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Abstract 

The ability for bipolar membranes (BPMs) to interconvert voltage and pH makes them attractive 
materials for use in energy conversion and storage. Reverse-biased BPMs, which use electrical 
voltage to dissociate water into acid and base, have become increasingly well-studied. However, 
forward-biased BPMs (FB-BPMs), in which voltage is extracted from pH gradients through 
recombination, are poorly understood. In this work, physics-based modeling elucidates how 
complex coupling of transport and kinetics dictates the performance of FB-BPMs in 
electrochemical devices. Simulations reveal that the open-circuit potential (OCP) of FB-BPMs is 
dictated by the balance of ion recombination and crossover, where recombination of buffering 
counter-ions attenuates OCP. Uptake of ionic impurities and fixed-charge neutralization limit 
achievable current densities by reducing the fraction of fixed-charge sites that mediate 
recombination. The model highlights the importance and nuances of selective ion management 
in mitigating energy losses and provides insight into the engineering of FB-BPMs for energy 
applications. 
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1. Introduction 
Bipolar membranes (BPMs) are a class of ion-conducting polymer composites comprised of an 
anion-exchange layer (AEL) and a cation-exchange layer (CEL), typically with an interfacial 
catalyst layer (CL) placed in between that accelerates the rate of interfacial 
dissociation/recombination reactions.1–3 BPMs possess the ability to convert applied electrical 
voltage into pH gradients and vice versa, thereby creating sustained separate microenvironments 
on each side, making them useful for a wide variety of applications across the energy and 
environmental nexus. 

BPMs have two operating modes, defined based on the direction of ionic current flow within 
the BPM.3 In the reverse-bias (RB) operating mode, the BPM is operated such that counter-ions 
(i.e., ions with the opposite charge to a given ion-exchange layer) are driven by electro-migration 
away from the CL. Co-ions (i.e., ions with like charge to a given ion-exchange layer) are impeded 
from transporting through the BPM by Donnan exclusion. In RB-BPMs, electric-field- and 
catalytically-enhanced dissociation reactions (e.g., water dissociation (WD)) occur within the CL 
to ensure current continuity.4,5 For instance, when using water as the solvent, the voltage applied 
across the BPM increases the rate of WD, which generates H+ ions that transport through the CEL, 
and OH– that transport through the AEL. This phenomenon effectively transduces applied 
electrical voltage into a pH gradient. Accordingly, RB-BPMs are employed in environmental 
applications where sustainably generated acid- and base- are useful (e.g., ammonia separations,6–

8 carbon capture/mineralization9–11) or catalytic systems where control of the local pH 
environment is of value (e.g., water electrolysis,12,13 CO2 reduction14–16).  

While detailed understanding of RB-BPMs has been developed recently, forward-bias (FB)-
BPMs are still quite under-explored,17,18 especially from a theoretical standpoint. In FB, acid and 
base are fed to the CEL and AEL sides of the BPM, respectively. Co-ions are impeded from leaking 
through the BPM by Donnan exclusion, maintaining the external pH gradient. This maintenance 
of disparate chemical environments effectively enables a recovery in voltage wherein the voltage 
requirements for faradaic reactions at the external electrodes are reduced by the sustained 
chemical environments. Within the CL, H+ from the CEL and OH– from the AEL recombine to 
form H2O, which is necessary to facilitate the flow of ionic current.3,19 The energy savings from 
FB-BPMs make them attractive for a variety of applications (Figure 1a). In CO2 reduction, FB-
BPMs furnish optimal alkaline cathode environments for CO2 electrolysis, mitigate the crossover 
of (bi)carbonate species through Donnan exclusion, and reduce energy requirements for 
electrolysis due to the local electrode environment.17,20 FB-BPMs also overcome challenges with 
membrane dehydration in hydrogen fuel cells by generating water as the neutralization product 
of H+ and OH–, which humidifies the cell internally.21,22 Finally, FB-BPMs can be used to increase 
the energy density of redox flow batteries (RFBs) by providing additional voltage associated with 
an applied pH gradient, enabling operation outside the water stability region.3,23–25  

The polarization curve of a FB-BPM mediating acid-base recombination is shown in Figure 
1b. These polarization curves are traditionally collected using 4-probe electrochemical cells with 
linear sweep voltammetry or galvanostatic measurements,26 and are typically characterized by a 
sharp increase in current starting from the open-circuit potential (OCP) until a voltage-
independent plateau in current density is reached (ilim).17 The performance of FB-BPMs can be 
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characterized by these two values (OCP and ilim). The OCP represents the maximum recoverable 
voltage from the FB-BPM and is characterized by the Nernstian dependence on the applied pH 
gradient (i.e., OCP = –0.0591 [V] × ΔpH).27 ilim represents the maximum achievable rate for acid-
base recombination in the catalyst layer, and is controlled by the transport of H+ and OH– from 
the external electrolyte to the AEL|CEL interface.17 Maximizing both the OCP and ilim is required 
to attain meaningful current or power densities for energy storage and conversion. 

FB-BPMs have yet to achieve industrially relevant current and power densities for 
applications in energy conversion and storage. New strategies for maximizing and recovering 
OCP and ilim in FB-BPMs are therefore warranted; however, this effort is made complicated by the 
various phenomena in FB-BPMs that remain unexplained. For instance, recent experiments by 
Dinh et al. demonstrated that the OCP of a FB-BPM is not proportional to the external pH gradient 
as suggested by classical thermodynamics,28 but rather is proportional to the pKa or pKb of the 
dominant weak buffer in the system.18 These experiments provide evidence for a mechanism 
wherein parasitic neutralization reactions attenuate recoverable voltage,18 but a complete 
understanding of this phenomenon has not yet been established. Additionally, while multiple 
recent studies have shown that limiting current densities in FB-BPMs are significantly diminished 
in the presence of counter-ion impurities that compete with H+ and OH– for fixed-charge sites in 
the BPM,17,29 quantitative agreement with theory across multiple electrolytes concentrations has 
not been achieved. Hence, the mechanisms behind these losses remains unclarified.29 A complete 

 
Figure 1: Overview of forward-biased bipolar membranes (FB-BPMs). (a) Use cases for FB-BPMs 
in energy conversion and storage. (b) Polarization behavior for an idealized FB-BPM performing 
acid-base recombination. This FB-BPM possesses an alkaline 1 M KOH anion-exchange layer 
(AEL) exchange solution (ES) and an acidic 1 M HCl cation-exchange layer (CEL) exchange 
solution. The blue dashed line denotes the FB limiting current density, ilim, and the red star 
denotes the open-circuit potential (OCP). (c) Schematic representation of the 1D continuum 
model used to model FB-BPMs. 
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physics-based description involving chemical engineering principles of multi-component 
transport coupled with kinetics of recombination and thermodynamic repulsion is therefore 
necessary to quantify energy losses and optimize FB-BPM devices. This is especially true since 
most FB-BPM devices use electrolytes comprised of weak bases and acids (e.g., bicarbonate 
(HCO3–), formate (HCOO–), or acetate (OAc–) in CO2 reduction30–32) or contain impurities (e.g., 
atmospheric absorption of CO2 in H2 fuel cells33).  

Here, we report a continuum, multiphysics model of forward-bias BPMs (Figure 1c) that 
resolves multi-ion transport, Donnan exclusion, and acid/base recombination in various 
electrolytes relevant to CO2 electrolysis, H2 fuel cells, and RFBs. The model couples a modified 
Poisson-Nernst-Planck transport model with non-equilibrium mass-action-law kinetics to 
quantify the rates of acid-base recombination at the BPM junction and identify the physical origin 
of OCPs and limiting current densities in FB-BPMs. The model is validated for various chemical 
environments and electrolytes relevant to FB-BPM application, including buffers possessing a 
wide range of pKas and pKbs and multiple valences.  

Remarkably, a single set of five model parameters pertaining to the membrane properties are 
sufficient to predict the OCPs and limiting current density of BPMs exchanged with 24 different 
electrolyte solutions measured experimentally17,18 (denoted herein as “A|C BPMs” where A is the 
AEL-exchange-solution and C is the CEL-exchange-solution).  The resolved concentration 
profiles and reaction rates elucidated the dominant phenomena in the FB-BPM polarization 
curves, and sheds light on the importance of often neglected non-ideal, multi-component 
phenomena (e.g., CO2 uptake, fixed-charge neutralization, ion-selective partitioning) in dictating 
the limits of energy recovery and the role of transport mechanisms. Finally, we examine rational 
materials design and ion-management strategies to enable substantially improved FB-BPMs 
power densities for various applications.   

