voltage contributions for

the inner chambers and ion-exchange membranes (AEM and CEM) were calculated
using the following equation: V = % where j is the current density (mA cm?), L is

the width of the chamber (i.e., the thickness of the mesh gasket) or thickness of the
membrane (cm), respectively, and K is the solution or membrane conductivity (mS
cm™), respectively. The thickness of the membranes was determined using a
micrometer (293-348-30, Mitutoyo). Errors in the membrane voltage contributions
were determined using the standard errors in the conductivity and thickness
measurements to calculate the minimum and maximum possible voltage
contributions. The BPM voltage contribution was determined using this work’s

custom BPM testing cell as previously described.
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Chapter 5: Bipolar Membrane Mediated Efficient
Acid-Base Combination Yielding High Power
Density

Content drawn from: Zishuai Bill Zhang, Eowyn Lucas, Harry A. Atwater, and
Chengxiang Xiang. Bipolar Membrane Mediated Efficient Acid-Base Combination
Yielding High Power Density.

5.1 Introduction
As electrical grids around the world increasingly rely on variable output

renewable energy sources (wind, solar, etc.), it is imperative to develop and
implement long-term, affordable grid energy storage that can account for
fluctuations.'% Batteries account for the largest growth in energy storage capacity
over the last decade, however, most conventional batteries (e.g., Li-ion, lead-acid)
have a limited cycling lifetime and depend on finite resource minerals and/or toxic
chemicals.!?’ Flow batteries on the other hand, a newly emerging technology, show
great promise for grid level storage as they have long term cycling stability, are
scalable, and require little capital overhead.!” Within the realm of flow batteries,
the acid-base flow battery, which employs bipolar membranes (BPMs) has shown
initial promise as a scalable, low-cost and environmental friendly form of energy
storage.

Bipolar membranes (BPMs), composed of a cation exchange layer (CEL)
laminated with an anion exchange layer (AEL), have been extensively investigated
in reverse bias for enhanced water dissociation (WD) to acid and base and
implemented in numerous applications (e.g., acid and base recovery, wastewater

treatment, water electrolysis, electrochemical CO> reduction, and carbon
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removal)."!1%-11* BPMs, however, can also be operated in forward bias, where H"
and OH™ recombine to form water at the junction between the CEL and AEL. When
reverse and forward bias BPMs are combined sequentially, this system becomes an
acid-base flow battery (Figure 5.1a). Energy is input to drive the reverse-bias
reaction (Equation 5.1) and stored chemically as acid and base. The chemical
energy can then be harnessed by allowing the BPM to run in forward bias,

generating water at the junction (Equation 5.2).!8

Water dissociation: H,O = H'+ OH (5.1)

Acid-base recombination: H"+ OH = H,O (5.2)

Minimal work has been published investigating BPMs in forward bias,
leaving open vast opportunities for improving performance and understanding
fundamentals of BPM architecture, electrocatalysts, water transport, and
recombination. There are two key factors to consider when designing a forward
bias BPM. The first is that the mass transport of ions becomes a limiting factor for
high current density operation; an efficient forward-bias BPM must therefore
enable sufficient ion transport without significant ion leakage. The second factor is
that water formed at the BPM junction can quickly lead to delamination and failure,
especially at high current densities when water influx exceeds efflux from the
junction.! It is therefore critical to develop BPMs with CEL and/or AEL layers that
allow for rapid water removal from the junction. To date, the most advanced
research has demonstrated that free-standing commercial (i.e., Fumasep FBM-
BPM) and novel BPMs can only operate in forward bias at current densities less

than 100 mA cm™, resulting in a maximum power density of 50 mW cm (Figure
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5.1b). Efficient forward bias BPMs that can operate at a commercially relevant

current density (e.g., j > 200 mA cm™) remains uncharted territory.
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Figure 5.1 Demonstration of high-power density yield BPM. (a) Schematic of a BPM
implemented in forward bias for high power density energy storage and (b) peak
power vs. current density for the BPM presented in this work compared to prior work
and commercial BPMs.%”115-120 The insert is an illustration of H2O influx driven by
EOD and acid-base reaction, and efflux driven by osmosis.

In our previous work, we exhibited that BPMs made from laminated Nafion
membranes as CELs and PiperlON membranes as AELs with a graphene oxide
(GrOx) catalyst layer led to record performance in reverse bias,!'?! proving them to
be effective for transporting ions and water at high current densities. These readily
available membranes were leverages in this work to create forward bias BPMs with
carefully designed layer thickness and lamination to modulate the ion and water
transport and achieved sustainable operation at 200 mA c¢cm with a yield power
density of 109 mW cm™ (Figure 5.1b). While acid-base recombination is
kinetically fast, this study shows the management of reaction sites and reactant

concentrations using high-surface nanocarbons in the BPM junctions significantly
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enhanced the reaction and improved the durability. Our BPMs display excellent
stability over a 24-hour period at 50 mA ¢cm™, with a voltage drop of only ~1.6%,
whereas the commercial BPM failed after 10 minutes.

Water management is also critical for forward-bias BPMs, however, there is
currently little information available to quantify water influx and efflux from a BPM
junction. In this study, we set out to fill the gap in the literature with a rigorous
investigation of water transport using isotopic labeling. For the first time, this
research reveals that the water influx is primarily driven by electro-osmotic drag
(EOD) at low current densities (j < 30 mA cm™), then becomes dual-dominant with
acid-base recombination (100 — 150 mA cm™), and eventually acid-base
recombination dominates water influx at high current densities (j > 150 mA cm™)
(Figure 5.1b). Overall, this work addresses the gap in understanding of water
transport mechanisms in a forward-bias BPM and presents a high current density,

stable BPM with a viable path for long-term, affordable, grid-scale energy storage.

5.2 Results and discussion

A five-compartment electrodialysis cell was used to conduct all electrolysis
experiments, which assessed the performance of BPMs in forward-bias.** This test
cell consisted of, from left to right in the Figure 5.2 schematic, anode/anolyte,
product, acid, base and cathode/catholyte chambers . The anode and cathode
electrodes were made from nickel (Ni) foil mediating the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER), respectively, and 0.5 M K.SO.,
solution served both as the anolyte and catholyte. Aqueous acid (HCI) and base

(KOH) were circulated at a flow rate of 20 ml min™ through acid and base
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chambers, where stir bars were set at 400 rpm to enhance the mass transport within
both chambers. A BPM was sandwiched between the acid and base chamber and
operated in a forward-bias mode with the CEL facing toward the acid chamber.
Two Luggin capillaries holding Ag/AgCl reference electrodes were positioned in
the acid and base chambers to directly measure the voltage drop across BPMs (V).
KCl was produced through the neutralization reaction in a separate product
chamber located between the acid and anode chambers (Figure 5.2). This custom
cell design enables the precise measurement of V.. by minimizing the impacts of

electrode stability, anode/cathode reactions, and solution resistance.*’

Anode Product Acid Base Cathode
chamber chamber chamber chamber chamber
Luggin B
" capillary |
Ni electrode CEM AEM CEM Ni electrode
J J s BPM
g
L l
cr _"L“Jj H* j OH-} J=
B
05MK,SO, 1MKCI HCI
| |

KOH,, +HCl, — KCl_ +H,0

Figure 5.2 A custom electrodialysis cell for direct measurement of BPM voltage
drops in forward-bias mode. Expanded view of the flow electrodialysis cell used in
this work consisting of anode, product, acid, base, and cathode chambers. A bipolar
membrane separates the acid and base chambers, and a product chamber was placed
between the anode and acid chamber to collect KCI. Nickel foils were used as both
the anode and cathode, and 0.5 M K>SOssolution served as both the anolyte and
catholyte. Ag/AgCl reference electrodes were held in two Luggin capillaries, which
were positioned in the acid and base chambers.

Our previous study showed that a BPM consisting of a Nafion membrane

as the CEL and a PiperlON membrane as the AEL enables sufficient water transport
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to the BPM junction at 1A cm™ in reverse-bias, whereas a commercial BPM
encounters “water starvation” at junctions.!?! Therefore, it is hypothesized that the
combination of Nafion and PiperlON membranes could also enable rapid water
removal from the BPM junctions to prevent flooding of the junction in forward-
bias mode. Previously, the aim was to reduce ion and water transport limitations
for reverse-bias BPM by minimizing the thickness of ion exchange layers.'?!
However, this principle does not necessarily apply to forward-bias BPM designs,
as reducing the thickness of the ion exchange layer can lead to an increase in H-/OH-
leakage, which significantly reduces voltage efficiency. Achieving optimal
forward-bias BPM performance requires a careful balance between these
competing factors, which can be modulated by the CEL and AEL thickness.

To investigate the effects of AEL and CEL thickness on V.., thickness was
independently varied and measured V... over a wide range of current densities from
0 to 200 mA cm. By keeping the CEL thickness constant at 125 pum, it was found
that a thinner AEL resulted in a higher V.., up to comparable performance observed
for 15 and 20 um thick AELs (Figure 5.3a). After selecting the thinnest AEL (15
pum), the effect of CEL thickness on V.. were further investigated. It was observed
that the asymmetric BPM architecture with the thickest CEL (225 pm) resulted in
the highest Vi of 230 mV at 200 mA cm™ (denoted as “aBPM”) (Figure 5.3b).
This asymmetric BPM was also tested in different concentrations of HCl and KOH
(Figure 5.3c). Surprisingly, a decrease in V.. when increasing the acid/base

concentrations from 1 to 2 M was observed. Furthermore, the V... decreased for j >
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50 mA cm™? when the acid/base was diluted to 0.5 and 0.25 M, as the diluted
reactants (H" and OH") imposed mass transport limitations at high current densities.

