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Abstract 

Bipolar membranes (BPMs) create counter-acting pH and electrostatic-potential gradients in electrochemical 

systems, enabling applications for pH regulation, electrocatalysis, and separations. At the polarized, interfacial 

junctions of a BPM, the water dissociation (WD, 2H2O ⇌ H3O⁺ + OH⁻) reaction can be driven, but it remains 

poorly understood. In this Perspective, we integrate molecular insights from bulk-water autoionization and field 

effects with continuum descriptions of BPM electrostatics and recent WD kinetics analyses. Pristine BPM 

junctions highlight both the limits of field-only acceleration and the practical challenges of junction stability at 

extreme reverse bias. Introducing heterogeneous catalyst layers, most commonly metal oxides and graphene 

oxides, accelerate WD by orders of magnitude through hypothesized coupled effects: i) surface acid–base 

functionality and hydroxyl-site density mediate proton-transfer steps, and ii) catalyst mobile electronic/ionic 

charges redistribute the junction potential drop, shaping local electric fields and reactive microenvironments. 

Kinetic analyses suggest two regimes of heterogeneous WD mechanism, including field-driven ordering of 

interfacial water and a Second Wien–type dissociation barrier lowering. We conclude by defining the key 

unknown variables (local pH, electrostatic potential, catalyst charge state and connection between mechanisms) 

and outlining experimental and multiscale modeling strategies needed for predictive WD catalysis and related 

ion-transfer reactions.  

 

  



 

 

1. Introduction 

Bipolar membranes (BPMs), first reported in 1956,1 are constructed by laminating an anion-exchange layer 

(AEL), containing mobile counter-anions not tethered to the polymer (usually OH− during operation) and 

polymer-bound cations, with a cation-exchange layer (CEL), containing mobile counter-cations (usually H3O+, 

sometimes abbreviated as H+ in literature) and polymer-bound anions. A key feature of BPMs is their selective 

ion-transport and maintenance of steady-state pH gradients, where H3O+ migrates through the acidic CEL and 

OH− migrates through the alkaline AEL.2 . Ion selectivity in each membrane layer is achieved by the Donnan 

potential established between the ion-exchange membrane and the adjacent electrolyte, which 

thermodynamically excludes co-ions (i.e., ions with the same charge as the membrane fixed groups). 

BPMs typically operate in reverse bias where current flows from AEL to CEL, with water dissociation 

(WD, 2H2O ⇄ H3O+ + OH−) happening between the AEL and the CEL, generating incipient OH− (through the 

AEL) and H3O+ (through the CEL) ions that separate via an outward flux from the bipolar junction (Figure 1a). 

BPMs can also operate in forward bias where current flows from CEL to AEL, with water formation (WF) 

happening between the AEL and the CEL, generating H2O that is formed in the bipolar junction via an inward 

flux of H3O+ (through the CEL) and OH− (through the AEL) ions. Catalysts are introduced between the CEL and 

the AEL to lower the overpotential of WD and sometimes WF (Figure 1b).3-9 The remarkable improvement in 

BPM voltage efficiencies3,5-7,9,10 in the past decade has allowed BPMs to emerge as promising performance-

competitive platforms for multiple applications, even at high currents (0.5 – 2 A cm-2) not previously possible, 

including water electrolysis for H2 production,5,11-14 electrodialysis for onsite acid/base synthesis,15-17 metal 

refining/recovery,18,19 CO2 capture and reduction,20-27 flow batteries,28-31 fuel cells,32-35 and others. Applications 

and engineering of BPMs have been discussed in detail in other Reviews.36-39 Here, we focus primarily on the 

foundational chemistry and physics relevant to WD in BPMs. 

Despite these well demonstrated applications, the key reaction happening in the BPM under reverse bias, 

WD, is not well understood. WD is a foundational and broadly important chemical reaction. For example, the 

activities of carbonic anhydrase,40-42 alkaline hydrogen evolution reaction,43-45 electrochemical reduction of 

CO2,46 and water-gas shift reaction47,48 are reported to be strongly related to the WD kinetics. Indeed, all 



 

 

reactions where H2O serves as a proton donor require embedded WD steps. In homogenous solution, WD 

proceeds via spontaneous heterolytic bond cleavage mediated by fluctuations of the hydrogen-bond network 

(Figure 2).49 On heterogenous catalysts, WD is known to be accelerated,1-12 yet the precise mechanisms are 

unclear and require further study of the chemistry and physics of the active interfaces.13-15 The well-defined 

bipolar interface within the BPM provides a unique experimental platform to study WD kinetics, which can be 

difficult to isolate in other systems.6,9,10,50,51 Investigations of WD in BPMs can advance BPM technology and 

catalyst development, and more broadly, provide insights into the mechanistic underpinnings of ion-generation 

and ion-transfer reactions at polarized interfaces, which transcend any particular application. 

In this Perspective we focus on WD within the bipolar junction, discussing the known and unknown 

fundamental chemistry and physics of this field-driven ion-transfer phenomenon. We first discuss the 

autoionization of bulk H2O as a baseline fundamental microscopic picture for understanding WD. Next, we put 

forth a simple continuum model of BPMs that demonstrates the underlying physics that must be considered for 

confined WD in BPMs. This framework is bridged to our present understanding of WD in BPMs without 

catalysts. We then discuss the role of heterogenous WD catalyst that we hypothesize can mediate proton-transfer 

events and we explore the role of interfacial electric fields. Methods for characterization of WD reactions in 

BPMs are summarized along with gaps in the presently available techniques. We end by highlighting unknown 

chemistry and physics of WD in BPMs and identifying areas for future investigation.  



 

 

 

Figure 1. Conceptual macro- and microscopic pictures relevant to WD in pristine and catalyzed 
bipolar membranes. (a) WD in a pristine (catalyst-free) BPM under reverse bias. The uncompensated 
fixed charges create a sharp macroscopic electrostatic potential drop (middle) that facilitates WD kinetics 
(right). (b) BPM WD in the presence of a volumetric catalyst layer. The thickened junction reduces the 
macroscopic junction-averaged electric field, though the exact continuous potential profile across this 
heterogeneous layer remains a critical unknown (highlighted by the “?” in the middle panel). At the 
microscopic scale (right), catalyst particles may undergo electronic charge redistribution under the 
applied field, generating local interfacial fields that facilitate water pre-organization for proton transfer. 
The second “?” highlights that the detailed atomistic mechanism of surface-mediated proton transfer 
remains an open question explored in later sections. Blue and red regions denote the AEL and CEL, 
respectively. All molecular depictions are schematic and are intended only to illustrate electric fields, 
interfacial interactions, and representative pathways; they do not depict the exact atomistic mechanism 
or solvation structure. 