2. Results and Discussion 
2.1 pKa and pKb of weak buffers dictate open-circuit potential in forward-bias 
bipolar membranes  

According to classical equilibrium thermodynamics,28 the OCP of a FB-BPM should possess a 
Nernstian dependence on the pH gradient across the system in the absence of the Donnan 
potentials that dictate voltage loss associated with ion-exchange across a charged interface 
(Supplementary Note 8).  

OCP = −2.303
𝑅𝑇
𝐹 (pHAEL−ES − pHCEL−ES), (1) 

where R is the ideal gas constant, T is the absolute temperature, F is Faraday’s constant, pHAEL–ES 

is the pH of the AEL exchange solution, and pHCEL–ES is the pH of the CEL exchange solution. 
Throughout this manuscript, negative voltage is voltage that can be recovered in FB, and positive 
voltage is net voltage applied across the FB-BPM. Positive current density represents current 
density associated with counter-ion transport towards the BPM junction, and negative current 
density represents counter-ion transport away from the BPM junction.  

Interestingly, recent work by Dinh et al. has demonstrated that this dependence breaks down 
for BPMs exchanged with buffering electrolytes.18 Instead of the OCP being dictated by the pH 
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difference across the BPM, it is instead dictated by an approximately Nernstian dependence on 
the pKa or pKb of the buffering ion with which the BPM is exchanged (Figure 2a-b). The work of 
Dinh et al. proposes a mechanism for this dependence that was coined “neutralization short-
circuiting,” in which recombination current from the neutralization of the buffering anion or 
cation reduces the OCP from its Nernstian (thermodynamic) value.18 The onset of this depends 
on the pKa or pKb of the recombining buffer via a Nernstain effect,9 hence explaining the 
dependence of the OCP on the pKa or pKb of the exchanged counter-ion. Notably, the measured 
OCP of the K3PO4|H2SO4 BPM, where the AEL is exchanged with a trivalent PO43– anion, deviated 
substantially from the observed trend of OCP on buffer pKa, exhibiting an OCP far lower than 
what would be expected from a Nernstian dependence on pKa (Figure 2a). 

As shown in Figure 2a-b (see Supplementary Figures 4-5 for full simulated polarization 
data), our simulations accurately predict the OCPs of all 17 1 M KiA | 1 M H2SO4 and 1 M KOH 
| 1 M BCl BPMs measured experimentally,18 where A and B are the identities of the buffering 
anion or cation, respectively, and i represents ion valence, including the peculiar outlier of the 
K3PO4-exchanged BPM. Furthermore, the model enables deconvolution of the ionic processes 
ensuing within the BPM (see Figure 2d). This current-density-breakdown analysis deconstructs 
the polarization curve, demonstrating how the FB-BPM OCP is governed by current density 
arising from the neutralization of buffering counter-ions balanced by current density associated 
with the crossover and dissociation of co-ions (shown schematically in Figure 2c). By proving 
that recombination is the dominant contributor to current density near the OCP, this analysis 
corroborates the proposed neutralization short-circuiting mechanism established by Dinh et al.18 
Moreover, the simulation demonstrates that while OCP is commonly thought of as a static 
thermodynamic property, OCP in FB-BPMs is dictated by an intricate balance between multiple, 
dynamic transport and kinetic processes occurring simultaneously in the FB-BPM.  

Examining the concentration profiles in a 1 M KOAc | 1 M H2SO4 FB-BPM sheds further light 
on the physical mechanisms that dictate OCP (Supplementary Figures 6-8). At potentials more 
negative than 0.0591 [V] × pKa,HOAc (the onset of OAc– and H+ recombination), OAc– anions build 
up at the AEL|CL interface because they are drawn to the AEL|CL interface via migration and 
diffusion but are impeded from entering the CEL by Donnan exclusion. However, once the 
potential exceeds the onset for OAc– and H+ recombination, HOAc is generated at the interface 
and, due to its neutral nature, can be transported out of either the AEL or CEL by diffusion. 
Importantly, the transport of neutral HOAc out of the CEL results in a net crossover of OAc– 
through the BPM at voltages beyond its recombination onset, consistent with prior studies.18 
These calculated concentration profiles underscore the role of recombination at the AEL|CEL 
interface in dictating the energetics, crossover, and local microenvironments of FB-BPMs.  

As noted above, Dinh et al. could not explain the OCP vs. pKa trend for the 1 M K3PO4 | 1 M 
H2SO4 FB-BPM.18 As shown in Figure 2a, the developed theory herein can replicate quite well the 
experimentally observed outlier. Current-density-breakdown analysis demonstrates that this 
outlier occurs because the FB-BPM OCP depends not only on the pKa but also on the valence of 
the recombining ion. As can be seen in Figure 2e, the dominant contribution to current density 
near the OCP is not the recombination of PO43– and H+, which may be expected due to the 
prevalence of PO43– in the bulk electrolyte, but rather the recombination of HPO42– and H+. In fact, 
the recombination of PO43– and H+ contributes negligibly throughout the range of tested voltages. 
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This phenomenon is better understood by examining the concentration profiles of the 1 M 
K3PO4 | 1 M H2SO4 FB-BPM (Supplementary Note 9.3), where incoming PO43– clearly speciates 
into HPO42– within the AEL, and the AEL is primarily in its HPO42–-form at the AEL|CL interface. 
Accordingly, the reaction occurring in the CL is the recombination of HPO42– and H+. This finding 
also explains why the OCP of the 1 M K3PO4 | 1 M H2SO4 and 1 M K2HPO4 | 1 M H2SO4 FB-BPMs 
are so similar: both OCPs are dictated by the same recombination reaction. Accordingly, the 
valence of a buffering anion dictates its OCP and polarization behavior due to the ability of 
multivalent anions to speciate internally according to pH gradients within the AEL. Furthermore, 
theoretical analysis of BPMs exchanged with phosphate anions of varying valance 
(Supplementary Note 9) demonstrates that, beyond the OCP, accounting for internal speciation 
reactions out of equilibrium facilitates understanding of nontrivial curvature observed in 

 
Figure 2: Theory resolves attenuation of open-circuit potential (OCP) in forward-biased bipolar 
membranes (FB-BPMs). (a) Comparison of experimental (circular markers) and theoretically 
calculated (triangular markers) OCP as a function of conjugate acid pKa, for 1 M KiA | 1 M H2SO4 
BPM, where A is the identity of the buffering anion, and i is its valence. Color of the OCP data-
point denotes the valence of the buffering anion, with red being used for monovalent anions, blue 
for divalent anions, and purple for trivalent anions. (b) Comparison of experimental (circles) and 
theoretically calculated (triangles) OCP as a function of conjugate base pKb, for 1 M KOH | 1 M 
BCl BPM, where B is the identity of the buffering cation. (c) Schematic depiction of the physical 
processes that dictate OCP in FB-BPMs. (d) Current-density breakdown analysis of a 1 M KOAc 
| 1 M H2SO4 BPM. (e) Current density breakdown analysis of a 1 M K3PO4 | 1 M H2SO4 BPM. 
Experimental data for panels (a) and (b) are taken from prior work by Dinh et al.18 
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experimental polarization data with multivalent anion electrolytes in both forward and reverse 
bias (Supplementary Figure 31). This analysis underscores the importance of a physical 
understanding of nonequilibrium behavior in predicting experimentally observed energetics and 
rates in FB-BPM systems. 