The aBPM was benchmarked against a commercially available BPM
(Fumasep BPM) and found that the Fumasep BPM showed higher V... values at j
< 30 mA cm™, indicating lower H/OH" leakages. However, the Fumasep BPM
failed, with the V,wapproaching 0 mV, at j > 50 mA cm™ due to “flooding” of the
BPM junctions. The poor water transport phenomena of the Fumasep BPM were
attributed to the presence of a reinforcement layer, ' as well as a tightly laminated
junction (Figure S5.1). In contrast, the custom aBPM allows for operation at 200

mA cm with a yield of 230 mV voltage (Figure 5.3d).
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Figure 5.3 Electrochemical characterization of the BPMs made from Nafion (CEL)
and PiperlON (AEL) membranes. (a) Polarization curves for AEL thicknesses
ranging from 15 to 60 um when coupled with a 175 um thick CEL. (b) Polarization
curves for CEL thicknesses ranging from 225 to 50 um when coupled with a 15 um
thick AEL. (c) Polarization curves for the BPM with 0.25 to 2.0 M acid/base
feedstocks. The acid concentration equals the base concentration in all experiments.
(d) Comparison of the aBPM, consisting of a 225 um CEL and a 15 um AEL, with
the commercial Fumasep BPM.

Although the acid-base neutralization is kinetically fast (~1.3 x10!'M! 57!
at 25°C), previous studies have demonstrated that adding catalysts to BPM
junctions can significantly facilitate this reaction by providing a larger volume of
reaction sites.!® Due to the extreme pH microenvironment at BPM junctions, the
catalysts must be chemically stable under extreme acidic and basic conditions,
therefore, high surface, acid/base resistant nanocarbons could be ideal candidates.
Catalysts furnished BPMs were assessed by spin-coating the same quantity (i.e., 10

mg catalysts in the ink) of graphene oxide (GrOx), graphene nanoplatelets (GN),
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carbon black (CB) and TiO:. inks at the BPM junctions. The GO-furnished BPM
(denoted as “aBPM-GO”) outperformed the GN, CB and TiO.-furnished BPMs
after re-optimizing the AEL/CEL thickness and deposition method (Figures 5.4a,
S5.2, 3). One possible reason for the observed performance trend could be that the
2D GROX formed a thin and flat catalyst layer, reducing ion transport limitations
and increasing H'/OH™ concentrations at BPM junctions. Furthermore, optimizing
GrOx coverage in the junction is crucial for the best BPM performance. It was
demonstrated that 3 layers of spin coat GrOx provides satisfactory coverage, as
confirmed by SEM images (Figure 5.4b, ¢). However, excessive GrOx deposition
(e.g., five time GrOx deposition) can lead to a denser and thicker catalyst layer
(Figure 5.4¢). Although it can provide more reaction sites, it can also lead to poorer
adhesion and increases in the thickness of the catalyst layer, which dilutes the
reactant concentrations and hinders ion transport.

The thermodynamic V.. with 1 M H" and OH" feedstocks is ~826 mV,
based on a ApH of 14 across the membrane.!*> However, discrepancies were
noticed between the V.. of aBPM-GROX and the thermodynamic value,
particularly at j > 100 mA cm™, which could be attributed to several factors
including ion and water mass transport limitations, H'/OH leakage, ohmic
resistances, etc. (Figure 5.4d). To resolve the role of ohmic resistance to this loss,
a four-point electrical conductivity measurement was conducted on Nafion and
PiperION and iR.. and iR.. were calculated at corresponding current densities.
Solution ohmic losses (iR.....) were determined by measuring voltage drops across

two Luggin capillaries without BPMs. It is noted that the CEL imposes significantly
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ohmic losses (51.5 mV at 200 mA cm™) compared to AEL (4.1 mV at 200 mA cm"
2) due to the thickness difference (175 um c.f 15 um). Furthermore, the CEL's
ohmic losses are even greater than the solution’s ohmic losses (~30.0 mV at 200
mA cm™?). The solution ohmic loss corresponds to a mere ~300 um distance
between the Luggin capillary and the BPM surface, highlighting the effectiveness

of using a Luggin capillary for V... measurement.
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Figure 5.4 Electrochemical characterization of the catalyst furnished BPMs. (a)
Polarization curves for the BPM containing graphene oxide (GO), graphene
nanoplatelets (GN), carbon black (CB), and TiO. at the junctions. The TiO.
furnished BPMs showed unstable V..., and the values reported are average values
for the first 30 seconds. The rest V..wvalues are average values over 30-200 seconds.
(b) Polarization curves for the BPMs with various GrOx deposition times. The
optimal performance was observed for three time GrOx deposition. (¢) SEM images
of GROX on the Nafion CEL after one-, three- and five-time deposition. (d) Sum
of voltage contributions due to CEL ohmic loss, AEL ohmic loss, and solution
ohmic loss. All BPMs are made from 175 pm Nafion and a 15 um PiperlON
(Figure S5.2). All experiments are performed with 1 M HCl and 1 M KOH.
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The power densities for Fumasep BPM, aBPM, and aBPM-GROX was
also evaluated, at 0 to 200 mA cm™? with 1 M H" and OH™ (Figure 5.5a). The
Fumasep BPM exhibited a peak power density of 16.4 mW cm™ at 30 mA cm™ and
quickly experienced a deleterious decrease at 50 mA cm2. Both aBPM and aBPM-
GrOx have asymmetric architectures that facilitate rapid water transport, allowing
them to operate at 200 mA cm. aBPM-GrOx doubled the power density of aBPM
because the GrOx layer significantly enhances the acid-base recombination.

A forward-bias BPM fails immediately once the junction is flooded, which
dramatically amplifies the internal resistance and disrupts the junction structure,
leading to “failure.” To understand the stability of the aBPMs in forward bias, 24-
hour durability of Fumasep BPM, aBPM, and aBPM-GrOx in the electrodialysis
cell at 50 mA cm™ was measured. The output voltage of the aBPM decreased
~6.8% after 24-hour operation, while the Fumasep BPM completely failed within
the first 15 minutes. Incorporating the GrOx layer improves the BPM durability,
resulting in only a ~1.6% voltage drop after 24 hours. All electrolytes were
refreshed every 6 hours to ensure that the decreased performance was not from
reactant concentration reduction. These results demonstrate that the asymmetric
BPM architecture can sustainably remove water from the junctions and output a

stable voltage for an extended period.
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Figure 5.5 Evaluation of power density and durability of various BPMs. (a) Power
density comparison of Fumasep BPM, aBPM, and aBPM-GrOx using 1 M HCI
and 1 M KOH electrolytes at different current densities. (b) 24-hour durability test
conducted at a constant current density of 50 mA cm™, with periodic electrolyte
refreshment every 6 hours.

To maintain sustainable operations of a forward-bias BPM, it is crucial to
manage water transport, effectively ensuring that the influx of water towards the
membrane equals the efflux of water leaving the membrane. Water flow into BPM
junctions occurs through two main mechanisms: 1) water generation via acid-base
neutralization (represented as Ji..., Equation 5.3, V,, = 18.015 ml mol™!, F =
96485.33 s A mol™!), and 2) water transport with solvated ions, also known as
electro-osmotic drag (represented as J..,). Deuterium (D)-labeled electrolytes were
employed to quantify the J....and J., by directly measuring the water removal
fluxes from AEL (represented as J....) and CEL (represented as Ji.o ) based on
Equation 5.4 and 5.5. To accurately measure Jizo . and Jizo e, 20 vol% D.O was
added to the acid and base chambers, respectively, and analyzed the D
concentration at the opposite side of the membrane using a highly sensitive isotopic
water analyzer (Figure 5.6a). aBPM-GrOx was used to study water transport

because it is the only BPM that can operate sustainably at high current densities.
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Further details on the experimental setup and analysis can be found in the

Supporting Information.

Jrewein= (I X t X V,,)/F (5.3)
JHZO, AEL + JHZO, CEL = c.]rmdi(m + JEOD (5 .4)
JEOD = JHZ(Z AEL + JHZ(Z CEL™ l]Reucliun (5 .5)

Electrolysis was conducted for 60 minutes at current densities of 0, 30, 100,
and 150 mA cm™ and monitored the water fluxes from the AEL and CEL every 10
minutes. No change was observed in the D concentration in either the acid or base
chamber when solution was flowed without any applied currents for 60 minutes
(the electrolytes were recirculating), indicating minimal electrolyte crossover
through diffusion. For water transport experiments with applied current, the amount
of water that escaped from the AEL vs. the CEL was comparable at all tested current
densities despite the CEL being approximately eight times thicker than the AEL
(175 um vs. 20 um). This result was confirmed by the independent water osmosis
rate measured through a 175 pm CEL (Ji0 s, 0.001116 ml min™) and 20 um AEL
(Jizo., 0.000672 ml min').

In addition, it was observed that the influx of water (equaling efflux of
water) from the BPM did not increase proportionally with the current density.
Instead, it first decreased from 30 to 100 mA cm™ and then increased as the current
density increased from 100 to 150 mA cm™2.!?* At 30 mA cm™, the average EOD

coefficient measured in this work was ~5, indicating that a solvated proton or
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hydroxide ion can transport more than five water molecules. However, the EOD
coefficient decreased significantly with increasing current densities, reaching ~1 at
100 mA cm™ and ~0.6 at 150 mA cm, which is consistent with previous studies. '’
As the current density increases from 30 to 100 mA ¢cm™ in a BPM, J.., dominates
the influx of water. However, at higher current densities of 100 to 150 mA cm™,
the contribution of J.»» and Jr.... to water influx becomes almost equal. When the
current density surpasses 150 mA c¢cm™, the Ji.... becomes the dominant factor, as
the EOD coefficient drops to below 0.6. When J..... dominates the water influx,
higher current densities (j > 150 mA cm™) result in an overall increase in water
influx. However, as the primary drive force for water efflux, osmosis decreases at
higher current densities because the concentration of H" and OH™ reduces at the
electrolyte-membrane interface due to the rapid consumption of H" and OH" as
reactants. Eventually, the water influx surpasses the water efflux, leading to

membrane failure.