 

2. Molecular physics of WD: from homogenous water to interfaces 

Bulk H2O continuously undergoes dissociation and recombination at equilibrium with the associated state 

favored due to the small equilibrium constant 𝐾𝐾𝑤𝑤. Accordingly, in water, a single WD event for a given molecule 

occurs every ~10 h (𝑘𝑘dis ≈ 10−3 M s−1).52 This rate is slow relative to the timescales of solvent fluctuations 

(femtoseconds) and hydrogen-bond rearrangements (picoseconds).49 

When autoionization does occur, the system rapidly traverses the reaction coordinate. Eigen and de Maeyer 

concluded that the rate-limiting step in autoionization is the formation of a rare intermediate microstate with a 

specific hydrogen-bonding network and solvation environment.52 Subsequent molecular dynamics simulations 



 

 

by Geissler and Chandler illustrated the molecular details of autoionization.49 They show that autoionization can 

proceed from a large ensemble of configurational microstates, so long as the configuration generates a transient 

local electric field sufficiently strong to cleave an O-H bond to produce OH− and H+. The H+ is transferred in a 

concerted fashion to a neighboring H2O molecule forming H3O+. Subsequent ion separation proceeds via the 

sequential interconversion between covalent and hydrogen bonds (generically, via the Grotthuss mechanism53,54) 

to facilitate charge transport. Because the transient electric field persists only on femtosecond timescales, most 

ion-pairs rapidly recombine upon field quenching. Only when the transient electric field coincides with a 

disruption of the hydrogen-bonding network between the liberated ions, are the ions solvated and remain 

separated. When the solvated ions reach a critical contact distance along a hydrogen-bonding wire, they rapidly 

recombine along a near-barrierless reaction coordinate. Recent simulations further suggest that nuclear quantum 

effects are also important, as proton zero-point motion and delocalization increase access to proton-shared 

configurations and facilitate proton transfer along hydrogen-bonded networks. In this sense, autoionization is 

governed not only by rare solvent configurations and local electric fields, but also by the quantum mechanical 

nature of proton motion.55,56 

Externally applied electric fields can also result in net H2O ionization. Early experiments by Wien show 

that the conductivity of weak electrolytes increase under large electric fields (by ~10%),57 and Onsager later 

rationalized these results through a theory of the field-induced enhancement of the dissociation constant.58 In 

this framework, the dissociation constant shifts towards ionization as the electric field can stabilize the charge-

separated state during WD and decrease the recombination probability. In the context of a reaction coordinate 

this can be viewed as (nominally enthalpic) stabilization of charge-separated transition-state.4 This phenomenon 

is referred to as the Second Wien Effect (Figure 2b). The physical picture of the Second Wien Effect, 

traditionally, has been that large electric fields can weaken O-H bonds lowering the energy barrier (lower 𝐸𝐸𝑎𝑎 in 

the Arrhenius equation 𝑘𝑘 = 𝐴𝐴 ∗ exp �− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅
�) for WD.  

Recently, Litman and Michaelides used ab initio molecular dynamics to provide an alternative view. They 

show that the WD reaction is entropically hindered in the absence of a field but becomes entropy-driven under 

strong electric fields.59 At high fields, the reactant state is ordered with water molecules aligned with the field 



 

 

and exhibit both stronger, and more, hydrogen bonds. Consequently, when the electric field is sufficiently strong, 

WD can be entropically favorable (Δ𝑆𝑆 > 0). The entropy-driven physical picture illustrates that the stronger 

electric field organize the water molecules, making WD faster (higher 𝐴𝐴 in the Arrhenius equation 𝑘𝑘 = 𝐴𝐴 ∗

exp �− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅
�). Thus, even in the context of bulk autoionization, the detailed mechanistic underpinnings of WD 

are still unclear.  

At heterogeneous interfaces, the molecular coordinates relevant to WD are complicated by broken solvent 

symmetry, altered hydrogen-bond networks, and interfacial electric fields. Studies at the air|water interface, and 

water under nanoconfinement, show that proton solvation and acid–base behavior can differ from the bulk, 

including interfacial stabilization of excess protons and increased interfacial Brønsted acidity.60-62 Deep-neural-

network molecular dynamic simulations at TiO2|electrolyte interfaces suggest that electric fields primarily bias 

the interfacial ensemble toward dissociation-competent configurations, rather than strongly altering the barrier 

of an individual event.63 On Pt, nuclear quantum effects have been shown to enhance surface-mediated WD 

primarily through zero-point-energy lowering, thereby stabilizing proton-delocalized configurations along 

interfacial hydrogen-bonded wires.64 These results support the view that interfacial WD is governed by a 

collective free-energy landscape shaped by solvation structure, electrostatics, and the quantum nature of protons. 

Non-ideal solvent interactions can also impact H2O reactivity when significant ion-coordination changes 

the solvent properties. For example, Xu et. al., show that electrolyte cations can tune the rate of the Volmer step 

(H2O + e−  H* + OH−) in the hydrogen evolution reaction. Cations can change the acidity of hydrated water 

and therefore the Volmer step, but also impacts the rate of OH− exchange through the solvation environment.65 

In concentrated electrolytes, Guha et al. showed that increasing KOH concentration increases the fraction of 

tetrahedrally coordinated H2O and is accompanied by slower HER kinetics, which they interpret as a larger 

barrier to the Volmer step.66 For a more comprehensive analysis of ion-effects in electrocatalysis we point the 

readers elsewhere.67-69 

These studies show that WD is governed by a free-energy landscape that depends, at a minimum, on 

electrostatics, solvation structure, and proton dynamics. Whether field-enhanced WD is best viewed through 

charge-separated-state stabilization, reactant pre-organization, or suppression of recombination is unclear, even 

for simple systems. These knowledge gaps are amplified in BPMs, where WD occurs within a confined and 



 

 

electrostatically/chemically heterogeneous junction. The central question, then, is how these concepts translate 

to BPMs, and which descriptors are most relevant under operating conditions. Further, prevailing questions lie 

in the interplay between interfacial solvent, WD catalyst chemistry (when present), and bipolar junction 

electrostatics. 

 

Figure 2. Molecular mechanisms of WD in bulk water. (a) Autoionization of bulk water via a 
Grotthuss mechanism. (b) Field-assisted WD in bulk water, where the applied electric field pre-organizes 
dipolar water molecules (purple arrows) into, on average, more-favorable proton-transfer configurations 
and facilitates ion separation. This picture is related to the classical Second Wien effect.57,58 All molecular 
depictions are schematics and are intended only to illustrate electric fields, interfacial interactions, and 
representative proton-transfer pathways; they do not depict the exact atomistic mechanism or solvation 
structure. 

 

3. Electrostatics and transport in the BPM junction microenvironment  

Interrogating WD within the bipolar junction requires an a priori description of the continuum electrostatics 

and transport that define the baseline environment inside the BPM. Here we present a minimal 1-D continuum 

model of the BPM (Figure 3a), with more details presented in the previous work.9 This model does not account 

for the complexities of integrating a catalyst within the bipolar junction, which are discussed later. 



 

 

We consider the reversible reaction 2H2O ⇌ H3O+ + OH−with forward and reverse rate constants 𝑘𝑘dis and 

𝑘𝑘rec and treated as independent of electric field. At equilibrium the forward and reverse rates (𝑅𝑅) are equal, 

𝑅𝑅dis = 𝑅𝑅rec (1) 

and are related to the rate constants and the relevant species activities (𝑎𝑎𝑖𝑖, where 𝑖𝑖 is the species identity) per, 

𝑅𝑅dis = 𝑘𝑘dis𝑎𝑎H2O
2  (2) 

𝑅𝑅rec = 𝑘𝑘rec𝑎𝑎H3O+𝑎𝑎OH− (3) 

Importantly, Equations 2 and 3 preserve a thermodynamically consistent, unitless equilibrium constant (Equation 

4), which in turn requires that kinetic expressions maintain their activity basis and thus account for non-idealities 

(e.g., the full chemical potential of species).  Taking 𝑎𝑎H2O as unity, which is standard assignment for a pure 

solvent and is reasonably assumed when H3O+ and OH− activities are small, 𝐾𝐾w ~10-14. 

𝐾𝐾w =
𝑘𝑘dis
𝑘𝑘rec

=
𝑎𝑎H3O+𝑎𝑎OH−

𝑎𝑎H2O
2 ≈ 10−14 (4) 

Eigen and de Maeyer, using transient voltage measurements, measured 𝑘𝑘rec to be ~1011 M s−1 (converted to 

activity basis).52  From this, 𝑘𝑘dis can be calculated as shown below. 

𝑘𝑘dis = 𝐾𝐾w𝑘𝑘rec = 10−3 M s−1 (5) 

Throughout, thermodynamic quantities are expressed on an activity basis. In a dilute limit, however, activities 

may be approximated by the ratio of the relevant intensive variable (𝑋𝑋𝑖𝑖, concentration, pressure, etc...) relative 

to a reference state (𝑋𝑋𝑖𝑖0) if the activity coefficient (𝛾𝛾𝑖𝑖) approaches unity. 

