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DISSERTATION ABSTRACT 

 

Lihaokun Chen 

Doctor of Philosophy in Chemistry 

Title: Chemistry and Physics of Water Dissociation in Bipolar Membranes 

 

 

Water dissociation (WD, H2O → H+ + OH−) is the core process in bipolar membranes 

(BPMs) that limits energy efficiency. Both electric-field and catalytic effects have been invoked 

to describe WD, but the interplay of the two and the underlying design principles for WD 

catalysts remain unclear. Furthermore, how WD is driven by voltage and catalyzed is not 

understood. In Chapter II, by using precise layers of metal-oxide nanoparticles, membrane-

electrolyzer platforms, materials characterization, and impedance analysis, we illustrate the role 

of electronic conductivity in modulating the performance of WD catalysts in the BPM junction 

through screening and focusing the interfacial electric field and thus electrochemical potential 

gradients. In contrast, the ionic conductivity of the same layer is not a significant factor in limiting 

performance. BPM water electrolyzers, optimized via these findings, use ~30-nm-diameter 

anatase TiO2 as an earth-abundant WD catalyst, and generate O2 and H2 at 500 mA cm−2 with a 

record-low total cell voltage below 2 V. These advanced BPMs might accelerate deployment of 

new electrodialysis, carbon-capture, and carbon-utilization technology. In Chapter III, we report 

BPM electrolyzers with two reference electrodes to measure temperature-dependent WD current 
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and overpotential (ηwd) without soluble electrolyte. Using TiO2-P25-nanoparticle catalyst and 

Arrhenius-type analysis, Ea,wd was 25–30 kJ/mol, independent of ηwd, with a pre-exponential 

factor proportional to ηwd that decreases ~10-fold in D2O. We propose a new WD mechanism 

where metal-oxide nanoparticles, polarized by the BPM-junction voltage, serve as proton i) 

acceptors (from water) on the negative-charged side of the particle to generate free OH−, ii) 

donors on the positive-charged side to generate H3O
+, and iii) surface conductors that connect 

spatially separate donor/acceptor sites. Increasing electric-field with ηwd orients water for proton-

transfer, increasing the pre-exponential factor, but is insufficient to lower Ea. 

This dissertation includes previously published and unpublished co-authored materials. 
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CHAPTER I 

INTRODUCTION 

 

Co-authored unpublished material with Shannon W. Boettcher. 

 

Water dissociation (WD, H2O  H+ + OH−) is important for any chemical reaction that 

uses water as a reactant. Understanding fundamental WD mechanisms in pure water, and the 

reverse H+ + OH− recombination, has been a focus of experiment and theory for decades.1-3 The 

related dissociative adsorption of water, H2O  Had
  + OHad, occurs on surfaces and is important 

when water reacts in thermochemical processes, such as for water-gas-shift catalysis.4 The 

interaction of water with surfaces has thus been of longstanding interest,5 with broad importance 

to corrosion, passivation, and geological processes.6 In biology, metalloenzymes activate water. 

Carbonic anhydrase, for example, binds water to Zn2+ and releases H+ to generate nucleophilic 

OH− that reacts with CO2 to form HCO3
−.7 During the alkaline hydrogen-evolution reaction 

(HER, 2H2O + 2e−  H2 + 2OH−), important for low-cost alkaline water electrolysis,8 the first 

step is WD coupled with the formation of a surface metal hydride (H2O + M* + e−  M–H + 

OH−) and is thought to be rate limiting. Modification of metals with hydroxides, to catalyze WD, 

increase HER activity via a bifunctional mechanism,9-10 though alternative explanations have 

been proposed.11-13  

While researchers have studied WD rate and mechanism in pure water,2-3, 14-15 the 

understanding of WD catalysis under electrochemical conditions is poor. A bipolar membrane 
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(BPM, Figure 1.1) electrolyzer offers a platform for fundamental science studies of WD (in 

addition to the many applications of high-performance BPMs). A BPM consists of an anion 

exchange layer (AEL) and a cation exchange layer (CEL), sometimes WD catalysts are added at 

the junction between AEL and CEL. In reverse bias, H2O diffuses to the BPM junction, and 

dissociates into H+ and OH−. The voltage drives H+ through the CEL towards the cathode where 

the HER occurs, and OH− through AEL towards the anode where the oxygen evolution reaction 

(OER) occurs. As one example, reverse-bias BPMs enable new classes of water electrolyzers 

where OH− is delivered to a basic anode that enables the use of fast earth-abundant non-precious 

metal catalysts, and H+ to an acidic cathode where HER kinetics is faster than in base. 

 

 

Figure 1.1 Schematic diagram of a bipolar membrane (BPM) electrolyzer 

In reverse bias, H2O dissociates into H+ and OH− at the BPM junction. H+ transports to cathode 

to generate H2, while OH− transports to anode to generate oxygen. 

 

Using the BPM electrolyzer platform, Oener et al. studied the kinetics of WD on the 
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metal-oxide nanoparticle catalysts surfaces and discovered that local pH is a critical, but 

previously unrecognized, parameter. They proposed a pH-dependent proton-transfer mechanism 

on metal-oxide nanoparticles to explain our data.16 To study WD at a specific local-pH, they used 

a stable WD catalyst at one membrane surface while systematically varying the WD catalyst at 

the other membrane surface and discovered a correlation between WD overpotential ηwd and the 

metal oxide’s point of zero charge (PZC, the pH at which the oxide surface is electrically neutral) 

estimated via zeta-potential measurements. With NiO on the basic AEL surface, the best WD 

catalysts on the acidic CEL surface have acidic PZCs near 1-2. With Sb:SnO2 on the acidic CEM 

surface, the best WD catalysts on the basic AEL surface have basic PZCs > 12. Combining the 

best WD catalysts in the locally basic and acidic environments leads to ηwd of < 10 mV at 20 mA 

cm−2 – at least 10 times lower than commercial BPMs,16-18 which is driving tremendous interest 

in using WD catalysis in BPMs for many applications, including to make acid and base for carbon 

capture from the air or ocean water,19-21 and to prevent cross-over of unwanted species in CO2 

electrolyzers that yield useful products from waste or captured CO2.
22 While this performance 

improvement is impressive, it remains unclear precisely how the WD reaction is catalyzed, what 

the active sites are, how to multiply them, and what the foundation design principles are that will 

enable water dissociation and related reaction catalysts to be systematically engineered. 

Weak acid/base groups have been implicated in the WD mechanism on organic groups,23-

27 but the mechanism of heterogeneous WD catalysts is unclear even though they are critical for 

efficient BPM devices.28-29 Other studies of inorganic compounds show poor performance and 

provide little fundamental insight.30-33 The experimental work by Oener et al. provides strong 
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preliminary data and a platform on which the current joint experimental – theory-computational 

approach is based. The goal is to establish a new paradigm of understanding that bridges the 

molecular mechanisms and the solid-state materials physics of water’s reactions on surfaces. 

This dissertation aims to shed light on the design principles for WD catalysts, as well as 

kinetics and mechanisms. Chapter II studies WD catalysts of different properties in pure-water 

BPM electrolyzers, and discusses the loading dependence and the surprising effect of electronic 

conductivity. Chapter III further dives into the temperature dependence of WD in BPMs by 

integrating reference electrodes to isolate the WD overpotential. The unexpected kinetics 

parameters dependence on WD overpotential is discussed, and a possible molecular mechanism 

is proposed. Finally, Chapter IV gives a summary of this dissertation and points out challenges 

and opportunities for future research of WD in BPMs. 

Chapters I and IV contain co-authored unpublished material with Shannon W. Boettcher. 

Chapter II is published as Chen, L.; Xu, Q.; Oener, S. Z.; Fabrizio, K.; Boettcher, S. W. Design 

principles for water dissociation catalysts in high-performance bipolar membranes. Nat. Commun. 

2022, 13 (1), 3846. Chapter III is published as Chen, L.; Xu, Q.; Boettcher, S. W. Kinetics and 

mechanism of heterogeneous voltage-driven water-dissociation catalysis. Joule 2023, 7 (8), 

1867-1886. 
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CHAPTER II 

DESIGN PRINCIPLES FOR WATER DISSOCIATION CATALYSTS IN HIGH-

PERFORMANCE BIPOLAR MEMBRANES 

 

Published as Chen, L.; Xu, Q.; Oener, S. Z.; Fabrizio, K.; Boettcher, S. W. Design 

principles for water dissociation catalysts in high-performance bipolar membranes. Nat. Commun. 

2022, 13 (1), 3846. L.C., Q.X. and S.W.B. conceived the experiments and led the project. L.C. 

performed most experiments. Q.X. performed pilot experiments. S.Z.O trained Q.X. and L.C. on 

the fabrication of BPMs and provided insightful feedback on the analysis. K.F. performed the 

BET experiments. L.C. and S.W.B. wrote the manuscript with input from all authors. 

 

INTRODUCTION 

A bipolar membrane (BPM) consists of an anion-exchange layer (AEL) and a cation-

exchange layer (CEL) sandwiched together1-2. The AEL contains fixed positively charged groups 

and mobile anions, while CEL contains fixed negatively charged groups and mobile cations 

(Figure 2.1a). BPMs were first conceived as an ionic counterpart to current-rectifying 

semiconductor pn junctions3-5, and now are used in electrodialysis devices for desalination and 

acid/base production from brine6, fuel cells7, water and CO2 electrolysis8-9, flow batteries10, and 

protonic diodes11. They provide distinct alkaline and acidic environments that are ideal for water 

oxidation and water reduction, respectively, offering new pathways for increasing electrolyzer 

performance while reducing or eliminating precious metals use12. In CO2 electroreduction, BPMs 
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retard crossover of carbonate and product species, thus increasing Faradaic efficiency13-16. 

 

 

Figure 2.1 Properties of BPMs 

a Schematic of a BPM electrolyzer. Pure water is fed through the anode and cathode gas-diffusion 

layers (GDLs) and diffuses into the AEL|CEL junction where water is dissociated with the aid of 

WD catalysts. b Steady-state numerical simulation results of a BPM at equilibrium (green), in 

forward bias 0.2 V (orange), and in reverse bias 0.2 V (blue). From top to bottom are the profiles 

of relative electrochemical potential �̅�relative, molar concentration 𝑐, electric potential 𝜙, electric 

field −d𝜙/d𝑥 , and magnitude of the net reaction rate |𝑅|  (sum of dissociation and 

recombination). At equilibrium, the electrochemical potentials of each mobile species are the 

same across the whole BPM. c Simulated polarization curve of a BPM in forward bias and reverse 

bias. See Methods for more information. 

 

Water dissociation (WD, H2O → H+ + OH−) in reverse bias, and H+/OH− recombination 

in forward bias, are key to BPM function. Despite recent advances8, 17-22, the mechanism(s) of 
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WD in BPMs, and many of the factors critical to controlling the WD kinetics, remain unclear. 

Kunst and Lovreček appear to be the first to explain high rates of WD (relative to bulk water) via 

electric-field enhancement at the AEL|CEL interface via the second Wien effect23, but conclude 

that the field strength is too small to explain the high observed currents24. Simons then proposed 

a proton-transfer WD-catalysis mechanism at tertiary amino groups on the AEL at the BPM 

junction25-26. Strathmann et al. argued that only with a relative permittivity of water <10 at the 

AEL|CEL interface can the enhanced WD rate be explained by the second Wien effect, and that 

the ideal pKa for WD catalysis via proton transfer is ~7, assuming a single type of acid/base group 

in the AEL|CEL junction27. Abdu et al. controlled the BPM junction WD activity and ionic 

selectivity with layer-by-layer deposited polyelectrolytes18. Recently Yan et al. fabricated custom 

BPMs with different amounts of graphene oxide (GO) between the AEL and CEL as WD catalyst 

and proposed that the catalytic and electric-field-enhancement effects play counterbalanced roles 

in speeding WD19. The best performance they found was with the largest amount of GO in the 

range tested (4 layers, probably ~5 nm28). Oener et al. discovered a link between WD in 

electrocatalysis and BPMs and showed how the point of zero charge (PZC) of oxide nanoparticles 

correlates with the (seemingly pH-dependent) WD activity,8 while also demonstrating 

dramatically improved BPM performance with metal-oxide nanoparticle bilayer films ~ 500 nm 

in thickness. However, the mechanistic details of WD remain unclear, particularly the exact role 

of the electric field in the junction for WD catalysts with varying electronic and dielectric 

properties as well as thicknesses (see Supplementary Discussion). This knowledge gap slows the 

design of higher-performance BPMs for key energy applications.  
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Here we uncover new BPM design principles derived from numerical simulations and 

measurements on well-defined custom BPM architectures with controlled WD catalyst loading, 

particle size, composition, and electrical properties. We find that for semiconducting 

nanoparticles such as TiO2, there is a clear optimal range of loading/thickness, ~10-30 μg cm−2 

(~200-600 nm in thickness), and particle size (20-30 nm), out of which the performance becomes 

substantially worse. For electronic conductors, including antimony-doped tin oxide (ATO), IrOx, 

and Pt nanoparticles, the optimal loading is much higher (>100 μg cm−2), and the optimal 

performance window is wider. Mobile electrons of the WD catalyst layer inside the (electrically 

disconnected) BPM junction appear to screen and focus the electric field to a narrow region at 

the AEL|WD-catalyst and WD-catalyst|CEL interface, speeding catalytic WD. Contrary to 

expectations, we find that TiO2 with particle sizes < 20 nm decrease performance, despite 

providing a higher surface, which is also explained by electric-field effects. By collectively 

controlling these parameters, we demonstrate earth-abundant anatase TiO2 WD catalyst layers 

that enable BPM pure-water electrolyzers that run at 500 mA cm−2 at record-low voltages below 

2 V. 

RESULTS AND DISCUSSION 

Simulations to Inform Design Principles 

We built a 1D numerical model with the minimum components to represent BPM features 

to illustrate design principles and help interpret experimental data. Taking H+ and OH− as the 

only mobile ions during pure-water operation (consistent with our experiments), we simulated 

profiles of relative electrochemical potential �̅�relative, molar concentration 𝑐, electric potential 𝜙, 
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electric field −d𝜙/d𝑥, and net reaction rate 𝑅 (Figure 2.1b). Changes in the AEL and CEL are 

small, so we focus on the junction region. The concentration of OH− drops nearly exponentially 

from the AEL into the junction (notice the semi-log scale), and H+ shows the same behavior at 

the CEL. This suggests that the ionic conductivity in the junction is small due to the low 

concentration of mobile H+ and OH− without added ionomers. Across the junction, 𝜙  drops 

nearly linearly with steeper slope (higher electric field) at the AEL|WD-catalyst and WD-

catalyst|CEL interfaces due to screening. 

The simulated polarization curve (Figure 2.1c) shows rectification of ionic current. In 

forward bias, H+ and OH− are driven into the junction by the gradients in electrochemical 

potential, leading to an increasing conductivity and their recombination to form water. In reverse 

bias, H+ and OH− are driven out of the junction, decreasing the concentration and thus ionic 

conductivity. The polarization curve approaches a limiting current density determined by, in this 

simulation, the product of the water dissociation rate constant kf, the concentration of water in 

the junction, and the junction thickness. We note that 𝜙 drops almost entirely across the junction, 

since the ionic conductivity there is small compared with the AEL and CEL. Both the dissociation 

and recombination also occur almost exclusively in the junction region. We will return to this 

model in the context of the experimental data below. 

WD Catalyst Layer Thickness/Loading Effects 

Conventionally, BPMs are characterized in H-cells with soluble supporting electrolytes1. 

In such systems, the ionic current is due to transport of H+ and OH− from WD and of so-called 

“co-ions”, i.e. electrolyte species like Na+ or Cl−. Differentiating between these two currents is 
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difficult, and often uncontrolled pH gradients form, complicating the analysis. We use 

electrolyzers in a membrane-electrode assembly (MEA) geometry fed by pure water and the 

current is thus carried exclusively by H+ and OH−. This MEA is under active compression so that 

no adhesives, interpenetrating 3D junctions, or other complicating interface structures are needed. 

This allows us to make fundamental discoveries as to the underlying physics and chemistry that 

govern the electrochemical response of BPMs and rationally design for higher performance. The 

total cell voltage reported includes the WD overpotential (ηwd), ohmic losses, and overpotentials 

due to charge-transfer (CT) reactions at the electrodes, i.e. the oxygen-evolution reaction (OER) 

and the hydrogen-evolution reaction (HER). To compare different WD catalysts, the electrodes, 

gas-diffusion layers (GDLs), HER catalyst (Pt), OER catalyst (IrOx), assembly methods, 

temperature (55 ± 2 °C, maximum fluctuation), etc. are all kept identical (see Methods and Figure 

A.1 for detailed schematics).  

We first studied TiO2-P25 as a benchmark WD catalyst as it is commercially available at 

low cost, has good WD performance, and is chemically stable in both acid and base8-9. Increasing 

the spray-coated loading of TiO2-P25 from 0 to ~18 μg cm−2 decreases the cell voltage, while 

higher loading increases the voltage (Figure 2.2a, Figure 2.2b, solid lines, and Figure A.2). The 

polarization curves are found to be nearly linear, consistent with catalyzed WD and a low driving 

force needed for WD. The reproducibility of the BPM electrolyzers is verified with ~18 μg cm−2 

TiO2-P25 samples at different testing dates with different batches of GDLs (Figure A.3). The cell 

voltage at 500 mA cm−2 is 2.05 ± 0.06 V (standard deviation across 7 samples). 
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Figure 2.2 Performance of BPM electrolyzers with TiO2-P25 as WD catalysts 

a Polarization curves of BPM electrolyzers with different loadings of TiO2-P25 WD catalyst 

deposited by spray coating. b Cell voltage of BPM electrolyzers as a function of spray-coating 

loading (solid lines) of TiO2-P25 and spin-coating ink concentration (dashed lines) of TiO2-P25 

at different applied current densities. The 2.0 wt% sample is 1.0 wt% ink spun twice. The 

temperature is 55 ± 2 °C (maximum fluctuation). 

 

The best-performing BPMs had incomplete coverage of spray-coated TiO2-P25 (Figure 

2.3), which led us to question whether this was important for function. We thus also spin-coated 

more-uniform TiO2-P25 films and found a comparable loading dependence (Figure 2.2b, dash 

lines). The best performance was made from an ink with 0.2 wt% TiO2, and resulted in the 

membrane uniformly covered with TiO2-P25 at a thickness comparable to the spray-coated 

sample with ~18 μg cm−2 (Figure 2.3). With the 0.5 wt% ink, the performance is similar, and 

uncovered membrane regions are not evident. Uniform films are therefore capable, but not 

necessarily required, for high-performance WD in BPMs. The regions without WD catalyst 

coverage are likely inactive, as BPMs without WD catalysts require high voltages to pass current. 

Below we focus on data obtained from spray-coating (unless specified), as this method is 
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amenable to large-area processing and manufacturing. 

 

 

Figure 2.3 SEM images of TiO2-P25 on the CEL and BPM cross-sections 

For spray-coated samples, the approximate loadings are given while for spin-coated samples, the 

ink concentrations are given. The optimal spin-coated WD catalysts layers are smoother, with 

more-uniform coverage, but only marginally improved performance. 

 

The U-shaped dependence of voltage on loading (Figure 2.2b) might be explained by the 

ionic resistance of the WD catalyst layer. The WD catalyst layer is composed of solid 

nanoparticles and liquid water. The ions must move in the liquid phase or by hopping across the 

particle surfaces. Nanoparticle surfaces are the putative active sites for WD, which generates 

ionic carriers, so increasing the loading would be expected to improve performance. However, 

as the thickness and packing density of the WD catalyst layer increase the transport lengths for 

OH− and H+ also increase leading to an expected increasing ohmic loss. The nanoparticles, 

however, also likely provide H+ or OH− from surface acid/base groups, therefore increasing the 

equilibrium ionic carrier concentration compared to pure water. 

To assess this behavior, we modified our BPM simulation. We keep the ionization 
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constant of water Kw the same as in bulk water, but increase both WD rate constant kf and H+/OH− 

recombination rate constant kr (i.e. modelling a pure catalytic effect, with no change to the 

thermodynamics of the reaction). We simulate the total current density j at different voltages 

across the membrane as a function of distance between the AEL and CEL. The resulting current 

density as a function of junction thickness d (i.e. AEL-CEL distance) peaks, consistent with the 

experimental results (Figure 2.4a). With higher WD rate constants, the optimal thickness is 

smaller and the peak current is higher. Based on the model, better WD catalysts provide higher 

currents at lower loading where ohmic losses are minimized. 

 

 

Figure 2.4 Steady-state numerical simulated results of BPMs with different junction 

thickness and WD rate constant 

a Current density at reverse bias of 0.2 V as a function of junction thickness for different WD 

rate constants in the junction. b Polarization curves in reverse bias for different junction thickness 

with WD rate constant kf = 100 s−1. Similar results using the reported diffusion coefficients for 

H+ an OH− along with the fixed ion concentration in the membranes estimated based on the 

manufacturer specifications are in Figure A.4. See Methods for more information. 
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This model, however, has limitations. The simulated reverse bias polarization curves 

show that conductance (dj/dV) decreases with increased applied potential. Further, a limiting 

current density in reverse bias is evident when the junction thickness and WD rate constant are 

small (Figure 2.4b). The experimental results, however, show that the reverse-bias conductance 

increases with potential and approaches a constant (linear j-V response), and no limiting current 

density is apparent. This discrepancy suggests that the WD catalytic effect described by a 

constant, ηwd-independent rate constant is insufficient to explain the enhanced WD in BPMs. 

Further, the best WD catalyst thickness in our experiments is 200-600 nm, but with this thickness, 

the model cannot produce the high current densities observed in experiments, even with a large 

WD rate constant (see the curve of kf = 2×108 s−1 in Figure 2.4a, for comparison, in bulk water kf 

= 2×10−5 s−1). Previous simulation studies proposing WD driven by the second Wien effect used 

small junction thicknesses of usually < 10 nm, leading to large interfacial electric field, and 

assumed an electric-field-dependent WD rate constant to generate curves that roughly match 

experiment29-31. 

Impedance Analysis to Isolate WD Kinetics 

To inform simulations and obtain quantitative information on the various CT, transport, 

and WD impedances of the BPM electrolyzer, we used electrochemical impedance spectroscopy 

(EIS).7, 32 A typical Nyquist plot at 30 mA cm−2 with various TiO2-P25 loadings shows two 

semicircles (Figure 2.5a). The lower frequency semicircle (right) is independent of the WD 

catalyst loading, while the one at higher frequency (left) is not. We keep the anode and cathode 

the same, so the CT impedances should be independent of WD catalyst loading. Thus, we 



 

35 

 

associate the high-frequency semicircle with WD in the BPM, and the low-frequency one with 

the electrode CT processes. Similar trends are observed at other current densities (Figure A.5). 

We construct an equivalent circuit (Figure 2.5a) composed of a series resistance (Rs) and two 

parallel RC circuits, to describe WD (Rwd) and CT (Rct) accordingly, connected in series. We fit 

the impedance spectra using this equivalent circuit at 450 mA cm−2 (Figure 2.5b, and Figure A.6), 

and find that Rwd dominates the total resistance and is directly correlated with the cell voltage 

(Figure 2.2b). Rct is essentially independent with the WD catalyst loading, as expected. Rs 

increases slightly with increasing loading (see below). Therefore, the linear increase of total 

voltage with current observed at higher currents in Figure 2.2a can be assigned largely to WD. 

However, from our equivalent-circuit model and impedance data, it is not clear whether the ionic 

resistance of the WD catalyst layer will be represented in Rs or Rwd. 

The EIS data can also be used to estimate the WD overpotential ηwd and compare with 

reported values. To compare with an industry-standard Neosepta BPM (~1.2 V in H-cell at 100 

mA cm−2 and 30 °C, 𝜂wd ≈ 1.2 V − 0.83 V = 0.37 V)33, we tested the BPM electrolyzer with 

optimal TiO2-P25 loading (~18 μg cm−2) at 30 °C (Figure A.7 and Supplementary Discussion). 

EIS analysis shows that Rwd decreases from ~0.96 Ω cm2 to ~0.66 Ω cm2 as current increases 

from 5 mA cm−2 to 500 mA cm−2 and we calculate 𝜂wd = ∫ 𝑅wd(𝑗)d𝑗
𝑗

0
. At 100 mA cm−2

, 𝜂wd is 

0.09 V, four times lower than Neosepta. The performance of many other BPMs are compiled in 

literature1, 8. Most of the membrane voltages are well above 1 V at 100 mA cm−2 (ηwd > 0.2 V). 

Shen et al. used Al(OH)3 in an electrospun 3D BPM junction and found ηwd ~0.2 V (estimated 

from the onset of the polarization curve) at 100 mA cm−2 at 25 °C 34. Chen et al. reported an iR  
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Figure 2.5 Impedance analysis of BPM electrolyzers 

a Nyquist plots of BPM electrolyzers at 30 mA cm−2 with different loadings of TiO2-P25 

deposited by spray coating WD catalysts. The high frequency semicircle is assigned to WD, while 

the low frequency one to CT. The inset shows the equivalent circuit used to fit the EIS data. b 

Extracted resistance values at 450 mA cm−2 as a function of TiO2-P25 loading. c Comparison of 

series resistance Rs (orange) extracted from BPM electrolyzer EIS data at 450 mA cm−2 with the 

resistance of PEM (red) and AEM (blue) electrolyzers at 300-500 mA cm−2 as a function of TiO2-

P25 loading. 
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free voltage of 1.5 V at 500 mA cm−2 at ~25 °C using graphene oxide WD catalyst21, which is 

ηwd ~0.7 V compared to ηwd ~0.38 V under the similar conditions for our systems. By increasing 

temperature, as in Figure 2.2, here ηwd is substantially reduced to, e.g., only 0.24 V at 500 mA 

cm−2 and 55 °C. The systems we studied are nominally 2D BPMs and we focused specifically on 

the WD catalytic processes. The developments we report are orthogonal to the progress made in, 

for example, electrospinning of 3D-junction BPMs. We expect that if controlled WD catalyst 

layers like reported here can be integrated into 3D electrospun BPMs, further performance 

enhancements will be possible. 

Ion Transport in the WD Catalyst Layer 

To measure the ionic conductivity in the WD catalyst layer, we built proton-exchange-

membrane (PEM) and anion-exchange-membrane (AEM) electrolyzers where the TiO2-P25 

layers were sandwiched between either two identical CELs or AELs (Figure 2.5c, and Figure 

A.8). We measured electrolyzer polarization curves and fit the region from 300 to 500 mA cm−2 

to a line to obtain the differential resistance. At these high currents, the differential resistance is 

dominated by ionic transport (both HER and OER rates increase exponentially with 

overpotential). Because only H+ transports through the TiO2-P25 layer in PEM electrolyzers and 

only OH− through TiO2-P25 in AEM electrolyzers, we are able to measure the ionic conductivity 

of H+ and OH− in the TiO2-P25 layer separately. As the TiO2-P25 WD catalyst loading increased 

from 0 to ~120 μg cm−2 (a ~2.4-μm-thick film) the resistance of PEM electrolyzers increases by 

only ~0.10 Ω cm2, while for AEM electrolyzers only ~0.17 Ω cm2. Based on this data, we 

estimate the ionic conductivity of the TiO2-P25 layer to be ~2.4 mS cm−1 for H+ and ~1.4 mS 
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cm−1 for OH− at 55 °C. Assuming equivalent conductivities of H+ and OH− in the water/TiO2-

P25 WD-catalyst layer as in pure water, and neglecting temperature and concentration effects, 

these results give an average concentration of H+ and OH− in the TiO2-P25 layer of ~7 mmol L−1. 

In comparison, the conductivities of Nafion 212 and PAP-TP-85 at 60 °C are both over >50 mS 

cm−1 35-36. From the impedance analysis, we find that the change of Rwd is ~5 Ω cm2 from ~18 to 

~120 μg cm−2 (~360 nm to ~2.4 μm) but the change in the ionic resistance of the TiO2-P25 layer 

is only ~0.10 or ~0.17 Ω cm2. This demonstrates that a simple increase in ionic resistance due to 

the WD catalyst layer thickness cannot explain the decrease in BPM performance for WD catalyst 

loadings above the optimum. Interestingly, we also find that the increase in differential resistance 

in the reference AEM and CEM electrolyzers is comparable to the increase of Rs (~0.15 Ω cm2) 

measured by impedance in BPM electrolyzers as the WD catalyst loading is increased (Figure 

2.5c). This result indicates that the ionic resistance of the WD catalyst layer is represented as a 

component of Rs in the equivalent circuit and not Rwd. This impedance data thus shows that it is 

possible to confidently separate the ionic transport, charge transfer, and WD resistances via EIS 

analysis, which is of significant value in optimizing systems. 

WD Catalyst Surface Area 

Previously, Oener et al. studied the WD activity of various metal-oxide nanoparticles 

with similar diameters8. An obvious hypothesis is that smaller nanoparticles of the same metal 

oxide will have better WD performance because of higher specific surface area (SSA, see 

Methods and Table A.1 and Table A.2). We studied the loading dependence with nominally 5, 15, 

30, and 100 nm anatase and 30 nm rutile particles (Figure 2.6a, and Figure A.2). The 5, 15, and 
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30 nm anatase shows the U-shaped voltage response with loading, indicative of an optimal 

loading between 10 and 30 μg cm-2. The performance of 100-nm anatase and 30-nm rutile TiO2, 

however, continues to improve with loading to much higher values. If we compare the 

performance of each WD catalyst at its optimal loading, the 30 nm anatase and TiO2-P25 (around 

~20-30 nm, ~80% anatase) are substantially better than the 5-nm anatase even though the 5-nm 

particles have an SSA seven times that the 30-nm ones (Table A.2). This surprising result 

contradicts typical behavior of heterogeneous catalysts where higher SSA yields higher activity. 

Field Effects on Water Dissociation 

These unexpected results led us to consider in more detail the second Wien effect (see 

Supplementary Discussion). According to Onsager’s theory, the WD rate increases nearly 

exponentially with the electric field. If the electric field is “concentrated” in some regions of the 

BPM junction, the overall WD rate might be higher than if the field is averaged across the whole 

junction. In fact, Chen et al. suggested that WD might be enhanced by using electronically 

conducting materials (see Supplementary Discussion)20. We further studied the loading 

dependence of electronically insulating materials like SiO2, as well as conductive materials such 

as antimony-doped tin oxide (ATO), IrOx, and Pt (Figure 2.6a and Figure A.9). SiO2 is the worst 

WD catalyst. ATO, IrOx, and Pt all show good performance, but with much higher mass loading 

than anatase TiO2. We measure the apparent electronic conductivities of these nanoparticles 

(using a simple two-probe setup, see Methods) and correlated those with their performance in 

BPM electrolyzers (Figure A.10). Better performance is generally observed for nanoparticles 

with higher electronic conductivity (although electronic conductivity is clearly not the only 
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important parameter, e.g. the acid-base properties of the surface are also critical to the catalytic 

effect8, as is the loading, etc.). 

 

 

Figure 2.6 Performance of BPM electrolyzers with various WD catalysts 

a Cell voltage of BPM electrolyzers as a function of spray-coated loading of various WD 

catalysts at 450 mA cm−2. Lines are added to serve as a guide for the eye. For various TiO2, A = 

anatase and R = rutile. The number denotes the size of the nanoparticles (nm) provided by the 

manufacture. ATO = Sb:SnO2. b Cell voltage of BPM electrolyzers as a function of the mass ratio 

of acetylene carbon black (ACB) and TiO2-P25 at 150 mA cm−2. The blue line is for a thick layer 

of ~120 μg cm−2 (~2.4 μm) TiO2-P25, and the green line is for a thin layer of TiO2-P25 at optimal 

loading ~18 μg cm−2 (~360 nm). Only one of each type of device was fabricated for the data in 

this figure to illustrate trends, except for P25 TiO2. The error was estimated to be less than 5% 

(one standard deviation) based on seven devices fabricated with the best loading of TiO2-P25 

catalysts (Figure A.3). Insets are schematic proposed electric-potential profiles across the BPM 

junction. 

 

Based on this data, we hypothesized that adding electronically conductive carbon to the 

TiO2-P25 would improve performance in situations where that WD catalyst layer was too thick 

– and thus the electric field is too small with the electrochemical potential drop smeared out 

across the junction – by concentrating the electrochemical potential drops and electric field to the 
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interfacial regions. We added different amounts of acetylene carbon black (ACB) nanoparticles, 

an electronic conductor, to BPMs with the most TiO2-P25 (~120 μg cm−2, ~2.4 μm thick) and 

measured BPM electrolyzer performance (Figure 2.6b, blue curve, and Figure A.11). The WD 

performance is substantially improved after adding ACB at a mass ratio near 1:1. We also tested 

ACB and TiO2-P25 mixtures at the previously determined optimal loading (~18 μg cm−2 and 

~360 nm). For these thinner WD catalyst films, no performance improvement was observed 

(Figure 2.6b, green curve, and Figure A.11). ACB alone was a poor WD catalyst (Figure A.12). 

These experimental results are consistent with the mobile electrons in the conductive WD catalyst 

polarizing the WD catalyst layer in response to the net electric potential drop across the junction, 

with a positive electronic charge on the junction side facing the CEM and negative electronic 

charge on the AEM side. As a result, the electric potential drop is focused into a narrow region at 

the AEL|WD-catalyst and WD-catalyst|CEL interfaces. Based on Onsager’s theory, the resulting 

increased field would increase the rate of WD almost exponentially in that region. The excess 

WD catalyst in the middle of the WD catalyst film then simply adds a series resistance (shown 

to be small by the ionic conductivity experiments above). For optimally thin WD catalyst, 

however, the electric field is apparently already sufficiently strong that the addition of ACB 

reduces performance (e.g. by reducing density of WD active sites). 