103

(a) (b)
D labeled JH2O AEL JHQO CEL
OD~(20%) abele: )
OH-(80%) electrolytes OH- ‘—‘J_’
AEL >£HS,([))ZO_< Isotopic >D_HS,ODZO(< 1 Reaction
CEL 2 analyzer 2 Jow 4 I,
H* D labeled D* (20%) Jeop, AeL Jeop, ceL
electrolytes H* (80%) e
1 | | |
CEL water transport analysis AEL water transport analysis

e
2
Q.
C

0.06 -
30 150 mAcm? S
- g 61
5
~ 0.044 o Q
E 8 = 4
£ S a)
g . o
> 0.02{ =
! b el
&
g o
S 2
0.00 : . : : : : <o l=% . . : . :
10 20 30 40 50 60 10 20 30 40 50 60
Time (min) Time (min)

Figure 5.6 Water transport analysis in forward-bias BPMs. (a) Schematic diagram
of the water transport analysis using deuterium (D)-labeled electrolytes. The acid
chamber was fed with 20 atm% D" as feedstock, and the D was monitored using
an isotopic water analyzer in the base chamber for the AEL water transport analysis
and in the acid chamber for the CEL water transport analysis. (b) Illustration of the
water mass balance for a BPM in forward-bias mode, which accounts for water
from acid-base reaction, electro-osmotic drag (EOD), and water removed from
AEL and CEL (Jizo 4z and Juo ). (¢) Non-cumulative Ji.o . and Juo . within 60
minutes at 30, 100 and 150 mA cm™. For instance, “20 mins” refers to 10-20
minutes. (d) Averaged EOD coefficient values measured at 30, 100, and 150 mA
cm. All experiments were carried out using aBPM-GroOXx.

5.3 Conclusion

This work demonstrates the successful implementation and optimization of
a forward bias BPM, composed of a Nafion membrane as CEL, PiperlON
membrane as AEL, and GrOx catalyst. Significant performance improvement over
previously published work as well as the commercial Fumasep BPM are achieved.
When tested in the custom flow cell, the aBPM achieved operation up to 200 mA

cm= with a yield of ~580 mV voltage, establishing a power density of 109 mW cm-
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:, Furthermore, this BPM demonstrated stability for over 24 hours at 50 mA cm™
with a voltage decrease of only ~1.6%, significantly better than the commercial
Fumasep BPM, which failed after only 10 minutes.

Furthermore, this high-performing BPM offers an unprecedented
opportunity to fundamentally investigate water transport (employing isotopic
labeling) and elucidation of failure mechanisms at a wide range of current densities.
The results unveil the dominant mode of water transport at low, intermediate, and
high current densities. At <30 mA cm™ water influx is predominantly due to EOD,
then between ~100 and 150 mA cm influx becomes dual-dominant between EOD
and acid-base recombination, and finally, at current densities > 150 mA cm™ acid-
base recombination dominates water influx. In summary, we report a stable, high
current density BPM for forward bias operation along with a novel investigation
into water transport mechanisms in forward bias BPMs, elucidating three current

density dependent water transport modes.

5.4 Materials and Methods
Materials: Nafion NR212 (50 pum, Fuel Cell Store), Nafion 115 (127 pum, Fuel Cell

Store), PiperlON A15R (15 pm, Versogen), PiperlON 20 (20 pum, Versogen),
PiperION 60 (60 um, Versogen), Fumasep FAB-PK-130 (110-140 pum, Fuel Cell
Store), Fumasep FKB-PK-130 (110-140 pum, Fuel Cell Store), Nafion D520 (5 wt%
Ionomer, Fuel Cell Store, lonPower), graphene oxide paste (30 g/L, Graphene
Supermarket), graphene nanoplatelets (6-8 nm thick, 25 pm wide), carbon black

(Ketjenblack EC-600 JD), D2O (99%, Sigma Aldrich), potassium chloride (KCl,
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Sigma Aldrich), hydrochloric acid (HCI, Sigma Aldrich), potassium hydroxide
(KOH, pellets, Sigma-Aldrich). All membranes were received in dry form, pretreated
according to manufacturer’s instructions before use, and stored in DI water (CEMs)
or 1 M NaOH (AEMs). All chemicals were used as received.

Catalyst ink: The catalyst inks were prepared by reducing the concentration of
graphene oxide paste (Graphene Supermarket) from 30 g/L to 10 g/L.. However, the
direct preparation of inks using a concentration of 10 g/L for graphene, activated
carbon black, and TiO, was not feasible. To ensure a fair comparison, it was ensured
that the catalysts effectively covered the entire membrane surface, similar to the
coverage achieved with GO.

BPM fabrication: A pre-cut 1.5x1.5 cm square of Nafion membrane was soaked in
DI water for at least an hour (after the pretreatment of 1 M HCIl treatment at 90°C for
1 h). Once removed from the water bath, it was placed on a glass slide and gently
dried using a Kim wipe. Next, the membrane was taped on all four sides to the glass
slide with Kapton tape. Catalyst ink was then applied to the Nafion membrane using
spin coating at 3000 rpm for 30 sec. The Nafion membrane with the catalyst was then
heated in an oven at 100°C for 2 min. This process could be repeated for additional
layers up to five layers. The Nafion membrane with the catalyst was then soaked in
a 1 M HCI bath for at least two hours for rewetted and sandwiched with the desired
thickness of PiperlON membrane. Care was taken to press out any air pockets, and
the membranes were tested immediately after assembly. The BPM without a catalyst
did not require any catalyst deposition procedure.

Electrodialysis cell design/assembly: Figure 2 shows a schematic of the

electrodialysis cell used for testing the BPMs in this work. The cell consisted of, from
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left to right in schematic, an anode, an anolyte chamber, a CEM, a dilute chamber,
an AEM, an acid chamber, a BPM (1 cm? active area), a base chamber, a CEM, a
catholyte, and a cathode. Both the anode and cathode consisted of Ni foil with copper
tape as leads. Aqueous 0.5 M K2SO4 was used as both the anolyte and the catholyte
and was recirculated through both chambers at ~10 mL min™!. Aqueous 1 M KCI was
recirculated at ~2 mL min’ through the dilute chamber and aqueous HCI and KOH
flowed through the acid and base chambers at 20 mL min™'. Both CEMs used in the
cell stack were Nafion N324 (280 um, Fuel Cell Store) and the AEM was Fumasep
FAB-PK-130 (130 um, Fuel Cell Store). Luggin capillaries holding Ag/AgCl
reference electrodes (CHI111, CH Instruments) were placed in the acid and base
chambers to allow for the most direct measurement of the voltage across the BPM.
Chronopotentiometry: After the electrodialysis cell described above was
assembled, potentiostat (Biologic SP 300) leads were attached in a four-point
measurement configuration so that a current could be applied across the full cell and
the resulting voltage could be measured directly across the BPM.
Chronopotentiometry measurements were used to obtain all reported data for all
polarization curves. For each point, a chosen current was applied across the anode
and cathode and held steady, and voltage reported here is the average voltage between
the 30-200 sec. The current was then increased to the next value and the process was
continued until all desired current measurements were performed. The final reported
voltage values are averages of the voltage collected over the steady state region for
each chronopotentiometry step.

Ohmic resistance measurements: the electrical conductivities of Nafion and

PiperION are measured to be 68 and 74 mS cm™! using a four-point probe, therefore
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the iRcer and iR4er can be calculated at corresponding current densities. For the
solution resistance measurement, no membrane was placed between the acid and base
chambers. 1 M HCI was added to the chambers and the voltage drops were recorded
at each current density (iRucia), and the iRpuse values were measured using the same
methodology.

Electrochemical Impedance Spectroscopy (EIS): EIS measurements were
performed in the same electrodialysis cell as the chronopotentiometry measurements.
For each BPM tested, measurements were performed at 50 mA cm™. For each step,
the current was held for 10 sec, then scanned from 600 kHz to 20 Hz with an
amplitude of 5-10% of the current, recording every 0.5 sec.

Water transport measurement: 10 mL of DO was added to 40 mL of 1 M HCI as
the acid feedstock, the deuterium atoms (D) present in the D>O rapidly replaced the
protons present in the electrolyte, reaching an equilibrium of ¢(D") : ¢ (H) = 1: 4 as

per Equation 5.5.

H'+D,0=D"+DHO (5.5)

50 mL of 1 M KOH was used as the base feedstock. The water transport was
measured at various current densities (0, 30, 100, and 150 mA cm™) using the test
conditions described in the Chronopotentiometry section. Before electrolysis, the D
containing electrolytes are recirculated for 10 min to ensure the D" or OD™ reach
equilibrium with H" or OH™ within the membranes that attach to the fixed charges.
After electrolysis for every 10 min, 50 pL of the electrolyte from the base chamber

was transferred to a 2 mL vial and mixed with 950 uL of DI water. The & D of the
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resulting samples was measured using the Picarro L2140-1 isotopic water analyzer. 6
D is defined by Equation 5.6 below, and a standard 500 ppm D sample was used for

calibration.