𝑎𝑎𝑖𝑖 = 𝛾𝛾𝑖𝑖 �
𝑋𝑋𝑖𝑖
𝑋𝑋𝑖𝑖
0�  (6) 

Now, considering away from equilibrium, the net generation rate of ionic species is the difference in 

forward and reverse reaction rates. 

𝑅𝑅H3O+ = 𝑅𝑅OH− = 𝑘𝑘dis𝑎𝑎H2O
2 − 𝑘𝑘rec𝑎𝑎H3O+𝑎𝑎OH− (7) 

Conservation of mass through the continuity equation demands that at steady state the divergence in species flux 

of species 𝑖𝑖 (𝐽𝐽𝑖𝑖) equals 𝑅𝑅𝑖𝑖 

∇ ⋅ 𝐽𝐽𝑖𝑖 = 𝑅𝑅𝑖𝑖  (8) 

The flux of species 𝑖𝑖 is described as the gradient of its electrochemical potential (𝜇̅𝜇𝑖𝑖, Equations 9 and 10). 



 

 

𝜇̅𝜇𝑖𝑖 = 𝜇𝜇0 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑎𝑎𝑖𝑖) + 𝑧𝑧𝑖𝑖𝐹𝐹𝐹𝐹 (9) 

𝑱𝑱𝒊𝒊 = −
𝐷𝐷𝑖𝑖𝑐𝑐𝑖𝑖
𝑅𝑅𝑅𝑅

∇𝜇̅𝜇𝑖𝑖  (10) 

Here, 𝜇𝜇0is the standard-state chemical potential, 𝐷𝐷 is the diffusion coefficient, 𝑐𝑐 is concentration, 𝑧𝑧 is the charge 

number, 𝐹𝐹 is Faraday’s constant, 𝑅𝑅 is the gas constant, 𝑇𝑇 is temperature, 𝜙𝜙 is the electric potential and other 

terms have been defined previously. Expansion of ∇𝜇̅𝜇𝑖𝑖 reveals a general, and rigorous, form of the molar flux 

(omitting convection). 

𝑱𝑱𝒊𝒊 =  −𝐷𝐷𝑖𝑖∇𝑐𝑐𝑖𝑖 − 𝐷𝐷𝑖𝑖𝑐𝑐𝑖𝑖∇ ln(𝛾𝛾𝑖𝑖) −
𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖𝐹𝐹𝐷𝐷𝑖𝑖
𝑅𝑅𝑅𝑅

∇𝜙𝜙 (11) 

Importantly, the activity coefficient gradient (∇ln (𝛾𝛾𝑖𝑖)) imparts an additional flux term due to non-idealities. 

When 𝛾𝛾𝑖𝑖 is unity, or spatially invariant, we recover the Nernst-Planck equation presented with a concentration 

basis (ignoring convection, Equation 12). 

𝑱𝑱𝒊𝒊 =  −𝐷𝐷𝑖𝑖∇𝑐𝑐𝑖𝑖 −
𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖𝐹𝐹𝐷𝐷𝑖𝑖
𝑅𝑅𝑅𝑅

∇𝜙𝜙 (12) 

We note the assumption of unit or spatially invariant activity coefficients is a poor assumption for transport 

within an ionomer phase where frictional interactions between various competing ions and solvent are 

common,2,70-72 yet is a useful starting point for understanding WD at the BPM junction.  

Electrostatics couple to transport via the Poisson equation, which relates the charge density to the 

electric potential across the junction. The terms 𝑐𝑐+ and 𝑐𝑐− are the concentration of positive and negative charges, 

respectively, including mobile ions (H3O+ and OH−) and fixed charges on the polymer backbone. The terms 𝜖𝜖0 

and 𝜖𝜖𝑟𝑟 are relative permittivity of vacuum and bulk water, respectively. While other ions may be present in some 

systems15,18,26,29,73 (such as salt species in electrodialysis) the general transport of H+ and OH− remain similar in 

the dilute limit. 

∇2𝜙𝜙 = − 𝜌𝜌𝑖𝑖
𝜖𝜖0𝜖𝜖𝑟𝑟

= − 𝐹𝐹
𝜖𝜖0𝜖𝜖𝑟𝑟

(∑𝑐𝑐+ − ∑𝑐𝑐−) (13)  

Finally, the equilibrium electrochemical potential of each species  must be equal across the 

heterojunction (i.e., the definition of equilibrium). Considering H3O+ species, and assuming the pH in the CEL 



 

 

and AEL are 0 and 14, respectively, we calculate the built-in electric potential difference necessary to maintain 

the pH gradient (Equation 14).  

Δ𝜙𝜙eq =
𝑅𝑅𝑅𝑅
𝐹𝐹

ln�
𝑎𝑎H3O+
CEL

𝑎𝑎H3O+
AEL � =

ln(10)𝑅𝑅𝑅𝑅
𝐹𝐹

Δ𝑝𝑝𝑝𝑝 ≈ 0.83 𝑉𝑉 (𝑇𝑇 = 298 K) (14) 

We define Δ𝜙𝜙𝑒𝑒𝑒𝑒 = 𝜙𝜙AEL − 𝜙𝜙CEL and, following the subsequent algebra, the difference in pH is enforced as 

Δ𝑝𝑝𝑝𝑝 = 𝑝𝑝𝐻𝐻AEL − 𝑝𝑝𝐻𝐻CEL. An equivalent equilibrium can be written for OH−. 

 Together, these relations define a minimal description of the catalyst-free bipolar junction, which in part 

acts as an ionic analogue to semiconductor p-n junctions,74 with OH− in AEL corresponding to electrons in n-

type semiconductor, and H3O+ in CEL corresponding to holes in p-type semiconductor. When the CEL touches 

the AEL, the H3O+ (near the interface of the CEL) and OH− (near the interface of the AEL) recombine and form 

charge-neutral water between the two membranes. The residual uncompensated fixed positive charges in the 

CEL and the residual uncompensated fixed negative charges in the AEL create a space-charge region that 

establishes a sharp electrostatic potential gradient across the interface over a length scale of a few nm, as opposed 

to the 100-1000 nm in typical semiconductor p-n junctions (Figure 1a, 3a). This process happens until the 

electrostatic potential gradients prevent further diffusion of H3O+ and OH−, which occurs when the electrostatic 

potential gradient balances the chemical potential gradient, as described with Equation 11, with the 

electrochemical potentials of each ion equilibrating across the interface. The model outputs the spatial 

distribution of species electrochemical potential, concentration, electric potential and electric field across 

the bipolar junction, as seen in Figure 3a. 

 When the transmembrane electric potential increases, driven by the applied external field, the BPM is 

reverse-biased, H3O+ and OH− are driven out of the heterojunction by gradients in their electrochemical potential 

and WD proceeds in the bipolar junction, forming new H3O+ and OH−. The generation and outward-flux of H3O+ 

and OH− reaches steady-state under constant current/voltage conditions across the BPM. The opposite is true in 

forward-bias, where the model predicts local enrichment in H3O+ and OH− concentrations and the water 

formation reaction proceeds (Figure 3a). This is consistent with experimental results which implement a NiOx 

voltametric pH probe into the BPM junction.75 



 

 

 The large electric field (𝐸𝐸�⃑ = −∇𝜙𝜙) that exists with the BPM junction has been hypothesized to lower 

free-energy barriers for WD in BPMs and thus impacts rates.3,4,6,8-10,36,51 The electric-field magnitude and profile 

across the heterojunction are thus important. The charge carrier densities of common ionomer materials are 1021 

cm−3, corresponding to an ion exchange capacity of ~ 1 mequiv g−1. Assuming an abrupt bipolar junction without 

a catalyst layer, this would result in a space-charge region on the order of nanometers, and therefore an electric 

field of ~108 V m−1. However,  polymer mobility, interfacial intermixing, and fixed-charge condensation all may 

result in significant deviations from those anticipated via the simple static 1-D model. Additional complexities 

arise upon inclusion of a solid nanoparticle WD catalyst layer, relative to the catalyst-free case (Figure 1a, 1b). 