2.2 Competition between counter-ions dictates OCP and limiting current 
density in mixed electrolytes  

While the above analysis demonstrates the ability of nonequilibrium continuum theory to predict 
performance of FB-BPMs where the individual ion-exchange layers are exchanged with 
electrolytes of a single salt, many systems relevant for energy conversion and environmental 
remediation necessitate the use of complex, multi-component electrolytes containing weak-buffer 
impurities (e.g., (bi)carbonate electrolytes in CO2 capture and conversion9,34, organic acid products 
formed from CO2 reduction35,36, and ammonium in wastewater remediation8). Figure 3a 
demonstrates the ability of the model to predict the OCP of a FB-BPM with a 1 M H2SO4 cation-
exchange solution and a mixed anion-exchange solution with total ionic strength of 1 M and 
varying compositions of KOH or KOAc (denoted as a 1 M K(OH + OAc) | 1 M H2SO4 FB-BPM), 
where OAc– is a weak buffer impurity relevant to electrochemical CO2 reduction systems.30  As 
shown above for the pure electrolytes, these mixed electrolyte OCPs also result from dynamic 
balancing of co-ion crossover and nonequilibrium acid-base recombination. 

Because there are now two competitive anions that can recombine and dictate the OCP, ion-
selective partitioning was considered (see Methods) using a fitted binary selectivity parameter 
(𝑆OH

OAc, Supplementary Note 5) that controls the selectivity of the AEL to either OH– or OAc–. 
Values of 𝑆OH

OAc > 1 denote the AEL is selective to OH–, values of 𝑆OH
OAc < 1 denote the AEL is 

selective to OAc–, and values of 𝑆OH
OAc = 1 denote equal partitioning (i.e., Donnan equilibrium) 

(Supplementary Figure 9). The fitted value of 𝑆OH
OAc = 0.18 denotes that the AEL is far more 

selective to OAc– than OH–, consistent with prior experimental study of ion-selectivity in AELs37 
(Figure 3b). Past work has demonstrated that ion-selective partitioning is driven by differences 
in the strength of physical interactions between the membrane and absorbed counter-ion (Figure 
3c).38  While prior work theorized that the curvature and inflection point of the experimentally 
measured 1 M K(OH + OAc) | 1 M H2SO4 FB-BPM OCP curve could be explained by differences 
between OH– and OAc– diffusion coefficients,17 considering the difference in diffusion coefficients 
alone is insufficient to predict the experimentally measured behavior (Figure 3a, light grey line). 
Nonideal ion/membrane interactions are thus required to explain measured OCP data and to 
reproduce the inflection point at the measured % OAc– in the electrolyte (Figure 3a, black line). 

Fundamentally, these simulations demonstrate that as the fraction of weak buffer within the 
electrolyte increases, the OCP decreases from its maximum value corresponding to the 
recombination of H+ and OH– because OAc– competes with OH– for sites in the junction and 
reduces the OCP through neutralization short-circuiting. Accordingly, to maximize OCP, 
strategies must be employed to eliminate the AEL’s preference for the weak buffer. As shown in 
Figure 3a, a FB-BPM with an 𝑆OH

OAc = 1 can maintain a larger OCP across a much broader range 
of anion-exchange solutions. Hence, improving selectivity to H+ and OH– over buffering 
impurities could mitigate the effects of neutralization short-circuiting with mixed electrolytes. 
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Figure 3: Theory identifies losses in energy recovery for FB-BPMs with competitive counter-ions. 
(a) Experimentally measured (markers) and theoretically calculated (solid lines) open-circuit 
potential (OCP) as a function of the percentage of KOAc in the electrolyte for a 1 M K(OH + OAc) 
| 1 M H2SO4 BPM, assuming both ion-selective partitioning (black) and ideal Donnan behavior 
(light grey) in the anion-exchange layer (AEL). (b) Ion partitioning curve for an AEL that behaves 
by ideal Donnan (light grey) and with ion-selective partitioning (black). (c) Schematic picture of 
the physical picture through which the AEL preferentially uptakes OAc– over OH–. (d) 
Experimentally measured (dashed lines) and theoretically calculated (solid lines) polarization 
curves for a 1 M K(OH + OAc) | 1 M H2SO4 BPM. (e) Simulated polarization curves for a 1 M 
K(OH + OAc) | 1 M H2SO4 BPM assuming ion-selective partitioning (dark, solid lines) and ideal 
Donnan (light, dashed lines) in the AEL. (f) Schematic picture illustrating transport mechanisms 
in FB-BPMs. The number labels for each mechanism in (f) correspond to regions of the 
polarization curve marked in (d). For all experimental data considered, a reference potential drift 
of 0.045 V was assumed (Supplementary Note 14). 
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FB-BPMs must achieve a high OCP and limiting current density to enable power densities 
relevant for energy recovery and electrocatalysis in an industrial setting. Figure 3d demonstrates 
the power of the model to predict properly the limiting current densities of 1 M K(OH + OAc) | 
1 M H2SO4 FB-BPMs with varying anion-exchange solution compositions. Importantly, the model 
demonstrates that these limiting current densities are purely controlled by transport of the 
recombining ions—neither the presence of the buffer kinetics nor the catalytic enhancement has 
a meaningful impact of the observed limiting current density (Supplementary Notes 10 and 11). 
Modeling reveals that limiting current densities are strongly controlled by ion-selective 
partitioning and fixed-charge neutralization of the AEL, wherein OH– from the anion-exchange 
solution neutralizes AEL fixed-charge (Supplementary Figure 11), reducing the effective number 
of sites available for recombination (Supplementary Note 12). Neutralization of fixed-charge is 
dictated by the pKb of the AEL, fit here to a value of 0.5, again consistent with prior reported pKbs 
of AELs39, which suggests that the positively-charged moieties in the AEL are strongly basic, but 
can be neutralized when the concentration of OH– is sufficiently high.40  

Our analysis shows that ion-selective partitioning and fixed-charge neutralization define the 
available fixed-charge in the FB-BPM, which, in turn, dictates achievable recombination rates 
(Figure 3e; Supplementary Note 13). Collectively, these results reveal a more complex picture 
than simple ideal-Donnan site competition,29 underscoring the importance of nonideal 
interactions between absorbed ions and the membrane that inhibit H+/OH– recombination. Hence, 
highly basic AELs or acidic CELs that are selective to OH– or H+, respectively, are required to 
ameliorate these effects and enable high rates of recombination. 

Beyond understanding the processes that dictate limiting current densities in FB-BPMs, the 
model also elucidates the underlying physical processes in the polarization curve through 
analysis of the modeled concentration profiles and fractional current densities (Figure 3f, 
Supplementary Figures 11–15). At low current densities, within the kinetically controlled regime 
of FB-BPM performance, the recombination of H+ and OH– dominates (1). The limiting current 
density for this reaction is achieved when OH– is depleted at the AEL|CL interface (2), forming a 
voltage-independent current plateau that is flat until the onset of H+ and OAc– recombination (3). 
Finally, this reaction becomes transport limited once OAc– at the junction is depleted (4). 

In real systems with strong base, a concern is the absorption of atmospheric CO2 into the AEL 
as CO32–.41,42 CO32– is a particularly deleterious competitive buffering anion, due to its divalent 
nature that highly encourages its absorption in the AEL over OH–.38 Hence, even miniscule 
concentrations of CO32– in the anion-exchange solution can significantly reduce the available fixed 
AEL sites for OH– transport (Supplementary Figure 16), and, in turn, the current and power 
density of FB-BPMs. As shown in Figure 4a–b, the simulation predicts that even in an ideal 1 M 
KOH | 1 M HCl FB-BPM with no fixed-charge neutralization or ion-selective partitioning, 
absorption of 1 mM CO32– in the anion-exchange solution reduces achievable current and power 
densities by 50%.  

This is exacerbated for a 1 M KOH | 1 M H2SO4 FB-BPM, where the HSO4– anion can crossover 
and contribute to parasitically buffering the interface (Figure 4c–d), which occurs because the 
HSO4– anion will preferentially dissociate at any potential more negative than 0.059 [V] 
× pKa,HSO4

− = −0.12 [V]. This HSO4– dissociation contributes negative current density, which 
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attenuates the recombination rate. More importantly, the generated SO42– significantly reduces 
H+/OH– recombination due to its divalent nature occupying twice as much fixed charge in the 
AEL. This demonstrates the importance of operating with co-ions that cannot dissociate (e.g., Cl–). 