(Q) sample (5'6)
sp = | — 1] x 1000%po

(%) standard

Excel was then used to calculate the amount of DHO generation. It should be noted
that a D concentration of 156 ppm was used for the DI water that was used to dilute
the samples. Because the original volume of KOH for the base chamber is 50 ml, and
the samples were all diluted for 20-fold, therefore, the overall amount of treated

electrolyte is 1000 ml. Finally, the amount of DHO (V (DHO), ml) required to obtain
the (%) can be calculated. The theoretical amount of DHO generated V (DHO,

calculated) at various current densities can be calculated based on Equation 5.7. Note
that the authors acknowledged that DHO is not the only product at the AEM side,
D>0 could also be generated via D-H swapping, but it does not affect the calculations

and the final results.
V (DHO, calculated) = (I x £) / F x 18.015 ml/mol (5.7)

where [ represent the current passing through the BPMs, and ¢ represents the
electrolysis time. F is the Faraday constant (96485.33 s A mol™).

A similar methodology was used for the water transport of CEL
measurement. 10 mL of D>O was added to 40 mL of 1 M KOH as the acid feedstock.

After electrolysis for every 10 min, 50 pL of the electrolyte from the acid chamber
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was transferred to a 2 mL vial and mixed with 900 uL of DI water and 50 uL 1 M
KOH. The reason to neutralize the sample before sending it to the Picarro L2140-1
isotopic water analyzer is to protect the sensor of the instrument. However, the

dilution factor remains 20 unchanged.

5.5 Supplemental Figures
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Figure S5.1 Investigation on the impact of the tightness of a forward-bias BPM
junction on its performance. In a single CEM or AEM, there is no voltage drop due
to the absence of Donnan repulsion for H™ and OH™ ions, respectively. However, for
BPM junctions, the thickness can be intentionally modified to three levels from left
to right: electrostatic attached junction, loss junctions with water bubbles, or tight
junctions with hot-pressed AEL and CEL. Results showed that the electrostatic
attached junction exhibited the best performance, indicating that either too loose or
too tight junctions are not ideal for a forward-bias BPM.
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Chapter 6: Bipolar Membranes for Electrochemically
Mediated Carbon Removal

Content drawn from: Justin C. Bui, Eowyn Lucas, Eric W. Lees, Andrew K. Liu,
Harry A. Atwater, Chengxiang Xiang, Alexis T. Bell, and Adam Z. Weber. Modeling
Bipolar Membranes for Electrochemical Carbon Capture.

And: Yayuan Liu, Eowyn Lucas, Ian Sullivan, Xing Li, and Chengxiang Xiang.
Challenges and opportunities in continuous flow processes for electrochemically
mediated carbon capture. iScience. Volume 25, Issue 10. 2022. DOI:
10.1016/.i5¢1.2022.105153

6.1 Introduction

During my PhD, I assisted with writing a review paper about electrochemical
flow systems for carbon removal. I also performed experimental measurements
supporting a computational study on BPM reaction mechanisms in bicarbonate,
carbonate, and simulated sea water electrolytes for carbon capture applications. This
chapter combines those works, highlighting my main contributions. More details and
supporting information can be found in the full texts cited at the beginning of this
chapter.

As discussed in previous chapters of this thesis, carbon capture technology is
vital for mitigation and reversal of climate change. This chapter focuses on BPM-ED
systems and fundamentals for DAC. Currently, most DAC companies use solid or
liquid sorbent materials to capture CO; from the atmosphere or a point source. One
prominent example is Carbon engineering, which uses alkaline aqueous sorbents
(i.e., KOHq)) to capture ambient CO; as mixtures of (bi)carbonates. The CO?2 is then
released from the sorbent via thermal regeneration, creating a pure CO2 stream which

can be sequestered or converted to useful products. ** Figure 6.1a depicts a typical
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DAC process. Unfortunately, this method for CO2 removal is energy intensive and

expensive due mainly to a significant thermal energy penalty (>150 kJ mol™)

required to regenerate the sorbent material.'”” Furthermore, the thermal energy is

typically provided via burning of fossil fuels, which results in CO> emissions and

reduces the net amount of CO; removed from the atmosphere.
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Figure 6.1 Process flow diagrams of various carbon capture processes. (a) Carbonate
looping with thermal swing desorption. (b) Carbonate looping with electrochemical
pH swing desorption via BPM. (c¢) Direct ocean capture with electrochemical pH

swing desorption via BPM.
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As discussed in previous chapters, electrochemically-mediated carbon
capture (EMCC) can address the challenges associated with thermal sorbent
regeneration by using low-cost renewable electricity for capture and release of CO>
from the sorbent."”*"* Specifically, BPM-ED is a promising EMCC technology,
which uses WD to mediate CO> capture and sorbent regeneration, as depicted in
Figure 6.1b."”'*" A key advantage of BPM-ED is the use of water as the reactant,
which enables higher current densities than other EMCC technologies due to the high
concentration of water (55 M) in aqueous CO> capture solutions. However, the
energy intensity of BPM-ED typically exceeds 300 kJ mol™! because of the water
dissociation overpotential and ohmic resistances in the BPM and current commercial
BPMs struggle to maintain stable operation above 100 mA cm™. Therefore, further
optimization is required for BPM-ED to become more efficient than thermal CO;

sorbent regeneration.'*

Ky, k_y
H,0 < H*+OH- K, =1x10"% (2)

k21 k—2
COzaq) + H20q) &  Hg) +HCO3,) K, =427x1077 (3)

ks, k_s
HCO; « H*+C02" Ky = 458 x 10711 (4)

k4l k—4
COzaq + OH™ & < HCO3 K, =427 x107 (5
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kSI k—S
HCO; + OH™ « H,0 + CO%~ K: = 458%x 103 (6)

The energy intensities for BPM-ED reported in the literature (300-1000 kJ
mol™! CO») are significantly higher than the minimum thermodynamic energy
actually required to capture CO> from air (20 kJ mol™)."*® Unfortunately, very few
theoretical studies have simulated BPMs immersed in carbon-containing solutions to
resolve the dominant energy losses and there is little precedent for modeling the
transport of dilute carbon species in seawater feedstocks used for DOC.">'* In this
chapter, results from a comprehensive model of BPM-ED based on prior work
modeling multi-component transport in BPMs are presented,'** now with the
homogeneous reaction kinetics of reactive carbon species (Equations 2-5).
Furthermore, the model is validated to experimental data in various carbon-
containing solutions and is used to elucidate the nature of in sifru CO> generation and
sorbent regeneration in BPMs employed for EMCC. Experimental work visualizing
and examining the dependance of bubbling on flow rate and current density is also

presented.

6.2 Results and Discussion

To understand the transport and reaction kinetics of reactive carbon species
in BPMs, experimental polarization curves were taken in the custom electrodialysis
cell for a BPM immersed in three electrolytes relevant to carbon removal systems: 1
M KHCO3, 0.5 M KHCOs3, and simulated seawater (0.00211 M NaHCO3 + 0.5 M

NaCl). Simulations of the BPM under polarization in these varying electrolytes were
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run and compared to the experimentally measured polarization curves. Strong
agreement is seen for all three carbon-containing electrolytes for a single set of fitting
parameters (Figure 6.2a and Figure 6.3). Remarkably, the simulation can capture
the non-intuitive polarization behavior occurring at current densities < 20 mA cm™.
At this region, there is an initial onset in current density at ~0.4 V of applied
membrane potential for both the 0.5 M KHCO3 and 1 M KHCO3; BPMs. The current
density of these BPMs increases approximately linearly until ~0.7 V where it then
takes off exponentially. For the seawater scenario, more typical BPM polarization
behavior is observed. The current density does not have an initial takeoff at 0.4 V, so
between 0.4 and 0.8 V the seawater BPM drives less current density than the KHCOs

BPMs. However, past ~0.7 V the current generated in the seawater BPM exceeds that

of the KHCO3; BPMs.
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Figure 6.2 (a) Agreement between experimental (markers with error bars) and
simulated (solid lines) polarization curves for BPMs immersed in various solutions
of aqueous bicarbonate. (b-c) Breakdown of partial current density in the BPM
junction due to contributions of salt crossover (orange), bicarbonate dissociation
(blue), and water dissociation (gray) for a BPM immersed in (b) 1 M KHCO3 and (c)
simulated seawater. The y-scale for panels (b) and (c) are zoomed into highlight the
unique behavior of the carbon-containing BPMs at low current densities.
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Figure 6.3 Comparison of experimental (markers) and simulated (solid lines)
polarization curves from the 4-probe BPM measurement in various electrolytes for
i <20 mA cm2 (within the salt crossover and bicarbonate dissociation regime).

Within the BPM junction, the current density is due to either the crossover of
unreactive co-ions (K*, Na", or CI"), or to the presence of electric field enhanced, net-
charge-generating dissociation reactions. These contributions to the overall
polarization curve were computationally determined and are shown in Figure 6.2b
and 6.2¢ for BPMs operating in 1 M KHCO; and simulated seawater, respectively.
As discussed in Chapter 1, the current density for the simulated seawater case is
primarily driven by salt crossover at low potentials and WD at high potentials.'*>'*
The 1 M KHCO;3 polarization curve, however, is more intriguing. While previous
studies have suggested that the low applied potential current onset for BPMs in weak
buffer electrolytes is entirely driven by titration currents resulting from dissociation

of the weak acid buffer (i.e., the HCO3  anion in this case) in the BPM

junction,">'"*"'** the model suggests that current density in the initial linear feature is



118

still primarily dominated by electric field enhanced WD. Field-enhanced dissociation
of the buffering anion does contribute slightly, but at most accounts for only 50% of
the observed current density. Therefore, the model suggests that the use of 1 M
KHCO:s buffer electrolyte forces an early onset of the electric-field-enhanced water
dissociation reaction. The experimentally supported simulations hence clarify that
the accelerated current onset for KHCOs-exchanged BPMs is largely due to a
reduction in the rate of interfacial recombination due to reaction of WD generated
OH~ with HCOs™ to form COs?™ via what is essentially an indirect HCO5™ dissociation
pathway (water dissociation followed by bicarbonate to carbonate interconversion).
In turn, clarifying that the eventual increase of the seawater current density beyond
the KHCOj current densities is due to the seawater BPM possessing a larger electric
field at a given membrane potential.