For WD in BPMs, some mechanisms are proposed and verified, as discussed in the following sections, while the 

actual spatial distribution of pH and the electrostatic potential profile within the BPM remain key unknowns. 

Non-ideal ionomer physics like ion pairing/condensation, non-unity activity coefficients, finite-size effects, and 

frictional coupling between ions and polymer probably significantly perturb these profiles, but the relevant 

parameters under bias are poorly constrained. Finally, the morphological heterogeneity implies that pH and 

potential involve broad distributions over interconnected water domains and tortuous ionomer–catalyst 

interfaces in three dimensions.  

Despite the complex physics within operating BPM junctions, the typical experimentally accessible 

observables are limited to macroscopic quantities, namely current and trans-membrane potential difference. 

Accordingly, BPM WD kinetics are typically studied in either H-cell or membrane-electrode-assembly (MEA) 

testbeds. H-cells are experimentally simple because reference electrodes in the acid and base compartments can 

serve as a proxy for membrane electric potential, and therefore directly track the potential difference across the 

BPM as a function of current (Figure 3b). The bulk electrolyte reservoirs, however, can introduce complications 

from non-unity WD faradaic efficiency due to counter-ion crossover, and freestanding membranes are more 

prone to mechanical failure.3 By contrast, MEA potential-sensing platforms (Figure 3c, 3d), with pure water 

feed, better isolate the voltage dropped across the BPM while eliminating parasitic co-ion transport and 

minimizing mechanical artifacts.10 In the MEA geometry, the reference electrodes are affixed directly to AEL 

and CEL strips extending outside cell hardware. The WD overpotential, 𝜂𝜂wd, is defined as the transmembrane 

electric-potential difference under current relative to the open-circuit transmembrane electric-potential 



 

 

difference (𝜂𝜂wd = Δ𝜙𝜙(𝑖𝑖)− Δ𝜙𝜙(𝑖𝑖 = 0)). MEA potential-sensing measurements therefore provide a rigorous 

basis for defining WD overpotential and constructing quantitative rate/driving-force relationships (e.g. 

polarization curves, Figure 3e). Complementarily, electrochemical impedance spectroscopy (EIS) can separate 

the WD charge-transfer resistance from Ohmic contributions and other electrode reactions (Figure 3f). For 

detailed discussions on EIS data interpretation and equivalent-circuit modeling in BPMs, we direct readers to 

the previous work.9 

      

 



 

 

Figure 3. Experimental platforms and physical modeling used to interrogate water dissociation 
kinetics in BPMs. (a) A minimum physical model of the BPM junction region (representing a water-
filled gap) obtained from COMSOL continuum simulations, illustrating the spatial distributions of 
electrochemical potential, ion concentration, electrostatic potential, and electric field across the junction 
region. Data are adapted from ref9. Available under a CC-BY 4.0 license. Copyright 2022 Springer 
Nature.  (b) H-cell configuration for BPM studies in a simplified geometry. The transmembrane electric 
potential is measured via reference electrodes (typically equipped with Luggin capillaries to minimize 
uncompensated Ohmic drop), while current is applied through the anode and cathode. (c) Schematic of 
the membrane-sensing membrane-electrode-assembly (MEA) platform, in which reference electrodes are 
integrated on the CEL and AEL sides to isolate the voltage associated with the bipolar junction. (d) 3D 
rendered model and exploded view of the corresponding membrane-sensing cell hardware. Pure water is 
fed into, and flows out from, both flow fields; water transports from the flow fields into the BPM layer. 
(e) Representative WD polarization curves comparing a pristine BPM and a high-performance SnO2-
catalyzed BPM (a recent benchmark for WD activity); lower ηwd at a given current density indicates faster 
WD kinetics. Data are adapted with permission from ref5. Copyright 2024 Springer Nature. Additional 
data are adapted from ref9. Available under a CC-BY 4.0 license. Copyright 2022 Springer Nature. (f) 
Representative electrochemical impedance response used to extract the WD resistance, Rwd, from Ohmic 
and electrode contributions. Data are adapted from ref9. Available under a CC-BY 4.0 license. Copyright 
2022 Springer Nature.   

 

4. Field-driven WD in catalyst-free BPM junctions 

 The electric field in a pristine bipolar junction (without introducing catalysts between the AEL and the 

CEL) is on the order of 108 V m−1. This large field magnitude is why the Second Wien effect (nominally enthalpic 

barrier reduction, discussed in Section 2) is invoked to describe field-enhanced WD. Through the Second Wien 

effect, electric fields can electrostatically stabilize the (fully and partially) charge-separated states that exist at 

the reactant and/or transition-state of WD, thereby accelerating the reaction.4,76,77 Others, however, have argued 

that electric fields in bipolar junctions are insufficient to drive appreciable WD current densities. For instance, 

Mafé suggests that field-driven WD proceeds via the preferential ordering of interfacial water under an electric 

field, which increases the likelihood of solvent fluctuations resulting in proton transfer (i.e., an entropy effect). 

Therefore, experimental investigations into the relationship between enthalpic/entropic barriers for WD in BPMs 

are needed to mechanistically understand field-enhanced WD. 

Chen10 and Rodellar50 each independently investigated the mechanism of rate enhancement via 

temperature-dependent WD kinetic measurements in a catalyst-free BPM.10,50 The enthalpic and entropic 

barriers to WD were investigated with an Arrhenius analysis. By fitting the Arrhenius equation (𝑖𝑖 = 𝐴𝐴 ∗

exp �− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅
�), temperature-dependent measurements allow extraction of the apparent Arrhenius prefactor, 𝐴𝐴, and 

the apparent activation barrier, 𝐸𝐸𝑎𝑎, as a function of WD overpotential, 𝜂𝜂wd. Through the Eyring equation, 𝐴𝐴 can 



 

 

be linked to the transition-state entropy barrier, Δ𝑆𝑆‡, and 𝐸𝐸𝑎𝑎  to the enthalpic barrier, Δ𝐻𝐻‡. For uncatalyzed 

BPMs, Chen found that with increasing 𝜂𝜂wd  the 𝐸𝐸a  parameter was reduced (with decreased 𝐴𝐴), indicating 

Second-Wien-type behavior.10 However, Rodellar et al. found the opposite, with 𝐸𝐸a and 𝐴𝐴 increasing with 𝜂𝜂wd, 

indicating entropy-driven WD.50 Thus, despite recent efforts, the underlying mechanism of WD in pristine BPMs 

remains uncertain, likely due to experimental complexities. 

 Chen, demonstrated that pristine BPM junctions exhibit unstable operation, with the polarization 

performance of the BPM decaying over time, likely due to degradation at the AEL|CEL interface during high 

overpotential operation,10 perhaps due to field-induced interface mixing of the ionomers. This uncontrolled 

degradation may be the source of inconsistent results in the community. To measure reproducible and physically 

accurate kinetic parameters, a stable pristine AEL|CEL interface must be fabricated. Some results demonstrate 

that fabricating three-dimensional or roughened BPM junctions can increase performance.78,79 Perhaps such 

performance increases can stabilize the BPM sufficiently to abstract kinetic parameters. Bipolar membranes 

composed of AEL and CEL with high chemical incompatibility might decrease interface-mixing-induced 

degradation.80 

5. Coupled chemistry and electrostatics in heterogeneous WD catalysis   

Oener et al., and others,3,5,6,8-10,28,51,81 have demonstrated that incorporation of oxide catalysts, into the 

bipolar junction can increase WD rates by orders of magnitude. The rate-enhancement of WD is attributed to 

catalytic surface-mediated WD.  In this section, we discuss the molecular-scale features of WD independent of 

the macroscopic junction environment. We then explore how bulk electrostatics and ion distributions across the 

junction are coupled to the WD catalyst chemistry, demonstrating that chemical and electrostatics effects cannot 

be treated independently. 