Importantly, the more alkaline the anion-exchange solution, the more it captures CO2, thereby 
exacerbating the above effect, similar to fixed-charge neutralization. Due to the extreme 
sensitivity of FB-BPM performance to CO2 uptake, and the similarities in its behavior to fixed-
charge neutralization, further experimental studies of FB-BPM limiting currents in CO2-free 
environments will be required to deconvolute the effects of CO2 uptake and fixed-charge 
neutralization. As it stands, the fitted pKb value, while consistent with literature ranges, could be 
compensating for CO2 absorption. Nonetheless, the above analysis resolves key phenomena that 
underpin the FB-BPM polarization curve and provides new understanding of the substantial 
roles various nonideal physical phenomena (ion-selective partitioning, fixed-charge 
neutralization, and CO2 uptake) play in dictating achievable currents in FB-BPMs. 

 
Figure 4: CO2 absorption and co-ion crossover severely attenuates current and power density in 
FB-BPMs. Impact of carbonate anion impurities on the simulated (a) limiting current density and 
(b) power density of a 1 M KOH | 1 M HCl FB-BPM. Impact of co-ion crossover and dissociation 
on the simulated (c) limiting current density and (d) power density of 1 M KOH | 1 M H2SO4 FB-
BPM. In these simulations, the FB-BPM is considered unselective with no fixed-charge 
neutralization. 
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2.3 Operation of forward-bias BPMs in over-limiting regimes 

CO2 electrolyzers are capable of operating at current densities beyond 100 mA cm–2 with FB-BPMs 
despite the transport-limited current density of ~10 mA cm–2 for FB-BPM HCO3–/H+ 
recombination.17,43,44 To understand this so-called “over-limiting behavior”, a simple 1 M KOH | 
1 M HCl FB-BPM without fixed-charge neutralization was simulated over a wider range of 
voltages (–0.8 V < VBPM < +0.4 V, Figure 5a-e). As can be seen in Figure 5e, at applied voltages 
where net voltage is applied (VBPM > 0 V), the FB-BPM current density can exceed that dictated by 
its mass-transfer-limited plateau in the regime where voltage is recovered (VBPM < 0 V).  

This over-limiting behavior occurs because when excess voltage is applied, the external 
potential gradient (i.e., the macroscopic electric field) changes direction (Figure 5c), enhancing 
the transport of counter-ions by electromigration and enabling improved recombination rates 
(Figure 5d-e). This improved transport of OH– to the CL by migration is evidenced by the fact 
that the OH– concentration in the AEL is higher at VBPM = +0.3 V than it is at VBPM = 0.0 V, despite 
the consumption of OH– anions by recombination being greater at VBPM = +0.3 V (Figure 5b). 
Additionally, the current-voltage characteristics in the over-limiting regime are controlled solely 
by the transport properties of the FB-BPM (Supplementary Note 15). These results reveal that 
FB-BPMs operating beyond their current density plateau require additional voltage input to drive 
ion transport. This additional voltage is analogous to the ohmic resistance in monopolar 
membrane, where a potential gradient is used to drive ion transport. Nonetheless, less voltage is 
required to drive a given current density with a FB-BPM than a monopolar AEM due to voltage 
recovery from the sustained local environments (Supplementary Figure 59).  

Extending this analysis to multi-ion FB-BPMs shows that this over-limiting behavior applies 
also to the recombination of buffering anions with H+ to form neutral species (Figure 5f-g). For 
instance, in a 1 M KHCO3 | 1 M H2SO4 FB-BPM, HCO3– and H+ recombine within the CL to form 
neutral CO2. As stated above, this recombination reaction is mass-transport limited to ~10 mA 
cm–2, which means that the beyond this current density the concentration of reactants in the 
recombination reactions go to zero. However, current densities beyond the mass-transport limit 
can be achieved by applying positive membrane potential to increase the transport of the 
recombination reactants to the interface by migration, explaining how FB-BPM CO2 electrolyzers 
can operate at current densities exceeding 100 mA cm–2 despite being (bi)carbonate exchanged.  

Unfortunately, in this case, we find that neutral CO2 formed at the AEL|CEL interface by 
recombination can diffuse out of either membrane, leading to a net crossover of carbon from the 
AEL-exchange solution to the CEL-exchange solution in the over-limiting regime 
(Supplementary Note 16).17 Additionally, the generated CO2 gas from HCO3–/H+ recombination 
can pressurize the interface and lead to delamination of the FB-BPM,44 motivating the need for 
better control of recombination to improve stability. Similarly, if a CO2 electrolyzer is generating 
a value-added liquid product (e.g., formate (HCOO–) or acetate (OAc–)), that product can be lost 
by recombination with H+ in the CL and subsequent crossover of the generated neutral species 
through the CEL (Supplementary Note 17). Accordingly, these analyses demonstrate that over-
limiting transport of counter-ions also accelerates the cross-over of carbon species or liquid-phase 
electrosynthesis products through the FB-BPM. 
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2.4 Sensitivity of forward-bias performance to electrolyte and bipolar 
membrane properties  

Finally, we performed sensitivity analyses of the FB-BPM performance to various properties of 
the membranes and electrolyte to reveal the greatest opportunities for tailoring materials and 
electrolytes for FB-BPM operation. First, an applied-voltage-breakdown analysis45 

 

Figure 5: Modeling reveals the nature of limiting and over-limiting current density in forward-
biased bipolar membranes (FB-BPMs). Concentration profiles of (a) H+ and (b) OH–, and (c) 
electrostatic potential profiles of a 1 M KOH | 1 M HCl BPM operating up to 2 A cm–2. (d) 
Schematic representation of transport mechanisms in FB-BPMs. (e) Polarization curve of a 1 M 
KOH | 1 M HCl FB-BPM operating up to 2 A cm–2, with current density broken down into 
contributions associated with migration-driven transport (blue) and diffusion-driven transport 
(purple). (f) Over-limiting CO2 crossover in a 1 M KHCO3 | 1 M H2SO4 FB-BPM. (g) Over-limiting 
acetic acid crossover in a 0.9 M KOH + 0.1 M KOAc | 1 M H2SO4 FB-BPM. In (e–g), the teal region 
corresponds to current densities for where voltage is recovered, the red region corresponds to a 
regime where there is net voltage input across the FB-BPM. The number labels for each 
mechanism in (d) correspond to regions of the polarization curve marked in (e). 
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(Supplementary Methods) of a simplified 1 M KOH | 1 M HCl FB-BPM (Figure 6a) is conducted 
to identify the dominant performance losses of a FB-BPM in the absence of nonideal multi-
component phenomena (e.g., neutralization short-circuiting, ion-selective partitioning, and fixed-
charge neutralization)—in other words, assuming perfect management of ionic impurities. This 
analysis revealed that recombination kinetic losses are dominant at low current densities for H+ 
and OH– recombination. However, at higher current densities, potential losses through the AEL 
and CEL (primarily due to ohmic resistance) become dominant. 

A sensitivity analysis of the maximum achievable power density to the thicknesses of the 
individual ion-exchange layers was carried out by simulating 1 M KOH | 1 M HCl FB-BPMs for 
various AEL or CEL thicknesses. Figure 6b reveals local optima in AEL thickness for a given CEL 
thickness (or vice versa). This nontrivial optimization landscape with respect to thickness occurs 
because, at a given thickness of the CEL, a thinner AEL helps improve transport of OH– to the 
junction for recombination. However, if the AEL becomes too thin, H+ can leak through the thin 
AEL prior to recombination due to insufficient Donnan exclusion. This analysis reveals tradeoffs 
between transport and crossover when modulating ion-exchange layer thicknesses in FB-BPMs. 
Sensitivity analysis to the fixed-charge of the individual ion-exchange layers in a 1 M KOH | 1 M 
HCl FB-BPM is much simpler (Figure 6c). Higher fixed-charge of a given ion-exchange layer 
always results in improved power-density for a FB-BPM since increasing the fixed-charge 
increases the number of sites available to mediate transport of recombining counter-ions while 
also improving Donnan exclusion and mitigating parasitic co-ion leakage. 

Critically, this analysis demonstrates that acid/base recombination power densities 
approaching 1 W cm–2 are achievable through rational material design. Thus, the optimal 
management of ionic impurities could enable power densities over an order of magnitude larger 
than previously reported for the recombination of 1 M acid and base in a FB-BPM.17,46,47 These 
results motivate the development and implementation of high-fixed charge polymers for FB-
BPMs.48 However, research is required to maintain mechanical stability of these high-fixed charge 
density polymers, as the mechanical integrity of ion-conducting polymers is compromised at 
extremely high fixed-charge densities.49 

Applied-voltage analysis was also performed on a more complex multi-component 0.5 M 
KOH + 0.5 M KOAc | 1 M H2SO4 FB-BPM, to understand the role of materials engineering in 
scenarios where multi-ion behavior is not negligible (Figure 6d). In this system, it is observed that 
nonideal phenomena associated with multi-ion competition for sites in the polymer and fixed-
charge neutralization induce substantial mass-transport resistances for H+/OH– recombination. 
Due to the computational intensity of the multi-component simulation, rather than simulating 
numerous discrete BPMs for every sensitivity variable, a gradient-based sensitivity analysis was 
performed over the key variables that dictate performance (see Supplementary Methods).  

In this analysis, the value of sensitivity of an output j to and input i, 𝜅𝑖𝑗, is defined as the factor 
by which j changes for a given increase in i, with the sign of 𝜅𝑖𝑗 denoting if the output increases 
or decreases. For instance, if 𝜅𝑖𝑗 is +2, then j increases by a factor of 4 when i increases by a factor 
of 2. If 𝜅𝑖𝑗 is –2, then j decreases by a factor of 4 when i increases by a factor of 2. For FB-BPM 
performance to be maximized, we aim to increase the limiting current density while minimizing 
parasitic co-ion crossover. 
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Our sensitivity analyses of limiting current density and co-ion crossover (Figure 6e-f) to 
membrane and electrolyte properties reveal that significant performance improvements can be 
achieved by increasing fixed-charge of either ion-exchange layer, reducing the AEL pKb to 
mitigate fixed-charge neutralization, and increasing the selectivity of the AEL to OH– over OAc–. 
Other strategies, such as reducing the AEL thickness or increasing the water uptake of the FB-
BPM, improve limiting current densities at the cost of increased co-ion leakage. This analysis 

 

Figure 6: Voltage loss and sensitivity analysis reveal dominant losses and opportunities for 
future engineered materials. Applied-voltage-breakdown analysis (Supplementary Methods 4) 
for an (a) idealized 1 M KOH | 1 M HCl FB-BPM, and a (b) mixed composition 0.5 M KOH + 0.5 
M KOAc | 1 M H2SO4 FB-BPM. Contour plots demonstrating the simulated maximum power 
density for the idealized 1 M KOH | 1 M HCl FB-BPM of varying (c) AEL or CEL thickness and 
(d) AEL or CEL fixed-charge. Sensitivity analysis (Supplementary Methods 3) of the (e) limiting 
current density and (f) co-ion crossover in a mixed composition 0.5 M KOH + 0.5 M KOAc | 1 M 
H2SO4 FB-BPM to various membrane and electrolyte properties. The effect of the parameters in 
(e) and (f) to the full polarization curves are shown in Supplementary Figures 17-24. 
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highlights that selective, highly charged polymers, with robust fixed-charge are key to enabling 
next-generation systems that employ FB-BPMs. This analysis also underscores how chemical 
engineering approaches can guide material design and integration.  

2.5 Implications for the Design of FB-BPM Systems for Energy Recovery  

The analysis presented in this work highlights the substantial, deleterious impacts of multi-
component phenomena on energy recovery in FB-BPMs. The pernicious impacts of CO2 
absorption on H+/OH– recombination delineated in Figure 4 reveal that any FB-BPM fuel cell or 
acid-base recombination cell must be operated in a CO2-free environment to achieve meaningful 
current and power densities. Additionally, the substantial effects of ion-selective partitioning and 
fixed-charge neutralization determined by the established theory reveal significant potential 
challenges with ion-management for systems that aim to extract voltage both from redox 
chemistry and acid-base recombination (e.g., acid-base redox-flow batteries23,25). Such systems 
could achieve industrially-relevant power densities by leveraging size-selective ion-conducting 
polymers that are selective to H+/OH– while simultaneously rejecting sterically larger redox-active 
molecules.50 However, more work is needed on the development of such materials. Collectively, 
this work demonstrates that managing multi-ion transport to enhance the selectivity and kinetics 
of H+/OH– recombination should be of paramount focus in future research. 

2.6 Implications for the Design of FB-BPM Systems for CO2 Electrolysis  

For CO2 electrolysis systems that employ FB-BPMs, the analysis reveals that not only do multi-
ion effects limit the current density that can be achieved while still extracting voltage from acid-
base recombination, but also that the recombination of (bi)carbonates with protons to form 
neutral CO2 enables an alternative mechanism of CO2 generation and crossover in FB-BPMs. 
Similarly, parasitic recombination reactions can also lead to the net-crossover of liquid-phase 
products generated at the cathode in a FB-BPM CO2 electrolyzer. Accordingly, our analysis 
suggests that while FB-BPMs do reduce CO2 and neutral product crossover compared to 
monopolar AEMs, they are worse at mitigating crossover than RB-BPMs (Supplementary Notes 
18-19). This suggests that RB-BPMs are preferred for CO2 electrolysis if maximizing single-pass 
conversion is vital. However, on the basis of the membrane potential required to drive ionic 
current, the FB-BPM requires less voltage to maintain a given current than both the monopolar 
AEM and the RB-BPM, suggesting the existence of a trade-off in reactor design between the 
energy requirement of the ionic separator and its ability to ameliorate crossover.  

We note, however, that there are scenarios for which the acidic cathode environment of an 
RB-BPM limits selectivity to value-added products (e.g., CO over Ag catalysts or C2+ products 
over Cu catalysts),51 necessitating use of a FB-BPM. In such cases, an asymmetric FB-BPM with a 
thin AEL improves anion transport while also encouraging back-diffusion of generated neutral 
species to mitigate crossover (Supplementary Note 20). Such membranes have been 
demonstrated for water management52, and have recently been shown to similarly direct neutral 
species out of the FB-BPM, thereby allowing for a pressure outlet at the AEL|CEL interface to 
ameliorate gas-induced delamination.44,53 
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3. Conclusions 
Forward-biased bipolar membranes (FB-BPMs) possess substantial promise for application in 
energy storage and conversion systems due to their ability to extract electrical voltage from 
gradients in pH or chemical potential. These materials can reduce energy consumption and 
facilitate optimal chemical environments for CO2 electrolysis, enable self-humidification in H2 
fuel cells, and augment achievable voltages in redox-flow batteries. However, despite these 
immense advantages, the underlying physics that govern the behavior of FB-BPMs in these 
complex, multi-component systems are still poorly understood.  

In this study, we develop an experimentally validated continuum model based on chemical 
engineering principles of thermodynamics, transport, and kinetics that can predict the 
performance of FB-BPMs exchanged with a wide assortment of multi-component electrolytes for 
energy recovery. The model reveals the importance of considering nonideal phenomena when 
evaluating the performance of FB-BPMs. In particular, we show that OCP in FB-BPMs occurs 
when the rate of co-ion crossover matches the rate of counter-ion recombination, that ion-selective 
partitioning driven by physical ion/membrane interactions causes impurities to outcompete OH– 
and H+ for fixed-charge groups, and that OH– can neutralize fixed-charges in the AEL. All of these 
phenomena attenuate achievable power density. The simulations also reveal that energy cannot 
be extracted from FB-BPMs operating at current densities beyond the mass-transport limited 
current plateau (i.e, the maximum recombination rate in the absence of a potential gradient), and 
that instead excess voltage must be applied to encourage counter-ion transport by migration. 
Sensitivity analysis establishes that the greatest area of opportunity for future development of 
FB-BPM systems is H+/OH– selective BPMs with high concentrations of robust fixed charge 
(pKb,AEL, pKa,CEL < 0), suggesting that such materials could achieve power densities over an order 
of magnitude larger than those previously reported for acid/base recombination.  