Importantly, the model enables spatial resolution of in situ CO, regeneration,
which is shown to occur only at the interface between the CEL and catholyte, as the
concentration of (bi)carbonates is too small within the CEL itself (due to Donnan
exclusion) to facilitate reaction with WD generated H'. Therefore, at the surface of
the CEL, H" from WD reacts with HCOs™ in the electrolyte to form CO». The CO;
solubility limit is eventually reached in the catholyte at the surface for the CEL,
leading to the formation of bubbles. This process was clearly visualized
experimentally when the BPMs were tested in (bi)carbonates in the custom
electrolysis cell (Figure 6.4) and has also been reported in prior studies of BPMs

149,150

operated in KHCO3 solutions.
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Figure 6.4 Image of bubbles forming at the surface of the CEL of a Fumasep BPM
with applied current.

On the AEL side of the BPM, pH increases do not occur as readily with
increasing cell potential because the AEL is fully (bi)carbonate exchanged at
equilibrium and the presence of (bi)carbonates in high concentrations buffers against
changes in pH and pOH. However, past potentials of 0.5 V, the pH does increase
within the AEL, and the concentration of dissolved CO> decreases significantly due
to equilibrium reactions with WD generated OH™. At the same time, HCO3™ is
consumed to form CO;* in accordance with equilibrium, decreasing the
concentration of HCO;3™ in the AEL and increasing that of COs>", at high potential.
Once essentially all the HCO3™ in the AEL has been consumed (V > 0.7 V), the pH
in the AEL increases much more rapidly, and the generated OH™ can escape the BPM
and react with HCO3™ anions in the anolyte. While the concentration of HCO3™ in the
AEL tends to zero at 1.0 V of applied potential, the concentration remains near the
bulk concentration in the electrolyte, demonstrating that there is an abundance of

reactive (bi)carbonate to consume WD generated OH™ anions.
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Figure 6.5 Effect of CO; bubble formation on energetic penalties in BPM-ED
EMCC. (a) Simulated bubble coverage as a function of applied membrane potential.
(b) Simulated energy intensity of a BPM with no bubble management (solid lines)
and perfect bubble management (dashed lines).

When developing practical electrochemical devices, management of bubbles
is a critical element to consider.”'~'> This is especially true for carbon capture devices
that must account for generation of CO> gas from an aqueous (bi)carbonate
electrolyte. The model presented herein enables a simulation of the bubble coverage
on the CEL, as well as an understanding of how the bubble coverage affects the
energy requirements for BPM-ED EMCC. Analysis of the bubble coverage in these
simulations shows that the bubble coverage of the BPM exceeds 30% at high applied
potentials and current densities due to super saturation of the electrolyte (Figure
6.5a). This high bubble coverage is consistent with visual observation of the CEL
during operation. Additionally, the analysis of the energy requirements with and
without losses due to bubble coverage reveals that bubble effects account for nearly

10 kJ mol! of energy loss (Figure 6.5b) for both 1 M KHCO; and 0.5 M KHCO:s at
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100 mA cm2. Therefore, managing bubbles is indeed crucial to improving energy

efficiencies for BPM-ED EMCC.
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Figure 6.6 Effect of boundary layer thickness on the simulated bubble coverage on
the CEL.

Previous knowledge from water electrolysis shows that bubble coverage
losses can be reduced by controlling flow rate, increasing gas headspace pressure,'™*
or employing a surfactant to reduce surface tension and bubble size.”>"* The effect
of flow rate can be represented in our model through the thickness of the anolyte and
catholyte diffusion boundary layers (Figure 6.6). Lower flow rates are represented
by thicker boundary layers, and higher flow rates are represented by thinner boundary
layers."”” The model shows that changing the flow rate has little effect on the
polarization curve (i.e., the energetic requirements) or the overall rate of CO> efflux

from the catholyte (Figure 6.7).
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Figure 6.7 Impact of bubble induced resistances on BPM polarization curves for
BPMs immersed in (a, b) 1 M KHCO3 and (c, d) 0.5 M KHCO:s.

Increasing flow rate, however, does change the current density for which
bubbling is observed. At the base case boundary layer thickness of 25 um,
(corresponding to a Reynolds number (Re) of 18,000, which is in the laminar flow
regime over a smooth flat plate'™), bubbling occurs at a current density of
approximately 20 mA cm™ consistent with experiment. However, for a boundary
layer thickness of 10 um, (corresponding to Re of 111,000, still in the laminar flow
regime for a flat plate **), bubbling does not occur until 60 mA cm. The delay on
the onset of bubbling occurs because the higher Re accounts for faster transport of

CO; away from the reactive CEL/electrolyte boundary, preventing supersaturation
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and keeping CO» dissolved within the aqueous electrolyte. Therefore, flow-rate
management could be key to mitigating losses due to bubble coverage.

Further experiments were also performed (using the custom electrolysis cell)
to understand the effect of flow rate, through the acid and base chambers, on the
amount of bubbling that occurs at the surface of the CEM. To measure the amount of
bubbling, chronopotentiometry experiments were performed between 0 and 100 mA
cm, and the average and standard deviation of the measured voltage was calculated
for the last 60 sec of each current step. Using this method, a larger standard deviation
indicates more bubbling. Figure 6.8a compares standard deviation of voltage vs.
current density for three different flow rates (0.2, 1, and 5 mL min™). This shows that
the amount of bubbling increases much more quickly at slower flow rates than at
faster flow rates, as predicted from the model. Figures 6.8b-d show voltage vs. time
for the three different flow rates examined. The most noise due to the formation of

bubbles can be seen for the slowest flow rate (0.2 mL min’!, Figure 6.8b).
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Figure 6.8 Experimental measurements of bubbling at CEL surface of Fumasep
BPM with varying flow rate. (a) Comparison of the current density at which bubbling
begins based on flow rate through the cell, via standard deviation of measured

voltage. Voltage vs. time for current step measurements at (b) 0.2 mL min, (c) 1
mA cm?, and (d) 5 mA cm™.

Figure 6.9a-b present polarization curves for Fumasep tested at each flow
rate in 1 M KHCOs3 and 0.5 M NacCl, respectively. Comparing the two plots indicates
that the addition of bicarbonate species into the electrolyte increases the average
voltage measured at each current density. Furthermore, without the bicarbonate
species present (Figure 6.9b), flow rate has no effect of the measured BPM voltage.
However, in the presence of bicarbonate (Figure 6.9a), the average voltage is highest
for the slowest flow rate, indicating that an increase in bubbles over the faster flow

rates leads to decreased surface area and increased resistance. This experimental data
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further supports the importance of flow rate and bubble mitigation on maintaining

low cell voltages when using BPMs for carbon removal.
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Figure 6.9 Polarization curves depicting average voltage vs. current density for
Fumasep tested in (a) | M KHCOs3 and (b) 0.5 M NacCl.

6.3 Conclusion

Electrochemically mediated carbon capture strategies have the potential to
displace thermal desorption techniques used in DAC because they operate with lower
energy requirements at ambient temperatures and pressure. Bipolar membrane
electrodialysis (BPM-ED) is a promising technique that uses H" and OH™ generated
by electric field enhanced water dissociation (WD) in the BPM to simultaneously
drive the release of CO and the recovery of COs*>™ from an electrolyte containing
reactive carbon species. Unfortunately, the mechanisms, local environments, and
energy losses in BPM-ED systems for carbon capture have been poorly understood,
especially at the micron scale level within the BPM itself. Herein, simulations
matched closely by experiment were developed and used to resolve the rates of the
various kinetic and transport processes (field enhanced water or bicarbonate

dissociation, homogeneous buffer reactions, salt crossover, etc.) occurring within
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BPMs immersed in three reactive carbon solutions relevant to carbon capture: 1 M
KHCOs3, 0.5 M KHCOs3, and simulated seawater. Simulations reveal that an early
onset in observed current density for (bi)carbonate exchanged BPMs is due to field
enhanced dissociation of the bicarbonate anions as well as a reduction in H/OH
recombination due to competitive reaction of OH™ with HCOs to form COs*
indirectly.

Furthermore, analysis of energetics and bubble coverage effects reveal that
one of the greatest opportunities for optimization of these systems are through the
management of bubbles. This is supported through experimental observation and
analysis of the onset of bubbling vs. current density at multiple flow rates. The
experimental work indicated that faster flow rates can in fact delay to onset of
bubbling, allowing for operation at higher current densities without resistance losses
from bubbles. Ultimately, this work provides substantial insight into the mechanistic
behavior of reactive carbon species in BPM systems, relevant to many
electrochemical carbon capture and conversion technologies, and elucidates the
promise of BPMs in performing BPM-ED for carbon capture at current densities

exceeding 100 mA cm™.

6.4 Materials and Methods

Chemicals: All chemicals were used as purchased. Sodium hydroxide (NaOH,
Macron Chemicals), sodium chloride (NaCl, VWR Chemicals), sodium bicarbonate
(NaHCO3, >99.5%, Sigma-Aldrich), potassium bicarbonate (KHCO3, 99.7-100.5%,
J. T. Baker), and potassium carbonate (K>COs3, 99.997%, Thermo Scientific).

Simulated seawater in this work consists of 0.5 M NaCl with 0.00211 M NaHCOs.
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Electrodialysis Cell: Experimental current density-voltage measurements were
obtained using a house-made five-chamber electrodialysis cell with Luggin
capillaries. The cell was constructed, as depicted in Figure S1, using a Ni foil (VWR)
anode and cathode, Nafion N324 CEMs (FuelCellStore), Fumasep FAB-PK-130
AEM (Fuelcellstore), and Fumasep FBM-PK BPM (Fuelcellstore). The active area
of the BPM in this specific cell was 1 cm?. Copper tape was used as leads for the Ni
electrodes and Ag/AgCl (CH instruments, CHI111P) reference electrodes were
placed in custom made glass Luggin capillaries on either side of the BPM.

Electrochemical measurements: Once the electrodialysis cell was assembled, a
peristaltic pump (Ismatec ISM4408) was used to flow 1 M NaOH (10 mL min™')
through the outer chambers, 3 M NaCl (10 mL/min) through the dilute chamber
(chamber between CEM and AEM), and the relevant bicarbonate, carbonate, or
simulated seawater solution (0.2 mL/min) through the chambers on either side of the
BPM. These flowrates remained constant through all measurements. Once all
chambers were filled, leads from a SP-300 BioLogic potentiostat were connected to
the cathode, anode, and reference electrodes in a four-point measurement
configuration. Current density-voltage measurements were then obtained by
applying a chosen current across the cathode and anode and measuring the voltage
between the two Ag/AgCl reference electrodes. Measurements were started at 0.1
mA cm and increased stepwise through each current density to 100 mA ¢cm 2 (EC-
lab® software). Each current step was held constant for 20 minutes to obtain a steady-
state voltage. The final voltage collected at each current step was reported in the

current density-voltage plots, apart from some of the higher current density steps.
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During the 1 M KHCO3 and 0.5 M KHCO3 experiments, CO> bubbles formed at the
surface of the electrode at higher current densities (> 20 mA/cm™) causing a
significant amount of noise in the data. For these measurements, the voltage reported
was taken as the average over the current step.

Experimental bubble measurements: Commercial Fumasep BPMs were used for
all experiments. All tests were performed in our custom electrodialysis flow cell,
flowing 1 M KHCO3 (unless otherwise stated). Stirring in the acid and base chambers
for implemented at for all experiments to minimize mass transport effects other than
flow. Chronopotentiometry measurements were stepped from 0 to 100 mA cm™,
holding for 2 min at each current and measuring the resulting voltage across the BPM.
Average and standard deviation of the voltage at each current step with the calculated
for the final 60 seconds of each step. The standard deviation of the voltage was then

used as a metric to determine the amount of bubbling at each current.
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Chapter 7: Summary and Outlook

This thesis presents a range of work focused on developing and implementing
bipolar membranes (BPMs) for direct ocean capture (DOC) of carbon, direct air
capture (DAC) of carbon, and energy storage. The main BPM presented in this text
was successfully designed to overcome water transport limitations that currently exist
in commercial BPMs and prevent stable high current density operation. The novel
BPM was also engineered to maximize membrane and catalyst adhesion, while
minimizing resistive voltage losses and membrane degradation. The high current
density BPM (HCD-BPM) consists of a simple combination of a Nafion CEL,
PiperlON AEL, and GrOx catalyst and has achieved record breaking performance
(~1.1 V@ 1 A cm?), H" and OH" efficiency (> 90% above 100 mA cm™), and
stability (>1000 hour at 80 mA cm, >100 hours at 500 mA c¢cm, and >60 hours at 1
A cm™). The HCD-BPM was also successfully scaled 6-fold and implementation into
a multi-cell electrodialysis stack designed for integration into a DOC system.
Furthermore, forward bias testing of the HCD-BPM indicated its excellent potential
for implementation into an acid/base flow battery. Finally, due to its simple structure,
the HDC-BPM was an ideal candidate for fundamental studies probing the
experimentally elusive inner workings of a BPM. Specifically, the membrane was
employed to successfully examine the structure of the CEL/AEL junction, in-situ pH
with applied current, and mechanisms of water transport.

Although significant performance improvements and fundamental insights
have been achieved, challenges still reaming for which the HCD-BPM is well

equipped to address. The main challenges necessary to overcome for
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industrial/commercial implementation of the HCD-BPM are: 1) increased stability,
i1) stronger junction adhesion, and iii) fabrication modification for ease of scaling.

Although over 1000 h of continuous stability was achieved at 80 mA cm-2,
similar thousand or multi thousand-hour measurement for high current density
operation (> 200 mA cm™) are a prerequisite to commercial implementation. The
HCD-BPM does not suffer from water transport limitations (as current commercial
BPMs do), however, an independent high current density challenge of membrane
over heating presented itself in this work. Therefore, to accomplish the goal of >
1000 hours of stability at high current densities, implementation of system
temperature controls or use/development of high temperature resistant membrane
will be necessary.

The second challenge of improved BPM junction adhesion has proven critical
to overcome for scaled operation of the HCD-BPM. For small area (1 cm?) tests,
electrostatic interactions between the CEL and AEL proved strong enough to prevent
delamination. Once scaled to an active area of 6 cm? however, membrane warping,
wrinkling, and delamination was observed after BPMs were removed from the testing
cell. Reduces mechanical stability due to a larger free standing BPM active area and
high flow rates typically used in BPM-ED cell stacks are the most likely culprits
causing the observed BPM deformation. Addition of a chemical adhesive layer at the
BPM junction should be implemented to improve mechanical stability, however, the
benefits from this improved adhesion will need to be weighed against resistive

voltage losses that will inevitably occur.
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To overcome the third challenge of BPM development, fabrication methods
will need to be modified in order to make larger area membranes, which will be
necessary for commercial applications. Specifically, the methods used for fabrication
of the 1 and 6 cm? active area BPMs employed the technique of spin coating for
catalyst deposition, which is not conducive to scaling. Ideally, nearly identical BPMs
can be fabricated through casting of the CEL and AEL and either casting or spray
coating of the catalyst layer. These techniques are much more suited to scaling and
eventual roll to roll processing for commercial production.

The HCD-BPMs will also be useful for future studies of BPM fundamentals.
There is still significant space for experimental and in-situ studies of pH in an around
a BPM. Initial work using confocal microscopy with fluorescent pH sensitive dyes
allowed for three-dimensional visualization of the HCD-BPM structure as well as
measurement and visualization of the change in pH with applied current just a few
um from the surface of the BPM. Visualization changes in pH with applied current
within the BPM layers proved challenging because the BPMs shifted on the order of
100 um when current was applied. With improved cell design including added
mechanical support for the BPM, however, the pH within the BPM could be directly
visualized opening a door to many fundamental insights.

Finally, as presented for the forward bias studies in chapter 5, the HCD-BPM
may be used for further investigation of water transport mechanisms. The work in
chapter 5 specifically explored water transport in forward bias operations. These
same measurements, employing isotope labeling of water, can be implemented in

reverse bias experiments. With this direct insight into water transport, failure
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mechanisms theorized to be due to water transport limitations could be
experimentally proven, granting insight into how to overcome this cause of

membrane failure.
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Appendix 1: Nanoporous Copper as a Catalyst for
CO:2 Reduction

Note: This section of the thesis presents work accomplished in the first two year of
my PhD, prior to taking a year leave of absence. When I returned to Caltech, I did
not continue directly working on this project, however, I have worked with and
advised other graduate students in the group who are continuing this effort.

Al1.1 Introduction

With the growing threat of climate change, as discussed in Chapter 1, it is
becoming increasingly important to reduce the amount of anthropogenic CO>
released into the atmosphere.®® One technology that can help to mitigate atmospheric
CO: levels is electrochemical CO; reduction to fuels.!>*1%° This technology utilizes
COz removed from the atmosphere via DAC or DOC, electrochemically converting
it to commodity chemical and fuels and creating a closed loop cycle for CO>removal
and use.!>*101-163 A gjonificant quantity of work has been published on materials
catalysts for CO; reduction, all focused on overcoming two main challenges:
selectivity and efficiency.’®!15%160:164-166 When performing electrochemical reduction
on COg, there are many possible products that can form, therefore, it is critical to
develop catalyst materials that are selective for one specific product.'¢’-1%
Furthermore, with regards to catalyst material design, it is essential to improve the
efficiency at which products are formed, in turn reducing the energy input necessary
to drive reduction reactions,!!-167:170

Previous work has revealed Cu as a highly active catalyst capable of efficient

COz conversion to a wide range of products.'”'~17¢ In addition, it is widely understood
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that high surface area catalysts lead to an increase in energy efficiency.!! 165171177 [y

this chapter, fabrication, material characterization, and electrochemical testing of

)!78182 electrodes for CO; reduction is

high surface area nanoporous copper (np-Cu
reported. Procedures for depositing a copper/aluminum alloy and subsequently
etching away the aluminum are perfected as a repeatable method for fabrication of
np-Cu (Figure A1l.1). The np-Cu electrodes are then electrochemically tested and

shown to be more selective than planar Cu electrodes for CO» reduction to ethylene

(C2H4) over carbon monoxide (CO) and hydrogen (H>).

(a) (b)
E-beam
deposition

Cu/Al Alloy

Figure A1.1 (a) Deposition and etching for fabrication of NP Cu. (b) and (c) SEM
images of top view and cross- section of NP Cu, respectively.
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A1.2 Results and Discussion

In this work, np-Cu was fabricated for use as an efficient and selective CO2
reduction catalyst. An ideal and repeatable np-Cu fabrication technique was achieved
through deposition of a Cu/Al alloy and subsequent etching with H3POs, the results
of which are shown with SEM images in Figure A1.1b-c. The etched np-Cu samples
were then electrochemically tested to measure current efficiency and product
selectivity. A compression flow cell was utilized for electrochemical tests, as
descried in Section A1.4. The amount of each resulting product was measured with
a gas chromatographer and used to calculate Faradaic efficiency (FE) and partial
current density for each product detected. FE for e-beam deposited planar Cu (10nm
Ti, 200nm Cu) and np-Cu (10nm Ti, 200nm Cu, 25onm np-Cu) at 3 different
potentials (-0.9, -1.1, -1.3 V vs. RHE) were compared (Figure A1.2), revealing that
FE for ethylene is significantly increased for np-Cu electrodes over planar electrodes,
with a max FE for ethylene of ~35% at -1.1V vs. RHE. Examining the partial current
densities of each product (Figure Al.2¢-d), it is seen that H, from the competing
water electrolysis half reaction is dominate product, with ethylene (C2Has) in second
place. The production of H>, however, is significantly reduced for np-Cu over planar
Cu.

This increased selectivity toward ethylene seen for the np-Cu is hypothesized
to occur due to Cu’s intermediate binding energy for CO, as well as the exposure of
catalytically active grain boundaries and surface facets. An intermediate binding
energy for CO indicates that CO will remain on the catalyst surface long enough for

further reaction to occur, forming high carbon products, but not so long that the
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competing water electrolysis reaction will dominate. The np-Cu catalyst presented

here shows these qualities, however, future work to eliminate H» as a product will be

essential to eliminate a need for subsequent product separation.
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Figure A1.2 (a) and (b) are the Faradaic Efficiencies and (c) and (d) are the current
densities of CO, CH4, C2H4, and H2 at three different potentials (-1.3, -1.1, -0.9 V
vs. RHE) for planar Cu (10nm Ti and 200nm Cu on glass) and NP Cu (10nm Ti,

200nm Cu, and 250nm NP Cu on glass), respectively.

Beyond the electrochemical measurements already discussed, further

structural development of the np-Cu catalysts was explored. First, multiple tunable

parameters were considered to alter the morphology of the electrodes: ligament size,

sample porosity, and total thickness. Ligament size and porosity were seen to

simultaneously shift depending on the ratio of Cu to Al in the initial deposited alloy



137

(Figure A1.3). The thinnest and most porous ligament structure is observed for
samples prepared with 15 vol% of Cu in the original alloy. Samples etched from 20
vol% Cu have an intermediate ligament size and porosity and those made from 25
vol% Cu show the largest and most dense ligament distribution. Further
electrochemical experiments are necessary to determine if this variation in ligament

size and porosity influences product distribution and current efficiency.

20 vol% Cu () 25 vol% Cu

Figure A1.3 SEM images of NP Cu etched from 25 vol%, 20 vol%, and 15 vol%
Cu/Al Alloy, respectively.

Another parameter investigated was the thickness of the np-Cu electrodes.
The final thickness was modulated by simply changing the thickness of Cu/Al alloy
initially deposited. Fully etched np-Cu samples were produced from a 1000 pum thick
Cu/Al alloy (Figure A1.4) indicating that the thickness of these catalysts can in fact
be modified. These thick samples, however, show voids not seen in the thinner
samples prepared from 500 um thick alloys. Future electrochemical characterization
is necessary to understand how the change in thickness and presence of voids may

shift current efficiency and product distribution.
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Figure A1.4 SEM images for visualization of 1 um thick NP Cu sample. (a) and (b)

show trenches in top-down visualization. (c) and (d) uniformity of NP Cu through
cross section of sample.

&

A1.3 Conclusion and Outlook

In this section, np-Cu electrodes fabricated using electron beam co-deposition
of a copper/aluminum (Cu/Al) alloy are presented. These nanoporous structures are
preferable to planar Cu because they have a higher electrochemical surface area and
contain an increased quantity of high index facets, which lead to selectivity toward
desirable high carbon products. When electrochemical testing and product analysis
were conducted, the np-Cu samples are shown to increase the selectivity of CO»
reduction towards ethylene (to > 35%), when compared to products made by planar
Cu electrode. Although this result is promising, more work needs to be done to
suppress the hydrogen evolution reaction and improve current efficiencies. Initial
work varying membrane morphology was also presented, however, electrochemical
testing and product analysis is still necessary for evaluation of these structures.

One method that has been previously investigated in planar Cu systems for
improved product selectivity is the addition of gold nanoparticle, forming new
catalytically active grain boundaries between the gold and the copper.'®* A similar
deposition technique was used to deposit Au nanoparticles on the surface of np-Cu

samples. The fabrication was successful, as seen in Figure A1.5, however, as with
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the varied morphologies described previously, electrochemical testing and product

analysis remains necessary to determine performance for selective CO; reduction.

e-beam evaporation.

Lastly, a promising method for suppression of water electrolysis is the
implementation of gas diffusion electrodes (GDE), porous electrodes that allow for
pure CO flow across one side and electrolyte flow across the other.!9>1061% GDEs
have been previously employed in electrochemical CO» reduction systems and can
drastically improve current efficiencies because of the significantly higher
concentration of CO» present as well as suppress H» evolution by limiting the amount
of aqueous electrolyte present at reaction sites.'3* 186 The built in porosity of the np-
Cu catalysts make them an ideal candidate for use in a GDE. Initial fabrication of np-
Cu GDEs by deposition and etching Cu/Al alloys on a porous carbon substrate was
successfully (Figure A1.6). Future work should be done to implement these np-Cu

GDE:s into electrochemical cells to evaluate performance and product distribution.
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Figure A1.6 SEM images of (a) carbon paper and (b), (c) NP Cu coated carbon paper.

Al1.4 Materials and Methods
Materials: Potassium carbonate (99.995%, Sigma Aldrich), Nitric Acid (18 M EMD

Millipore Corporation), Si [p-type, 0-10 Q cm, (100) orientation, 620 + 25 pm thick,
University Wafers], Pt foil (99.99% , 0.05 mm thick, Alfa Aesar), and Phosphoric
Acid (85%, Fisher Chemical) were used without modification unless otherwise
noted. The materials for electron beam deposition materials were ordered from
Plasmaterials. The materials used were, Cu (99.9999%, 9 mm and down random size
pieces), Al (99.99%, 0.250” Dia x 0.250 Long Pellets), and Cr (99.95%, 1-3mm
Random Size Pieces). All water used for experiments was deionized and filtered
through a 0.22 um Millipak Express 40, serial number 0826.

E-beam deposition: The e-beam deposition system (System 02520, Angstrom
Engineering) was used to deposit material onto Si substrates. First, 10nm of Cr was
deposited as an adhesion layer. Second, 200nm of Cu was deposited to fully cover
the Cr. Finally, 250-1000nm of Cu and Al was co-deposited. Calculation for the ratio
of Cu to Al are shown in a sperate document. Samples were made with 25, 20, and
15 vol% Cu. The deposition rates and thicknesses for the Cu/Al co-deposition are

calculated in “E-beam deposition rates” excel document.
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Etching of alloy: After deposition, samples were etched in SM H3PO4. Samples were
etched for 30 min — 1 hour and removed from H3PO4 when samples became visually
darker. After etching was complete, samples were rinsed with deionized water and
dried with No.

SEM: A Nova200 Nanolab Dualbeam FIB/SEM with an acceleration voltage of 15
keV and spot size of 3 was used to image the structure of the fabricated samples.
Cross section images were taken by breaking the samples and rotating them 90° when
placed in the SEM.

Electrochemical Experiments: A two compartment, three electrode, compression
cell made of polyether ether ketone (PEEK) was used to perform all electrochemical
experiments. Construction of this cell is well known by multiple other people in the
group. The electrolyte used for all tests is 50 mM K>COs. The membrane used to
separate the compartments is and anion exchange membrane (Selemion AMV). The
np-Cu is the working electrode, Pt foil is used as the counter electrode and the
reference electrode was Ag/AgCl. In between uses, the cell components made of
PEEK were soaked in 10 wt% HNOs. Before use, the components were rinsed in
deionized water and then sonicated in deionized water for 10 min. This process was
repeated four times to ensure full removal of HNOs. The Pt foil was also cleaned in
HNO; before use and then rinsed and flame annealed by holding a flame to the foil
until it glows red then rinsing the foil in water and drying. The flame anneal process
is repeated twice. The 50 mM K>COs electrolyte was saturated with CO» by bubbling
CO2 (Research grade from Airgas) into the electrolyte for 30 min prior to

experiments. Each electrolyte compartment was bubbled with CO> at a rate of 5
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SCCM. The outflowing gas was sent through a flow meter to check that the flow of
COz in and out of the cell was equal. The outflowing gas was sent through a vapor
trap to remove all water from the air before it was fed into a gas chromatograph (GC)
(SRI-8610). All experiments were performed at room temperature using a
potentiostat (Biologic VSP300). Before each experiment, potentiostatic
electrochemical impedance spectroscopy (PEIS) was performed to determine the
solution resistance of the cell. The applied electrochemical potential was then
compensated by 85% using iR compensation of the potentiostat.

Product Analysis: As explained above, all gas products were fed into a GC.
Chronoamperometry was used to hold the working electrode at a set potential for 2
hours. During this time, the GC collected product information every 15 minutes.
Quantitative analysis of gaseous products was based on calibration with several gas
standards over many orders of magnitude in concentration. Between different
potential experiments all the electrolyte was removed and stored for liquid product
analysis. The cell was then rinsed three times with water before new electrolyte was
add and bubbled with COs,.

Data Analysis: The Matlab files used to analyze and plot all electrochemical and GC

data are included in the np-Cu Paper folder along with this document.
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Appendix 2: Lessons Learned

This section of the thesis describes best practices and lessons learned during my PhD
experience and presents supporting figures and data.