Developing material design strategies for WD catalysts is challenging, however, because the activity is 

governed simultaneously by the catalyst surface chemistry (e.g., acid-base chemistry, active-site density, etc…), 

and by how the materials interacts with, and subsequently controls, the electrostatic profile across the bipolar 

junction.5,9,10 The chemical and electrostatic effects on WD catalysis are intrinsically coupled. For example, the 



 

 

oxide acid-base properties simultaneously impact the facility of H+ exchange, but also ionic charge build up can 

control the electrostatic field distribution through the heterojunction.3,4,51 

To date, state-of-the-art WD catalyst materials are metal oxides and graphene oxides. Oxide materials 

typically host M-O(H)x (x = 0-2) and M-O(H)y-M (y = 0-1) H+ adsorption sites. WD is likely facilitated by a 

series of sequential elementary H+ adsorption and desorption steps.6,10,51 Figure 1b (right) shows a WD 

mechanism in which interfacial H2O donates a H+ to the catalyst-surface, is transported across the catalyst 

particle between surface-oxygen groups and finally donated to another H2O molecule affording H3O+. By 

fabricating AEL|catalyst|AEL and the analogous CEL|catalyst|CEL architecture, Chen et al. find that both H+ 

and OH− transport across metal oxide catalyst layers imparted only small overpotential penalties.9 These 

observations suggest the predominant overpotential penalty goes towards heterolytic water O-H bond cleavage 

mediated via the catalyst surface and separation of the incipient H+ and OH− ions. 

The facility of H+ adsorption/desorption during WD is rooted in the acid-base character of catalysts under 

a defined electrostatic field. In molecular systems, acidity is defined via a site 𝐾𝐾𝑎𝑎 (or 𝑝𝑝𝐾𝐾𝑎𝑎). For oxide surfaces, 

H+ adsorption isotherms are highly non-ideal isotherms (e.g., not of the Henderson Hasselbalch form) due to 

surface heterogeneity, lateral interactions, and charging in the diffuse layer. Thus, a single 𝐾𝐾𝑎𝑎 is inappropriate 

to describe the surface acid-base properties due to significant coupling between sites. The pH of zero charge 

(PZC) is a more appropriate descriptor and is the pH at which the net-surface ionic charge is zero (Figure 4a). 

Acidic surfaces have a low PZC, and basic surfaces have a higher PZC.  In BPMs the acid/base chemistry is 

further complicated by electric potential distributions across WD catalysts and their surrounding electrolytes, 

which can change surface acidity.  

Oener et al. reported systematic experiments where catalyst identity was controlled on each side of the 

AEL|CEL junction and found that WD rates were generally enhanced when the PZC of the catalyst matched its 

local environment (basic surface catalysts having high PZC near the relatively alkaline AEL, and vice-versa).6 

They hypothesized that the enhancement is due to a distribution of protonation states that could accept 

(nominally M-O− and M-OH) and donate (M-OH and M-OH2+) H+. In that view, WD was optimized when H+ 

donating and accepting functionalities co-exist under the given local conditions and thus WD catalysts work the 



 

 

best if they are near the PZC.  The performance trends with respect to PZC, however, had substantial scatter; 

and the need for further analysis was noted by the authors. 

Analyzing the same datasets, Bui et al. used continuum modeling with Second-Wien kinetics to explore the 

bilayer catalyst approach invoking a chemistry-controlled electrostatics argument.4 Here, the PZC of the WD 

catalyst, relative to its local environment, controls heterojunction electrostatics. For example, consider a single 

acidic catalyst layer integrated into the BPM. Here, there will be a larger electric field at the catalyst|AEL 

interface relative to the catalyst|CEL interface. If the reaction is driven electrostatically, the reaction rate will 

localize at the catalyst|AEL interface. The opposite is true for an alkaline catalyst. In the bilayer catalysts case 

Oener et al. reported, the reaction could localize between the two catalyst layers, and although the electric field 

magnitude is smaller, the reaction rate may be enhanced due to decreased bulk H+/OH− recombination. While 

the mechanistic details remain uncertain, the recognition of the interplay between catalyst chemistry and 

electrostatics appears a key insight. 

Further evidence for the importance of transmembrane electrostatics is the U-shaped relation between BPM 

performance and catalyst mass loading (Figure 4b), which contrasts with most catalytic systems where increased 

active sites increase rates.9,10,51 We hypothesize the reason for the U-shaped dependence is two-fold: i) at low 

catalyst loading, the WD becomes active-site-limited; and ii) at high loadings, the increased junction thickness 

reduces the electric field magnitude which is important for WD. Importantly, Chen et al. demonstrated Ohmic 

and transport losses are insufficient to explain high-loading limits.9 Consistent with the electrostatic picture, 

more-conductive catalysts, which can screen and localize the electric field to edges of the particles or bipolar 

junction via mobile electronic charges (Figure 4c), have larger loading optima.5,9 This localization of the electric 

field by mobile electronic charges is analogous to the behavior of mobile electrolyte ions in a solution, which 

redistribute in response to an applied field and confine the potential drop to interfacial regions. Likewise, 

inclusion of conductive (non-catalytic) carbon particles into a very thick TiO2 (semi-insulating) catalyst layer 

results in performance recovery.9,10 Stovall et al., show that highly ionic (acidic) graphene oxide catalyst layers 

have performance almost independent of loading and with the electric field and WD activity focused at the 

catalyst|AEL interface, consistent with Bui et al.’s continuum picture.  



 

 

 The local chemistry and electrostatics of WD catalysts are intertwined, complicating efforts to identify 

the origins and mechanism of WD catalytic activity. To address this, Sasmal et al. took a materials-screening 

approach to study structure-property relationship in WD catalysts.5 Two material descriptors strongly correlated 

with high WD performance: i) the electronic conductivity of the catalyst material, and ii) the surface hydroxyl 

coverage (𝛤𝛤OH, the number of surface OH sites per unit area) (Figure 4d). The former is consistent with the 

previous electrostatic picture, where materials with mobile electronic charges can screen the electric field across 

the heterojunction and thereby are better at WD. The latter suggests it is not only the number of M-OH active 

sites, but rather the density of sites that determine activity. Sasmal et al.,5 consistent with Chen,10 proposed that 

densely packed hydroxyl groups form hydrogen-bonded networks that facilitate lateral H+ translocation across 

the oxide surface through Grotthuss-type hopping. They argue surface H+ mobility aids in separation of the 

incipient H+ and OH− ions. An alternative interpretation is that larger 𝛤𝛤OH corresponds to greater surface ionic 

charge density and serves as an alternative modality of electrostatic screening. Regardless of the specific 

mechanism, Sasmal et al. used these design principles to develop a record-breaking SnO2 WD catalyst that 

sustained current densities of 1.0 A cm-2 at ~100 mV of overpotential (Figure 3e).5 The SnO2 was synthesized 

via the low-temperature hydrolysis of SnCl4, which gave reasonable electronic conductivity and high 𝛤𝛤OH. 