Lastly, the implications of the results are discussed for various applications. For energy 
storage, where CO2-free operation is required and size-selective polymers that block transport of 
bulky redox active species could mitigate competition for charged-sites. In CO2 electrolysis, 
asymmetric FB-BPMs with thin AELs can mitigate crossover of liquid-phase products or CO2 by 
promoting transport of generated neutral species to the AEL-exchange solution from which they 
originate. Altogether, the established theory unveils the role of multi-component phenomena in 
FB-BPMs and elucidates a new ceiling for performance that can be unlocked by rational materials 
design and ion management, opening the door for FB-BPMs to achieve their immense potential 
as next-generation energy materials and assemblies.  

4. Methods 
4.1 Model Framework 

The continuum model was developed based on the reverse-bias BPM model reported previously 
by Bui et al. for buffered multi-component electrolytes.27 This framework simulates 4-probe 
experiments performed for direct BPM analysis (Supplementary Figure 5),26 using a 1-
dimensional (1-D) continuum representation of a BPM containing an 80 µm CEL, a 2.7 nm CL, 
and an 80 µm AEL, with 20 µm exchange-solution (ES) boundary layers (BLs) on each side of the 
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BPM (Figure 1a). Modeling the domain as such resolves all concentration profiles and species 
fluxes within the BPM and adjacent diffusion BLs. The effects of forced convection are considered 
implicitly through the BL thickness. However, convective effects are not modeled, because the 
model is 1-D in the direction perpendicular to the direction of flow. It is important to note that 
experiments were conducted at ambient temperature (298 K).54 Hence, all simulations in this 
study were isothermal at this same temperature. Detailed description of the experimental 
methods can be found in the articles where the experimental data were first presented.17,18  

Crucial to reproducing experimentally observed behavior is the explicit consideration of non-
equilibrium generation and consumption of species via the homogeneous buffer reactions shown 
below.  

2H2O(l) 
𝑘𝑤, 𝑘−𝑤

↔
 

H3O(aq)
+ + OH(aq)

−   𝐾1 = 1 × 10−14 (2) 

HA(aq) + H2O(l) 
𝑘1, 𝑘−1

↔
 

 H3O(aq)
+ + A(aq)

−  𝐾1 = 10−𝑝𝐾1 (3) 

H2A(aq) + H2O(l)  
𝑘2, 𝑘−2

↔
 

 H3O(aq)
+ + HA(aq)

−   𝐾2 = 10−𝑝𝐾2 (4) 

HA(aq)
− + H2O(l) 

𝑘1, 𝑘−1
↔
 

 H3O(aq)
+ + A(aq)

2−  𝐾1 = 10−𝑝𝐾1 (5) 

H3A(aq) + H2O(l)  
𝑘3, 𝑘−3

↔
 

 H3O(aq)
+ + H2A(aq)

−   𝐾3 = 10−𝑝𝐾3 (6) 

H2A(aq)
− + H2O(l) 

𝑘2, 𝑘−2
↔
 

 H3O(aq)
+ + HA(aq)

2−  𝐾2 = 10−𝑝𝐾2 (7) 

HA(aq)
2− + H2O(l) 

𝑘1, 𝑘−1
↔
 

↔ H3O(aq)
+ + A(aq)

3−   𝐾1 = 10−𝑝𝐾1 (8) 

BOH(aq) 
𝑘1, 𝑘−1

↔
 

↔ OH(aq)
− + B(aq)

+   𝐾1 = 10−𝑝𝐾1 (9) 

Due to the large variety of electrolytes considered in this study, the acid 
dissociation/recombination reactions shown above have been written for generic monoprotic (eq. 
(3)), diprotic (eq. (4)–(5)), or triprotic acids (eq. (5)–(7)), as well as monovalent bases (eq. (9)). The 
equilibrium constants for each dissociating species were taken from literature pKa/b’s and 
converted to equilibrium constants by the relation 𝐾𝑖 = 10−𝑝𝐾𝑖, where pKi is the pKa or pKb of a 
given proton or hydroxide transfer event, respectively. All equilibrium constants and pKa/b’s are 
shown in Supplementary Table 3. 
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4.2 Thermodynamics of Forward-Bias Bipolar Membranes 

The following expression for electrochemical potential (𝜇𝑖) is used to describe the 
thermodynamics of all relevant species,28,55 

𝜇𝑖 = 𝜇𝑖
0 + 𝑅𝑇ln(𝑎𝑖) + 𝑧𝑖𝐹Φ, (10) 

where Φ is the electrostatic potential. R is the ideal gas constant. T is the absolute temperature, 
and F is Faraday’s constant. In Equation (10), the first term defines the reference chemical 
potential (𝜇𝑖

0), the second term accounts for changes in the activity of a given species, and the 
third term accounts for electrostatic potential and only has a non-zero value for charged species 
(i.e., all species except neutral acids/bases).  

Activity (𝑎𝑖) is defined by  

𝑎𝑖 =
𝛾𝑖𝑐𝑖𝑐H2O

0

𝑐ref𝑐H2O
, (11) 

where 𝑐𝑖 is the concentration of a given species i, 𝑐H2O is the concentration of water, and 𝑐H2O
0 =

55.56 𝑀 is the molar concentration of pure water. All concentrations are given based on a 
superficial basis (i.e., normalized by total volume of membrane swollen with water). 𝑐𝑟𝑒𝑓  is a 
reference concentration (1 M), and the ratio 𝑐H2O/𝑐H2O

0 = 𝜀w accounts for the volume fraction of 
water within the BPM. The inclusion of this volume fraction within the activity definition denotes 
that equilibrium reactions occur within interstitial liquid-filled volumes of the polymer. The 
activity coefficient, 𝛾𝑖, can be decomposed into a product of activity coefficients that result from 
various effects. In this work, the nonideal contributions considered are electric-field effects and 
ion-selective partitioning, 

𝛾𝑖 = 𝛾𝑖,SWE(𝐸)𝛾𝑖,partition, (12) 

For neutral species and ions that do not participate in acid/dissociation recombination 
reactions (i.e., K+), the Second Wien Effect (SWE) activity coefficient (𝛾𝑖,SWE(𝐸)) is not a function 
of electric field (i.e., 𝛾𝑖,SWE(𝐸) = 1). For charged species that participate in 
dissociation/recombination reactions, the electric-field-dependent activity coefficient preserves 
macroscopic equilibrium (Supplementary Note 1), 

𝛾𝑖,SWE(𝐸) = √𝑓 (𝐸)
−∣𝑧𝑖∣

, (13) 

where ∣𝑧𝑖∣ is the absolute value of the charge on species i, E is the local electric field, and 𝑓 (𝐸) is 
the dependence of the macroscopic equilibrium constant on electric field:56–60 

 𝑓 (𝐸) = exp(𝛼WD𝛽𝐸)

1+
1−exp(−1

𝜎)
2 (𝜎2𝛽𝐸+(4.97𝜎) sinh(0.0835𝜎𝛽𝐸)

cosh2(0.0835𝜎𝛽𝐸)
)
. (14) 

where 𝛽, 𝜏, and 𝜎  are lumped parameters, and 𝛼WD is a fitted parameter similar to the transfer 
coefficient in Butler-Volmer kinetics that describes the sensitivity of the WD catalysis to electric 
field (discussed in Supplementary Methods). The exponential dependence of the numerator on 
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E is a simplified expression that has been shown to approximate well the Bessel-function-type 
Onsager Second Wien Effect dependence.4,59 Accordingly, equilibrium constants of 
dissociation/recombination reactions are defined as   

𝐾𝑛(𝐸) = 𝐾𝑛(𝐸 = 0)𝑓 (𝐸) (15) 

where 𝐾𝑛(𝐸) is the local equilibrium constant for a homogeneous dissociation reaction that 
depends on local electric field, and 𝐾𝑛(𝐸 = 0) is its value under no field.  

Additionally, the fixed charge in the BPM dictates its ability to absorb counter-ions and reject 
co-ions by Donnan equilibrium (Supplementary Notes 3–4). This fixed charge is given by the 
following hyperbolic tangent expression. 