Stability 

We tested the stability of the BPM electrolyzer with the best loading (~18 μg cm−2) of 

TiO2-P25 at 500 mA cm−2 for 36 h at 55 °C (Figure A.13). The voltage was found to increase at 

~15 mV h−1 for the first 18 h and at ~6 mV h−1 after that, comparable to what we observed in 
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AEM electrolyzers37. This data suggests a similar degradation mechanism, i.e. ionomer 

degradation at the alkaline anode evolving O2. In the Nyquist plots collected at 30 mA cm−2 every 

6 h, the initial two semicircles evolved into three semicircles. Equivalent circuit fits show that Rs 

is constant and Rwd slightly increased (~1.7 mΩ cm2 h−1) over 36 h, indicating good stability of 

the water-dissociating BPM junction. In contrast, the total charge-transfer resistance Rct1 + Rct2 

increased from ~1.1 Ω cm2 to ~3.3 Ω cm2, consistent with the expected anode degradation. 

SUMMARY AND OUTLOOK 

We elucidated the key roles of electronic and ionic conductivity of the WD catalyst within 

the BPM junction enabling record BPM-electrolyzer performance with pure-water feed. For 

semiconducting WD catalysts such as TiO2, there is an optimal range of loading/thickness, 10-

30 μg cm−2 (200-600 nm in thickness), while for electronic conductors, the optimal is higher and 

the range larger. Reference measurements in proton-exchange-membrane and anion-exchange-

membrane electrolyzers show that, surprisingly, the ionic resistance of the WD catalyst layer is 

relatively unimportant, even for TiO2 films ~2 µm in thickness. Combining conductive carbon 

nanoparticles with thick TiO2 WD catalyst layers dramatically improves performance compared 

to either component in isolation, apparently by focusing the junction electric field. Impedance 

analysis enables clear separation of ionic transport, anode/cathode, and WD resistances and 

supports these conclusions. These data show that WD catalysts operate via mechanisms that are 

more complex in high-electric-field BPM junctions compared to conventional heterogeneous 

chemical catalysts. Not only do “intrinsic activities” matter – probably governed by acid/base 

and surface-chemical properties – but properties like the dielectric constant and electrical 
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conductivity of the WD catalyst play a key role in affecting interfacial junction physics and WD 

rate. 

Additional work is needed to fully understand the WD mechanism in BPMs. Particularly 

useful would be experiments to map the concentration profiles of H+ and OH− and the electric 

field within the BPM junction and correlate this to WD rates. Measuring such profiles for WD 

catalysts of different compositions and layering schemes would be useful to understand the 

molecular details of the catalysis process, including the specific chemical sites where WD occurs. 

Studying the reverse reaction, H+ and OH− recombination, and whether that process can also be 

catalyzed following the same mechanistic principles as WD would also be of fundamental 

interest and important for new BPM applications. Such advances are important for the design of 

optimized WD catalysts and BPMs based on the electronic, ionic, surface-chemical, transport, 

and other materials properties. Finally, the high current density and low resistance of the BPM 

electrolyzers reported here using only earth-abundant WD catalysts are impressive in their own 

right. This will be likely to benefit the applications highlighted in the introduction, among others. 

Further improvements are likely by combining optimized catalytic layers with 3D 

interpenetrating BPM junctions developed by others34.  

METHODS 

Cell fabrication and measurements 

The gas diffusion layers (GDLs) are fabricated by spray coating. The anode ink is 

prepared in a 20 mL scintillation vial with 0.1 g IrOx (Pajarito Powder) or Core/Shell Ir/IrOx (Fuel 

Cell Store), 0.5 g H2O, 1.7 g isopropyl alcohol (IPA), 0.1 g PiperION-A5 Ionomer Suspension 
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(TP-85, 5% w/w, Versogen). The ink is sonicated until the nanoparticles are well dispersed. The 

substrate for the anode GDL is stainless steel 25AL3 (Bekaert Bekipor®). The substrate is cut 

into a square of 5 cm × 5 cm and taped on a hot plate of 90 °C. Two vials of the ink are spray 

coated on the substrate. The loading of the catalyst is ~2 mg cm−2. Then PiperION-A5 Ionomer 

Suspension is sprayed on top of the catalysts layer until the mass of the ionomer reaches 10 % ~ 

20 % the catalyst mass. Finally, the GDL is cut into squares of 1.0 cm × 1.0 cm for later use. For 

PEM electrolyzers, platinized Ti-fibre felt (Fuel Cell Store) is used as substrate instead of 

stainless steel to prevent corrosion under acidic and anodic conditions. 

The cathode ink is prepared in a 20 mL scintillation vial with 0.1 g Pt black (high surface 

area, Fuel Cell Store), 1.5 g H2O, 1.7 g IPA, 0.1 g D520 Nafion™ Dispersion (alcohol-based 

1000 EW at 5 wt%, Fuel Cell Store). The ink is sonicated until the nanoparticles are well 

dispersed. The substrate for the GDL is Toray Carbon Paper 090 (value pack, wet proofed, Fuel 

Cell Store). The substrate is cut into a square of 5 cm × 5 cm and taped on a hot plate of 90 °C. 

Two vials of the ink are spray coated on the substrate. The loading of the catalyst is ~2 mg cm−2. 

Then D520 Nafion™ dispersion is sprayed on top of the catalyst layer until the mass of the 

ionomer reaches 10 ~ 20 % the catalyst mass. The GDL is the cut into squares of 1.0 cm × 1.0 

cm for later use. 

PiperION-A40-HCO3 (TP-85, 40 μm, Versogen) is used as the anion exchange layer 

(AEL). The membranes are pre-treated according to the manufacturer instructions. The AEL is 

soaked in 0.5 M KOH for > 1 h, stored in fresh 0.5 M KOH, and rinsed in ultra-pure H2O before 

use. Nafion™ 212 (Fuel Cell Store) is used as the cation exchange layer (CEL). According to the 
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manufacturer, the membrane comes in a pre-protonated state and does not need additional pre-

treatment. Thus, the CELs are soaked and stored in H2O. Both membranes are cut into squares 

1.5 cm × 1.5 cm before use. 

The measured and manufacturer-provided properties of all the WD catalyst nanoparticles 

studied are listed in Table A.1 and Table A.2. These nanoparticles were spray coated from an ink 

onto the CEL. A mother ink of 2 wt% is prepared in H2O and sonicated until the nanoparticles 

are well dispersed. The ink for spray coating is made by diluting this mother ink. Different masses 

of the mother ink are transferred to a 20 mL scintillation vial. H2O is added until the total mass 

reaches 0.5 g, and then 1.7 g IPA is added. For high loading of IrOx and Pt, the amount of H2O 

and IPA is increased to aid dispersion. This diluted ink is sonicated until the nanoparticles are 

well dispersed before spray coating. The Nafion membrane is cut into a square of 1.5 cm × 1.5 

cm and taped in the bottom of a glass petri dish so that the exposed area is 1.2 cm × 1.2 cm. Then 

the petri dish is placed on a hot plate at 90 °C. The diluted ink is spray coated onto the CEL. To 

improve uniformity, the petri dish is rotated 90° every 10 spray bursts. After the spray coating, 

the petri dish is removed from the hot plate, and the tape is removed carefully to prevent damage 

to the CEL. H2O is added around the CEL so that it absorbs water and delaminates from the petri 

dish. The coated CEL is transferred to a container with H2O before use. 

For the spin-coated samples, a mother ink of 10 wt% TiO2-P25 in water/IPA mixture (1:1 

by weight) is prepared. The mother ink is horn sonicated for 10 min and filtered through a 5 μm 

syringe filter to remove larger aggregates (Acrodisc® 32 mm syringe filter with 5 μm Supor® 

membrane). The mother ink is diluted with water/IPA mixture (1:1 by weight) to make the spin 
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coating inks of the concentrations indicated. The CEL is cut into a square of 1.5 cm × 1.5 cm and 

its edges are taped on a glass slide for spin coating. Drops of the ink are added on the membrane 

until it is fully covered. The membrane is then spun at 3000 rpm for 30 s. The 2.0 wt% sample is 

made by spin coating two layers of the 1.0 wt% ink. 

The electrolyzer was built from PEM fuel-cell hardware (Fuel Cell Store). A homemade 

stainless-steel flow field was used instead of the original graphite anode. The gaskets used in the 

assembly have an active area of 1.0 cm × 1.0 cm. To assemble the electrolyzer, several gaskets 

with a total thickness of 0.032″ are placed on top of the cathode flow field, and one Ti spacer 

(sintered Ti frits electroplated with 1 μm Pt, 1 cm × 1 cm, Baoji Yinggao Metal Materials Co., 

Ltd.) is placed in the square hole of the gasket, followed by the cathode GDL, with the HER 

catalyst side facing up. The BPM is then placed on top of the cathode GDL with WD catalyst 

sandwiched between the CEL and AEL. The CEL is in contact with the cathode GDL. After that, 

several gaskets with a total thickness of 0.037″ are placed around the BPM. The anode GDL is 

then placed in the square hole of the gasket with the OER catalyst facing the AEL. A second Ti 

frit spacer is then placed on top of the anode GDL. Finally, the anode flow field and current 

collector is bolted together to seal the system. The bolts are tightened by a torque wrench to 50 

inch-pounds. Pure de-ionized H2O heated at 60 °C is fed to both the anode and cathode. The 

electrochemical tests are started after the cell hardware reaches the equilibrium temperature (55 

± 2 °C, maximum fluctuation) using a BioLogic VSP-300 potentiostat. 

The current density is first held at 10 mA cm−2 for 1 min, then stepped from 50 to 500 

mA cm−2 with 50 mA cm−2 steps (1 min each step), and finally held at 500 mA cm−2 for 10 min. 
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For the BPMs with ACB, a larger voltage was observed during the initial steps of increasing 

current density, so the current steps were maintained for 1-70 min instead. Finally, the current 

density was stepped down in the reverse order and the voltage at each step was measured. The 

reported polarization curves are generated from the average voltages measured over the last 

second of each current step. The current is then stepped up again (10 s each step and then held at 

500 mA cm−2 for 1 min) to prepare for electrochemical impedance spectroscopy (EIS). 

Impedance data are recorded at each current density step from 500 mA cm−2 down to 50 mA cm−2 

with 50 mA cm−2 steps, as well as current densities of 40, 30, 20, 10 and 5 mA cm−2. An AC 

amplitude of 6% of the applied DC current density is used from 500 to 20 mA cm−2. For 10 and 

5 mA cm−2, the AC amplitude is 1 mA cm−2. The frequency was scanned from 600 kHz to 20 

mHz with 4 points per decade. Most of the EIS data are fitted using Bio-Logic EC-Lab V11.33. 

The stability EIS data were fit using impedance.py38. 

To support the formation of H2 and O2 in a 2:1 ratio and show near-unity Faradaic 

efficiency, we measured the amount of evolved gas with graduated cylinders at room temperature 

(22 °C, Figure A.14). Before passing current, two graduated cylinders (50 mL for O2 and 100 mL 

for H2) are filled with water and placed upside down in the water tank (total volume of water is 

~5.5 L). The gas bubbles are generated at the electrodes under high local supersaturation during 

electrolysis and carried by the water flow (~100 mL min−1 for the anode and ~60 mL min−1 for 

the cathode) for collection in the inverted graduated cylinders in about 10 s. After the electrolysis, 

the volume of the gas is read by leveling the water inside the graduated cylinders with the water 

in the tank. We applied 500 mA for 20 min, and the theoretical volumes of H2 and O2 are 75.30 
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mL and 37.65 mL, while the experimental values are 75.5 ± 0.5 mL and 37.0 ± 0.5 mL 

(uncertainty of the graduated cylinder). Thus, the Faradaic efficiency is ~100% for H2 and ~98% 

for O2. Given the short transit time between bubble detachment at the electrode and collection in 

the cylinder, little O2, and negligible H2, is apparently lost due to dissolution in the recirculating 

water. The smaller O2 Faradaic efficiency might also be due in part to oxidation of ionomer, as 

we have discussed and shown to limit durability of current alkaline-membrane pure-water 

electrolysis systems37. SEM images of a BPM after testing in the electrolyzer are shown in Figure 

A.15. No evidence for membrane breaking or cracking is observed. 

Quantifying the loading and thickness of WD catalysts 

Microscope cover-glass slides were used as substrates to quantify the loading and 

thickness of TiO2-P25 because membrane mass is highly sensitive to water content and changes 

over the course of the measurement and processing. The ink is spray coated on the same sized 

cover glass as membrane (1.2 × 1.2 cm2) and the mass change is measured using a semi-

microbalance (Sartorius Quintix™, see Figure A.16). We found that the rate of TiO2-P25 WD 

catalyst deposition was 27 ± 3 μg cm−2 (standard error of fitting) per mg of ink in the spray-

coating solution. The thickness is then determined by cross-sectional environmental scanning 

electron microscopy (ESEM, pressure of 40 Pa in H2O) and energy-dispersive X-ray 

spectroscopy (EDS) mapping (ThermoFisher Apreo 2S). The EDS signal of Ti is integrated and 

plotted as a function of position. A Gaussian function is used to fit the curve and the full width at 

half maximum (FWHM) is used to represent the thickness (Figure A.16). We found that the films 

were 0.59 ± 0.09 μm (standard error of fitting) in thickness per mg of TiO2-P25 WD catalyst in 
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the ink. We thus conclude that for the best performance case (0.6 mg TiO2-P25 in ink), the WD 

catalyst loading is ~18 μg cm−2 and the thickness is ~360 nm. The loadings of other WD catalysts 

are determined using a similar calibration method. The BPM cross-section samples are prepared 

by immobilization (LR White resin) and microtoming. 

N2 adsorption-desorption experiments 

Nitrogen (N2) adsorption/desorption isotherms were obtained at 77 K using 

Micromeritics ASAP 2020 surface area analyser. Specific surface areas (SSA) of the samples 

were calculated using Brunauer-Emmett-Teller (BET), while the pore volume (Vp) was calculated 

using the Barrett, Joyner, and Halenda (BJH) adsorption curves. Before measurements, the TiO2 

nanoparticles were dispersed in hexanes and dried at room temperature under vacuum for 18 h. 

Prior to analysis, the samples were activated at 423 K for at least 24 h to remove the solvent and 

trapped gas. Activation was considered complete when the outgassing rate fell below 2.5 μtorr 

min-1. The sample mass was determined by the difference in mass between the empty sample 

tube and the loaded sample tube post-activation. Based on IUPAC classification, all TiO2 

nanoparticles showed type-III isotherms, which are indicative of macroporous materials. In all 

samples, a type H3 hysteresis was observed demonstrating macroporosity with narrow slit-like 

pores.39 BET surface areas and calculated pore volumes are given in Table A.2. 

Electronic conductivity 

The apparent electronic conductivities of WD catalysts are measured using a simple two-

electrode setup. A pellet of the nanoparticles is made with a die and press (Quick Press Sigma-

Aldrich®) and a homemade polyether-ether-ketone (PEEK) collar. Then the metal plungers on 
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the press are used as the two electrical contacts to measure the current-voltage response of the 

compressed powder pellet. A polarization curve is collected between ± 0.1 V at 5 mV s−1. The 

curve is fitted linearly to extracted the apparent electronic conductance 𝐺 . The apparent 

electronic conductivity 𝜅 is calculated by 𝜅 =
𝐺𝑙

𝐴
, where G is the conductance extracted from the 

current-voltage response, 𝑙 is the thickness of the pellet determined by the difference of the length 

of the die set with and without the nanoparticles measured by a caliper, 𝐴 = 0.4 cm2 is the area 

of the pellet. 

Numerical simulations 

The BPM model was built in COMSOL Multiphysics® 5.5 with only two mobile ions, 

H+ and OH−, consistent with the BPM electrolyzer devices. The simulation model is built with 

the least-possible components, including reaction (catalytic and non-catalytic), transport 

(diffusion and migration), and the physical dimensions of the system such as the junction 

thickness. The purpose of the model is i) to illustrate the underlying fundamental physics of how 

the various potentials develop under operation to provide a framework for understanding how 

the introduction of catalytic materials with different dielectric properties can modulate this 

picture, and ii) to illustrate the fundamental trade-off between ionic resistance and catalyst 

loading in the junction in the context of the experimental data. It would be straightforward to 

increase the complexity of the model to include a series of chemical reaction steps for the 

catalysts, hypothesized electric-field effects explicitly, variable surface charge on the catalyst 

particles, etc. Yet doing so would not provide new insight and would likely make the model less 

useful due to the large numbers of adjustable parameters which are not known based on 
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experiment. Regardless of the mechanistic details, the net result is that in reverse bias H2O is 

dissociated into H+ and OH−. We thus write 𝑘f as the net forward WD rate constant, and 𝑘r as the 

net reverse (recombination) rate constant. For simplicity, we treat activity coefficients as unity 

and use concentrations for the equilibrium constant. At equilibrium, 

𝐾eq =
𝑐H+𝑐OH−

𝑐H2O𝑐°
=

𝐾w𝑐°

𝑐H2O
=

𝑘f

𝑘r𝑐°
(2. 1) 

where 𝐾eq is the equilibrium constant, 𝑐𝑖 is the molar concentration of species 𝑖, 𝑐° = 1 mol L−1 

is the reference molar concentration, and 𝐾w is the ionization constant of water (10−14 at 25 °C). 

We take 𝑐H2O = 55.6 mol L−1  as a constant. 𝑘r  has been determined experimentally in pure 

water using a high-voltage impulse40: 𝑘r = (1.3 ± 0.2) × 1011 L mol−1 s−1 (at 25 °C) . 

Therefore, the WD rate constant can be calculated (in bulk, free water) as  

𝑘f =
𝐾w𝑘r(𝑐°)2

𝑐H2O
≈ 2 × 10−5 s−1 (at 25 °C) (2. 2) 

We built a 1-D geometry composed of three consecutive intervals, representing the AEL, 

the WD catalyst layer (junction), and the CEL accordingly from left to right (Figure 2.1b). The 

thicknesses of AEL and CEL are both fixed to be 50 μm, while the thickness of the junction 𝑑 

was varied. Transport of species 𝑖 is driven by the gradient in electrochemical potential �̅�𝑖. The 

continuity equation (mass balance) at steady state requires that 𝛁 ∙ 𝑱𝑖 = 𝑅𝑖, where 𝑱𝑖 is the flux, 

and 𝑅𝑖 production rate of species 𝑖, calculated by 

𝑅H+ = 𝑅OH− = 𝑘f𝑐H2O − 𝑘r𝑐H+𝑐OH− (2. 3) 

Ignoring concentrated electrolyte effects, 𝑱𝑖  is given by the Nernst–Planck equation 

(without convection) 
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𝑱𝑖 = −
𝑐𝑖𝐷𝑖

𝑅𝑇
𝛁�̅�𝑖 = −𝐷𝑖𝛁𝑐𝑖 −

𝑐𝑖𝐷𝑖𝑧𝑖𝐹

𝑅𝑇
𝛁𝜙 (2. 4) 

where 𝐷𝑖  is the diffusion coefficient (assumed to be 10−4 cm2 s−1  for both H+ and OH− for 

simplicity, while in Figure A.4, 𝐷H+ = 9.311 × 10−5 cm2 s−1 , and 𝐷OH− = 5.273 ×

10−5 cm2 s−1  41), 𝑧𝑖  is the charge number, 𝜙  is the electric potential. 𝐹 , 𝑅 , and 𝑇  denote 

Faraday’s constant, the gas constant, and temperature respectively. Poisson’s equation is used to 

couple the charged species with electric potential 

𝛁2𝜙 = −
𝐹[∑ 𝑐+ − ∑ 𝑐−]

𝜀0𝜀r

(2. 5) 

where 𝑐+ is the molar concentration of positive charges (e.g. H+, and fixed charges in AEL, set 

to be 1 mol L−1, while in Figure A.4 set to be 2.4 mol L−1 35), and 𝑐− is the molar concentration 

of negative charges (e.g. OH−, and fixed charges in CEL, also set to be 1 mol L−1, while in Figure 

A.4 set to be 1.8 mol L−1 31). 𝜀0 is the vacuum permittivity and 𝜀r = 78 is the relative dielectric 

constant of bulk water. For the outer boundary of the CEL, we assume 𝑐OH− = 10−14 mol L−1, 

𝑐H+ = 1 mol L−1 (in Figure A.4 𝑐OH− = 10−14/1.8 mol L−1, 𝑐H+ = 1.8 mol L−1), and set 𝜙 =

0 V. For the outer boundary of the AEL, we assume 𝑐OH− = 1 mol L−1, 𝑐H+ = 10−14 mol L−1 

(in Figure A.4 𝑐OH− = 2.4 mol L−1 , 𝑐H+ = 10−14/2.4 mol L−1 ), and 𝜙  is variable. At 

equilibrium, 𝜙 at the outer boundary of AEL can be derived by equating �̅�𝑖 at two boundaries: 

𝜙eq =
𝑅𝑇

𝑧𝑖𝐹
ln

𝑐𝑖(CEL)

𝑐𝑖(AEL)
≈ 0.83 V (at 25 °C) (2. 6) 

whether calculated by H+ or OH−. 

The mesh was defined by the maximum element size with denser elements at the 

interfaces. In AEL and CEL it is 1,000 times smaller than the membrane thickness. In the junction, 

it is 100 times smaller than the junction thickness. At the WD-catalyst|AEL and CEL|WD-
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catalyst interfaces it is 10,000 times smaller than the junction thickness. 

BRIDGE 

Chapter II includes studies of water dissociation catalyst type and loading dependence in 

bipolar membranes, the electrochemical impedance analysis (EIS), and the effect of ionic and 

electronic conductivity. It forms the vital basis of Chapter III where the catalyst loading 

dependence and the effect of electronic conductivity are further investigated, and the EIS results 

are compared with the new results from the newly-developed method. 
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CHAPTER III 

KINETICS AND MECHANISM OF HETEROGENEOUS VOLTAGE-DRIVEN WATER-

DISSOCIATION CATALYSIS 

 

Published as Chen, L.; Xu, Q.; Boettcher, S. W. Kinetics and mechanism of 

heterogeneous voltage-driven water-dissociation catalysis. Joule 2023, 7 (8), 1867-1886. S.W.B. 

conceived the experiments and led the project. L.C. performed most experiments. Q.X. and L.C. 

performed pilot experiments. L.C. and S.W.B. wrote the manuscript with input from all authors. 

 

INTRODUCTION 

When water is consumed as a reactant in chemical and (electro)catalytic processes, water 

dissociation (WD, H2O  H+ + OH−), is often a critical elementary step. In a bipolar membrane 

(BPM), for example, water is dissociated at the junction between an ionomer anion-exchange 

layer (AEL) and a cation-exchange layer (CEL), usually accelerated by a catalyst sandwiched 

between the two and driven by an applied voltage (Figure 3.1A).1-5 This catalyzed, voltage-driven 

WD process is not understood, even though BPMs are used in electrodialysis to produce 

acid/base from brine and to desalinate water,6-9 in food processing to adjust pH,10 and in a variety 

of recycling and separations processes.11 BPMs can also couple different-pH microenvironments 

leading to novel uses in fuel cells,12-13 flow batteries,14 and water15-16 and CO2 electrolyzers17-18 

that can be impurity-tolerant,19 and enable the use of efficient and abundant electrocatalysts. 

Elementary reaction steps similar to WD are also likely key in electrocatalytic reactions including 
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hydrogen evolution and CO2 reduction that require protons in neutral-to-basic media where water 

is the only available proton donor. These analogous proton-transfer processes may also be 

voltage-driven in the electrochemical double layer and accelerated via surface reactions.15, 20-22 

 

 

Figure 3.1 Schematic of membrane-potential sensing in a bipolar-membrane (BPM) 

electrolyzer and comparison between the electrochemical-impedance-spectroscopy (EIS) 

and membrane-potential-sensing methods of determining ηwd 

(A) In the AEL, positive functional groups (e.g. quaternary ammonium cations) are fixed to the 

polymer backbone while small anions like OH− are mobile. In the CEL, negative groups (e.g. 

sulfonate) are fixed to the polymer backbone and small cations like H+ are mobile. Pure water is 

fed to cathode and anode gas-diffusion electrodes and diffuses into the BPM. WD occurs at the 

junction of the AEL and CEL. The voltage between the two reference electrodes connected to the 

AEL and CEL by membrane strips are recorded as a function of applied current. By subtracting 

the values at open circuit, the WD overpotential ηwd is calculated. (B) The impedance spectra 

from the entire cell were measured at different current densities j. The WD resistances Rwd were 

extracted by fitting the spectra and ηwd was calculated by integrating Rwd as a function of j. 

Loading is represented by the spin-coat ink concentration; 0.2 wt% yields ~10 μg cm−2 or ~200-

nm-thick nanoparticle films. 

 

The efficiency of WD is central to the performance of BPMs. We recently showed that 

metal-oxide nanoparticles dramatically accelerate the WD reaction both in BPMs and as a step 



 

59 

 

in electrocatalysis,15 and that the ability of the WD catalyst to screen and focus the interfacial 

electric field in the BPM junction is important.23 Previously either an electric-field effect (the so-

called second Wien effect),24-27 a catalytic effect,15, 28-29 or a combination of two23, 30-31 has been 

invoked to explain WD kinetics in the BPM orders-of-magnitude faster than the equilibrium rates 

in bulk water, but how the field and catalysis interact at the microscopic/mechanistic level is 

largely unknown. 

These previous studies are also limited in how they assess the WD voltage, usually in H-

cells or multi-compartment cells with supporting electrolytes that contain salt ions (other than H+ 

and OH−) such as Na+ and Cl−. The current carried by salt ions complicates the analysis of the 

polarization curves and the study of WD with unknown contributions from series resistance. 

Temperature-dependent kinetics are central to understand mechanisms and extract activation 

energies (Ea), but these are rarely done for BPMs due to the experimental difficulties in isolating 

the WD overpotential (i.e. the thermodynamic driving force for WD)15 from other temperature-

dependent processes. The few previous studies have found widely ranging apparent activation 

energies from ~10-80 kJ mol−1, primarily measured for commercial BPMs where the interface 

chemistry and structure where WD occurs are unknown.28, 32-35 The WD rate constant also 

depends on the pre-exponential factor (or frequency factor) A, which is seldom discussed in the 

above, as is unfortunately typical in electrochemistry, despite its importance.36-39 

We previously avoided these complications by using BPMs in a pure-water electrolyzer, 

without salt ions, where H+ and OH− are the only ionic charge carriers.15, 40 We also demonstrated 

that the (areal) WD resistance Rwd can be isolated from the total impedance (that includes 
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electrode reaction and transport) via electrochemical impedance spectroscopy (EIS).23 The WD 

overpotential/overvoltage ηwd is calculated from Rwd by 

𝜂wd = ∫ 𝑅wd(𝑗)d𝑗
𝑗

0

(3. 1) 

where j is the current density. Rwd is a differential resistance that is a function of j (or equivalently, 

ηwd, the driving force for WD). Rwd decreases with driving force and thus j. When Rwd does not 

depend on j, Equation 3.1 reduces to Ohm’s law. Estimating ηwd in this way requires measuring 

EIS at different j, which is slow due to the need for low-frequency data. Some BPMs also degrade 

during prolonged testing, making it difficult to separate temperature-dependent kinetics from 

other processes because degradation will underestimate Ea in a temperature-step-up experiment 

but overestimate Ea in a temperature-step-down experiment. In Nyquist plots, the WD semicircle 

is sometimes not well-separated and low-frequency inductive loops can appear, complicating the 

analysis and introducing error. 

Here we report a “membrane-potential sensing” method to directly measure ηwd in BPM 

electrolyzers as a function of temperature and current and use it to discover new underlying 

physical processes controlling WD rates. We used a simpler setup in anion-exchange-membrane 

electrolyzers to separate the anode and cathode voltage with one reference electrode,41 as also 

reported earlier for fuel cells.42-44 An AEL and a CEL membrane-sensing strip are connected to 

the AEL and CEL of the BPM, respectively (Figure 3.1A), with separate reference electrodes 

attached to each strip. After subtracting the open-circuit values, ηwd is the voltage between the 

two references (the ohmic drop across AEL and CEL is small and can be ignored, see more 

discussion in the Experimental Procedures). We demonstrate that ηwd measured by membrane-
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potential sensing is almost identical to that from EIS, corroborating both approaches. We use the 

method to study temperature-dependent WD kinetics on model TiO2-P25 catalyst. We discover 

that uncatalyzed BPMs show decreasing Ea with driving force, as expected from typical 

electrode-kinetics models such as the Butler-Volmer model. In contrast, WD in catalyzed BPMs 

has an apparent Ea that is almost independent of ηwd, but a pre-exponential factor A that 

surprisingly increases linearly with ηwd. We develop a semi-empirical “BPM equation” to 

quantitatively describe the temperature-dependent kinetics based on the equilibrium activation 

energy Ea,0, the effective proton-transfer coefficient α (to describe the effect of ηwd on the 

activation barrier), and a pre-exponential factor A that depends linearly on ηwd. Kinetic-isotope 

experiments show that BPMs fed D2O have higher ηwd than H2O, with similar Ea and different A. 

Adding electronically conducting acetylene carbon black (ACB) to a thick layer of TiO2-P25 

both lowers Ea and increases the sensitivity of Ea on ηwd, supporting the hypothesis that the 

electric field is concentrated by conductors to increase WD kinetics. With this data, we then 

elaborate a new mechanism of field/voltage-driven WD catalysis that includes field-dependent 

organization of surface water that facilitates proton transfer between near-surface water and the 

(polarized) metal-oxide WD catalyst, and proton transport across the nanoparticle catalyst surface. 

RESULTS AND DISCUSSION 

Comparison between membrane-potential-sensing and EIS methods 

Previously we showed that EIS can be used to isolate the WD resistance Rwd from the 

total-cell impedance (Figure B.1).23 In a Nyquist plot, the high-frequency semicircle is related to 

WD while the low-frequency semicircles are related to anode and cathode charge-transfer 
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resistances and capacitances. Equivalent-circuit fits are used to extract Rwd for each different j. 

Integrating Rwd as a function of j, we calculate 𝜂wd = ∫ 𝑅wd(𝑗)d𝑗
𝑗

0
 . To corroborate the 

membrane-potential-sensing and EIS methods, we compare the two ways to calculate ηwd for the 

same sample (Figure 3.1B). The methods produce similar ηwd – j curves, regardless of WD 

catalyst loadings. Because the EIS measurement is slow, making degradation effects more serious 

and complicating the temperature-dependence measurement, we use the data from membrane-

potential sensing in the analysis below. 

Temperature dependence and Arrhenius analysis 

The WD polarization curves with different TiO2-P25 loadings from 25–55 °C are shown 

in Figure 3.2 and Figure B.2. We chose TiO2-P25 as the model catalyst due to its abundance, low 

cost, and good performance as a single-composition catalyst in BPM electrolyzers. The optimal 

loading is 0.2 wt% (represented by the spin-coat ink concentration; equivalent to ~10 μg cm−2 

and ~200 nm in thickness).23 Seven loadings were tested and, as expected, when the WD catalyst 

loading decreases, the polarization curves converge to the pristine BPM without WD catalyst 

(Figure B.3). In pristine BPMs without WD catalyst, j increases exponentially with ηwd, like a 

typical electrochemical reaction with Tafel-like behavior (or Marcus / Butler-Volmer behavior, 

which are fundamentally related). In contrast, BPMs with optimal loading of TiO2-P25 show a 

linear dependence of j on ηwd, more like a resistor that follows Ohm’s law. Polarization curves of 

BPMs with other loadings lie between these two cases, i.e., with a (nearly) linear shape when ηwd 

is small and more exponential when ηwd is large. The linear relationship is analogous to the 

limiting case of the Butler-Volmer model when the exchange current density j0 is large, or in 
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other words, the electrode charge-transfer kinetics is fast and only a small overpotential η is 

needed to drive a large current density (see discussion below). 

 

 

Figure 3.2 Temperature-dependent polarization curves of BPMs with different mass 

loadings of TiO2-P25 WD catalyst 

Notice the transition from exponential, to linear, and then to combination of linear and 

exponential j – ηwd response with increasing loading. Temperatures tested were 25, 35, 45, and 

55 ± 2 °C, but only data at 25 and 55 °C are shown here for clarity. The uncatalyzed BPM 

(labelled 0) has almost no apparent temperature dependence at the high current densities tested 

here due to concomitant degradation processes. See also Figure B.2. 

 

Increasing the temperature lowers ηwd in most cases, except for the BPM without catalyst. 

This artifact was because the pristine uncatalyzed BPM performance degrades during testing, 

obscuring the temperature dependence. The reason that pristine, uncatalyzed BPMs degrade so 

fast is yet unclear, but could be due to chemical degradation of the fixed-charge groups on the 

ionomer at the sharp BPM interface in the presence of the strong electrochemical potential 

gradient over the abrupt interface under bias, or due to current-driven ionomer intermixing. 

Further studies that combine various spectroscopy techniques are needed to elucidate these 
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mechanisms of uncatalyzed BPM degradation (the optimized catalyzed BPMs have stable WD 

performance). Therefore, for pristine BPM data reported below, we use only low current densities 

and a small correction for the calibrated degradation rate (Figure B.4). To analyze the data from 

BPMs with and without WD catalysts, we use an Arrhenius-type model 

𝑗 = 𝐴𝑒−
𝐸a
𝑅𝑇 (3. 2) 

where A is the pre-exponential factor, Ea is the apparent activation energy, R is the gas constant, 

and T is the temperature. Notice A has the same unit as j (mA cm−2). Since the concentration of 

the reactant, i.e., water, is unknown inside the BPM junction, we did not normalize A to unit 

concentration.36 We assume the concentration of water is largely constant as we apply ≤ 500 mA 

cm−2, significantly above which water transport into the BPM can be limiting.40 This assumption 

is justified because the differential resistance of the polarization curves usually increases when 

the water transport is limited, as observed at >700 mA cm-2 for similar systems previously.40 Here, 

the differential resistance decreases or remains constant as j increases (Figure 3.2). 

Our aim is to analyze Ea and A at a fixed ηwd (but not j) because ηwd represents the driving 

force while j represents the WD reaction rate. There are no salt ions to otherwise carry current so 

all measured current must be associated with WD. Because we collect data under current control, 

the j – ηwd data are interpolated with cubic splines (Figure 3.3A) to generate the Arrhenius plots 

(ln j plotted against 1/T) at constant driving force (ηwd). We choose cubic splines to capture the 

curvature of the polarization curves. 
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Figure 3.3 Arrhenius analysis of temperature-dependent BPM polarization curves 

(A) Temperature-dependent polarization curves of a BPM with 0.2 wt% TiO2-P25 and fed by 

H2O. The same sample is cycled between 25 and 55 °C. Current density j is interpolated at certain 

ηwd. (B) Arrhenius plots of a BPM with 0.2 wt% TiO2-P25 and fed by H2O at different ηwd’s. 

Lines are least-squares linear fits of the experimental data. (C) Apparent activation energy Ea as 

a function of ηwd. Different loadings of TiO2-P25 are used as WD catalyst. The electrolyzer is fed 

by either H2O or D2O. Notice the log scale on the horizontal axis. (D) The pre-exponential factor 

A as a function of ηwd. Notice the log scale on both axes. Lines are least-squares linear fits with 

fixed slope of one except the loading of 0. Voltage increases the pre-exponential factor for 

catalyzed samples instead of lowering the activation barrier. 

 

For a fixed ηwd, the Arrhenius-plot slope and vertical intercept from linear fitting yields 
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Ea and A, respectively. The procedure is repeated for different ηwd (Figure 3.3B) to understand 

how the driving force for WD modulates kinetics and possible mechanisms. The slope does not 

change with 1/T (within the temperature range of the experiment); Ea and A are thus independent 

of T. In the next section we discuss how Ea and A depend on ηwd and WD-catalyst loading, as this 

informs the microscopic picture of catalyzed WD reactions in BPMs, and more broadly in 

electrocatalysis where reactions also take place in the presence of a large interfacial electric 

field.21, 45-46 

Overpotential and mass-loading dependence of kinetic parameters 

The apparent Ea and A as a function of ηwd with different TiO2-P25 loadings are shown 

in Figure 3.3C. For the pristine BPM without WD catalyst, Ea decreases from 34 to 24 kJ mol−1 

as ηwd increases from 0.2 to 1 V. This behavior is like those observed for interfacial faradaic 

processes, where the activation energy for electron transfer (e.g., in the Butler-Volmer or Marcus 

models) is lowered with increasing absolute overpotential. For BPMs with TiO2-P25 catalyst, 

however, Ea is essentially constant with ηwd. The similar independence of Ea on transmembrane 

voltage has also been observed occasionally in other studies of BPMs, as mentioned above.28, 34 

Differences in WD processes in BPMs compared with WD in pure water are also apparent 

(Table 3.1). In pure water, Eigen and de Maeyer determined the apparent Ea for WD Ea(kD) = 

64.9–69.0 kJ mol−1 while for recombination/neutralization Ea(kR) = 8–13 kJ mol−1, where kD and 

kR denote the rate constant of WD and H+/OH− recombination/neutralization respectively47-48. 

Natzle and Moore found Ea(kR) = 15 ± 3 kJ mol−1.49 Since Ea(kD) and Ea(kR) are related by the 

standard enthalpy of WD as ΔH° = Ea(kD) − Ea(kR) = 56 kJ mol−1,50-51 and thus Ea(kD) = 71 ± 3 
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kJ mol−1, which is comparable with the results of Eigen and de Maeyer. Interestingly, the Ea for 

WD in BPMs is lower than Ea(kD) in pure water by a factor of two, suggesting a different 

mechanism and/or solvation environment. 

 

Table 3.1 Kinetic and thermodynamic parameters of H2O and D2O dissociation 

 H2O D2O H/D 

Dissociation rate constant kD (10−5 s−1) 2.5 48; 2.56 52; 2.04 49 0.25 52; 0.186 49 ~11 

Apparent activation energy Ea(kD) (kJ mol−1) 64.9–69.0 48 76* 52 ~0.88 

Neutralization rate constant kR (1011 M−1 s−1) 1.4 48; 1.43 52; 1.12 49 0.84 52; 0.741 49 ~1.7 

Apparent activation energy Ea(kR) (kJ mol−1) 8–13 48; 15 49 15* 52 ~0.85 

Dissociation constant Kw
 (10−14) 1.0 51 0.11 51 ~9.1 

Standard Gibbs free energy ΔG° (kJ mol−1) 79.87 51 85.23 51 ~0.94 

Standard enthalpy ΔH° (kJ mol−1) 55.82 51 60.87 51 ~0.92 

Standard entropy ΔS° (J mol−1 K−1) −80.67 51 −81.75 51 ~0.97 

* Extracted from Arrhenius analysis using the literature values. 

 

Unexpectedly, we find that the pre-exponential factor A increases almost linearly with 

ηwd for catalyzed BPMs (Figure 3.3D, notice the log–log scale and the unit-slope lines), in 

contrast with classic Butler-Volmer models where Ea decreases linearly with η, and A is 

independent of η.36 The Butler-Volmer model, of course, was developed for electron-transfer 

electrode reactions, while WD is a proton-transfer reaction. However, both involve interfacial 

charge-transfer driven by electrochemical potential gradients. We use the Butler-Volmer equation 

as a well-known model to compare with and discuss a microscopic physical picture below. 
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The BPM equation 

The above Arrhenius analysis (based on interpolation and linear fitting) is limited by the 

ηwd of the highest test temperature (e.g., 0.12 V in Figure 3.3A), as above that there are only data 

for three temperatures or fewer. We thus developed a semi-empirical equation to fit all the data 

and minimize the errors due to interpolation. We hypothesize, following the Butler-Volmer model, 

that 

𝐸a = 𝐸a,0 − 𝛼𝐹𝜂wd (3. 3) 

where Ea,0 is the “equilibrium activation energy” and α ≥ 0 is the “proton-transfer coefficient”, a 

unitless number which describes how Ea for proton transfer changes with ηwd and determines the 

shape of the polarization curve. An α tending to 0 results in a linear j – ηwd response (e.g., with 

optimal TiO2-P25 loading) while a larger α leads to an exponential shape (e.g., as for the pristine 

BPMs). Because the prefactor A is proportional to ηwd, we have 

𝐴 = 𝐺0𝜂wd (3. 4) 

where the new constant G0 = A/ηwd has the unit of areal conductance (mS cm−2). Note that the 

pre-exponential factor A is proportional to ηwd, but G0 itself is independent of ηwd. Substituting 

these relations into the Arrhenius equation yields a semi-empirical “BPM equation” to describe 

WD in BPMs (the forward and reverse reaction contributions are not separated explicitly, see 

more discussion below) 

𝑗wd = 𝐺0𝜂wd𝑒−
𝐸a,0−𝛼𝐹𝜂wd

𝑅𝑇 = (𝐺0𝑒−
𝐸a,0
𝑅𝑇 ) 𝜂wd𝑒

𝛼𝐹𝜂wd
𝑅𝑇 (3. 5) 

where G0, Ea,0 and α depend on catalyst type and loading. By fitting j as a function of ηwd 

at different T, we extract the parameters G0, Ea,0 and α using the entire data set (Figure 3.4). For 
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most polarization curves, the fitting provides R2 > 0.99 and the parameter-fitting errors are 

usually less than 10% of the parameter values (Figure B.2). The fit requires variable-temperature 

polarization curves, since at a fixed T, and with fixed catalyst and loading, G0 and Ea,0 are 

interdependent and lumped into the term as 𝐺0𝑒−
𝐸a,0
𝑅𝑇 . At small ηwd, 𝑒

𝛼𝐹𝜂wd
𝑅𝑇 → 1 and the linearized 

BPM equation is 

𝑗wd = (𝐺0𝑒−
𝐸a,0
𝑅𝑇 ) 𝜂wd (3. 6) 

The classical linearized Butler-Volmer equation at small overpotential η provides 

𝑗BV = (
𝑗0,BV𝐹

𝑅𝑇
) 𝜂 (3. 7) 

In analogy with Equation 3.6, we can define a WD exchange current density j0 

𝑗0,wd =
𝑅𝑇

𝐹
𝐺0𝑒−

𝐸a,0
𝑅𝑇 (3. 8) 

Higher G0 and lower Ea,0 give a larger j0, and j0 increases with temperature. The parameter 

G0 can be called the driving-force-independent “proton-transfer conductance” and is likely 

related to the number of active proton acceptor/donor sites on the WD catalyst surface and the 

frequency by which water molecules interact with those sites to accommodate proton transfer 

(see below). 

The parameters G0, Ea,0 and α depend on TiO2-P25 loading. Ea,0 increases from ~25 to 

~30 kJ mol−1 for the BPM without catalyst to one with optimal loading (0.2 wt%, ~10 μg cm−2 

and ~200 nm) then increases slowly and approaches Ea,0 ~32 kJ mol−1 when the loading is higher 

than 1 wt% (Figure 3.4A). The shape of the polarization curve is related to α (compare Figure 

3.2 and Figure 3.4A). A smaller α results in a linear j – ηwd response, as in the case for optimal 

loading (α = 0), while a larger α yields a more-exponential dependence, as in the very low 
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loadings and without catalyst. Interestingly, G0 increases substantially with TiO2-P25 loading 

before the optimal value (notice the log scale), and then slightly decreases. Lower Ea,0, higher α, 

and higher G0 lead to a better performance. In the case of TiO2-P25, G0 appears to be the dominant 

factor and is correlated with ηwd (Figure 3.4A, top and bottom panels). 

 

 

Figure 3.4 Temperature-dependence analysis using the semi-empirical BPM equation 

𝑗wd = 𝐺0𝜂wd𝑒−
𝐸𝑎,0−𝛼𝐹𝜂wd

𝑅𝑇 , where Ea,0 is the “equilibrium activation energy”, α is the “proton-

transfer coefficient”, and G0 is the “proton-transfer conductance”. To compare with BPM 

performance, ηwd at 55 °C and 500 mA cm−2 is also included. Notice the log scale on the vertical 

axis for G0. (A) Different loadings of TiO2-P25 are used as WD catalyst. The electrolyzer is fed 

by either H2O or D2O. Notice the log scale on the horizontal axis. (B) Different mass ratios of 

acetylene carbon black (ACB) and TiO2-P25 are used as WD catalyst. The mass of TiO2-P25 is 

kept constant while the mass of ACB is varied. The electrolyzer is fed by H2O. The increase of 

the proton-transfer coefficient α with conductive additive is consistent with electric-field 

screening and focusing. Lines serve as a guide for the eye. 
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Kinetic isotope effects 

To obtain information on the rate-limiting step in WD, we fed the BPM electrolyzer with 

D2O and measured kinetic-isotopic effects (Figure B.5). For the catalyzed BPMs, ηwd in D2O is 

~2 to 4 larger than in H2O (Figure 3.4A, top panel) despite both Ea,0 and α being relatively similar. 

The larger ηwd in D2O is largely due to a lower G0 (and thus A), which is evident in Figure 3.3D. 

For pristine BPMs, D2O has a higher Ea than H2O, while catalyzed BPMs have Ea similar or 

smaller for D2O compared to H2O (Figure 3.3C). In the pristine BPMs, WD likely occurs more 

like in bulk water, i.e., proton transfer between water molecules under the strong electric field. 

The H/D ratio of Ea is ~0.8, comparable to the Ea(kD) for bulk water ~0.88 (Table 3.1). For 

catalyzed BPMs,WD occurs on the catalyst surface, and the D2O-related species might have a 

lower binding energy to the catalyst surface compared to H2O, similar to the inverse kinetic 

isotope effect in the oxygen-reduction reaction.53 These isotope effects can be compared with 

those found for diffusion coefficients and associated activation energies for H2O, D2O, and their 

ions (Table 3.2). Diffusion of these species follows an Arrhenius model with an activation energy 

of Ea(D). Although the diffusion coefficients show H/D ratios (defined as the value of H species 

relative to D species, such as H2O/D2O, H+/D+, and OH−/OD−) ranging from 1.2 to 1.7, the H/D 

ratios of Ea(D) are close to unity. Bulk H2O and D2O also show different in dissociation kinetics 

(Table 3.1). Compared to D2O, the dissociation equilibrium constant Kw and dissociation rate 

constant kD of H2O is 9 and 11 times larger, respectively, while both Ea(kD) are similar. These 

data are consistent with our experimental results of H2O and D2O in voltage-driven catalyzed 

WD reaction in the BPM; the rates/current densities are substantially slower for D2O 
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(characterized by A or G0), but the temperature dependence (characterized by Ea) are similar. 

These data point to the pre-exponential factor A being associated not only with the number of 

catalyst proton acceptor/donor sites on the surface, but also with the facility by which water 

molecules can organize via molecular motion for the charge-transfer step, as discussed below. 

 

Table 3.2 Diffusion coefficients and associated activation energies for H2O, D2O and their 

ions 

 H2O D2O H/D 

Diffusion coefficient D (10−5 cm2 s−1) 2.299 54 1.872 54 ~1.2 

Apparent activation energy Ea(D) (kJ mol−1) 18–20 54 19–21 54 ~0.95 

 H+ D+ H/D 

Diffusion coefficient D (10−5 cm2 s−1) 9.311 55 6.655 55 ~1.4 

Apparent activation energy Ea(D) (kJ mol−1) 10.6 56; 10.0* 57 10.0* 57 ~1 

 OH− OD− H/D 

Diffusion coefficient D (10−5 cm2 s−1) 5.273 55 3.169 55 ~1.7 

Apparent activation energy Ea(D) (kJ mol−1) 13 56; 12.6* 57 13.0* 57 ~1 

*Activation energy of ionic conductivity is used due to the lack of data. 

 

Effect of electronic conductivity 

We previously showed that adding electronic conductors such as acetylene carbon black 

(ACB) nanoparticles to a thick layer (~120 μg cm−2 and ~2.4 μm) of TiO2-P25 WD catalyst 

improves the BPM performance substantially, likely through focusing the electric at the 

AEL|catalyst and catalyst|CEL interfaces.23 We measured the temperature dependence of these 

thick TiO2-P25 WD layers mixed with different ratios of ACB (by mass) as WD catalyst. Adding 
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ACB lowered ηwd (the optimal ratio is between 50% and 100%) consistent with previous results23 

(Figure 3.4B). Analysis of the new temperature-dependent data shows that adding ACB lowers 

Ea,0 from ~30 to ~26 kJ mol−1 when the mass ratio increases from 0 to 50%, and increases α by a 

factor of ~5 (from ~0.002 to ~0.09) when the mass ratio increases from 0 to 150%, but does not 

change G0 significantly. Simpler Arrhenius analysis also shows that Ea is lowered (Figure B.6), 

consistent with the BPM-equation analysis. Adding electronically conductive material to the 

region of WD thus appears to improve kinetics for thick catalyst layers by screening and 

increasing local-electric-field strength that serves to lower Ea with increasing applied voltage. 

A new microscopic model for voltage-driven catalyzed WD 

The sum of the kinetic data and analysis lead us to propose a new tentative model for WD 

on metal-oxide surfaces (Figure 3.5). This new model is relevant not only for BPMs but also for 

interfacial electrocatalytic processes where WD is required to provide protons, e.g., CO2 or H2O 

reduction in neutral to basic conditions.17 Acid-base reactions, H+ and OH− transfer, and WD, all 

involve the interconversion between O–H and hydrogen bonds. The Grotthuss mechanism of H+ 

and OH− transport in water involves the movement of charge through a series of protonation and 

deprotonation steps on different water molecules (i.e., the interconversion between O–H bonds 

and hydrogen bonds and non-vehicular transport). Similar mechanisms could occur on the 

surface of oxide nanoparticles due to species such as bridging and terminal oxo and hydroxyl 

groups that can be protonated or deprotonated and that interact strongly with interfacial water 

that may mediate proton transport.58-59 The surface of metal oxides thus may serve as a “sink” or 

“source” of protons which can transport on the nanoparticle surface through the surface 
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oxo/hydroxyl groups. The oxide surface can thus serve as both proton reservoir and proton 

conductor.  

 

 

Figure 3.5 Proposed mechanism for voltage-driven catalyzed WD 

(A) The “external” electric field originates from the unbalanced fixed charges in the AEL and 

CEL. The local electric field (shown in green arrows) originates from the protonation and 

deprotonation of the nanoparticle surface hydroxyls, and further modulated by electronic 

polarization of free carriers or dielectric inside the nanoparticles, as well as the external electric 

field. The local electric field induces the water molecules to orient, facilitating WD and proton 

transfer. M, M′, and M″ denote different sites on the catalyst surface. (B) Possible electric-

potential ϕ profiles of pristine BPMs and catalyzed BPMs. The hydrogen bond between water 

molecules is also shown for comparison. 

 

Local equilibrium between the WD catalyst and liquid water further leads to interfacial 

electrostatic effects in the form of a double-layer electric field whenever the local pH is not at the 

point of zero charge (PZC) of the nanoparticle. The strength of this local interfacial field is likely 

important for proton transfer reactions between the surface of the catalyst particle and the water, 

because the electric field modulates substantially interface-water structure and properties, like 
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the effective dielectric constant and average orientation.60-62 

In the BPM junction, however, the situation is further affected by the external electric 

field originating from the uncompensated fixed charges at the AEL and CEL. If the nanoparticle 

has high electronic conductivity (e.g., IrOx, Sb:SnO2, etc.), the electrons inside the nanoparticle 

will redistribute to screen the electric field and the nanoparticle will be polarized, much like a 

nanoscale bipolar electrode.63 These conductive catalysts could even drive faradaic reactions 

(such as electrolysis) if sufficiently polarized, but for our catalysts the applied WD overpotential 

is typically too low for such reactions to occur. WD catalysts with a high dielectric constant (e.g., 

TiO2), will similarly screen the electric field inside the particle and increase the electric field 

outside the particle within the effective Debye length defined by the local ion concentrations and 

dielectric constant at the particle surface.64 

In both high-dielectric and conductive particles, the polarization of the particle by the 

external electric field across the BPM should enhance the local electric field near the nanoparticle 

surface, driving water molecules to orient and align, on average, their dipole moment with 

electric field.62, 65 Under reverse-bias operation, i.e., where the BPM is driving WD at the junction, 

the space-charge regions in the AEL and CEL increase with applied bias leading to an increasing 

average electric-field strength across the WD catalyst layer and increasing the degree of water 

orientation. 

We propose that the water organization at the WD catalyst/water interface, driven by the 

external electric field, is responsible for the experimentally measured pre-exponential factor, i.e., 

representing a process that describes the fraction of time, and frequency at which, the system is 
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poised for proton transfer. Our model explains the proportionality between A and ηwd. As the local 

electric field increases with ηwd, water molecules are, on average, better oriented for donating a 

proton to one side of the WD catalyst particle (i.e., partial-positive proton on H2O pointed toward 

the surface) and accepting a proton on the other side of the WD catalyst (i.e., with the partial-

negative O on H2O pointed toward the surface), as depicted in Figure 3.5A. The fact that D2O 

has a smaller A than H2O is consistent with the slower vibrational frequency and molecular 

motions of heavier D2O. 

While the above argument provides an explanation for how the local electric field, both 

at equilibrium and increasing with applied reverse bias, might lead to an increase in the pre-

exponential factor describing WD kinetics, we must also consider the field effect on the WD 

activation barrier. In the classic Butler-Volmer model, increasing applied overpotential leads to 

an increase in electron-transfer rate by lowering activation barrier. The transfer coefficient, 

typically called α (which can be equated to the symmetry factor β of the free-energy surface for 

elementary reaction steps),66 is often taken to be 0.5. This assumption is based on the notion that 

the electron transfer occurs through the width of the double layer (i.e., it is an outer-sphere 

process) and that the free-energy surface is symmetric with respect to approach to the transition 

state. We consider the overall reaction in our analysis, and define α here the proton-transfer 

coefficient (instead of symmetry factor). 

While we use a similar formulation to describe the rate of proton transfer in WD, the 

experimental values for the proton-transfer coefficient α are much smaller, i.e., from 0 to ~0.04, 

resulting in a weak Ea dependence on ηwd for catalyzed BPMs, compared with typical 
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electrochemical reactions. The electric-field dependence of WD rate has historically been 

interpreted in the context of the second Wien effect where the strong local field increases the 

dissociation rate of weak electrolytes, although others have questioned whether a sufficiently 

strong field in fact exists in the BPM junction.15, 25 Our new experimental data shed light on this 

fundamental process. Increasing electric field, represented by a larger driving force for WD 

through ηwd, does decrease the experimental activation barrier, supporting the field-effect 

argument. Yet this effect is only significant for BPMs without catalyst that have a narrow junction 

thickness and hence high electric field (and thus very poor WD and BPM performance).  

In BPMs, the electric potential drop mainly occurs at the junction, thus the electric 

potential drop distance is roughly the junction thickness. For pristine BPM without catalyst, the 

junction thickness is ~1–5 nm including the depletion region, interface roughness, and 

intermixing between AEL and CEL (Figure 3.5B).2, 67-69 For a hydrogen bond in liquid water (O–

H⋯O), the O–H bond length is ~0.1 nm and the H⋯O bond length is ~0.2 nm.70 Thus the proton-

transfer distance for WD (2H2O → H3O
+ + OH−) is ~0.1 nm. If we take the junction thickness to 

be ~2 nm, then the ratio between proton-transfer distance and the overall potential-drop distance 

is ~0.05, which is comparable to the experimental α of pristine BPMs ~0.04; that is, only about 

5% of the potential drop across the entire interface is available, on average, to facilitate any given 

proton transfer step. 

The situation is more complicated when WD catalysts are introduced because the spatial 

electric-field profile in the junction, especially near the catalyst surface where WD occurs, is 

unknown. From previous work, the TiO2-P25 thickness at optimal loading (0.2 wt%) is ~200 
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nm.23 Thus the ratio between proton-transfer distance and the overall potential-drop distance is 

~0.0004 which is comparable to the experimental α ~ 0 of optimal-loading samples. If the electric 

field were uniform inside the BPM junction, further increasing the WD catalyst loading and thus 

junction thickness, should decrease α. However, the experimental result for the much thicker 2 

wt% is α ~ 0.002. By adding ACB, α for similar samples increases to ~0.01. This data suggests 

that the catalyst screens the electric field inside the nanoparticles, thus focusing the electric field 

outside the particle where WD takes place. Continuum, molecular-dynamics (MD), and density-

functional-theory (DFT) modelling would help test the above hypothesis. 

To test the role of interface-layer thickness, and thus resulting electric-field distribution, 

in the absence of the catalytic metal-oxide particles, we used polystyrene nanospheres (non-

functionalized, diameter of 100 nm). BPMs fabricated with about two layers of the beads on the 

CEL (to make a ~200 nm spacing between AEL and CEL, similar to the optimal TiO2 WD 

catalysts) yield extremely poor performance (Figure B.7), much worse than even the pristine 

BPM. The resulting j – ηwd curve, however, was much more linear compared with the pristine 

BPM, indicating a much smaller α, consistent with the much-lower electric-field strength. We 

also tested non-catalytic, but electrically conductive, ACB. While we found BPM junctions with 

ACB to be unstable at high current, we were able to collect temperature-dependent data at ≤ 50 

mA cm−2. Analysis of the data after correction for degradation (like the correction for pristine 

BPMs, Figure B.4), yielded α of 0.02 to 0.04 (Figure B.8), much larger than for the TiO2-P25 

catalyzed BPM. This finding is consistent with our interpretation of α here, and the fact that ACB 

is an electronic conductor that screens and focuses the electric field to the boundaries of the BPM 
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interfacial layer. 

In bulk water, WD occurs through rare electric-field fluctuations and the generated ions 

recombine quickly if they are not sufficiently separated.71 This is likely also the case for the 

pristine BPM without WD catalyst and why it requires a large ηwd. The situation is different when 

there are nanoparticle catalysts where H2O can transfer H+ to the oxide surface which can be 

transported on the nanoparticle surface towards the CEL, while OH− can be transported in the 

water “matrix” surrounding the nanoparticles towards the AEL. Thus, one might view the WD 

catalyst as facilitating the correct configuration of water and surface for successful proton 

transfer and the WD reaction to occur. Compared to the uncatalyzed BPM, our data shows that 

adding a WD catalyst leads to a dramatic increase in the driving-force-independent proton-

transfer conductance G0, which can be explained by the large number of sites for proton transfer 

on the catalyst surface. In the isotope experiment, G0 follows the same dependence on loading 

for both H2O and D2O, and the ratio G0(H2O)/G0(D2O) is ~10. This is comparable with the ratio 

of kD and Kw (Table 3.1), suggesting that G0 represents both the number density of catalytic sites 

and the “intrinsic” WD activity of H2O and D2O related to their atomic motions. In the 

experiment where conducting carbon was added, G0 does not change because the mass of TiO2-

P25 was kept constant as the mass of carbon was varied. Adding carbon further focuses the 

electric field and thus WD becomes more sensitive to the change in the electric field, which 

manifests in the increasing α. We further analyzed the relation between Ea and log A to check for 

compensation effects that have been identified in hydrogen evolution reaction.37 For catalyzed 

BPMs, log A is essentially independent of Ea, while for pristine BPMs, some correlation is 
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observed (Figure B.9). 

A molecular interpretation of WD catalysis 

We propose a molecular proton-transfer mechanism, where M, M′, and M″ denote 

different proton acceptor/donor sites on the catalyst surface (Figure 3.5A): 

H2O + MO− → OH− + MOH     (R1) 

MOH + M′OH → MO− + M′OH2
+    (R2) 

M′OH2
+ + M″OH → M′OH + M″OH2

+   (R3) 

M″OH2
+ + H2O → M″OH + H3O

+    (R4) 

This mechanism is reminiscent of the basic and acidic two-step mechanism proposed 

previously.15 Here we use the acidic two-step mechanism (R5 and R6) for discussion, but the 

basic case is analogous. 

H2O + MOH2
+ → MOH + H3O

+ K5 = Ka   (R5) 

MOH + H2O → MOH2
+ + OH− K6 = Kw/Ka  (R6) 

In the previously proposed two-step mechanisms,15 there is an underlying assumption 

that the catalytic cycle occurs on the same site, which means that H3O
+ and OH− are produced in 

close proximity. This constrains the optimal Ka of the example MOH2
+ site; if the Ka is large 

(more acidic), then R5 is more favored (and usually faster), but this means that R6 is less favored 

(and usually slower) because its equilibrium constant is Kw/Ka (if we assume a constant Kw). This 

is why previous calculations conclude that a pKa (or equivalently pKb) of ~7 of the catalytic site 

should give the best performance.30 

The new mechanism proposed here involving surface proton transfer (R2 and R3) enables 
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R1 and R4 to occur at different sites (M and M″) on the catalyst surface and thus generate H3O
+ 

and OH− which are separated in space. The Ka of the M and M″ site are less constrained than in 

the single-site model. The M site could be basic so that R1 is favored and fast, while M″ site 

could be acidic so that R4 is favored and fast, and the relevant surface Ka will also depend on the 

degree of polarization of the nanoparticle catalysts72. The rate-determining step likely depends 

on the WD catalyst type, because chemically different surfaces will have different acid-base 

behavior and surface proton-adsorption isotherms. When the loading is small, R1 or R4 might be 

rate determining. Since these two steps might be more sensitive to the local electric field, we 

might observe a larger α. In contrast, at optimal loading, the surface-transport steps (R2 and R3) 

might be rate determining leading to Ohmic behavior (α = 0), as the experiment shows. 

Interestingly, we note that theoretical calculations find a free-energy barrier of 25 ± 4 kJ mol−1 

for proton transfer and 32 ± 4 kJ mol−1 for dissociative adsorption of water on the TiO2 anatase 

(101) surface in water,59 values similar to our experimental results. R2 and R3 thus may have a 

free-energy barrier ~25 kJ mol−1, while for R1 and R4 it may be ~32 kJ mol−1. 

CONCLUSIONS 

We developed a membrane-potential-sensing method with two integrated reference 

electrodes in BPM electrolyzers to directly measure the WD overpotential. Through variable-

temperature studies and Arrhenius-type analysis with TiO2-P25 as a model, but effective, WD 

catalyst, we found that the apparent activation energy Ea only weakly depends on ηwd while the 

pre-exponential factor A is directly proportional to ηwd. D2O requires higher ηwd to drive WD than 

H2O, but surprisingly the Ea are similar and the higher ηwd is due to the lower pre-exponential 
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factor. Electronically conducting acetylene carbon black (ACB) improves the performance by 

lowering Ea, consistent with a field-focusing effect. We developed a “BPM equation” with three 

parameters to quantitatively describe the temperature-dependent kinetics and discussed the 

physical meaning of these parameters. We proposed a new molecular mechanism involving rate-

determining proton transfer to/from water and proton transport across the catalyst surface under 

applied voltage. These findings provide insights into, and inspire new strategies for development 

of, other electrochemical process where WD is relevant, e.g., alkaline hydrogen evolution 

reaction (HER) and CO2 electroreduction.21, 45-46 

One limitation of the present work is the lack of direct evidence for the proposed 

mechanism due to the inherent difficulty of studying buried interfaces like the BPM junction. 

More experimental and computational studies, at an appropriately high level of theory that 

captures the molecular details of water and surfaces, are needed to test the new model presented 

here. The proposed BPM equation is also semi-empirical. Developing an analytical formalism 

based on a detailed molecular mechanism remains challenging due to the complexity of the BPM 

junction and it being a buried interface. A general equation for the current density in a one-

dimensional model is 

𝑗 = 𝐹 ∫ (𝑘D𝑐H2O − 𝑘R𝑐H+𝑐OH−)𝑑𝑥
BPM

(3. 9) 

where kD and kR are net dissociation and recombination reaction rate constants, c is the 

concentration, x is the coordinate perpendicular to the planar junction. The values for kD, kR, and 

c probably all depend on x, ηwd or electric field, and the details of the catalyst.73-74 However, there 

is no experimental data regarding the electric potential/field and H2O, H+, and OH− concentration 
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profiles in the BPM junction. Operando measurements of pH, pOH, and electric-field profiles in 

the BPM junction, perhaps with fluorescent indicators and Stark-effect-based probes, would be 

valuable.75 

Accurate simulations of the interface molecular and continuum chemistry and physics of 

the system are also needed.68, 76 MD and DFT calculations to test the various proton-transfer WD-

reaction mechanisms at nanoparticle/water interface under a strong electric field will provide 

insight into elementary reaction barriers and reaction pathways. We also note that in the Eyring 

equation from transition-state theory, the pre-exponential factor A is related to the entropy of 

activation ΔS‡.77 Our observation that A is proportional to ηwd may also mean that ΔS‡ changes 

with ηwd, which can be elucidated by theory and computation. It also remains unclear whether all 

the nanoparticles participate in the WD reaction or only those near the AEL and CEL. At the 

molecular scale, we don’t know what sites are active for WD on the surface. We presume the 

bridging and/or terminal oxo/hydroxyl species are the active sites as proton acceptors or donors, 

but there may be other WD sites. Molecularly precise analogs would be of value to study, for 

example, small molecules with well-defined pKa’s can be tethered to surfaces of nanoparticles 

(e.g., –COOH, –NH2, –PO3H from commercial silanes, etc.). 

Nonetheless, the developed BPM equation sets a foundation for WD catalyst 

development and future fundamental studies. Any theory should reduce to the semi-empirical 

equation under appropriate assumptions. The BPM equation also does not explicitly separate the 

forward WD reaction and reverse H+/OH− recombination reaction, which may proceed via 

different mechanisms or with different rate-determining steps. With further experimental 
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optimization, future work could assess larger ranges of current and ηwd to better determine the α 

values that describe the reaction kinetics. Temperature-dependence and kinetic-isotopic-effect 

experiments for different WD catalysts in both forward and reverse bias (to obtain full 

polarization curves) are needed, probably using a H2-pump-type cell instead of a water 

electrolyzer platform.78 

EXPERIMENTAL PROCEDURES 

The experimental procedures are modified from our previous report 23. The anode gas-

diffusion electrode/layer (GDE/GDL) was fabricated by spray coating one vial of anode ink 

(dispersed by sonication), containing 0.2 g Co3O4 (30–50 nm, US Research Nanomaterials, Inc.), 

1.0 g H2O, 3.4 g isopropyl alcohol (IPA), and 0.2 g PiperION-A5 Ionomer Suspension (TP-85, 

5% w/w, Versogen), onto a 5 cm × 5 cm stainless steel 25AL3 (Bekaert Bekipor®) support taped 

on a hot plate of 90 °C. The loading was ~2 mg cm−2. Then PiperION-A5 ionomer suspension 

(as received) was sprayed onto the catalysts until the mass of the ionomer reached 10%–20% of 

the catalyst mass. The GDL was cut into 1.0 cm × 1.0 cm coupons. The cathode GDL was 

fabricated in a similar way with Toray Carbon Paper 090 (wet proofed, Fuel Cell Store) as the 

substrate, and two vials of ink containing 0.1 g Pt black (high surface area, Fuel Cell Store), 1.5 

g H2O, 1.7 g IPA, 0.1 g D520 Nafion™ dispersion (alcohol-based 1000 EW at 5 wt%, Fuel Cell 

Store). 

PiperION-A40-HCO3 (TP-85, 40-μm thick, Versogen) membrane was soaked in 0.5 M 

KOH for > 1 h, stored in fresh 0.5 M KOH, and rinsed in ultrapure H2O before being used as the 

anion exchange layer (AEL). The Nafion™ 212 (Fuel Cell Store) membrane was soaked and 
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stored in H2O and used as the cation exchange layer (CEL). Both membranes are cut into 1.5 cm 

× 1.5 cm for use as the AEL and CEL in the BPM, and 1.5 cm × 7.5 cm as the AEL and CEL 

sensing strips. The WD catalyst was spin-coated onto the CEL. TiO2-P25 (Aeroxide® Nippon 

Aerosil Co., Ltd.) was dispersed in a H2O/IPA mixture (1:1 by weight) with different wt% solids 

to make the ink. The edges of a CEL (1.5 cm × 1.5 cm) were taped on a glass slide. The ink was 

added onto CEL until fully covered and then the sample spun at 3000 rpm for 30 s to create a 

uniform thin layer of WD catalyst. Polystyrene beads (Alpha Nanotech, non-functionalized, 100 

nm, 10 mg/ml) were diluted with IPA to make a 0.5 wt% dispersion in H2O/IPA mixture (1:1 by 

weight) and spun twice onto the CEL in the same way. 

Due to the poor dispersibility of acetylene carbon black (ACB), spin coating does not 

give good quality catalyst coating. Therefore, spray coating was used. A 2 wt% mother ink of 

TiO2-P25 was prepared in water and sonicated until well dispersed. Based on the target mass 

ratio of ACB and TiO2-P25, ACB was weighed in a 20 mL vial (e.g., 50 wt% required 2 mg of 

ACB), then 200 mg of the 2 wt% TiO2-P25 mother ink (equivalent to 4 mg of TiO2-P25) is added. 

Water is added until the total mass reaches 0.5 g, then 1.7 g of IPA is added and the mixture is 

sonicated until well dispersed. A CEL of 1.5 cm × 1.5 cm is taped on a petri dish and placed on 

a hot plate of 90 °C. The ink is spray coated onto the CEL. To improve the uniformity, the dish 

is rotated 90° every 10 spray bursts. After spraying, the tapes were removed and the coated CEL 

was moved into pure water for later use. 

The electrolyzer uses PEM fuel-cell hardware (Fuel Cell Store) with the original graphite 

anode flow field replaced by a homemade stainless-steel one. For step-by-step procedures 



 

86 

 

regarding cell construction and assembly, see the Supplemental Experimental Procedures. The 

active geometric area (1 cm2) is defined by the gaskets and current is normalized to this geometric 

area to give current density in all the provided plots. Ultrapure H2O (18.2 MΩ cm) heated at 

different temperatures was fed to both the anode and cathode so that the electrolyzer temperature 

was 25, 35, 45, or 55 ± 2 °C (error estimated as the maximum fluctuation). D2O (99.9%, 

Cambridge Isotope Laboratories) is used instead of H2O for kinetic-isotope effect experiments. 

Conventionally, Ag|AgCl reference electrodes are usually used measure WD voltage of BPMs in 

H-cells, but the frits dissolve in strong base and the potentials are unreliable due to formation of 

AgO. We used a saturated calomel electrode (SCE) in 0.1 M H2SO4 and a Hg|HgO reference 

electrode (RE) in 0.1 M KOH. The WD voltage 𝑉wd was then measured as 𝑉wd = 𝑉wd
raw + ∆𝑉RE, 

where 𝑉wd
raw  is the as-measured voltage between Hg|HgO and SCE during test, and ∆𝑉RE =

0.136 V (measured in saturated KCl solution) is the correction factor for the difference between 

Hg|HgO and SCE in the same solution at equilibrium without the effect of transmembrane 

voltages. To calculate ηwd, it is not strictly necessary to correct for ∆𝑉RE as 

𝜂wd ≡ 𝑉wd − 𝑉wd,eq = (𝑉wd
raw + ∆𝑉RE) − (𝑉wd,eq

raw + ∆𝑉RE) = 𝑉wd
raw − 𝑉wd,eq

raw (3. 10) 

where the subscript “eq” denotes the equilibrium value, i.e., when current density j = 0 mA cm−2. 

The ionic conductivity of the AEL (PiperION TP-85) at 25 °C is ~80 mS cm−1. With a 

thickness of 40 μm, the areal ionic resistance of the AEL is ~0.05 Ω cm2.79 The reported ionic 

conductivity of the CEL (Nafion 212) ranges from ~50 to ~100 mS cm−1 at 30 °C.80-81 Assuming 

it is ~75 mS cm−1 and a thickness of 50 μm, the areal ionic resistance of the CEL is ~0.07 Ω cm2. 

The measured Rwd is ~0.6 Ω cm2 for optimal TiO2-P25 loading at 25 °C (Figure B.1) and only 
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about half of the combined AEL and CEL ohmic voltage drop is measured along with 𝜂wd using 

our membrane potential sensing approach. We thus ignore effects of AEL and CEL ionic 

resistance in our analyses. 

The electrochemical tests were performed with a two-channel BioLogic VSP-300 

potentiostat. For channel 1, the P1 and S1 leads were connected to the anode current collector, 

P2, S2 and S3 were connected to the cathode current collector (P = power lead, S = sense lead). 

For channel 2, S1 was connected to the Hg|HgO RE, S2 to the cathode current collector, and S3 

to the SCE RE. P1 and P2 were not used. Channel 1 and channel 2 are synchronized during the 

experiment. Channel 2 records voltage every 0.1 s. The current was applied by Channel 1 and 

stepped up at j = 10, 50, 100, 150, …, 500 mA cm−2 (10 s each step) and held at 500 mA cm−2 

for 10 min (if the voltage exceeds the maximum range of the potentiostat, then held at the highest 

j). Then galvanostatic electrochemical impedance spectroscopy (GEIS) was measured from 600 

kHz to 60 mHz with four points per decade at 500, 450, 400, …, 100, 50, 40, 30, 20, 10, 5 mA 

cm−2 with an AC amplitude of 6% of the applied DC current density (for 10 and 5 mA cm−2, an 

amplitude of 1 mA cm−2 was used). The impedance data were fit with impedance.py.82-83 The R(j) 

plot is extrapolated by cubic spline to j = 0 mA cm−2 so that the integral 𝜂wd = ∫ 𝑅wd(𝑗)d𝑗
𝑗

0
 

begins at 0. For the temperature-dependent tests, after GEIS, j was stepped up again (5 s each 

step) and held at 500 mA cm−2 for 2 min. Then j was stepped down at 500, 450, 400, …, 100, 50, 

40, 30, 20, 10, 5 mA cm−2 (5 s each step). The last three seconds of each step was averaged to 

produce the polarization curves. For the BPM without catalyst, j was decreased by a factor of 

100 to prevent large voltage polarizations. The temperature was then changed, and the procedure 
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repeated. Temperatures from 25 to 55 °C (every 10 °C) and back to 25 °C were used. Two 

temperature cycles were performed for each test. A degradation (increase in voltage) was 

sometimes observed in the first temperature step up process for low-catalyst-loading samples, 

after which the performance (at the same temperature) was repeatable during cycling. Thus, the 

first 25, 35, and 45 °C data were not used for the temperature-dependence analysis for those 

samples (Figure B.2). 

BRIDGE 

Chapter III includes studies of temperature dependence of water dissociation catalyst in 

bipolar membranes, and the analysis of water dissociation kinetics and mechanism analysis. It 

extended the studies in Chapter III to a more fundamental level. 
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CHAPTER IV 

CONCLUDING REMARKS 

 

Co-authored unpublished material with Shannon W. Boettcher. 

 

In this dissertation, we studied the physics and chemistry of water dissociation in bipolar 

membranes. In Chapter I, we set up a platform using BPMs in a pure water eletrolyzer system 

and studied different kinds of WD catalysts. We found that there is an important role of the 

electronic conductivity of WD catalyst, probably affecting the electric field distribution by 

screening and focusing the electric field near the membrane|catalyst interfaces. There is a general 

U-shape loading dependence for electronically semiconducting and insulating WD catalyst, 

which might be a result of the tradeoff between increasing the catalytic sites amount and diluting 

the electric field. We also used electrochemical impedance method to isolate the WD related part 

from the total cell voltage. Through AEM and PEM electrolyzers measurements, we also 

demonstrated that ionic conductivity is not the main contributor to the U-shape loading 

dependence. Furthermore, in Chapter II, we developed a new technique by integrating two 

reference electrodes with the electrolyzer hardware to directly measure the WD overpotential. 

We investigated the temperature dependence of WD and extracted the kinetic parameters using 

Arrhenius analysis and our newly-proposed BPM equation. The possible physical meanings of 

the fitting parameters were discussed and finally we proposed a possible molecular mechanism 

to explain our results. 



 

96 

 

Further studies could combine experimental and theoretical techniques to investigate 

mechanisms of WD in the BPM junction in more detail. Here we summarize the possible 

mechanisms (Figure 4.1). Mechanism I is ‘intrinsic’ WD, where water dissociates in pure bulk 

water. Mechanism II involves the membrane molecular end groups of the AEL and CEL. Since 

they are organic basic or acidic groups, they might catalyze WD through 

protonation/deprotonation, i.e., proton transfer.1 Mechanisms I and II are primarily relevant to 

pristine BPMs without added WD catalysts. Mechanism III describes the WD catalytic effect of 

nanoparticles (mostly inorganic oxides or metals). We hypothesize two possible pathways. 

Mechanism III-a assumes H2O dissociates by transferring H+ to the nanoparticle surface, 

leaving OH− in the liquid phase. H+ transports on the nanoparticle surface towards the CEL and 

subsequently desorbs to make free H3O
+. We hypothesize that III-a is the most-important 

mechanism for nanoparticles with surface OH groups, e.g., oxides. Mechanism III-b gives an 

alternative pathway, where H2O dissociatively adsorbs on the nanoparticle surface, generating 

Had and OHad, which transport on the surface and then desorb into the liquid phase as H+ and 

OH−. We hypothesize that this mechanism might occur on metal surfaces that do not have −OH 

groups, e.g. Pt. A key defining feature of the BPM is the internal electric field at the BPM junction 

(in analogy to a semiconductor pn junction), which points from AEL to CEL at equilibrium and 

under reverse bias, i.e., when WD occurs. We hypothesize that the electric field is key to 

modulating all the mechanisms above. A major goal could be to understand how the electric field 

accelerates WD, in conjunction with the surface acid/base groups like −OH.  
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Figure 4.1 Possible mechanisms of WD in BPM junction 

H+ can be understood as combined with H2O to form H3O
+. Mechanisms I and II are mostly 

relevant to pristine BPMs without nanoparticle catalysts. We expect III-a to be the most 

important mechanism for nanoparticles with surface OH groups, e.g., oxides. III-b probably 

occurs on metal nanoparticles. All mechanisms might be modulated by the electric field. We omit 

the H2O which combines with H+ to form H3O
+. 

 

One can explore isotopic labeling of the nanoparticle WD catalyst by either directly 

labeling the surface -OH (e.g., 18O for 16O and D for H) or using groups that contain these isotopic 

components to functionalize the surface. This can be accomplished by boiling the metal-oxide 

particles in D2O and H2
18O to drive the isotope exchange prior to building the BPM MEA. By 

feeding the electrolyzer with H2O and analyzing if the products (H2 and O2) contain labeled 

surface atoms from the WD catalyst particles using our GC-MS, one will obtain precise 

information on which bond is broken and regenerated during WD on the surface of the WD 

catalyst in the BPM junction (Figure 4.1, Mechanism III-a and III-b). Computations could 

calculate several mechanisms to predict whether O- or H-exchange between the surface is more 
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likely. 

There is a general trend that nanoparticle-catalyzed BPMs are far superior in 

performance to pristine BPMs without WD catalyst (i.e., simply a laminated CEL and AEL), 

and the shapes of their polarization curves are different (Figure 3.2). In pristine BPMs, current 

density j increases exponentially with ηwd, like a typical electrochemical reaction with Tafel-

like behavior (or Marcus or Butler-Volmer behavior, which are  related fundamentally and give 

similar exponential increase in rate with driving force). In contrast, BPMs with “good” WD 

catalysts like TiO2-P25, IrOx, and bilayer catalysts2 show a (nearly) linear dependence on ηwd. 

We will leverage electrochemical theory and the concepts of exchange current density j0, 

transfer coefficient α, and conductance to empirically explain this difference. For example, we 

have recently discovered that the pristine BPM has a small j0 but a large α (i.e., strong 

dependence on the driving force ηwd), while catalyzed BPM has a large j0 and an α ~ 0. One aim 

is to understand why the systems have different values for these parameters, and how they 

inform on underlying mechanism. 

First, we will consider the pristine BPM case, i.e., without heterogeneous WD catalysts. 

It has been proposed that the end groups of the membrane polymer molecules have a catalytic 

effect  (Figure 4.1, Mechanism II), especially if the group has a pKa ~ 7.1, 3-4 We use PiperION 

A40 as the AEL and Nafion 212 as the CEL. It would be difficult for their native end groups to 

have catalytic effects given the extremely low pKa of the sulfonic acid group (~ −6) in Nafion 

and the fact that the nitrogen atom of the quaternary ammonium in PiperION is fully connected 

to carbon atoms and cannot be protonated. If this is true, then the WD in the pristine BPM is 
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entirely through a ‘non-catalytic’ pathway, i.e., intrinsic WD (Fig. 3, Mechanism I) 

accelerated by the strong electric field present at the abrupt AEL/CEL interface that lacks 

intervening WD catalyst. Can this be described with the second Wien effect, as has been 

invoked (without proof) in the literature?5 Or does the AEL have some number of  ˗N(Me)3H
+ 

end groups due to incomplete quaternization?6 We note that Wien effects were originally 

observed in a very different context compared with BPMs.7-10 The first and second Wien 

effects describe increases in ionic conductivity in electrolytes under high electric fields (i.e. a 

non-ohmic response). Ionic conductivity is proportional to ionic mobility and ion concentration. 

The first Wien effect is the ionic mobility of strong electrolytes increasing in high electric field. 

The second Wien effect is ion concentration in weak electrolytes increasing due to larger 

dissociation constants of weak electrolytes in high electric fields. Both effects lead to the 

increase of ionic conductivity by affecting different terms. Wien effects, however, have only be 

directly observed to our knowledge in transient experiments.7-10 Wien intentionally kept the 

experiment time short to prevent the heating of the solution from convoluting the electric-field 

effect. The effects are also ascribed to solute in a bulk solution, but WD in BPMs is about a 

steady-state process of the solvent itself at an interface(s). We hypothesize that that the direct 

application of the second Wien effect to explain the WD at the junction of BPMs is not 

completely appropriate, considering these major differences.  

Moreover, at equilibrium (open circuit, no current flow), there is a built-in electric field 

at the BPM junction (like a solid-state semiconductor pn junction). Does that mean the 

dissociation constant of H2O, Kw, is also changed according to the second Wien effect, even at 
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equilibrium? In previous simulation studies, the activity coefficients of H+ and OH− are set to 

be related to the electric-field-dependent dissociation rate constant to circumvent this serious 

issue,11-12 but the justification for doing this is not apparent. The fully quantum-mechanical 

calculations, in the presence of a variable strength electric field, could be used to address these 

issues directly. The degree to which these processes and models are appropriate, and in 

agreement with experiment, could be directly addressed by comparing trends in activation 

barrier, mechanism, temperature dependence, field dependence, etc. 

We hypothesize that WD catalysts speed up WD through a proton-transfer mechanism 

(Figure 4.1, Mechanism III-a), and the catalytic activity is related to the pKa of the active 

groups.1, 3-4 We also hypothesize that the local electric field at catalyst surfaces is in fact not 

speeding WD by a Wien effect, but by water pre-organization leading to more water molecules 

in the appropriate geometry to transfer a proton. This second hypothesis is consistent with the 

experimental observation that increased applied voltage increases the Arrhenius pre-factor and 

does not decrease the activation energy.  

While pKa is well-defined for small molecules, it is more difficult to define pKa’s of 

hydroxyl and other groups on a nanoparticle surface because of interactions with each other. 

Some have used the concept of “pKa spectrum” to describe oxide surfaces, although we prefer 

to model these surfaces by their H+ adsorption isotherms. In addition, H+ can move across 

surfaces easily due to the proximity of protonizable groups, a feature that is not possible with 

molecular, spatially separated organic acids/bases. We hypothesize that these special features, 

i.e. strong interactions and proton exchange on the inorganic oxide catalyst surface, are 



 

101 

 

essential for the fast WD activity. 

To test these hypotheses small molecules with well-defined groups of pKa’s (e.g., –

COOH, –NH2, –PO3H from commercial silanes from Gelest, etc.) can be tethered to surfaces of 

nanoparticles. These nanoparticles should show different WD activities according to the 

proton-transfer mechanism and we predict a correlation between the surface group pKa and ηwd. 

The limitation of this approach, however, is that each of the functional groups on the surface-

attached ligand are electronically isolated from each other and thus a Langmuir-type proton 

absorption isotherm, which is not what is found on oxide surfaces. The functional group density 

can be controlled to test how communication via proton transfer between groups modulates 

WD activity and if Frumkin-type absorption is possible. 

Second, one can study the acid-base chemistry of surface -OH groups and model the 

chemical details of the nanoparticle surfaces. Potentiometric titration and zeta-potential 

measurements can be used to study the acid-base properties and surface charge of the 

nanoparticles. Thermogravimetric analysis, solid-state NMR spectroscopy, and infrared 

spectroscopy will be used to characterize the surface −OH density and type. Using computation 

there are several possible treatments using different number of pK or pKa values coupled with 

descriptions of electrostatic interactions.13 The experimental measurements could be connected 

to the quantum mechanical models to identify suitable model surface structures and which 

computations best describe acid/base activity of the metal oxide surfaces.  

The discussion above considered the electric-field induced dissociation of water and the 

catalytic effect independently, but the interplay between the electric field and the catalyst is an 
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even more entangling question. For example, the BPM is an ionic conductor, and there 

shouldn’t be any electron flow at the BPM junction, and the electronic properties (e.g., 

electronic conductivity, dielectric constant etc.) of the WD catalyst would thus naively be 

assumed to be irrelevant for WD at the BPM junction. Our experimental results show a 

surprising trend that electronically conductive materials (e.g., IrOx, Pt, Sb:SnO2 etc.) have 

better performance than insulating materials (e.g., SiO2). Adding an electronically conductive, 

but non-catalytic material like acetylene carbon black (ACB), to a bad-performance thick layer 

of TiO2-P25 significantly improves the WD performance. This result shows there is a 

synergistic effect between ACB and TiO2-P25. We hypothesize that electronic conductors 

screen the electric field in the BPM junction and focus the electric field at the AEL/catalysts 

and catalyst/CEL interfaces. 

These simple and qualitative ideas, however, are incomplete. We don’t know whether 

all the nanoparticles, like TiO2, participate in the WD reaction or only those near the AEL and 

CEL. Microscopically, we don’t know what sites are active on the surface – the bridging OH, 

the terminal OH, or both? What are the rate constants for each elementary step? Computational 

works could add a field to DFT calculations and assess the effect on the material internal 

potential energy, projected on specific atoms, as well as activation energies using nudged 

elastic band methods. Mechanistic computational modelling could be used to test different 

surface sites and processes, and the experimental team can work to enrich those sites and 

rigorously assess possible correlations between the computational and experimental data.  

Some metal nanoparticles (e.g., Pt) are also good WD catalysts. It is unclear whether 
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the surfaces of Pt are also hydroxylated during operation. We propose that there may be other 

mechanisms for metals (Figure 4.1, Mechanism III-b), for example, dissociative adsorption of 

water (H2O → Had + OHad).
2 Then the question is: how  does Had and OHad turn into H+ and 

OH−, which must be the ultimate current carrying species. We hypothesize that in the high-field 

limit, the nanoparticle is polarized and the charges redistribute on the surface leading to 

dissociation surface products more like H+ and OH− than charge neutral species. If true, the 

same process could also occur on oxide surfaces. In this mechanism, H2O first dissociative 

adsorbs on the nanoparticle surface as Had and OHad, which then transport to different places on 

the surface (whether as Had and OHad, or as H+ and OH−) and finally desorb under the influence 

of electric field as H+ and OH−. These hypotheses will be assessed by the computational team 

by assessing the energetics of each intermediate and how the activation barriers are modulated 

by applied field strengths. 

There are many experimental and theoretical studies on the molecular and dissociative 

adsorption of H2O on metal and oxide surfaces, most of which are in vacuum.14-15 Calculations 

have been used to extend this study to the liquid/solid interface,16 and a few model 

nanoparticles explicitly instead of a facets of a crystal.17 There are a few studies that 

incorporate the effect of charges at the interface,18-19 but there is a lack of studies on the effect 

of an external electric field, which appears central to WD in BPMs. One intrinsic challenge is 

that nanoparticles are seldom well-defined, but calculations can only be completed on well-

defined surfaces. Care thus must be taken whenever comparing experiments with calculations. 

Some key questions are: what is the activation energy of dissociative adsorption of H2O on 
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nanoparticle surfaces, and how do the nanoparticle properties and the “external” electric field 

affect this? Is there a “volcano plot” between WD activity and surface bond energies? How 

does the interaction energy between neighboring proton absorption sites play a role? 

The stability of BPM is also another important factor for applications. BPM separates the 

WD reaction from the electron transfer reaction at the electrode, thus we don’t need to consider 

the stability of WD catalysts in an oxidative (or reducing) environment. However, the WD 

catalyst region at the AEL/CEL region must include materials stable in both strong acid and 

strong base. The BPM junction is a “bipolar” junction which has drastically different pH’s at the 

AEL side and the CEL side. The dissolution of nanoparticles in either acid (e.g., NiO), base (e.g., 

SiO2), or both (e.g., Al2O3) seems to be the main contributor to the degradation of BPM over 

time. Searching for a stable and high-performance WD catalyst, or a strategy to prevent the 

dissolution but does not inhibit the catalytic activity is still an ongoing process. Designing 

different types of pristine BPM without catalyst is certainly another possible route, since we don’t 

need to worry about the dissolution of WD catalysts at all, but surprisingly, the pristine BPM 

degrades much faster than a catalyzed BPM, at least in studies to date. There doesn’t seem to be 

an obvious reason why this is so considering the BPM junction just provides the electric field for 

water to be dissociated. Thus, the degradation mechanisms of BPMs remain unknown and thus 

the underlying background degradation processes must be monitored for each catalyst so that the 

experimental data is trustworthy and suitable for comparing to the computational data. 
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APPENDIX A  

CHAPTER II SUPPLEMENTARY INFORMATION 

 

Supplementary Discussion 

Complexity of the BPM junction. The BPM junction is a complex system and difficult 

to study under operating conditions as it relies on the function of buried interface(s) inside the 

BPM and is usually operated in aqueous electrolytes. Electrochemical impedance and current-

voltage analysis is the simplest way to characterize a BPM junction. Conventional BPMs 

electrochemical tests are carried out in H-cells with soluble supporting electrolytes1, where salt 

ions other than H+ and OH− also contribute to the current. Due to the non-ideal selectivity of the 

AEL and CEL, “co-ion” transport complicates the analysis. To circumvent these problems, we 

have adopted the electrolyzer setup with pure-water feed and no co-ions2. 

Our previous work2 showed a correlation between the point of zero charge (PZC) of oxide 

nanoparticles used as bilayer catalysts in the junction, the local pH, and the WD activity. The best 

systems had basic oxides such as NiO in contact with the AEL and acidic oxides such as IrO2 in 

contact with the CEL. The bilayer system, although mechanistically and practically interesting 

in the context of controlling oxide chemistry for a specific local pH, increases the complexity 

and is not well-suited for careful studies of the interface BPM physics such as the electric field 

distribution and electrical/ionic conductivity in the junction. Further, the molecular details of WD 

remain unclear, particularly for metal nanoparticles where PZC is not a particularly useful 

concept due to the lack of substantial proton adsorption. The metals may catalyze WD instead 
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through dissociative adsorption (H2O → Had + OHad) and desorption, and the electronic 

conductivity may also be important. In the previous work we also only roughly controlled and 

studied the effects of WD catalyst loading2. In some cases, small amounts of ionomer were added 

to aid the dispersion of the WD-catalyst ink, which further increases BPM junction complexity. 

The complications led us to return to well-defined single-layer systems, avoid using ionomer in 

the junction, and work to make the films as uniform as possible. We expect the new physical 

insight gathered here will however also be applicable to more-complex multilayer WD-catalyst 

interfaces. 

The second Wien effect. The original experiment that led to the discovery of the second 

Wien effect was quite different from a BPM. The second Wien effect was discovered by 

measuring the resistance change of an electrolyte in a cell under high electric field (up to ~2×107 

V m−1), generated by discharge through a spark gap3-6. The time constant of the circuit is ~10−5 s 

or less. The equivalent ionic conductivity of weak electrolytes increased with the electric field 

and it was proposed to be due to increased dissociation of weak electrolytes. Later Onsager 

developed a quantitative explanation of this phenomenon and derived an equation to describe the 

relationship between dissociation constant and electric field7. 

Although the second Wien effect has been used to explain enhanced weak electrolyte 

dissociation for decades, it is fundamentally not clear whether this is applicable directly to BPMs. 

As far as we know, the second Wien effect has only been investigated as a non-equilibrium 

phenomenon over short times. In contrast, a BPM is generally operated in reverse bias at steady 

state. Another subtly occurs when considering electrochemical equilibrium or open-circuit 
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voltage, i.e. conditions of no net current. Like a semiconductor pn junction, the BPM induces a 

junction electric field, even at equilibrium. If the second Wien effect plays a role here, does it 

mean that WD is accelerated at equilibrium? This would require that the ionization constant of 

water Kw is different in the region of large field from that in the field-free region. Answering 

these questions to cleanly elucidate WD mechanisms and catalysis in BPM junctions are 

important, but beyond the scope of this specific study. 

However, we note that invoking the electric field alone as the source for the increased 

rate of WD does not seem strictly necessary. A similar interpretation could invoke the gradient 

in the electrochemical potential of the ionic charge carriers, H+ and OH−. At electrochemical 

equilibrium an electric field – i.e. a gradient in electric potential – exists in the WD catalyst region, 

although the gradient in the electrochemical potential of all mobile species is, by definition, zero. 

This is because, conceptually, the free-energy contribution for the charged species from the 

electric potential is exactly balanced by the free-energy contribution from the concentration 

gradient across the BPM junction. If WD dissociation was accelerated by a gradient in 

electrochemical potential – i.e. total free energy per ionic species – rather than gradient in electric 

potential alone, then the WD rate would not be accelerated at equilibrium and Kw would be a 

constant across the BPM. A gradient in electrochemical potential could change the rate of WD 

because if the charged products, H+ and OH−, are generated some finite distance from each other. 

The larger the gradient, the larger the driving force for WD to spatially separated ionic products. 

The above interpretation is similar to the general observation that (electro)chemical 

reaction rates increase exponentially with driving force. For example, in the simple Butler-
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Volmer model of charge transfer at an electrode surface, the rate of charge transfer increases 

exponentially with applied voltage. Some portion of applied potential serves to modulate the free 

energy of the products relative to the reactants and thus affects the transition state and activation 

energies. In Butler-Volmer theory, the overpotential driving the reaction is defined typically as η 

= E − Eeq, where E is the applied electrode potential and Eeq is the equilibrium electrode potential. 

This overpotential can be re-cast in terms of the interfacial electric potential drop Δϕ across the 

double layer because the absolute number of electrons in a (metal) electrode changes little as the 

electrode potential is changed: η = Δϕ − Δϕeq. Like Butler-Volmer kinetics for electron transfer, 

we suspect that it is thus indeed not the magnitude of the interfacial electric field in the BPM that 

is important for accelerating WD, but in fact the local deviation from the equilibrium electric 

field at any given point within the junction. More work is needed to clarify these basic principles. 

Comparison with previous work on electronically conducting materials. Chen et al.8 

presented the hypothesis that electronically conducting materials increase the electric field at the 

WD-catalyst/membrane interfaces to enhance WD. They used graphene and carbon nanotubes 

(CNT) as electronically conductive materials, and graphene oxide (GO) as an insulating WD 

catalyst. They tested two thickness (namely, “thin” and “thick”) for each catalyst. All of these 

three catalysts lower the voltage compared to the BPM without catalyst. From quantum-

chemistry calculations of proton binding and release, they concluded that graphene and CNTs 

are not catalytic for WD. GO was found to be a better WD catalyst than either graphene or CNTs 

although it is an electronically insulating material. GO “thin” films provided better performance 

than “thick” films, yet for CNTs and graphene there was no apparent thickness dependence. Thus, 
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they suggest that adding electronically conducting materials to a traditional catalyst could be 

strategy to improve performance, but do not directly demonstrate/prove the effect. 

Here we tested key materials including electronic conductors, semiconductors, and 

insulators, each one with a quantitatively controlled loading/thickness range and, in some cases, 

different particle sizes and crystal structures. We show electronic conductors such as Pt and IrOx 

achieve good performance at higher loadings compared with semiconducting TiO2. Adding 

acetylene carbon black (ACB) to a thick, poorly performing TiO2 layer substantially improved 

the performance. Since ACB itself is not catalytically active for WD, there is clearly synergistic 

effect between ACB and TiO2. Presumably, TiO2 provides the catalytic sites while ACB focuses 

the electric field at the interfaces. We also illustrate the weak role of ionic resistance for the oxide 

WD-catalyst interlayers and explain the U-shaped trend in voltage with catalyst loading.  
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Table A.1 Nanoparticles used as water dissociation (WD) catalysts 

Material Supplier 

Aeroxide® TiO2-P25 Nippon Aerosil Co., Ltd. 

TiO2 anatase, 99.5% 5 nm US Research Nanomaterials, Inc. 

TiO2 anatase, 99.5% 15 nm US Research Nanomaterials, Inc. 

TiO2 anatase, high purity, 99.98% 30 nm US Research Nanomaterials, Inc. 

TiO2 anatase, 99%, 100 nm US Research Nanomaterials, Inc. 

TiO2 rutile, high purity, 99.9+%, 30 nm US Research Nanomaterials, Inc. 

SiO2 99+%, 20-30 nm US Research Nanomaterials, Inc. 

Antimony tin oxide (ATO, SnO2:Sb2O3 = 

90:10, 30 nm, high purity, 99.95+%) 
US Research Nanomaterials, Inc. 

IrOx Pajarito Powder 

Platinum black (high surface area) Fuel Cell Store 

Acetylene carbon black (99.99%, 50% 

compressed) 
Strem Chemicals 

 

Table A.2 BET surface areas and cumulative pore volumes based on the BJH method for 

TiO2 nanoparticles 

Material BET SSA (m2 g−1) Cumulative Pore Volume Vp (cm3 g−1) 

TiO2-P25 92.6 0.703 

TiO2-Anatase 5 nm 285.9 0.596 

TiO2-Anatase 15 nm 77.7 0.368 

TiO2-Anatase 30 nm 53.3 0.297 

TiO2-Anatase 100 nm 14.3 0.038 

TiO2-Rutile 30 nm 23.0 0.054 
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Figure A.1 MEA electrolyzer setup 

Pure water is fed into both anode and cathode. Water flows along the serpentines on the flow 

fields and through the porous Ti spacers and GDLs to reach the BPM. The flow fields also serve 

as points to attach the potentiostat power and voltage sense leads. The construction follows 

standard procedures from the membrane-electrolyzer and fuel-cell community, as described in 

the Methods section. The electrocatalysts, not to be confused with the water dissociation (WD) 

catalysts in the BPM, are mixed with ionomer and sprayed onto gas diffusion layers (GDLs) 

which provide electrical connection to catalyst. Impedance measurements are made also on this 

cell. As discussed in the text, there is a resistance due to the ionomer layer, as well as the 

membrane itself, and these result in a lumped high-frequency ohmic resistance (Rs in Figure 2.5). 

The anode and cathode charge-transfer resistances and capacitances (Rct and Cct) are not easily 

separated. With our careful studies, however, we have rigorously identified and separated the 

impedance associated with the BPM junction (Rwd) where water is dissociated and transported to 

the CEL and AEL components of the BPM. 
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Figure A.2 Performance of BPM electrolyzers with various TiO2 as WD catalysts 

Polarization curves of BPM electrolyzers with different loading of WD catalysts deposited by 

spray coating. a, TiO2-P25. b, Anatase 5 nm. c, Anatase 15 nm. d, Anatase 30 nm. e, Anatase 100 

nm. e, Rutile 30 nm. 
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Figure A.3 Reproducibility of electrolyzer performance of optimal TiO2-P25 loading 

TiO2-P25 (~18 μg cm−2) was deposited by spray coating. Tests were carried out at different dates 

with different batches of GDLs. The cell voltage at 500 mA cm−2 is 2.05 ± 0.06 V (standard error 

of 7 samples). The temperature is maintained 55 ± 2 °C. Benchmark AEM electrolyzers9 with 

the same anode/cathode catalysts and Piperion AEM (and the same temperature) operate at ~1.85 

V at 0.5 A cm-2. This is only slightly worse than the BPM electrolyzer reported here, even though 

the BPM includes more membrane resistance from the use of a PEL and AEL in series, than the 

AEM alone, and must drive the WD reaction. This is because the BPM electrolyzers operates the 

cathode hydrogen evolution reaction in acid which is much faster than for the AEM electrolyzer 

which operates the cathode in locally alkaline conditions where the hydrogen evolution kinetics 

are much slower. This result therefore shows the substantial opportunity of BPM electrolyzer 

platforms to achieve good performance while also controlling the ion transfer and thus the local 

pH environment at each electrode. 
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Figure A.4 Steady-state numerical simulated results of BPMs with different junction 

thickness and WD rate constant using the reported diffusion coefficients for H+ and OH− 

along with the fixed ion concentration in the membranes estimated based on the 

manufacturer specifications 

a, Current density at reverse bias 0.2 V as a function of junction thickness at different WD rate 

constant in the junction. b, Polarization curves in reverse bias of different junction thickness with 

WD rate constant kf = 100 s−1. See Methods for more information. 
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Figure A.5 Nyquist plots of BPM electrolyzers at different current densities with different 

loadings of TiO2-P25 WD catalysts deposited by spray coating 

The high frequency semicircle is assigned to describe WD, while the low frequency one to 

describe charge transfer at the anode and cathode. a, 5 mA cm−2. b, 10 mA cm−2. c, 100 mA cm−2. 

d, 450 mA cm−2. 
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Figure A.6 Impedance fitting results of the BPM electrolyzers with different loadings of 

TiO2-P25 WD catalysts deposited by spray coating 

a, WD resistance Rwd. b, WD capacitance Cwd. c, CT resistance Rct. d, CT capacitance Cct. e, 

Series resistance Rs. 
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Figure A.7 Impedance analysis and estimation of WD overpotential 

a, Impedance fitting results of the BPM electrolyzers with optimal TiO2-P25 loading (~18 μg 

cm−2 by spin coating) at 30 °C. b, Estimated WD overpotential 𝜂wd = ