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Abstract

Bipolar membranes (BPMs) are recently emerging as a promising material for application in
advanced electrochemical energy systems such as (photo)electrochemical CO» reduction and water
splitting. BPMs exhibit a unique property to accelerate water dissociation and ionic separation that
allows for maintaining a steady-state pH gradient in electrochemical devices without a significant
loss in process efficiency, thereby allowing a broader catalyst materials selection for the respective
oxidation and reduction reactions. However, the formation of high performance BPMs with
significantly reduced overpotentials for driving water dissociation and ionic separation at
conditions and rates that are relevant to energy technologies is a key challenge. Herein, we perform
a detailed assessment of the requirements in base materials and optimal design routes for the BPM
layer and interface formation. In particular, the interface in the BPM presents a critical component
with its structure and morphology influencing the kinetics of water dissociation reaction governed
by both electric field and catalyst driven mechanisms. For this purpose, we present, among others,
the advantages and drawbacks in the utilization of a bulk heterojunction formed in 3D structures
that recently have been reported to demonstrate a possibility of designing stable and high
performance BPMs. Also, the outer layers of a BPM play a crucial role in kinetics and mass
transport, particularly related to water and ion transport at electrolyte-membrane and membrane-
catalyst interfaces. This work aims at identifying the gaps in the structure-property of the current
monopolar materials to provide prospective facile design routes for BPMs with excellent water
dissociation and ionic separation efficiency. It extends to a discussion about material selection and

design strategies of advanced BPMs for application in emerging electrochemical energy systems.

KEYWORDS: Ion exchange membrane, bipolar membrane, water dissociation, pH gradient,

2D/3D interfaces, energy conversion and storage



1. Introduction

Advancing renewable energy technologies for efficient storage and utilization at a large scale
is a crucial strategy to create a carbon-neutral economy.! In recent years, the cost of renewables
such as solar and wind is reducing significantly and call for optimal technologies toward large-
scale energy storage. In this regard, electrocatalytic fuel and chemical production is one promising
approach. For instance, energy can be stored in hydrogen formed by the electrolysis of water,
which can later be converted to electricity e.g. in fuel cells by the reaction of hydrogen and oxygen.
Electrochemical CO; reduction also offers an advantage of seasonal renewable electricity storage
in the form of various carbon-based products (chemicals and fuels) depending on the employed
electrocatalysts and reaction conditions. However, the practical applicability of such systems as

large-scale technological solutions is still limited in many ways.

In visions associated with hydrogen as an energy carrier or electrochemical CO> reduction,
water has involved in the electrode reactions, for example, the electrolysis of water to hydrogen or
the co-electrolysis of water and CO> to value-added fuels and chemicals. In a typical water
electrolyzer, the hydrogen-evolution reaction at the cathode and oxygen-evolution reaction at the
anode are facilitated by the use of catalysts that have different requirements of reaction conditions
depending on the employed system. Platinum (Pt)-group-based electrocatalysts for the hydrogen-
evolution reaction effectively work in highly acidic reaction conditions: the exchange current
density for Pt at pH 0 is about 100 times higher than the exchange at pH 14.2 On the other hand,
earth-abundant electrocatalysts such as Fe and Ni are sufficiently active towards the oxygen-
evolution reaction but must be utilized in an alkaline medium due to the restricted stability.® In

electrochemical cells, a cation-exchange membrane (CEM) like Nafion® is used in strongly acidic

electrolytes whereas an anion-exchange membrane (AEM) such as Sustanion® is typically used



in strongly alkaline electrolytes. The challenge here comes when using the same electrolyte (same
pH) on both the anode and cathode sides, which brings up stability and compatibility issues of the
employed electrocatalysts. In electrochemical CO; reduction, the pH at the cathode is preferably
maintained at near-neutral pH to avoid the competing hydrogen-evolution reaction at low pH
whereas the anode is maintained at pH 14. Any pH gradients between the flowing catholyte and
anolyte layers are practically unfeasible due to the gradual intermixing and acid-base neutralization
at the interface. This becomes possible with BPMs where the negatively charged acidic groups are
fixed to the CEM matrix and the positively charged basic sites are fixed to the AEM matrix.
Therefore, an integrated system coupling a CEMs and an AEMs are viable to operate with distinct

electrolyte layers at each side along with the compatible electrocatalysts.

In recent days, BPMs have emerged as promising solutions to overcome some of the
challenges associated with monopolar membranes for applications in electrochemical energy
systems*. A BPM consists of polymeric CEM and AEM conjoined together by an active interface
between the membranes where a chemical process e.g. dissociation or association of the two active
charge carriers, H" and OH" from/into water occurs. The separation of the acidic and alkaline
electrolytes layers with an interfacial junction opens the possibility to operate the two half-
reactions at different pH values, which significantly broadens the scope of catalyst materials that
combine high activity, good stability, and natural abundance.’ The structure of electrolyte layers
with the transport of distinct charge carriers has also been demonstrated to effectively reduce the
cross-over issues in electrochemical CO; reduction either by mitigating the net transport of neutral
or ionic products between the anodic and cathodic compartments or by reducing the parasitic CO»

pumping, which is unavoidable in cells based on conventional electrolyte systems.



BPMs have been extensively used for the production of acids and bases in the electrodialysis
(ED) process for many years,* 7 and more recently in other electrochemical systems such as water

12,13 and electrochemical CO, reduction.'*!” Based

electrolyzers,® ° fuel cells,'® ! flow batteries
on the significant amount of experimental investigations reported in the literature, two review
articles on BPM design aspects and applications have been recently published.® ” Pirnamie et al.
presented a comprehensive overview of the BPM development of last 70 years from fundamentals
to membrane synthesis, properties and applications including resource recovery/regeneration,
(waste) water treatment, food processing and energy-related aspects. The review by Giesbrecht et
al. focuses on recent advances in material understanding, characterization methods particularly the
construction and optimization of the interface layer’. The present work, biulding on these works,
is devoted to a detailed assessment of the materials requirements and design aspects in association
with electrochemical energy technologies, an emerging class of BPM applications such as water
electrolysis, CO> reduction, batteries and fuel cells. Emphasis is placed on the most recent material
developments for tuning properties of individual AELs and CELs along with the interfacial layer
(IL) aiming at identifications of key scientific considerations and research gaps in material and

design aspects towards advanced BPM development for applications in the emerging energy

devices.

2. Theoretical Background

Ion transport and water dissociation in BPMs involve several multidisciplinary concepts. In
principle, BPMs can be operated in two main configurations: the forward bias mode and reverse
bias mode (Figure 1). In forward bias (Figure 1a), where the AEM faces the anode and CEM faces
the cathode, the respective ions enter into the IEM layers and accumulate at the BPM interfacial

layer (BPM-IL), which results in charge compensation of the layers and the permeation of co-ions



through IEM layers. The ions from either side of the membrane are transported to the IL where
they react to form a product. Despite the existence of few demonstrations of this configuration in

18-20

the literature on fuel cells '° and batteries, it is not well demonstrated for application in most

common electrochemical devices.

Reverse bias mode is by far the most widely used configuration in various applications. Under
reverse polarization (Figure 1b), the counterions are being pulled out of the interfacial layer under
the influence of the applied voltage with coions from the solution largely excluded from entering
the respective membrane layers. Thus, the absence of mobile ions at the IL results in a depleted
electric double layer subsequently forming a thin space charge region (SCR) with a locally high
electric field. Under this mode, ionic separation is observed at a sufficiently high cross-membrane
potential, resulting in protons (H") and hydroxide (OH") ions which are driven towards the cathode
and anode, respectively. The outward flux of protons and hydroxide ions promotes further water
dissociation in line with Le Chateliers principle. This reaction is supposed to be driven by a
different mechanism at the BPM interface which includes 1) the catalytic proton transfer reaction
between the water and the fixed groups and ii) the enhanced electric field effect defined by
Onsager’s theory of the second Wien effect.?! Both Pirnamie et al.® and Giesbrecht et al.” well
presented the details on the mechanistic understanding of the water dissociation phenomenon at

the BPM interface.
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Figure 1. Bipolar membrane operation under a) forward and b) reverse-bias conditions. The
direction of migration of ions due to the applied voltage is indicated by the green dashed arrows,
whereas the direction for the migration of ions that are restricted by the membrane fixed charge
groups is indicated by the red dashed arrows. A sufficient water supply at the BPM interface is
needed to prevent dry out, facilitate a sustainable water dissociation and allow membrane

operations at high current densities.

BPMs in contact with aqueous solution forms three main interfaces in electrochemical
devices, namely the CEL-catholyte interface, the CEL-AEL interface (forming an IL depending
on thickness), and the AEL-anolyte interface, which governs the potential difference over the
BPM. Under zero current or open circuit conditions (OCV), the concentrations of the anions or
cations in the membrane and solutions change depending on the diffusive flux and the nature and
concentration of the fixed charge groups.?? An electric field is created in a direction opposite to
that of the diffusional flow of ions between the membranes and solutions, and a Donnan
equilibrium is reached when the electric field balances the diffusional driving force of the ionic

species (Figure 2a). This results in a Donnan potential across the different interfaces. Different
potentials @, , ¢, and @; representing the potential across the CEL-catholyte interface, the CEL-

AEL interface and the AEL-anolyte interface, respectively, are recorded (Figure 2¢). The potential

over the BPM @55, is obtained by summing up the aforementioned three potentials leading to:
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The subscripts Ct and An represent the catholyte and anolyte, respectively. A rough assumption
of about 1 meq g! of fixed charge density for classical IEMs implies that a concentration of about

1 M for H" in CEL and OH" in AEL is required to balance the membrane fixed charge groups.

Thus, under an extreme pH gradient (ApH = 14) across the membrane, @5p,, reaches about 0.83

V (Eq. 3) representing the thermodynamic potential (@ppy i, ) Tequired to maintain a pH

difference of 14 across the BPM interface, which is generally in fair agreement with the practical
values from experiments. Under the same condition, the Donnan potential difference across the

membrane-electrolytes interfaces approaches zero. However, under a non-extreme pH gradient or

at the concentrations of <1 M for H" and OH in the electrolytes, @4p), indicated a considerable

23, 24

deviation from these thermodynamic formulations attributed to the non-ideal behavior of

membranes. 3242

When an external electric field is applied, an initial linear increase in electrical current vs.
potential as in a typical I-V curve of the BPM is observed, which is attributed to migration of co-
ions (Figure 2b). Details on the I-V behavior of the typical BPM is partly given in the supporting

information (Figure S1) and the previous reviews on BPMs. & 7
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Figure 2. a) Concentration profiles of the electrolyte species at a thermodynamic equilibrium or
open circuit voltage (OCV). Under OCV, the transport of ionic species in the respective membrane
layers is governed by diffusion. b) Concentration profiles of the electrolytes species under steady-
state current flow, and both diffusion and migration govern the transport of the ions. c) Potential
and pH variations across a BPM at different interfaces depending on the activity of ions or pH.
Under extreme pH conditions, the thermodynamic minimum of the potential required for water
splitting is about 0.83 V, which varies depending on the nature (composition) of the interface,

among others. Reproduced with permission. 2> Copyright 2018, Royal Society of Chemistry.

In BPM, water transport to/from the IL is mainly governed by the two phenomenons, either
by concentration difference (osmosis) or the electroosmotic drag resulting in the outward flux of
proton and hydroxide ions due to migration.® The amount of dragged H>O is highly dependent on
water uptake of the membrane, nature/composition of the membrane as well as the applied current
density.?® As such, the optimal design of BPMs in relation to the physical properties of the ionomer
itself dependent on the water uptake and the fixed ion-exchange groups i.e. ion exchange capacity
(IEC) of the membrane layers.?” Although improved water uptake enhances the conductivity and
membrane dry out in monopolar membranes, there are counteracting parameters in the case of
BPMs. Besides the membrane dry out, low water uptake in BPM could result in the degradation

of AEL by OH™ an attack on the functional groups.’® ?° High water uptake in BPMs benefits in

9



terms of the prevention of membrane dry outs but this is associated with co-ion leakage. The water
uptake properties of a BPM in relation to the water dissociation activity and stability are elaborated

in the next section.

3. BPM properties as design criteria

Design criteria for a bipolar membrane (BPM) vary depending on the application of interest,
among others. The required properties of the BPM also vary depending on the technology of
interest. And the properties of the BPM depend on the inherent properties of its components (AEL,
CEL, and IL), which also determines the cost and performance of the BPM. Figure 3 illustrates
the interdependence of the different properties of the monopolar/BPM. Some of the key
performance indicators determining membrane properties for BPMs are high water dissociation
rate capability, low electrical resistance at high current densities (high ionic conductivity), high
selectivity (low co-ion leakage or ion crossover) as well as good mechanical and chemical stability

under the employed operating conditions.

10
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Figure 3. The interdependence of the monopolar and bipolar membrane properties: (+) signs
indicate a positive impact and (-) signs indicate a negative impact on the respective membrane
properties. Proper choice of the materials used for the monopolar layers, as well as the interfacial

layers, highly determines the properties of the final BPM.

Water dissociation rate capability is by far the key parameter determining the performance of
a BPM. Both the proton transfer reaction and electric field enhanced mechanistic routes for water
dissociation are highly dependent on the structural and morphological properties of the BPMs,
including the activity of the typically polymeric and/or inorganic catalysts utilized at the interface.
In this regard, the nature of the functional groups in the membrane layers plays an important role.
For instance, —~SOsH has a lower rate constant (3 x 10 for the rate limiting proton transfer
reaction) than that of -N(CHz3); (0), and hence exhibits a higher catalytic activity for water
dissociation.>*3! Experimental investigations on BPM interfaces tailored based on AEL containing
quaternary ammonium (alkyl-substituted) functional groups displayed better performance than

AELs based on bicyclic amines.>® The enhanced water dissociation of the quaternary

11



ammonium(alkyl-substituted)-based AELs were claimed to be due to the catalytically active
tertiary and secondary amines formed as a degradation product under a strong electric field in
alkaline media. However, this is not a favorable condition from a stability point of view. Many
other parameters also come into effect when tailoring the interface layer such as the water uptake
and electrical conductivity of the interface layer. Such effects and other relevant phenomena at the

BPM interface influencing the water dissociation efficiency are detailed in section 5.

3.1. Selectivity. A selective BPM should constitute membrane layers that minimize the
crossover of co-ions from the supporting electrolytes into the bulk membrane layers. The
selectivity in combination with the water dissociation in the IL allows for a continuous BPM
operation in the presence of a pH gradient, which is not possible by using monopolar membranes.
Practically, a small fraction of ions other than the water dissociation products (H" or OH")
permeates through the BPM due to the non-ideal behavior of the membranes. This phenomenon
of co-ion permeation or ion crossover of the BPM depends on several factors including the
membrane microstructure (e.g. size of ion channel) and functionality as well as the concentration
and composition of the electrolyte like pH and its species i.e. pH, activity, ion type (valence, size,
and diffusion coefficient), etc, and the operating CD.?* ?° For instance, a systematic study by
Vermaas et al. on a series of electrolytes within a broad pH range under non-extreme condition
(ApH < 14) reveals that the contribution of the cations to the co-ion leakage (ion crossover) in
BPM is larger than their corresponding salt anions for the same hydration radius.?* Besides, highly
concentrated electrolytes could result in the diffusion of more co-ions and/or counterions into the
BPM bulk layers, cross-contamination, and hence amplification of current leakage.*?> Typical I-V
behavior of a BPM indicates that the leakage current due to ion crossover and the water

dissociation kinetics governs ion transport after a limiting current is reached at sufficiently large

12



applied voltages.** A more recent study elucidates the ion crossover driven by migration outweighs
crossover due to diffusion for CD in the range of 10 - 40 mA cm, and crossover due to migration
becomes dominant at larger CDs.?> Moreover, electrolytes with reduced ion crossover exhibit a
reduced conductivity that would also impact the performance of BPM calling for complex
membrane design strategies. Overall, selective BPM design with reduced ion-crossover enables
the implementation of stable, high performance BPMs with limited electrolytes neutralization and

a significant distortion of pH gradient.

3.2. Water uptake. The swelling property or water uptake of a BPM is important to maintain
adequate water transport to the IL of BPM. A good swelling property benefits in terms of
replenishment of the water consumed due to water dissociation at the IL. High permeability of the
BPM layers for water molecules is related to the swelling property of the membranes that, in turn,
influences both the membrane conductivity, selectivity and mechanical stability. It is well known
that enhancing water uptake for monopolar membranes improves the membrane conductivity and
reduces dry out but excessive water uptake may also lead to selectivity issues which is also a case
more amplified in BPMs. Analysis based on model depictions indicates that an increase in water
uptake depending on the salt ion transport coefficients in BPMs is highly associated with a
significant increase of co-ion leakage (up to ~30 mA cm™).2’” However, modern BPM typically
exhibits lower co-ion leakage lower than this (1-3 mA/cm?). Highly swollen membranes are also
prone to physical damage, particularly if the swelling ratio of the individual layers is different.
Therefore, optimal trade-off values need to be considered for water uptake and conductivity
membrane properties to design efficient BPM. From the design point of view, the swelling

property of membranes is mostly optimized by controlling the degree of crosslinking in the

membrane microstructure, but it is inevitable to avoid the associated increase in electrical
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resistance. The conductivity of the membrane is mainly tuned by controlling the amount and nature
of membrane functionalities, among others. Other parameters such as membrane thickness can

also alter the membrane swelling behavior and hence the water transport properties.

3.3. Thickness. The thickness of the individual layers of a BPM influences the performance
of the BPM in different ways, which has attracted research attention in recent years.® 3* Thicker
and cross-linked layers provide more robust and selective IELs (reduced co-ion leakage), but
increase the membrane resistance and hence voltage losses. The ohmic voltage losses due to
resistance of the individual layers are, however, relatively small compared to the losses associated
to driving the water dissociation and ionic separation under reversed bias operation.* The benefit
of thick membranes in terms of selectivity needs to be controlled along with the membrane
functionality or fixed charge density as these might alter the water transport properties. For this
purpose, the use of asymmetric BPMs prepared by varying the thickness of one of the two
membrane layers is one promising strategy to design BPM at a controlled selectivity and water
transport properties.*> > However, the challenge in such asymmetric BPM systems is the adhesion
limitations resulting from the differences in the properties of the membrane layers, e.g. in terms of
swelling behavior which may lead to delamination and mechanical failure [1]. Increasing the total
BPM thickness by about 3-fold (from ~116 um to 350 pm) resulted in about 7-fold reduction (from
700 mA cm™ to 100 mA cm) in water transport limited CD derived from the inflection of the I-
V curves.’” The state-of-art CD reported for a BPM with electrospun 3D (very thin morphology
of ~ 45 um junction) reaches up to ~1.1 A-cm™ at a water dissociation overpotential of about ~0.6
V. Following a controlled thinning of AEM by electrode impregnation, a BPM-electrode assembly
was developed for effective water splitting with a CD of up to 9 A cm™ at a cell voltage of 2.2 V.

Moreover, a recent study utilizing CEL as thin as 2 pm in combination with a 50 um thick AEL

14



allowed reaching CD of up to 3.4 A cm 2 at a cell voltage of ~4 V in BPM electrolyzers.**
Although the above works demonstrate the enhanced water transport property by thinning BPM
layers, more research is required for a better correlation of thickness/thinness, water transport, co-

ion leakage and the maximum CD.

3.4. Conductivity. The conductivity of the outer layers is characterized by good transport of
ions within the membrane and at the proximity of the membrane interface. Particularly, fast
transport of the water dissociation products (H" and OH") must be sustained for the realization of
stable pH at each electrode. It is worth noting that the acid-base properties and hence the proton
conductivity of the CEL could impact on the BPM performance in different ways. For example, a
recent study demonstrated up to 40 % increase in faradaic efficiency for CO production during
electrochemical CO> reduction utilizing a BPM CEL modified by weak acid polyelectrolyte layers
following layer-by-layer assembly.® The authors hypothesized that the weak-acid CEL is
associated with limited proton conduction from the IL due to lower local pH than its pKa, results
in relatively few free amine groups available for proton exchange. As such, limited proton
transport to the cathode reduces the competing hydrogen evolution reaction at the cathode thereby
enhancing the CO; reduction selectivity. However, there was no clarification of the possible impact
of the layer-by-layer modification on the catalytic BPM water dissociation in relevance to the local
pH requiring further study. High membrane conductivity or low resistance is also associated with
an increase in the energy efficiency of electrochemical systems. Various strategies have been
reported in the literature for improving membrane conductivity, which is detailed in sections 4.1
and 4.2, being more relevant to the IEC of the membranes. It is important to note here that an

increase in IEC to enhance membrane conductivity might lead to excessive water uptake (swelling)
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associated with a progressive dimensional loss, which requires a careful choice of base materials

and functionalities.

3.5. Stability. The stability of the BPM is also a parameter worth considering as, for example,
in strongly acidic and basic solutions, it determines the membrane lifetime. In BPM-based systems,
the selectivity and stability of the CEL and AEL are very crucial for long-term operations with no
delamination. The degradation in BPM-electrode assembly systems can be associated with the

39 used

stability of the water dissociation catalysts at the interface. Blommaert et al.
electrochemical impedance spectroscopy to investigate the degradation of BPM. Their results
during the 5 days measurement indicated that the ohmic resistance increased by up to 10 % at OCV
and 32% when applying current. Membrane degradation was also associated with an increase of
both the water dissociation resistance and reduced conductivity of the outer layers. The
performance losses were claimed to be associated with the reduced catalytic activity as well as the
reduced fixed charge in the membrane due to an increase in the width of the IL. In general, during
the long-term operation of electrochemical cells, there are possibilities of partial dissolution of the
catalysts depending on the local pH variations spanning from the center of the interface to the
membrane-electrolyte interface. A degradation mechanism for water dissociation catalyst based
on NiO used in BPM-based water electrolyzer was hypothesized to be due to the dissolution of the
NiO layer at a near-neutral pH environment within the interface as well as pH variations with the
operating CDs.** This requires precise control and elucidation of the OH™ and H" concentration
gradients at the BPM interface, to layout design perspectives for a stable BPM. Overall, properties
that are generally relevant to the resistance or conductivity or selectivity are interdependent, which

vary depending on IEC, water uptake, fixed charge density, etc. It is, therefore important to

consider a careful choice of the base material and design strategies to combat the trade-off
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challenges between the different properties and produce a high performance, low-cost BPM for

the technology of interest.

4. Outer layer design requirements and materials

The outer layers of a BPM are the monopolar layers (CEL & AEL). These layers have two
interfaces, one directed towards each other (IL, see further) and another that faces the adjacent
electrolyte or catalyst. The properties of these monopolar layers, but also the interfaces between
the BPM layers and the external environments or electrodes, and the interaction of the membrane
with catalyst layers in membrane-electrode assemblies (MEAs) have a considerable impact on
function and the mass transport in BPM devices.” *° A wide range of membrane design and
modification prospects are given in the literature for monopolar membranes that can be easily
adapted for the design of BPMs.*!"** A careful choice of the polymer backbone, as well as
functionalities for the membrane layers, is crucial for designing BPMs with the optimal
physicochemical and electrochemical properties for energy applications. Altering the local
acidity/basicity of the BPM using functionalities with different pK, of the outer layer and the BPM-
electrode interface properties which influence the local electrode reaction could allow for the

reduction of electrode overpotentials, particularly in zero-gap BPM devices.*

4.1. Cation exchange layer. An ideal CEL should facilitate the transport of cations while
excluding anions, which is related to its selectivity. Besides the nature of the membrane, the
properties of CEMs in a BPM are highly influenced by the composition of the support electrolyte
and design strategies follow different principles depending on the specific property. For instance,
selectivity can be tuned by surface modification techniques like forming a layer-by-layer surface
film, surface cross-linking with the same functional groups as that of the membrane, forming a

dense-neutral surface or surface layer with functional groups opposite to the membranes.*
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Design strategies based on the preparation of the bulk membrane itself could involve the formation
of pseudo-homogenous membranes, for example, by a combination of functionalized polystyrene

44,47, 48

and hydrophobic polymer through a block copolymer synthesis, graft membranes based on

the radical polymerization of styrene directly inside the hydrophobic film and hybrid

49-51 52,53

membranes, and composite membranes doped with inorganic particles.

Elucidation of the CEM structure and morphology with mobile species transport is one
strategy towards the design of highly conductive CELs in BPMs. The nanomorphology of hydrated
polymer electrolytes, particularly perfluorosulfonic acid membranes, has been intensively
investigated.* It is a general understanding that many IEMs exhibit structural heterogeneity
partitioning into hydrophilic channel domains and hydrophobic regions. Water transport and ionic
conductivity of the bulk CEM materials are highly influenced by the nano/microstructures of the
membrane material. Proper distribution of these hydrophobic and hydrophilic components
constitutes the matrix of the membrane with the functional groups aggregated in small pockets or
clusters within the membrane structure. These components govern the different properties of the
IEM materials with the hydrophobic component contributing to the morphological stability of the
membrane and the hydrophilic domains providing conducting channels.> > In PEM materials, a
high proton conductivity is achieved through different mechanisms involving Grotthuss and
vehicular conduction. A more advanced investigation on channel ordering, as well as
semicrystalline polymer matrix ordering as a function of membrane stretching, would allow
tailoring optimal CEL materials with good transport properties for energy-efficient BPM
applications.’” °® For instance, developing long-range ionic channel ordering through membrane
modification by grafting techniques enhances conductivity.>® New molecular architectures can be

achieved by adjusting size and length of blocks in block-copolymers,®® the formation of highly
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phase-separated nanodomains along with block-induced long-range connectivity of hydrophilic
channels,®' and forming a flexible main-chain structure to improve the cross-organization and to

enhance the proton conductivity of the CEL.%% ¢

CELs for energy devices are typically composed of perfluorosulfonic acid (PFSA)-based
materials like Nafion due to their high ionic conductivity and chemical/thermal stability. Nafion
is a random copolymer based on an electrically neutral semicrystalline polymer backbone
(polytetrafluoroethylene (PTFE)) with randomly tethered side-chain consisting sulfonic (SO3")
terminated pendant chains (Figure 4). The unique transport properties of PFSA membranes is due
to its phase-separated morphology as a result of the different property of its functional groups and
backbone enhanced by solvation. In BPMs, the perfluorinated CELs allow for efficient conduction
of protons in addition to its good chemical and mechanical stability. However, these membranes
are highly limited by cost and sometimes lack the desired requirement for particular applications.
Therefore, the use of fully hydrocarbon-based CELs plays a key role in the effective design and
development of low-cost BPM. The typically narrow hydrocarbon based-materials also incurs a

good size sieving and hence better selectivity than PSFA-based materials.

A broad variety of hydrocarbon materials are reported in the literature for the design of low-
cost CEMs and often with the ambition to reduce the methanol permeability for direct methanol

PEM fuel cell applications. Most of these materials involve functional aromatic polymers, among

64-66 67-70

others, based on poly(arylene ether)s, poly(ether ether)s, poly(phenylene oxide),”" 7

polyimides,”*"”> poly(phenylene sulfone) 7® and poly(benzimidazole)s.”’-” In particular, functional
materials based on poly(arylene ether) materials have been largely explored due to their relatively
straightforward synthesis, good processability, low fuel crossover, high thermal stability, and high

mechanical strength, which can also be adapted for BPM design.?® In BPMs, the choice of
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functional group of the CEL can alter the conductivity of the layer and the associated water
dissociation kinetics in the IL. The water dissociation activity of functional head groups is related
to the rate constant for the rate-limiting step (Kr) of the protonation-deprotonation reactions at the
IL. The activity and identity of the functional head group influence the balance between the electric
field effect and catalytic mechanisms for water dissociation. In the case where the functional group
act as water dissociation catalysts, a trade-off exists between the catalytic film thickness in the
space charge region (SCR), the acidity/basicity of the functional groups, the resulting steric effects

of the functional groups, swelling properties, and the resulting electric field in the IL.

Sulfonic acid is the most commonly utilized functionality in CEMs due to its strong acidity.

Sulfonic acid functionalities can be introduced to the polymer backbone by using either pre-

81, 82 83-85

sulfonated monomers or post-sulfonation strategies. The use of pre-sulfonated polymers
is more advantageous in terms of accurate control of the amount (IEC) and the distribution (random
or block) of sulfonic acid groups along the polymer backbone.’" 3¢ The post-sulfonation strategy
represents a facile and most widely used strategy but it is highly susceptible to undesired side-
reactions like degradation or cross-linking [81]. This can be mitigated by the use of an alternative
functionalization strategy like metalation (lithiation), which involves the introduction of the
sulfonic acid group at electron-poor sites of the aromatic rings, resulting in a stable material with

a reduced risk of desulfonation and oxidative degradation.?”- %8
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Figure 4. Illustration of the chemical structure of the PFSA ionomers along with the different
structural parameters influencing its phase-separated morphology and properties. Reproduced with

permission.?® Copyright 2005, Americal Chemical Society.

The variation in the polymer backbones and topological architecture of ionomers has a
considerable impact on the overall performance of CEL, particularly in zero-gap BPM devices. In
such configurations, the CEL is in close contact with the catalyst layer of the gas diffusion
electrodes (GDEs) on one side and the IL of a BPM on the other side (Figure 5a). Therefore, the
chemistry of the CEL backbone, its functionality, and the overall polymer architecture have a
considerable impact on the kinetics of the reactions at the different interfaces. A broad range of
materials based on block CEMs, main-chain type CEMs,*! side-chain type CEMs,?>** comb-
shaped CEMs, ** % and densely functionalized CEMs *® °7 have been reported in the literature.
Typical representative materials include hydrocarbon or partially fluorinated materials, as
presented in Figure 5b-h. Tuning the properties of these and relevant materials along with precise
control of the chemistry of the backbone and nano/micro/macromolecular architecture as well as
its impact on the CELs physical and electrochemical properties can address the design requirement

of low cost, high performance BPMs for energy applications.
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Figure 5. a) BPM electrode assembly in a zero-gap configuration. Generic base materials for the
design of low-cost, high-performance cation (proton) exchange membranes for a CEL of a BPM:
b) multiblock copolymer based on sulfonated poly(arylene thioether sulfone); ¢) main-chain type
sulfonated polysulfone; d) densely functionalized fully aromatic poly(arylene sulfone); side-chain
type e) block sulfonated poly(arylene ether ketone)s containing side-chain groups, f) grafted
poly(p-phenylene sulfonic acid), g) multi-block copolymers based on poly(tri-sulfonated
phenylene)-block-poly(arylene ether sulfone) and h) fully aromatic comb-shaped copolymers

based on a poly(arylene ether sulfone) backbone with highly sulfonated poly(phenylene oxide)

graft chains.

22



4.2. Anion exchange layer. An ideal AEMs conducts anions such as OH", HCO;3 and CI’
while excluding cations. AEMs contain positively charged (cationic) functional head groups
covalently bound to a polymer backbone through different orientations similar to the CEMs as
shown earlier (Figure 5b-h). Some of the most common base materials utilized as the backbone
for AEM are well reviewed in the literature.?® *® % A range of functional groups (Figure 6a) has
been introduced to form AEMs with different physicochemical and electrochemical properties,
and more importantly, varying stability in an alkaline environment (Figure 6b).?% % 1% The base
polymers can be functionalized to a different degree to form AEMs through different reaction
techniques and pathways, for instance, following nucleophilic aromatic substitution reactions in
basic medium to prepare condensation polymers.”’
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Figure 6. a) Typical functional groups used for the development of AEMs and b) alkaline
stabilities of selected compounds with quaternary ammonium functional groups. Reproduced with

permission.”® Copyright 2019, Americal Chemical Society.
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In BPM devices, OH" is transported through AEL to or from the IL depending on system
configuration. Different chemical reactions occur at the anode or cathode depending on the
composition of the liquid electrolyte and electrodes. For instance, in reverse bias BPM-CO»
reduction cells, high pH or the use KOH anolyte favors the oxygen evolutions using earth-abundant
materials at the anode, coherently with the unique advantage of BPM general functioning as
membrane electrolytes keeping a constant pH gradient in the electrochemical cells as mentioned
earlier. Thus, the operability of AEL of the BPM in KOH solutions and mediation of OH™ ions
transport calls for highly stable as well as conductive AELs to design a high-performance BPM

towards practical implementation in electrochemical devices.

The practical application of AEM in electrochemical devices, particularly in strongly alkaline
environment, is highly limited by the stability of the common benzyl trimethyl ammonium cations
functional groups as well as conductivity due to the lower mobility of hydroxide OH™ ions
compared to H'.”® Besides, a low degree of the utilization of the ammonium-based functional
groups is perceived for ion transport due to its reduced dissociation in the presence of hydroxide
ions.? The stability issue of the functional groups and backbone are mainly associated with the
strong basicity and nucleophilicity of the OH™ ions, which lead to different degradation
mechanisms mainly following nucleophilic substitution or Hofmann elimination pathways (Figure
7a), and more recently noted oxidation of the adsorbed phenyl groups at catalyst sites.'®! Various
types of functional chemistries have been introduced to address the stability issue. Design
strategies mainly involve either the synthesis of new functional groups, steric protection, charge

delocalization, control of conformational effects. Recent studies demonstrate that long-chain

102-104 104-106

tetraalkylammonium cations and cyclic ammonium exhibit better stability compared

to quaternary ammonium cations in benzylic positions. Other functional groups such as
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phosphonium, imidazolium, and metal cations '"*'!!'® have also been reported for
alkaline AEM fabrication. In particular, the pentasubstituted imidazolium is practically interesting
due to its charge delocalization throughout an aromatic ring, which makes it optimal for tuning the
properties of CEL in BPM towards high conductivity and alkaline stability.!!'® !'7 118 This also
allows for better control of the amount and depth of functional groups in the catalyst layer of the
BPM, governing the electric field enhancement, the ionic conductivity of the IL, and hence the
polarization behavior. Various chemistries of the functional groups, for example, the use of multi-
substituted imidazolium cations directly into polymer backbones enhances the alkaline stability
119,120 and DABCO-based functionalities.'?! It should be noted that most of these alkaline stable
AEMs exhibit lower hydroxide conductivity than AEMs containing quaternary ammonium
cations,'?? mainly due to reduced hydrophilicity as a result of an introduced steric hindrance
towards stability.!!> 122 The hydrophilicity of the AEL will have a significant impact on the BPM
as it allows for efficient hydration of the BPM IL, which is needed to avoid mass transfer
limitations at the IL. One strategy to address these issues is the use of block copolymer analogs to
modify the microphase separation of such materials that could also potentially enhance their
conductivity. > 1?* For instance, highly conductive and stable AEMs can be prepared by ring-
opening metathesis polymerization of high-ring-strain compounds like trans-cyclooctene and its
derivative at high polymerization rate and varying block lengths. '>* Engineering side chain
configurations based on spacer units between the functional groups and the polymer backbone as
well as the extender chains pendant to functional groups would also allow tuning AEM towards
designed criteria. The use of long flexible side chains terminated by QA groups on poly(phenylene

oxide) (PPO) backbones displayed good microphase-separated morphology. '?° High molecular

weight arylene ether-free aromatic AEMs based on poly(biphenyl alkylene)s have also shown
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good chemical and mechanical stabilities (Figure 7b). '2® Chemical structure (proper arrangement)
of backbone is beneficial for fabrication of highly conductive AEMs with ion-conductive
polyelectrolyte membrane morphology. The difference in backbone orientations of terphenyl-
based polymers with pendant QA alkyl groups has been shown to significantly influence the ionic
conductivity, laying out a new design concept.'?” Such membranes fabricated based on meta-
terphenyl aromatic monomer were claimed to be the best materials fulfilling most of the required
design criteria, particularly, for alkaline fuel cell applications, presenting one strategic alternative
for the design of high performance alkaline BPMs. Other classes of materials like KOH-doped PBI

have also been utilized to replace alkaline AEMs. %130

A straightforward way to enhance ionic conductivity of AEMs is by increasing the IEC. This
may, however, lead to excessive swelling that limits the mechanical stability of such membranes.
It is worth noting that the strength and amount of the functional groups of the AEL of the BPM
influence the electric field enhancement, the ionic conductivity, the water dissociation kinetics at
the BPM IL, which will be elaborated in section 5. Emerging polymers for such applications would
involve ionenes that present a good prospect for designing materials with combined ionic
conductivity and stability, even at higher temperatures.'*! For instance, tuning the chemistry of
polybenzimidazoles at low pH or introducing a complete N-alkylation with controlled swelling
allows for the fabrication of cationic ionenes with a diverse physicochemical property (Figure 7c).
More recently, spirocyclic ionenes synthesized by cyclo-polycondensations (Figure 7d) were
reported to have exceptionally high stability and conductivity in alkaline media.'*> As expected,
such materials were prone to dissolution in water due to its high IEC. To break this barrier,
chemically/ionically cross-linked blends of such polymeric ionenes/polybenzimidazole (PBI) can

be used for designing an AELs for high performance BPM. The as-such formed ionenes are
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emerging as a new class of AEM materials that can be suitably adapted to design BPMs for
practical energy devices. Overall, there is an enormous amount of materials systematically
investigated for alkaline stable and highly conductive AEMs % 133134 which can be well adapted

for designing high performance BPMs.
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Figure 7. a) Degradation mechanisms for AEMs in an alkaline environment: the nucleophilic OH
ions react through different routes depending on the chemistry of polymer backbone and functional
groups. b) Synthetic route for aromatic polymer AEMs through acid-catalyzed polycondensation
and Menshutkin quaternization; c¢) Polybenzimidazoliums obtained by N-alkylation of

polybenzimidazoles; d) Synthesis of spirocyclic ionenes by cyclo-polycondensation.
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5. BPM Interfacial structure and morphologies

The interface between membrane layers in a BPM is the most critical component for the
optimal design of high performance BPM. The interface structure, composition and morphology
determine the kinetics of water dissociation and ionic separation under reverse bias operation. The
general structure-morphology-property relationships and the rate/activity of water dissociation at

the interface is well presented by Giesbrecht et al. et al.’

IL can be designed in different structures depending on the type and structure of the interface
catalysts as well as the membrane layers itself and how it is contacted with each other. The nature
and type of these contacts could vary depending on the type and morphology of the membrane
layers. In an abrupt junction model (Figure 8a), the thickness (d) of the IL is assumed to
infinitesimal. '3° The drawback of an abrupt junction model is that it doesn't consider the presence
of water or a catalyst layer and also excludes the heterogeneities and morphologies of both the
BPM interface and outer layers including the strength of the functional groups and structure of
ionic channels in the IL and ionomers.” 3" 135 A smooth model is a deviation from an abrupt model
(Figure 8b). Such models can be represented in 1D or 2D morphology formed between
homogenous/heterogeneous membranes.'*> Smooth interfaces can be formed by simple lamination
of CEL and AEL layers with smooth surfaces. Smooth BPM junction is mostly associated with
morphological heterogeneities and poor contact due to differences in physicochemical properties
of the membrane layers. In some cases, the surfaces of the outer layers of BPM can be roughened
or micropatterned'® so that the other layer can blend in. A more efficient contact at the interface
can be achieved using other techniques for BPM formation such as solution casting or by the use
of bulk heterojunction structure formed by electrospinning, creating a high surface area of the

ionomer layers in the IL. 3> 137138 These also ensure enhanced catalytic water dissociation beyond
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creating good contact at the IL, providing efficient transport of water and ions to and from the
BPM interface for possible and stable operation at high current densities. However, the difference
in outer layer properties such as the swelling ratios and mechanical properties could put stress on
the IL leading to the delamination of BPM during operations.” A proper balance in
physicochemical and electrochemical properties of both the BPM outer layers at a controlled
interface-identity and composition is essential to ensure good contact at the IL in BPMs. A profiled
interface is formed when the surface roughness of one of the layers fills up the corrugates of the
other membranes.'* This kind of interface can be formed by casting one membrane over a pre-
formed, rough membrane. Casting a second layer from a solution instead of a pre-formed film
results in stronger contact and hence a stable bipolar membrane, in particular, if reinforcement is
introduced in the initial layer. A certain roughness increases the contact area at the interface. Thus,
profiled interfaces might result in a continuous and increased contact area that could lower the
overpotential needed to drive the water dissociation and ionic separation. Arges et al. *recently
reported BPMs with profiled (micropatterned) interfaces prepared by forming patterns in the form
of circular wells on the CEL of the BPMs. Such a strategy was shown to enhance the interfacial
contact area by about twice that of the corresponding BPM interfaces without the micropatterns,
corresponding to about 250 mV reduction of the onset potential.'*® Membranes with heterogeneous
interfaces generally exhibit a higher membrane potential compared to membranes with
homogenous interfaces due to the partially non-conductive membrane surface in heterogeneous
interfaces.!*> '*! The BPM interface can be filled with a separate catalyst layer in 2D (Figure 8c),
or 3D structures composed of bipolar or monopolar (Figure 8d) ionomers imposing different water
dissociation kinetics. BPMs with homogenous interfaces are more relevant for energy devices due

to low interface losses requiring further optimization in terms of morphology and activity.
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Homogenous interfaces are more relevant for applications in electrochemical energy systems. The
use of a bulk heterojunction, as reported in some of the recent works utilizing electrospun fibers,**
142,143 demonstrates a possibility of designing stable, high surface area interface BPMs operable at

high current densities.
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Figure 8. Formation of different interface structures in BPM contact region: a) abrupt model; b)
smooth models: smooth or profiled surfaces with (partially) heterogeneous structures; c) catalytic
interface with catalyst 2D structures and d) 3D structure with (mono)bipolar ionomer; a rough

visualization of the interface thickness (0) is given depending on the type of interface.

Figure 9a presents an interplay of different parameters governing the rate of water
dissociation catalysis at the BPM interface. This depends on an interplay of several factors at the
BPM interface and properties of IELs governing the water dissociation kinetics in general. The
thickness and electrical conductivity of the catalyst layer, CSD in IL, swelling properties, and
functional group strength highly influence the EFE water dissociation at IL.” !*3 This is also
relevant to the depletion thickness formed during BPM operations. It is important to note that the

counterbalanced role of the EFE and catalytic water dissociation effects leads to a different
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depletion layer thickness for BPMs with and without a catalyst.'** Under reverse bias, for a BPM
with an interface catalyst, a larger portion of the functional group is counterbalanced by H"/OH-
ions due to enhanced H"/OH" flux, resulting in a low electric field and thin depletion layer at the
interface compared to the BPM without a catalyst. This phenomenon remains similar for BPMs
with 3D interfaces (Figure 9b) mostly prepared by electrospinning technique (Figure 9¢), however,

the electric field is further influenced depending on the structural interaction of the fibers with the
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membrane surface. A more advanced membrane synthesis protocol is required for tailoring the
morphology of electrospun 3D interfaces to control the alignment and positioning of the fibers
with respect to the membrane surface, for a balanced electric field enhanced and catalytic water

dissociation reactions.

Figure 9. a) The variations in an electric field and the rate of water dissociation catalysis at the
BPM interface: governing parameters and the trade-off; b) The variations in depletion region

thickness as a function of the reverse bias voltage; Reproduced with permission.!** Copyright
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2017, Royal Society of Chemistry. ¢) Electrospinning as a technique for tuning the structure and
morphology of the BPM interface; d) BPM electrolyzer stability testing with various water
dissociation catalysts: a chemically stable water dissociation catalyst Sb: SnO» is used at one
surface at the CEL, while the water dissociation catalyst at the AEM is varied. Reproduced with

permission. > Copyright 2020, The American Association for the Advancement of Science.

The other factor affecting the electric field at the BPM interface is the catalyst composition.
High content of electrically conductive material in the IL reduces the electrostatic potential
difference across the catalyst layer thereby increasing the EFE close to the outer layers, whereas
the high content of electrically insulating material in the catalyst layer reduces the electric field
strength in the IL.'** However, care should be taken when introducing supporting materials as it
could also influence the membrane properties such as permselectivity and ionic conductivity. In
this regard, the enhanced ionic conductivity of the catalyst film reduces the electrostatic potential
drop associated with ion transport in the IL. Therefore, the design and development of a water
dissociation catalyst layer with high electric and ionic conductivity are required for the reduction
of the voltage losses across the catalyst layer irrespective of the IL thickness. Overall, a more
precise investigation supported by experiment and modeling is required to clarify the
interdependence of the EFE and catalytic water dissociation mechanisms as well as the
physicochemical parameters of the BPM materials. An accurate model is perceived to consider,
among others, the homogeneity of the water solution and electric field across the IL and the SCR,
junction morphology, rate constants for forward and backward reaction, physicochemical and

electrochemical properties of the membrane layers.

5.1. Catalyst choice and activity. As discussed earlier, the water dissociation rate (at a given

potential) occurring at the interface of a BPM can be enhanced by introducing a catalytic layer at
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the BPM junction. Some of the most commonly used catalysts include inorganic materials (like

83,144 or graphene oxides,"?” ' heavy metal ion complexes like those of iron,

metal hydroxides
chromium, zirconium'#® '47)_ In particular, GO-based materials have acquired a huge interest due
to its high CSD, where the carboxylate groups exhibited the highest reactivity towards the water
dissociation. '*¥-15 Water dissociation on the metal oxides and hydroxides is activated by the
adsorption of water onto the surface followed by proton transfer from the water to the adjacent
oxygen atom resulting in hydroxide ions. A clear elucidation of the metal oxide surface species
and utilization efficiency of metal oxide material helps to identify catalytically active species
during water dissociation and the associated electric field impact in the BPM IL. The surface
chemistry of metal oxides is highly dependent on external pH as its surface is generally a polyacid
and/or polybases, which could also influence the water dissociation kinetics. In BPM, the catalyst
layer is in contact with CEL (acidic) and AEL (alkaline) that could therefore alter the activity of
the metal oxide catalysts. A systematic study using chemically stable water dissociation catalyst
layers of a BPM while varying the catalysts on the other layer, and comparison to the point of zero
charges (PZC) of each catalyst, indicates that the best water dissociation catalysts on the acidic
CEL are those with acidic PZCs and vice versa (Figure 9d).° This is consistent with the fact that
metal oxides tend to work best for water dissociation when the local pH is near the PZC, other
factors also come into play such as the variations in pK, of exposed surface, the activity of surface
oxygen species, are also likely to affect water dissociation activity. Therefore, extensive
computational and experimental studies are required to unravel the mechanisms insights behind

the enhanced water dissociation as well as catalyst utilization at the BPM IL.

Organic hydrogen-bonding materials based on weak acids (HA), or weak bases (B) such as

152

phosphoric acid '*! or pyridines, '°? etc can also be utilized as an interface catalyst. These catalysts
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133 or in between the two ion-

can be incorporated either in ion-permeable membrane layers
permeable layers. '>* Depending on the strength of acidity/basicity, the functional group of the

membrane layer itself might also provide a catalytic activity.*

The catalysts can be immobilized at the interface by using different techniques including spray

155, 156

or electrodeposition, '3 dip-coating, casting to form a uniform distribution of the catalyst

157

throughout the membrane layer, *° electrospray deposition, '’ etc.

Tuning the water dissociation chemical properties and morphological features of the catalyst
layer in the BPM IL is the key to reducing the voltage losses associated with BPM operation.
Coupled internal electric fields enhanced and catalytic water dissociation pathways can be
achieved through the design of a catalyst layer with high site density at a film thickness near the
SCR width. The use of composite water dissociation catalysts could improve film adhesion
ensuring device longevity. Tailoring the electrical and ionic conductivity, as well as the identity of
the water dissociation catalyst near the CEL and the AEL will improve water dissociation

efficiency thereby reducing the voltage losses across the interface.

A possible issue with an interface catalyst can be degradation at the interface with a long time
of operation. A relatively constant degradation rate (~ 2-5 mV/min) was reported from a series of
MO catalysts investigated in BPM electrolyzers operated over 20 min (Figure 9d). However, there
was no clear identification of this degradation was due to the catalyst dissolution or chemical
transformation. A more detailed investigation is required to understand the possible catalyst

degradation routes and mechanisms at the BPM IL, over a broad range of time operational time.

5.2. Interfacial modeling of BPMs. Most of the research on modeling research on the BPM

was focused on catalytic as well as electric field effects at the BPM interfaces, correlation and
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impact on the water dissociation activity.® ! Based on models employing Nernst-Planck equations
and the Donnan equilibrium at BPM interface, it was shown that the water dissociation at the BPM
interfaces occurs in a depletion layer in the presence of a strong electric field assumed to be
proportional to the applied voltage, depicting that influential effect of both the catalytic and the
second Wien effects.’® This has been counteractive to other studies that depicted the water splitting
to be governed by the overpotential at the BPM interfacial layer.'*® A number of other studies on
modeling of the interfacial layer have also been reported focusing on the local chemical
equilibrium of water dissociation considering adjacent solution diffusion layers'>®, quantum
chemistry simulations to describe the effects of electric field strength on water dissociation!®?,
combined Nernst-Planck-Poisson equations and local water-splitting kinetics to estimate the
depletion layer thickness'®, and elucidating the transient effects due to the incomplete depletion

of mobile ions at the BPM interface!'6’

. Recently, Nikonenko et al. developed a comprehensive
type model by combining the Nernst-Planck-Poisson equations are coupled with the relevant
equations describing the local water splitting kinetics at the BPM interface. The inclusive model
considers the catalytic effects of the functional group and the interface catalysts along with the
protonation-deprotonation reactions, and the electric field (second Wien) effect on the water
dissociation at the BPM interface. The model results depict an observable current density of up to
100 mA cm™ at 1 V with a very thin (2 nm) catalytic layer regardless of the functional effect of
AELs and CELs.3! Despite the vast majority of reverse bias experimental investigations and
characterization on BPM, and modeling studies, the phenomenon governing the water dissociation
at the BPMs is still poorly understood. More recently, Bui ef al. implemented a model elucidating

the multi-ion transport across a BPM in relation to the interface properties for the design of energy-

efficient, high performance BPMs.?” The model result, as shown in the polarization curves of the
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BPMs (Figure 10b), depicts a higher utilization efficiency of a catalyst in thinner interface design,

which allows for a more centralized catalyst alignment in SCR resulting in a high electric field.
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Such interface design combined with the use of an effective catalyst will not only reduce the onset
potential of the BPM but also increase the current efficiency in perceived electrochemical
applications. Overall, the different findings from such a modeling studies lays a ground for future

research directions towards the desing of optimial BPMs for an intended energy technologies.

Figure 10. a) Polarization curves of a Fumasep membrane with a varying thickness ( 2-5 nm) of
the catalyst-filled neutral region. Reproduced with permission.>! Copyright 2020 Elsevier. b)
polarization curves obtained by modeling of a BPM with a varying thickness of interface catalyst
at pH 7-7 (catholyte-anolyte); Reproduced with permission.?’ Copyright 2020, American

Chemical Society.

6. Assessment of methods for BPM and interface preparation

The preparation of BPMs follows a stepwise procedure involving the formation of each
component. As a first step, the synthesis of the individual CEM and AEM layers involves a suitable
selection of base materials, followed by functionalization, (e.g.  grafting)

polymerization/polycondensation, blending and/or crosslinking, depending on the design
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requirements and applications. A separate IL with a varying composition may or may not be
introduced between the IELs, but the IL is used in most cases to facilitate water dissociation as
discussed earlier. Details on membrane layers and different IL used in the literature are
summarized in Table S1 (supporting information). Although most BPMs are prepared from
commercial base materials either for CEL or AEL, or both, full tailoring of the whole components
has also been reported based on, for example, hydrocarbon materials such as SPEEK, PPO, PVA,
etc.!*> When preparing layers, casting is the most common technique employed along with
(hot)pressing to form the final BPM. Interface catalysts can be introduced onto a preformed
membrane by different techniques such as airbrushing or spin coating, and more recently,
electrospinning. The I-V behavior of the BPM is the most widely studied during BPM
characterization as it reflects the performance of BPM in terms of water dissociation efficiency,
among others. Despite the availability of a large variety of BPMs developed from both PSFA and
hydrocarbon-based materials, there is still a lack of highly efficient BPM fulfilling the majority of

the desired properties for advanced electrochemical energy systems like CO> electro-reduction.

BPM can generally be formed as a single layer (film) BPM 92164 or multilayer materials. 13"
138,144, 139, 145 Single-layer BPM is prepared by a subsequent introduction of anionic and cationic
functionalities to each side of the pre-selected base material. However, most of the existing BPMs
are multilayered structures that are prepared from commercial or tailor-made IEMs. In either case,
good contact between the IELs and the IL should be established to produce high-quality BPMs
that can support high currents without delaminating. Despite the promising applications
demonstrated in various emerging electrochemical energy systems, most of the BPMs are limited

by high electrical resistance and hence the current efficiency. One alternative to address the high
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electrical resistance associated with multilayer BPM is the development of methods for accurate

design of BPM based on a single ionomer layer with two different functionalities.

Lamination is a simple method to prepare BPMs, for example, by first treating the CEL and
AEL with heavy metal (e.g. Ni*, Sn?", Cr**) solutions which may be present in the form of nitrate
or chlorides or acid/base solutions, and then conjoining by applying heat below the glass transition
temperature of the membranes or by simple manual lamination.!?® 153 165 In the hot-pressing
method, separate AEMs and CEMs are bonded together by applying pressure and heat under a
hydraulic press.®> 1% It can also be used in combination with other techniques such as solution
casting %7 and electrospinning.'®® However, both the lamination and hot-pressing methods may
not guarantee an effective contact between the membrane layers as bubble or blister might form
during fusion, which reduces the membrane lifetime and current efficiency. Moreover, dislocation
of functional group may also result during pressing which could lead to high electrical resistance.
Solution/tape casting or slot die coating are the most widely used method for the fabrication of
IEM for various applications including electrochemical energy systems. While the former
technique is suitable for small-scale batch-type processes, the latter are widely used in industries,
owing to screening large dispersion batches for quality and performance, high production rates in
continuous processes and potentially good control of the physicochemical properties of the
resulting membranes. As shown in Table S1, most of the outer layers of the BPM (AEMs and
CEMs) are prepared by solution casting.!3”- 144168 Unlike simple lamination and hot-pressing, BPM
preparation by casting the ionomer layer or the interfacial polymer layer is expected to ensure good

adhesion between the BPM components.

6.1. Techniques for designing of BPM interface. The IL of a BPM can be formed in different

morphology by using different coating techniques like manual airbrushing, spin coating,
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137169 More recently,

electrospraying, atomic layer deposition, and electrospinning.®*
electrospinning is gaining more attention as a simple, fast, and low-cost method to produce
nano/microfibers porous mats with a high surface to volume ratio. As shown in Figure 9d, this
technique involves discharging a polymer melt or solution through a metal needle spinneret that is
subjected to a strong electric field or voltage (in kV range) leading to the formation of thin fibers
collected on drum collector as fiber mat. The nanofibers can also be made from various organic
and inorganic composite materials applicable to energy devices.!” !”! When it comes to BPMs,
electrospinning can be used to prepare the IELs %% 1® but most importantly, a 3D IL with a high
surface area from interpenetrating anion and cation exchange polymer fibers.®* '** The high surface
area formed as such, along with proper water transport properties of the membranes, mitigates the
depletion of water at the interface, which is crucial for mechanical stability as well as high-CD
operations. For instance, a BPM was prepared by electrospinning of SPEEK fiber mat as a CEL
followed by a dual fiber mixture of SPEEK/QPPO co-electrospun from two separate spinnerets as
a 3D interface, simultaneously air-spraying a 10 wt% Al(OH); aqueous nanoparticle suspensions.
Thus, a very thin IL was formed in this way, on top of which QPPO fiber mat was electrospun as
an AEL. These BPMs feature a combination of a thin interfacial layer with about 10 um thickness
of interpenetrating polymers, along with dense outer layers of membranes with about 17 pum
thickness. A very promising performance of the BPM was reported in terms of reduced co-ion
leakage (high selectivity) and stable operations under a very high CD of up to 1.1 A cm™. It is
important to note that a wide range of soluble polymer with a sufficient molecular weight can be
electrospun, and by tuning the operational parameters like the polymer molecular weight,
composition/viscosity of ink, applied voltage, follow rates, etc, this technique allows for the design

of a high-quality BPMs with fibrous interfaces formed from different polymer compositions and
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blends. Besides electrospinning, soft lithographic approaches to create micropatterned interfaces
for BPM!3¢ could also be a promising technique, however, limited by capital and operational cost
as well as complicated requirements for some systems e.g. formation of structures at nanometer
sizes. Despite the high surface area of the dual-fiber electrospun IL, poor contact between the
membrane layers and hence the delamination of the BPM is a key challenge. This points at the
importance of a careful selection of base materials with sufficient adhesion and miscibility of the

ionomer-catalyst layers.

7. BPMs with single and miscible layers

One limitation of bi/trilayer BPMs is the membrane degradation and delamination due to
insufficient transport of water and the poor adhesion at BPM interface, during long-term operations
at high CD under reverse bias. Bi/trilayer BPMs are also limited by high electrical resistance
leading to high voltage loss compared to monopolar membranes. One strategy to address the
delamination issue is the use of a BPM with miscible backbones (compatible/same backbone
material) to ensure good adhesion at the interface. The use of single-layer BPMs can also be a
good alternative not only to ensure a good interface structure but also to reduce electrical
resistance.!6% 172 173 Attempts have been performed to prepare single sheet BPM by introducing
different charge layers on a single film of polyethylene,'”* ETFE '7* or polyvinylidene fluoride '
using different techniques like radiation grafting or plasma-induced grafting polymerization. In
this regard, there an opportunity to explore a broad range of polymeric substrates that can be
functionalized on each side like PPO and PSEBS. The limitation to the design of single-layer BPM
is the introduction of water dissociation catalyst at a controlled depth and morphology. A possible

way to introduce the catalysts is either by dissolution into the polymer film in contact with catalytic

solutions or using substrates based on composite film incorporating catalytic materials.
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8. Asymmetric BPMs

Asymmetric BPM designs involve the formation of outer layers in different thicknesses.*
One advantage of altering the thickness is the control of selectivity, as described earlier. For
instance, in electrodialysis, it has been shown selectivity limitation can be mitigated by the use of
asymmetric membranes,*® enabling the production of high purity acidic or basic products. More
recently, the application of such asymmetric BPM has been extended to water electrolyzers
following the typical preparation procedure of introducing CEL as ionomer in combination with a
bulk AEM, or vice versa. Such a BPM water electrolyzer design displayed a very higher current
density of up to 9000 mA cm™ at cell voltages of 2.2 V presenting a huge commercial prospect.®
Asymmetric BPMs designs, however, impose a stability issue in terms of BPM delamination due
to the difference in the outer layer properties and thus require careful tuning of physio-chemical

compositions and electrochemical properties for maximum gain.

9. Conclusion and outlook

In this work, a thorough evaluation of the key design requirements for high-performance BPM
is performed along with the membrane structure-property-performance analysis with a particular
focus on interface design and the associated water dissociation kinetics at the BPM interface. The
unique aspect is that the water dissociation at the BPM interface allows for maintaining a pH
gradient which allows for distinct optimization of the reaction environments and catalysts used for

coupled reduction and oxidation reactions.

Control of the local acidity/basicity of the BPM outer layer and the BPM-electrode interface
properties allows for optimization of the local electrode reaction towards reduced electrode
overpotentials, which is especially important in zero-gap BPM devices. The chemistry of the IEM

backbone, nature, and activity of the functional group, and the overall polymer architecture have
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a considerable impact on the kinetics of the reactions at different BPM interfaces. Tuning the
hydrophilicity of the monopolar IEMs enhances the swelling properties of the BPM, which reduces
the water depletion zone, keeps sufficient hydration at the interface, and increases the maximum
operating CD. Enhanced selectivity or reduced co-ion leakage in BPM layers can be acquired
mainly by fine-tuning the membrane microstructure in terms of optimum diameter of ionic
channels and pore sizes, controlled swelling properties, the amount and identity of functional
group. A wide range of design strategies are reported for monopolar membranes but the adoption
of BPMs depends on the cost and feasibility for large-scale implementation which requires a
specified techno-economic assessment. For instance, conductive CEMs can be obtained by
incorporating a long-range ionic channel ordering through membrane modification by different
techniques like radiation grafting with a higher potential for mass production of such materials.
For reduced membrane cost, the choice of fully hydrocarbon base materials is critical. For AEMs,
the structure and morphology of the backbone and respective functional group not only determine
the conductivity but also stability in aggressive alkaline environments. Physical properties of the
outer layers also play a role, for example, reduced thickness layers reduce the ohmic losses at large
current densities but this is associated with the increased co-ion leakage. The most efficient BPM
is believed to be the one of asymmetric type with a CEL less thick than the AEL for a balanced

co-ion leakage, membrane conductivity, and good mechanical property.

When it comes to the design of highly effective BPMs with excellent water dissociation
efficiency, the structure and morphology of the interface are critical. The quality of the interface
is dependent on chemistry at the interface coupled to the thickness and effectiveness of the catalyst
layer, catalytic active site density, the nature of the outer layer functional group in contact with the

catalyst layer, end the electrical properties of the catalyst layer in general. Thus, systematic control
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of all these properties allows for designing a near-ideal BPM with significantly high water
dissociation efficiency and stability. The very promising strategy in this regard is the
implementation of 3D interfaces in the form of bulk heterojunction formed by different techniques
with the most prominent being the ones based on electrospun nanofibers, which exhibit excellent
contact and activity mainly due to increased catalytic active sites in such structures. Introducing a
certain roughness when forming IELs combined with corrugated interfaces could also promote
good contact at the BPM interfaces. Other strategies involve the design of BPM with miscible

backbones. Good contacts not only stabilizes the membrane but also reduce interface resistance.

Elucidating the interdependence of the water dissociation activity of the functional group of
IEMs, electrical properties and the catalytic activity of the IL is essential for designing novel
BPMs. A strong electric field increases the water dissociation at the BPM interface, which is
limited by the thickness, electrical conductivity, swelling properties and catalytic site density at
the IL. Thus, a unique interface design based on thinner catalytic layers with increased electrical
conductivity and active site density allows fabricating an energy-efficient BPM. There is a trade-
off between the EFE and catalytic water dissociation effects leading to different depletion layer
thickness in BPMs depending on the structure and catalytic composition of the IL. For instance,
the electric field in 3D interfaces is highly influenced by the structural interaction of the fibers
with the membrane surface calling for more advanced design routes for tailoring the morphology

of such interfaces.

The application of BPMs is diversely expanding, beyond the classical acid-base production
using electrodialysis, in recent days in many key areas such as water electrolyzers, fuel cells, and
batteries. In monopolar membrane-based CO> electrolyzers, the main challenge is the parasitic

COz crossover in addition to product crossover which varies depending on the operating current
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density, among others. These issues can be effectively avoided by using BPM-based CO»
electrolyzers, in which the current is partly contributed by water dissociation resulting in the
outward flux of ions from the BPM interface. The use of BPMs in a fuel cell, as configured in
forward bias mode, enables effective water management with water formation at the BPM
interface that minimizes ohmic losses. Such a fuel cell design also allows for separate electrode
compartments allowing for optimal catalysts choice and electrode kinetics. However, the
formation of water at the BPM interface also makes the system prone to stable operation due to
BPM delamination calling for design optimization of BPM e.g. using asymmetric structures. BPM
equipped (reverse bias) acid-base flow battery system recently emergy as a viable route for energy
storage. As co-ion leakage is the main issue in such a system particularly pronounced under high
electrolyte concentrations, a design route for highly selective and conductive BPMs is essential.
The ground to the energy application of BPMs has also linked the potential utilization of the BPM
itself for extracting the raw materials (e.g. CO, and NH3) for such energy technologies. In this
regard, bipolar membrane electrodialysis processes for recovery of resources like NH3 and capture
CO» capture present a promising strategy. However, the crossover of neutral species driven by
diffusive flux, among others, is the main challenge that can potentially be mitigated using BPMs

with optimal thickness as well as crosslinking degree.
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