 𝑐𝑀(𝑥) =
𝜌M,wet × 𝐼𝐸𝐶

2 ⎝
⎜⎛𝜉AEL (tanh (

𝑥 − 𝑥1
𝐿char

) − tanh (
𝑥 − 𝑥2
𝐿char

))

− 𝜉CEL (tanh (
𝑥 − 𝑥3
𝐿char

) + tanh (
𝑥 − 𝑥4
𝐿char

))
⎠
⎟⎞ 

 

(16) 

where 𝜌M,wet and 𝐼𝐸𝐶 are the wet membrane density and ion-exchange capacity, respectively, 
provided in Supplementary Table 5, 𝑥1 is the leftmost position of the AEL, 𝑥2 is the right most 
position of AEL, 𝑥3 is the leftmost position of CEL, and 𝑥4 is the rightmost position of the CEL. 
Per this definition, the AEL possesses positive fixed charge, and the CEL possesses negative fixed 
charge of equal concentration to the positive fixed charge in the AEL. The hyperbolic tangent 
ensures smooth transitions between regions to encourage convergence.27 (1 − 𝜉AEL) and (1 −
𝜉CEL) are the fraction of the AEL or CEL fixed charge that has been neutralized by OH– or H+, 
respectively.40 Hence, 𝜉AEL and 𝜉CEL represent the fraction of available fixed charge in the BPM.  

The neutralization of this fixed charge can occur in the domain for BPMs exchanged with 
highly concentrated acid or base as shown by Andersen et al.40 

 −A− + H3O+ → −AH + H2O | Keq = 10−𝑝𝐾𝑎,CEL  (17) 

 −BH+ + OH− → −B + H2O | Keq = 10−𝑝𝐾𝑏,AEL (18) 

where −A− is a fixed negative charge group in the CEL and −BH+ is a fixed positive charge 
group in the AEL. 𝑝𝐾𝑎,CEL is the pKa of the fixed charge groups in the CEL, and 𝑝𝐾𝑏,AEL is the pKb 
of the fixed charge in the AEL. Using a classical Langmuir adsorption isotherm provides the 
following expression for 𝜉AEL and 𝜉CEL: 

  𝜉AEL = (1 + 𝑐OH−

10−𝑝𝐾𝑏,AEL
)

−1
  (19) 

 𝜉CEL = (1 +
𝑐H+

10−𝑝𝐾𝑎,CEL
)

−1
 (20) 

According to the above expressions, as the fixed-charge in the AEL and CEL becomes larger 
(i.e., the AEL has a highly negative pKb or the CEL has a highly negative pKa), the effects of fixed-
charge neutralization become negligible.  
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Finally, to model partitioning and ion-selectivity in AELs exchanged with mixed KOAc + 
KOH electrolytes, an activity coefficient based on the binary selectivity of the polymer is defined 
for the selectively sorbed OAc– anion within the AEL. 

𝛾𝑖=OAc−,partition = {𝑆OH
OAc within AEL

1 outside of AEL
 

𝛾𝑖≠OAc−,partition = 1 
(21) 

This definition implies that favorable thermodynamic interactions between OAc– and the AEL 
facilitate the AEL’s preference for OAc– over OH– (Supplementary Note 5). While these 
interactions are not directly resolved here, work by Crothers et al. suggests that nonideal 
partitioning is primarily dictated by physical interactions between the absorbed counter-ion and 
the fixed-charge groups in the polymer.38 Future work should seek to resolve these effects from 
first principles. 

Fixed-charge neutralization and binary-selectivity effects (Equations (17)–(21)) were only 
considered for the KOH + KOAc simulations (Figure 3), due to the importance of properly 
calculating the competition for AEL fixed-charge sites to reproduce experimentally observed 
limiting current densities as a function of electrolyte composition. These effects do not have a 
significant impact on the OCP simulated for pure electrolyte salts due to low H+ and OH– 
concentrations. Additionally, incorporating binary selectivity would require a fitted binary 
selectivity for every anion, and this fitting process requires substantial quantities of limiting 
current density data for each electrolyte tested as described in the Model Fitting and Validation 
section below, and obtaining binary selectivity data is nontrivial for multivalent anion electrolytes 
such as phosphates or carbonates. Hence, for the pure electrolyte simulations and mixed 
electrolyte simulations containing electrolytes other than monovalent OAc–, simulations were 
solved using ideal Donnan equilibrium and assuming that 𝜉AEL and 𝜉CEL are both unity. We note 
that these simulations thus overpredict the forward-bias limiting current density by ignoring the 
effects of fixed-charge neutralization. Nonetheless, these simulations are sufficient to reveal 
trends in and mechanisms of limiting current density and neutral species crossover for varying 
electrolyte and membrane compositions. Future work that calculates these binary selectivity 
coefficients from first principles and the physical properties of dissolved species and polymer 
will be necessary to capture these effects fully for complex electrolytes beyond KOH + KOAc. 
4.3 Kinetics of Forward-Bias Bipolar Membranes 

Homogeneous dissociation/recombination reactions generate and consume species throughout 
the model domain. The volumetric source term for species i due to such reactions is given by the 
law of mass action: 

𝑅B,𝑖 = 𝑘0 ∑ 𝑠𝑖,𝑛

 

𝑛 ⎝
⎜⎜⎛𝑘𝑛 ∏ (

𝑐𝑖
𝑐𝑖,ref

)
−𝑠𝑖,𝑛 

𝑠𝑖,𝑛<0
− 𝑘−𝑛 ∏ (

𝑐𝑖
𝑐𝑖,ref

)
𝑠𝑖,𝑛 

𝑠𝑖,𝑛>0 ⎠
⎟⎟⎞ (22) 

where 𝑠𝑖,𝑛 is the stoichiometric coefficient of reactant i in reaction n, 𝑘𝑛 is the forward 
(dissociation) rate constant for the reaction, and 𝑘−𝑛 is the reverse (recombination) rate constant 
for the reaction. 𝑐𝑖,𝑟𝑒𝑓  is the reference concentration of species i, which is 1 M for all dissolved 
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species and 55.556 M for water. To model the effect of the catalyst, we treat the CL as a thin neutral 
region located between the AEL and CEL where a large electric field can drive dissociation 
chemistry via the Second Wien Effect (eq. (13), (24), and (25)). Recombination chemistry is 
primarily driven by mass action.58,61,62 Within the CL domain, a dimensionless catalytic 
enhancement factor of k0 = 5 multiples the rate of RB,i, and is necessary to replicate the curvature 
in the FB polarization signature observed by Dinh et al.17 (Supplementary Figure 2). Outside of 
the CL domain, k0 = 1. 

Forward and reverse rate constants are related to the macroscopic equilibrium constant by 

𝐾𝑖 =
𝑘𝑖
𝑘−𝑖

 (23) 

The forward and reverse rate constants for dissociation/recombination reactions are impacted 
by the electric field,  

 𝑘𝑛(𝐸)
𝑘𝑛(𝐸 = 0) = exp(𝛼𝑊𝐷𝛽𝐸) (24) 

 𝑘−𝑛(𝐸)
𝑘−𝑛(𝐸 = 0) = 1 +

1 − exp(− 1
𝜎)

2 (𝜎2𝛽𝐸 + (4.97𝜎)
sinh(0.0835𝜎𝛽𝐸)

cosh2(0.0835𝜎𝛽𝐸)
) 

(25) 

where E is local electric field, 𝜎  is dimensionless bond length, 𝛽𝐸 is the nondimensional electric 
field, and 𝛼𝑊𝐷 is a fitting parameter that dictates the sensitivity of the WD kinetics to the field 
(see Supplementary Methods for more detail). For reactions where the rate constants have been 
measured or tabulated, the values of these were taken directly from literature (Supplementary 
Table 2). Otherwise, the rate constants for these reactions were calculated assuming barrierless, 
diffusion-limited kinetics, using literature tabulated hydrated ionic radii and aqueous diffusion 
coefficients (Supplementary Note 6 and Table 3).  

Kinetics in both directions are only slightly enhanced by the presence of the catalyst. The exact 
details of this catalytic enhancement are not evaluated in the present model. We note that more 
detailed models of dissociation could consider explicitly catalyst surface effects to resolve the 
nature of this enhancement.4,59 However, we choose a more simple model for 
dissociation/recombination to improve computational efficiency (Supplementary Note 2). There 
is also a lack of rate parameters describing how the relevant mono- or multi- valent anions/cations 
interact with catalyst surfaces that frustrates attempts to invoke microkinetic modeling of these 
interfacial reactions. Furthermore, because this work is more focused on resolving mesoscale 
transport mechanisms for FB-BPMs, the exact details of the catalyst surface are not necessary to 
capture.  
4.4 Mass and Charge Conservation in Forward-Bias Bipolar Membranes 

Species conservation solves for the concentration of all relevant species, 

𝛁 ⋅  𝐍i = 𝑅B,𝑖, (26) 

where 𝑵𝑖 is the flux of species i, and 𝑅B,𝑖 is a source term for the generation of species i from 
homogeneous reactions. The molar species flux is defined by the Nernst-Planck equation,  

https://doi.org/10.26434/chemrxiv-2024-g418f ORCID: https://orcid.org/0000-0003-4525-957X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-g418f
https://orcid.org/0000-0003-4525-957X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 Chemrxiv 

 

23 
 

𝐍𝐢 = −
𝐷𝑖𝑐𝑖
𝑅𝑇 𝛁𝜇𝑖, (27) 

where 𝐷𝑖 is the diffusivity of species 𝑖. Diffusivities for all species in aqueous electrolyte were 
taken from literature and reported in Supplementary Table 1. Within the membrane domains, 
diffusivities were corrected for the ionomer chemistry and morphology using the framework 
developed Grew et al.63, discussed in greater detail in the Supplementary Methods Section 2. 
Membrane properties and geometry are reported in Supplementary Table 5. 

The Poisson equation resolves the electrostatic potential and charge conservation in the 
domain, 

 −
𝑑2Φ
𝑑𝑥2 =

𝐹
𝜀 (𝑐M(𝑥) + ∑ 𝑧𝑖𝑐𝑖

𝑖
),   (28) 

where 𝜀 is the dielectric permittivity of the medium, defined to be that of water (𝜀H2O) in the 
electrolyte domains. For the membrane domains, the dielectric permittivity (𝜀M) is given by 
Equation 14 in the Supplementary Methods. 

4.5 Boundary Conditions 

Dirichlet boundary conditions set the concentrations of all modeled ionic species to their bulk 
electrolyte values within the AEL exchange solution (AEL-ES).  

𝑐𝑖∣𝑥=−𝐿CL
2 −𝐿AEL−𝐿AEL−ES

= 𝑐𝑖,AEL−ES
bulk  (29) 

where the origin (x = 0) is defined at the center of the CL, 𝐿𝐶𝐿 is the CL thickness, 𝐿𝐴𝐸𝐿 is the AEL 
thickness, and 𝐿𝐴𝐸𝐿−𝐸𝑆 is the AEL-ES thickness. For all electrolytes studied, concentration BCs 
were set according to bulk pH measurements conducted by Dinh et al.18 A table of concentration 
boundary conditions used for all electrolytes can be found in Supplementary Table 4. 

The electrostatic potential is set to the measured membrane potential with another Dirichlet 
boundary condition, 

Φ|
𝑥=−𝐿CL

2 −𝐿AEL−𝐿AEL−ES
= −𝑉app (30) 

where 𝑉app is the total potential change across the modeled domain. The negative sign in (30) is 
by convention and ensures that FB is associated with positive current/voltage and RB is associated 
with negative current/voltage. At the end of the CEL-ES (rightmost boundary), Dirichlet 
boundary conditions are again employed to set species concentrations to their bulk values: 

𝑐𝑖∣𝑥=𝐿CL
2 +𝐿CEL+𝐿CEL−ES

= 𝑐𝑖,CEL−ES 
bulk  (31) 

where 𝐿CEL is the CEL thickness, and 𝐿CEL−ES is the CEL-ES thickness. Lastly, the electrostatic 
potential is set to a reference of 0 V at the CEL-ES boundary, 

Φ|
𝑥=𝐿CL

2 +𝐿CEL+𝐿CEL−ES
= 0 V (32) 

https://doi.org/10.26434/chemrxiv-2024-g418f ORCID: https://orcid.org/0000-0003-4525-957X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-g418f
https://orcid.org/0000-0003-4525-957X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 Chemrxiv 

 

24 
 

4.6 Model Fitting and Validation 

Because the experiments from Dinh et al. simulated in this study employed Fumasep FBMs,17,18 
fitted parameters relating to the membrane diffusivity correction, CL thickness, and water-
dissociation transfer coefficient were taken directly from prior work from our group that 
simulated Fumasep FBMs in reverse bias27. A fitted catalytic enhancement factor k0 of 5× applied 
to the rate of dissociation/recombination within the CL domain was needed to ensure proper 
curvature of the FB polarization signature (Supplementary Figure 2). To validate these 
parameters, it is shown that the use of this single set of five parameters (𝐿junction, 𝐿BL, 𝑘0, 𝛼WD, 𝑞) 
(See Supplementary Table 6) is sufficient to reproduce the OCPs of all seventeen electrolytes 
tested by Dinh et al.18 Sensitivity analysis (Supplementary Note 7) demonstrates that of these five 
parameters, only two of them (𝛼WD, and 𝐿junction) affect the simulated OCP. Hence, only two 
adjustable parameters were fit a single time to reproduce the OCPs observed experimentally. 

To reproduce the current-voltage behavior of the mixed KOH + KOAc|H2SO4 BPM studied 
by Toh et al.,17 the AEL pKb and selectivity of OH– over OAc– (𝑆OH

OAc) were introduced as additional 
parameters to capture the effects of fixed-charge neutralization and ion-selective partitioning, 
respectively. The pKb was fitted to a value of 0.7 to match the polarization signature of the 
KOH|H2SO4 BPM and is consistent with the order of magnitude expected for anion-conducting 
polymers.39 A single binary selectivity of 0.18 was then fitted to reproduce the attenuation of 
limiting current density and OCP with increasing OAc− content in the electrolyte. This binary 
selectivity suggests that OAc– is favored over OH– in the AEL, which is consistent with literature 
reports of other AELs.37 We note however, that CO2 uptake may influence the limiting current 
densities observed in the work of Toh et al., which would affect the fitted 𝑆OH

OAc and 𝑝𝐾𝑏,AEL; future 
work in CO2-free environments is required to deconvolute these effects fully. In total, a single set 
of seven parameters (𝐿junction, 𝐿BL, 𝑘0, 𝛼WD, 𝑆OH

OAc, 𝑝𝐾𝑏,AEL, 𝑞) are introduced in the model. 
Sensitivity analysis demonstrates that of the seven total parameters, only five of them (𝛼WD, 
𝐿junction, q, 𝑝𝐾𝑏,AEL, and 𝑆OH

OAC) affect the simulated jlim and OCP (Supplementary Note 7). 
Accordingly, a single set of these five adjustable parameters are needed to reproduce polarization 
behavior of BPMs exchanged with electrolytes of varying compositions and identities. 

4.7 Computational Methods 

Two customized General Partial Differential Equation (g) Modules, one representing mass 
conservation and one representing charge conservation, were solved simultaneously in COMSOL 
Multiphysics 6.0. The 1D continuum was discretized using a nonuniform mesh with heavy 
refinement near all interfaces and within the CL. The resulting mesh comprised 4224 elements. A 
mesh independence study confirmed results are independent of meshing for meshes containing 
greater than 4000 elements (Supplementary Figure 3). Achieving convergence in these 
asymmetric BPM systems was achieved by the following multistep initialization scheme. First, 
the Donnan equilibrium conditions were calculated analytically for a symmetric electrolyte 
system, and the initial values in each domain were set consistent with analytical Donnan 
calculation results. The model was then initialized with dissociation/recombination 
homogeneous source terms set to zero to obtain an initial solution consistent with the analytic 
calculation. Next, the pH of each electrolyte was parametrically swept to their desired values, and 
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the concentrations of the other species in each electrolyte were simultaneously modified using 
analytical equilibrium expressions that related their concentration to the parametrically swept 
bulk electrolyte pHs. Finally, the homogeneous reaction source terms were turned on via 
logarithmic parametric sweeps. This initialization scheme was run for each class of electrolyte 
(monovalent cation, monovalent anion, divalent anion, trivalent anion, mixed electrolyte). All 
simulations were run using the Multifrontal Massively Parallel sparse direct Solver (MUMPS) 
employing Newton’s Method with a tolerance of 0.001 and a recovery damping factor of 0.75.   
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