A2.1 Material Selection and BPM Fabrication

Many configurations of CEL, AEL, and catalysts were considered when fist
developing the BPM presented in this thesis. Some configurations were direct
laminations between purchased CEL and AEL polymer sheets, while others started
with polymer powder or ionomer and were cast into layers. Below is a list of all AEL

and CEL combinations investigated while perfecting the HCD-BPM:

e Fumasep AEM + Nafion ionomer

e Fumasep AEM + Nafion ionomer (from powder)
e Sustainion AEM + Nafion ionomer

e Sustainion AEM + Nafion ionomer (from powder)
e Sustainion AEM + Nafion ionomer

e Sustainion AEM + Nafion ionomer (from powder)
e PiperlON AEM + Nafion ionomer

e PiperlON AEM + Nafion ionomer (from powder)
e Sustainion ionomer + Nafion CEM

e PiperlON ionomer + Nafion CEM

e Sustainion AEM + Nafion CEM

e PiperlON AEM + Nafion CEM

For membranes cast via spin coating, ultimate membrane layer thickness was
determined by performing the membrane spin coating procedure on a Si substrate
and measuring the thickness by scratching the deposited layer and scanning with a
profilometer. The results of these measurements for several different membranes are

reported in Table A2.1
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Table A2.1 Measured membrane thickness on Si for Nafion D2020, Sustainion,
PiperION A, PiperlON B, and PiperION C after spin coating 1-4 layers at 3000 rpm

for 30 sec.
Number | Nafion Sustainion | PiperION A | PiperION B | PiperION C
of Coats | (20 wt%) | (5 wt%) (5 wt%) (S wt%) (5 wt%)
1 1.8 um 0.25 pm 0.40 um 0.55 pm 0.50 um
2 3.3 um 0.33 pm 1.7 ym 2.0 ym 1.0 ym
3 3.6 um 0.35 pm 2.8 pm 2.6 um 1.9 ym
4 0.38 um 4.1 ym 5.3 pm 0.9 um?

During the fabrication procedure development process, the four main

methods attempted were spin coating, hot pressing, casting, and sandwiching (Figure

A2.1). Many of these trails led to warping, wrinkling, and cracking of the resulting

BPM (Figure A2.2). While some fabrication trials resulted in immediately noticeable

failure, others appeared successful and required electrochemical testing to evaluate

performance. Numerous more layer combinations and lamination methods were

eliminated when electrochemical characterization showed high voltages at low

currents (Figure A2.3). The list below details the main observations made during the

process of elimination for determining the best membrane combination and

fabrication method.

1. All Sustainion membranes are incredible mechanically fragile and not
capable of implementation into a full BPM layered structure.

2. Hot pressing the BPM after layering it only made its operational performance

WOrSE.
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3. When depositing catalyst ink or binding layers to dry membrane surfaces, it
is critical to simultaneously heat or wick off all water quickly (as in spin
coating), otherwise the dry membrane will warp and wrinkle (sometimes
permanently).

Spin Coating Hot Pressing Casting Pretreated and

} 1) Sandwiched

........
i _

_
;E Pt
g |

Flgure A2.1 Diagrams of how each attempted BPM fabrication method (spin
coating, hot pressing, casting, and sandwiching) was performed along with relevant
laboratory tools.

i
F
+
+
+
+
Y
| }

(b)

Figure A2.2 Images of BPM fabrication trials. (a) warping of base membrane sheet
during catalyst depositions, (b) cracking of base membrane sheet during catalyst
deposition, (c) wrinkling of AEM when using ionomer as a binder, (d) full BPM with
30 g/L GrOx paste in junction, (e) wrinkled BPM after testing, and (f) discolored
BPM after testing.
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Figure A2.3 Polarization curves for (a) spin coated BPMs with varying CEL and
AEL composition, (b) BPMs constructed from Nafion and Piper[ON comparing
fabrication techniques, and (c) BPMs with varying catalyst materials.

Finally, a simple sandwiched lamination between a CEM sheet and an AEM

sheet was determined to be ideal fabrication method. Detailed fabrication steps are

reported below and shown in Figure A2.4.

L.
2.

9.
10.

Start with a clean glass slide.
Place pretreated Nafion on glass slide and dab dry with Kim wipe.

Tape all four sides being careful to keep the membrane flat without any air
pockets between it and the glass slide.

Spin coat catalyst onto Nafion. Be sure to drop catalyst ink onto the Nafion
after spinning has begun to prevent wetting and wrinkling of the membrane.

Place the catalyst coated Nafion in an oven at ~100°C and heat for ~2 min to
fully dry catalyst ink.

Repeat steps for and 5 as many times as desired.

Store this Nafion and catalyst portion of the BPM in its dry form taped to the
glass slide until ready to use.

Just before testing, use a razor blade to cut out Nafion just on the inside edge
of the tape and rewet the membrane.

Gently place a wetted AEM on top of the catalyst coated Nafion.
Smooth out any bubbles gently, and test!
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)

Figure A2.4 Diagram of method used for depositing a catalyst layer onto a
membrane (CEM or AEM) sheet via spin coating. (a) start with a clean glass slide,
(b) place pretreated and wetted CEM or AEM piece of desired size on the glass slide,
then dab dry with a Kim wipe, (c) tape down all four sides of the membrane to the
glass slide, and (d) drop on GrOx ink while spinning at 3000 rpm for 30 sec.

To perfect the above-described fabrication methods even further, several
trials were performed using Nafion ionomer as a binder between the CEL and AEL
as well as applying a heat treatment to the fully laminated BPMs. The list below
details each of the BPMs fabricated in these trials. Polarization curves for most of
these BPMs are given in Figure A2.5. The BPMs not seen in this figure became
delaminated during the fabrication process. After these trials the process described in
steps 1-10 above remained the ideal fabrication.

¢ Original — Sandwiched BPM with GO

e 2 -—GROX baked, BPM baked, w/ ionomer glue
e 3 —GROX baked, BPM baked, w/o ionomer glue
e 4 —GROX baked, w/o ionomer glue

e 5—-GROX baked, w/ ionomer glue (dry)

e 6—GROX baked, w/ ionomer glue (wetted)

e GROX baked — 100°C for 2 min

e BPM baked — 100°C for 90 min



®  Fumasep
® Original
64 2 50
v 3 -
_ 4
5 5 .
; 6
<4 -
> I .
o] A 5 ¢
= 3] A Y |
o v > R ¢
> A AR L
2_ v o ! n "
A u ="
v
14
Pl
b
O " L] L] L] L]
0 200 400 600 800

Figure A2.5 Polarization curves for BPM heat treatment trials.
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One more set of fabrication trials was attempted, in which GrOx catalyst inks

were made with Nafion and PiperION ionomers as binding agents. BPMs were then

fabricated both Nafion and PiperION as the original membrane that catalyst was spin

coated onto, and each original membrane condition was tested with both inks (Figure

A2.6). It is noted that when Nafion was added to the catalyst ink, the GrOx remains

well dispersed and suspended. However, when PiperlON ionomer was added, the

GrOx formed aggregates within the ink, making it impossible to deposit uniform

coatings.



149

o

Naf 212 +1 wt% GO (Naf ionomer) + Pip 15R Nafion ionomer Piperionionomer

Naf 212 +1 wt% GO (pip ionomer) + Pip 15R
Pip 65 + 1 wt% GO (Pip lonomer) + Naf HP O
Pip 65 + 1 wt% GO (Naf lonomer) + Naf HP (o]

(e]

)
[eoJe)o]

e}

S
o

o
e ? °
o © °

Voltage (V)
w

N
L

o]
o

)
o'.. o ©

(e] ' ....

Is) 8 °

08

-
1

o

0 200 400 600 800 1000
Current Density (mA/cm?)

Figure A2.6 Polarization curves for BPMs fabrication trials with varying ionomer
types in GrOx ink and images of the inks and samples.

A2.2 Material Characterization

Clear SEM cross sections of BPMs can be challenging to obtain due to sample
charging because the polymers are not electronically conductive. It can also be
challenging to create a clean cut for a smooth cross section. In Chapter 2, an SEM of
the HCD-BPM is shown that was prepared by imbedding it in a reason and slicing it
with a microtome. Before developing this technique, however, SEMs were taking on
samples slices with a razor blade (Figure A2.7). Although these cross sections are
rough, they clearly show an uneven GROX layer at the interface between the CEL
and AEL. Further examination of microtome sliced BPMs should be used to

understand the uniformity of catalyst layers.
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Figure A2.7 SEM cross section of BPMs constructed from Nafion 212, GrOx ink,
and PiperION 15R.

Raman microscopy was also used to characterize the GrOx catalyst but was
not reported in previous chapters because challenges with the instrument made it
impossible to complete the characterization. Initial spectra, however, of GrOx before
and after use as a catalyst in a BPM show the G (C-C stretching) and D (breathing
mode of aromatic rings) bands expected for graphene oxide. The intensity of D band
depends on number of defects and O atoms present in the GrOx sample. The ratio of
the D band intensity to the G band intensity (Ip/Ig) is an indirect indication of the
disorder in the material. When the spectra shown in Figure A2.9 were analyzed, the
following ratios were calculated: Before Ip/Ig = 0.94 After Ip/lg = 1.47. Increase of
the ratio after testing may indicate an increase in disorder in the sample. A shift in
both the D and G band peaks after testing suggests mechanical strain in the graphene
oxide sample. To verify these results, however, more tests should be performed.
Furthermore, Raman x-y scans of the GrOx deposited on Nafion before and after
testing could be more insightful for determining possible degradation or shifts in the

GrOx catalyst layer, especially after long term experiments.



Intensity (a.u.)

1200

I
I
|
|
I
:
1

400 1600 1800 2000 2200 2400
Wavenumber (cm™)

151

After

}Before

Figure A2.8 Raman spectra for GrOx catalyst layer on Nafion 212 before and after

electrochemical testing.
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