 Although catalyst conductivity, surface-OH density and acid–base properties correlate with WD 

performance, the causal chain is ambiguous because both chemistry, electrostatics and WD activity change 

together. The surface protonation states modify charge densities and thus the local field, while electronic/ionic 

polarization can localize (or smear) the potential drop across the catalyst layer. Consequently, for most catalysts, 

we do not yet confidently know if the “active interface” is the catalyst|AEL, catalyst|CEL, catalyst|water 

nanogap, or an internal catalyst|catalyst boundary in bilayer systems, nor do we know how that location shifts 

with loading, hydration, and current density. Equally unresolved is how microscopic potential gradients across 

catalyst particles relate to catalytic turnover. Do polarized particles amplify local fields to realize entropically or 

enthalpically driven WD? Answering these questions requires direct measurement with self-consistent modeling 

of catalyst-layer potential maps together with local pH gradients and site protonation under bias. Viewing WD 

along only a single material axis is certainly insufficient to build a complete model of the material design 



 

 

properties for WD catalysts. The following section will build, and expand, upon these concepts working towards 

understanding how electrostatic driving forces can drive ion-transfer or reactions.  

 

Figure 4. Catalyst descriptors for catalyzed BPM WD.  (a) Acid-base properties / point of zero charge 
(PZC) as a descriptor of catalyst protonation state and charge regulation relative to the local pH 
environment in the junction. (b) Catalyst loading (or catalyst-layer thickness) as a descriptor of the 
tradeoff between active-site availability and junction thickening. This tradeoff gives rise to the illustrated 
U-shaped performance trends, which vary significantly with material conductivity, highlighting typical 
patterns for insulators (SiO2), semiconductors (TiO2-P25), and metallic conductors (IrOx and Pt). Data 
are adapted from ref9. Available under a CC-BY 4.0 license. Copyright 2022 Springer Nature.  (c) 
Catalyst conductivity as a descriptor of how the catalyst redistributes the junction potential drop and local 
interfacial electric fields. (d) Surface hydroxyl coverage as a descriptor of the density and connectivity 
of proton-transfer-active surface sites. It shows that adjacent -OH communication is prohibited when 
coverage is low, but allowed at high surface OH coverage.    

6. Enthalpy or entropy driven WD in catalyzed BPMs  

There is no broadly established kinetic formalism for field-driven ion-transfer reactions. Arrhenius 

formalisms can be used to deconvolute enthalpic and entropic contributions to reaction rates without prescribed 

mechanistic underpinnings. The Arrhenius equation, 𝑗𝑗 = 𝐴𝐴 ∗ exp �− 𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅
�, relates the reaction rate to an apparent 

prefactor, 𝐴𝐴, which denotes the reaction attempt frequency, and 𝐸𝐸𝑎𝑎, the apparent activation barrier (𝑅𝑅 and 𝑇𝑇 are 

the gas constant, and temperature, respectively). Several groups have explored mechanism-agnostic kinetic 

studies to explore WD as a model field-driven ion-transfer reaction.10,50,51 

Chen et al.10 and Rodellar et. al.50 performed such analyses using metal oxide catalyst layers. They reported 

that metal-oxide-catalyzed WD polarization curves in BPMs are approximately linear as a function of 𝜂𝜂wd.10,50 

This behavior is distinct from classical electrochemical kinetics, which typically show an exponential 



 

 

dependence of rate on driving force. For metal oxides, despite several material differences, two common kinetic 

signatures can be observed: i) the apparent activation energy, 𝐸𝐸a, was nominally constant with driving force 

(Figure 5a), and ii) the attempt frequency scales linearly with 𝜂𝜂wd (Figure 5b). Chen et al. found for TiO2 that 

𝐸𝐸𝑎𝑎 was ~25-30 kJ mol-1.10 Record-breaking SnO2 catalysts have an 𝐸𝐸𝑎𝑎 of ~15 kJ mol-1.5 Bulk recombination of 

H3O+ and OH− have a barrier of 8-15 kJ mol-1,82,83 which perhaps entails a lower-limit activation barrier for WD. 

Rodellar reported compensation between 𝐴𝐴  and 𝐸𝐸𝑎𝑎  (often coined entropy-enthalpy compensation) across 

catalyst materials.50 That is, at a given 𝜂𝜂wd, plotting log (𝐴𝐴) vs 𝐸𝐸𝑎𝑎 for different catalyst materials show a linear 

relationship. The molecular-scale mechanisms underpinning this result remain unclear.  

These results have largely been interpreted within the context of the Eyring-Polanyi equation.84,85 Here, 𝐸𝐸𝑎𝑎 

is proportional to the enthalpic transition-state barrier, Δ𝐻𝐻‡, and 𝐴𝐴 is proportional to the exponential of the 

entropic transition-state barrier, 𝑒𝑒𝑒𝑒𝑒𝑒 (Δ𝑆𝑆‡) . Thus, the above results indicate the electric field across the 

heterojunction is insufficient to appreciably reduce Δ𝐻𝐻‡. Although still a hypothesis, the prevailing physical 

interpretation is that increased driving force, and thus electric field, order interfacial H2O at the catalyst 

surface.10,50,51 This entails a reduction in the reactant entropy (𝑆𝑆reactant), and thereby Δ𝑆𝑆‡ (= 𝑆𝑆‡ − 𝑆𝑆reactant) 

becomes more positive and 𝐴𝐴  grows in magnitude. More generally, the increase in 𝐴𝐴  is suggestive of an 

increased likelihood of the system being in a microstate that is competent for WD. Entropically driven WD, as 

mentioned above, was posited via Litman et. al. in bulk H2O simulations.59 Chen et al. put forth a physical picture 

in which dielectric TiO2 particles polarize in response to the macroscopic electric field across the junction.10 

Correspondingly, this field-screening can localize electric fields to the near-surface regime of the WD catalyst, 

resulting in entropy-driven enhanced WD under reverse bias. Although still a hypothesis, this appears consistent 

with the electronic conductivity trends found by Sasmal et al.5 This physical picture is also consistent with that 

of Mafé ,86 who proposed interfacial electric fields in BPMs are insufficient to reduce the H+-transfer barrier, 

and that the origin of field-enhancement is due to cooperative ordering of interfacial water molecules. 

Kinetic-isotope experiments provide further evidence for entropically driven WD in BPM. During D2O 

dissociation experiments in BPMs, the 𝜂𝜂wd necessary to sustain a given current is 2-4 times larger than that of 

H2O.10 The rate decrease is due to the Arrhenius prefactor A for D2O being smaller (Figure 5b, hollow dots), 

supporting a picture in which the applied field increases the population of reactant configurations competent for 



 

 

WD. Interestingly, Chen finds that 𝐸𝐸𝑎𝑎 is slightly reduced for D2O dissociation relative to H2O (Figure 5a, hollow 

dots). For bulk water dissociation, the H/D 𝐸𝐸𝑎𝑎 isotope effect is ~0.9. The slight decrease in 𝐸𝐸𝑎𝑎 for D2O could be 

due to the surface mediation of WD and the relative binding energy of H+ vs D+ with the surface. Nonetheless, 

these results are consistent with entropically driven WD, and suggest isotope effects are related to the probability 

of the collective environment reaching WD-competent configurational microstates.  

The previous results were demonstrated primarily on systems that used catalyst layers 100 nm or more in 

thickness where the electrostatic potential gradient is presumably smeared across the heterojunction. A key 

remaining question was how the response would change in the limit of ultra-thin bipolar junctions. Yamamoto 

reported molecularly thin nanosheet catalyst layers87 and found noticeably curved polarization response. They 

hypothesized that a sufficiently narrow bipolar junction can possibly recover Second-Wien type behavior.  

Graphene oxide catalysts can behave similarly during WD in BPMs. Stovall et al. found that even for thick 

(100s on nm) graphene oxide catalyst layers, 𝐴𝐴 is constant within error and that 𝐸𝐸𝑎𝑎 is reduced linearly with 

overpotential.51 The data was fit to a linear-free-energy relationship, 𝐸𝐸𝑎𝑎(𝜂𝜂wd) = 𝐸𝐸𝑎𝑎0 − 𝛼𝛼𝛼𝛼𝜂𝜂wd, where 𝐸𝐸𝑎𝑎0 is the 

zero-bias barrier, and 𝛼𝛼 represents the fraction of the applied driving force that lowers the barrier.51 For graphene 

oxide, 𝛼𝛼 ≈ 0.5-0.7 depending on the fitting approach, whereas for metal oxides 𝛼𝛼 ≈ 0, consistent with previous 

publications. The work also showed the graphene oxide used contained significant acidic protons. Solving the 

modified Poisson-Nernst-Planck equation with explicit treatment of the graphene oxide protonation-state shows 

a sharp field localization to the AEL|graphene-oxide interface.3  At this interface the large field appears to drive 

Second-Wien kinetics that speed WD.  

Voltage-driven WD in BPMs thus cannot be described via a single universal kinetic response. When the 

electrostatic potential across the BPM is distributed, WD occurs in a low-field limit where the field-induced rate-

enhancement stems from interfacial H2O ordering. In the limit of very narrow bipolar junctions, imparted via 

either ultrathin catalyst layers or significant ionic field-screening, the high-field rate-enhancement appears and 

is assigned to Second-Wien type kinetics. Ultimately, it is the coupling of the catalyst chemistry and electrostatic 

environment that controls the kinetic response.  

Arrhenius parameters extracted from temperature-dependent measurements provide valuable information, 

but the molecular-scale physical picture underpinning these apparent macroscopic parameters remain unclear. 



 

 

For example, the direct assignment of 𝐴𝐴 to the entropic transition-state barrier cannot be universally justified. In 

multi-step catalytic reactions, the apparent value of 𝐴𝐴 may include contributions from changes in the pre-rate-

determining-step equilibria, active site populations/identities, transport processes, ion separation/recombination 

dynamics, or other phenomena, such that 𝐴𝐴 may contain both entropic and enthalpic contributions. Similarly, 

any temperature-dependence to the aforementioned processes would appear in the apparent 𝐸𝐸𝑎𝑎 term. The role of 

overpotential/current-dependence of local pH/potential distributions and mass transport on the Arrhenius 

parameters are yet to be established. For example, measured increase in 𝐴𝐴 with overpotential could reflect 

reduced interfacial reactant entropy, but it could also arise from bias-dependent growth of the active interfacial 

area or mass transport. It is unknown whether field-induced water ordering is sufficient to explain the magnitude 

of rate enhancement on leading catalysts, or whether additional energetic stabilization (including specific 

chemical bonding or nominal proton-coupled electron transfer, PCET) must be invoked. Further, the BPM 

junction is non-ideal and hosts low-activity interfacial water; it is unclear which interfacial H2O molecules 

undergo dissociation and how they transport through the distinct hydrogen bonding environment. All of these 

factors can influence the apparent Arrhenius parameters measured.  

Care also must be taken when considering the data quality and fits, which rely on fitting two parameters 

often from relatively small datasets spanning a small temperature window. When possible, larger temperature 

regimes should be interrogated and high-quality fits should be demonstrated. Slope-intercept covariance of linear 

Arrhenius fits can give rise to artificial entropy-enthalpy compensation behavior, thus claims regarding 

compensation behavior, particularly when only modest changes occur, should be made with caution, as discussed 

in the enzyme catalysis community. 88 Connecting the Arrhenius parameters to first-principles predictions will 

require simulations that connect physics from atomic chemistry to nano-scale molecular dynamics in the solvent 

to micron/nano-scale transport phenomena, while also accounting for the non-ideal thermodynamics of confined 

aqueous ions.  

 

 



 

 

 

Figure 5. Apparent kinetic parameters for BPM WD. (a) Apparent activation energy, Ea, versus WD 
overpotential, ηwd, for pristine (0 wt%, red) and TiO2-P25 catalyzed BPMs at various loadings, including 
selected D2O data. (b) Apparent Arrhenius pre-exponential factor, A, versus ηwd for pristine (0 wt%, red) and 
TiO2-P25 catalyzed BPMs at various loadings, including selected D2O data. The schematic at right illustrates 
the interpretation on 2% TiO2-P25 BPM WD data, showing an increasing driving force, ηwd, enhances 
interfacial water organization. This ordering lowers the reactant entropy (𝑆𝑆𝑟𝑟), making the activation entropy 
(𝛥𝛥𝑆𝑆‡= 𝑆𝑆‡– 𝑆𝑆𝑟𝑟) less negative and thereby increasing A. In both panels, the numerical labels and color coding 
correspond to the catalyst loading (wt% of the precursor ink used for spin-coating). Data for D2O (hollow 
symbols) are presented alongside H2O (solid symbols) to illustrate kinetic isotope effects. Shaded regions are 
guides to the eye. Data are adapted with permission from ref10. Copyright 2023 Elsevier. 

7. Remaining unknowns and outlook 

The challenges that face deeper understanding of BPMs are shared across many related ionomer-based 

electrochemical systems and electrified ion-transfer processes. In our discussion above, the key variables within 

operating BPMs, including the local electrostatic potential, electric field, and the activities of both H⁺ and OH⁻, 

which are likely out of equilibrium are inferred rather than directly measured.  Research to understand the various 

WD dissociation mechanisms on catalyzed surfaces should be coupled to accurate measurements of at least some 

of these parameters during operation. 

(i) Operando mapping of pH and electrostatic potential distributions. The key unknown is the bias-

dependent pH and electric potential distribution within the bipolar junction. These two fields jointly define the 

local electrochemical potentials that govern proton transfer and ion separation. In-situ mapping of such nanoscale 

buried fields is a “holy grail” in electrochemistry more broadly.  

In BPMs, the active bipolar junction is buried which makes operando characterization difficult. Many 

BPMs cannot operate in a free-standing geometry, and those that can generally require interpenetrating 



 

 

geometries, supports, or adhesives that complicate the interface. Compressed MEAs are a useful platform for 

studying BPM complexities by minimizing mechanical side effects. Previous studies have overcome the 

challenge of measuring buried interfaces in the context of H2O and CO2 electrolysis by engineering windows 

into the MEA.89 Care should be taken to develop analytical techniques with the requisite spatial resolution 

because junctions are typically of sub-micron thickness and morphologically heterogeneous.  

With an appropriate BPM MEA platform, a suite of operando spectroscopic techniques can be leveraged. 

Local electric fields can be found by quantifying the vibrational Stark Effect.90-92 Stark-active species on the 

catalyst surface, for example carbonyl or cyano groups, undergo an electric-field-induced vibrational frequency 

shift which can then be related to the electric field.91,92 Raman scattering,93-95  infrared spectroscopy,96,97  laser-

scanning confocal microscopy,98,99 and fluorescence spectroscopy100,101 have been used to measure pH gradients 

with dyes. Measuring pH gradients can inform on the local catalytic microenvironment, and thus the relative pH 

versus surface PZC of the catalyst. Alternatively, pH or electric-field-sensitive redox polymers or oxides can be 

integrated into the bipolar junction and their voltammetry can be tracked operando via a separate sensing 

circuit.102-105 Hou et al. demonstrated that NiOx and ferrocene redox probes can together track pH and electric 

potential within a BPM with temporal and spatial resolution.75 Integration of this platform with mechanistic 

experimental campaigns will be valuable.  

As opposed to interrogating the buried interface directly, a different approach would be to create 2-D BPM 

model structures using nanofabrication techniques. In this geometry, the BPM would effectively sit on a chip, 

giving a direct cross-sectional view of the device. Atomic force microscopy, and all the associated 

multifunctional variants, could be used for direct imaging of the BPM junction during operation. Kelvin probe 

microscopy could directly report on the electrostatic gradients across the device. Upon realization of this 

geometry, a suite of spectro/microscopic techniques could be used to directly interrogate the BPM with a cross-

section geometry. 

Laser-induced temperature-jump experiments might also be explored to probe the interfacial 

structure/entropy of H2O within the bipolar junction.106-108 The laser can induce a transient “temperature jump” 

subsequently disordering the water (increasing entropy). The water structure then relaxes back to its steady-state 

structure, the rate of which can be measured due to its relationship to current through the catalyst layer (as double 



 

 

layer charging) or potential. These measurements could be further coupled to temperature-dependent Arrhenius 

experiments, relating interfacial water entropy to 𝐴𝐴 directly.   

Furthermore, systematic operando studies varying electrolyte concentration and ion identity will be crucial 

to determine how specific ion effects, charge–countercharge condensation, and altered interfacial water structure 

modulate local fields and WD kinetics in operating junctions.109-111 

(ii) Understanding the potential drop between WD catalysts and the junction electrolyte. A key 

unknown is the relative potential of catalyst particles (and their internal polarization) versus the adjacent 

electrolyte, and how this potential distribution depends on catalyst conductivity, ionic charge regulation, and 

loading.  Multi-physics simulations for model catalysts with a defined nanostructure would be useful. Porous 

electrode theories, taking account of solution and solid phase potentials, should be used to build models that 

couple reaction microkinetics to transport and electric field distribution. WD in BPMs is a coupled reaction–

transport problem where the observed overpotential reflects not only the elementary O–H cleavage step but also 

ion separation and flux through (typically tortuous) pathways. Models need experimental values for site 

densities, protonation energetics (including distributions of pKₐ values, or proton absorption isotherms), local 

permittivity, electronic/ionic conductivities within the catalyst layer and nonideal solution behavior.  

(iii) Model catalysts with orthogonalized control for different WD mechanisms. To interrogate specific 

material property/function relationships, designed model WD catalysts can be explored. WD catalysts with 

precise crystalline surfaces and bulk structure would provide a platform for the aforementioned operando 

investigations, as well as ex-situ material characterization. Systematic material design of defects/dopants to 

control electronic properties, exposed facets to control surface hydroxyl/proton-transfer chemistry, surface area, 

and morphology might help deconvolute the set of material design features that yield systematic control over the 

reaction rate. Surface acid-base sites can be modulated via precision surface-chemical functionalization without 

changing the bulk catalyst electronic structure. These model catalysts could be designed to study entangled 

mechanisms. For example, could a series of systematically varied catalyst chemistries be used to step from 

entropy-driven WD to a Second-Wien-effect controlled mechanism and show how the two apparent operative 

modalities of field enhancements exist on a continuum? 



 

 

It is interesting to consider other related mechanisms for WD. For example, when using very electronically 

conductive catalysts, the observed voltage-dependent WD in BPMs could be caused by mechanisms involving 

not only proton transfer, but also formal electron transfer.112-114 It is possible that WD may occur via two proton 

coupled electron transfer (PCET) reactions on opposite sides of WD catalysts. For example, near the 

AEL|catalyst side, one H2O transfers a proton to the catalyst’s surface via PCET to generate charge-neutral 

hydrogen (electron-proton pair) adsorbed on the catalyst and a free hydroxide anion, which transports across the 

AEL. The hydrogen could subsequently diffuse toward the catalyst|CEL interface, where opposite interfacial 

bias exists to oxidize the hydrogen, releasing a proton released in water and transporting across the CEL, and a 

free electron that migrates towards the AEL to complete the circuit. Rate-limitation of either PCET step, or the 

hydrogen atom flux, could alternatively explain the exponential or linear j-E curves. This mechanism requires 

electron flow and this is only possible for conductive WD catalysts. More generally, however, the degree to 

which electrons compensate emerging H+ charge during catalysis likely exists on a continuum that is catalyst 

dependent. Likewise, it remains unclear how WD in BPMs differs from WD at electrodes, for example, Oener 

demonstrated the WD catalysts can accelerate alkaline HER catalysis.6 

(iv) From first principles to next-generation membrane materials. Arrhenius/Eyring analyses show that 

voltage can tune, overall, effective activation entropies and/or enthalpies, but the microscopic origin remains 

unclear because water structure is rarely observed directly. Ab initio molecular dynamics and enhanced-sampling 

techniques under applied field could compute free-energy profiles and separate contributions from water 

ordering, transition-state stabilization, and recombination suppression. The challenge is to perform these 

calculations under realistic boundary conditions (surface charge regulation, finite ion activities, constant-

potential constraints and other non-idealities) to compute accurate enthalpy/entropy changes that can be 

compared quantitatively to experiment.  

In addition to catalysts, advancements in the bulk ionomeric materials that comprise the BPM can improve 

BPM performance.8,115,116 Because state-of-the-art WD catalysts (e.g., SnO2) now operate at overpotentials < 

100 mV at 1 A cm-2, the WD overpotential is no longer the primary bottleneck. Future improvements in energy 

efficiency and current efficiency can target the limits of the AEL and the CEL themselves by minimizing Ohmic 

resistance and mitigating co-ion crossover.5 By tuning the pKa of the interfacial ionomers, engineering the 



 

 

junction morphology via electrospinning or crosslinking, and modulating water uptake properties, WD rates can 

be tuned. Fundamentally understanding the electrostatics of 3D interpenetrating junctions and relations between 

charged polymer and electric-field driven WD would be interesting and should facilitate the development of 

membranes for CO2 capture/reduction, electrodialysis, and other separation applications with ultra-fast WD and 

WF rates. 

8. Conclusion 

Present Understanding. BPMs provide a quantitative platform to study WD as a field-driven ion-transfer 

reaction in a confined ionic heterojunction. Minimal continuum electrostatics predicts nanometer-scale space-

charge regions and junction fields on the order of 10⁸ V m⁻¹, but pristine junctions still require large 

overpotentials and can exhibit instability under sustained reverse bias. Introducing heterogeneous WD catalyst 

layers, particularly metal oxides, lowers the WD overpotential and enables high-rate operation at > 1 A cm-2. 

Across catalysts and architectures, performance trends indicate that WD is governed by a coupled set of variables 

that include catalyst acid–base chemistry (often proxied by PZC), hydroxyl-site density and connectivity, 

catalyst-layer thickness/loading, and the ability of electronic or ionic polarization within the catalyst layer to 

redistribute and localize the junction electric potential drop. Temperature-dependent kinetics analysis implies 

that voltage-driven rate enhancement can arise either primarily through bias-dependent increases in the apparent 

attempt frequency (consistent with field-induced pre-organization of interfacial water) or, in the limit of strongly 

localized potential drops, through Second Wien Effect barrier lowering.  

Future Opportunities. It remains unclear how the macroscopic observables, including  j–V response, junction 

AC impedance, and temperature dependent rates, map onto the microscopic variables that control WD. These 

include the spatial distributions of H⁺/OH⁻ activities and electrostatic potential within the catalyst layer and 

adjacent ionomers, the relative potential of catalyst particles versus junction electrolyte (including charge 

storage, polarization, and possible band bending), and the identity/location of the dominant reactive interface as 

a function of hydration, loading, and current density. Likewise, the mechanistic decomposition of apparent 

activation enthalpy and entropy into contributions from water ordering, transition-state charge separation, 

surface proton/hydroxide transport, and ion separation/recombination remains incomplete. Addressing these 



 

 

gaps will require operando mapping of buried junction fields and pH, model catalysts with orthogonal control 

of PZC/hydroxyl density/conductivity, and multiscale simulations that couple first-principles proton-transfer 

energetics to continuum transport all of which must capture the non-idealities present in the complex 

heterojunction. Such work is not only key to enabling predictive WD catalyst design, but more broadly for 

understanding and controlling ion-transfer chemistry in polarized microenvironments across electrochemical 

systems and technologies. 
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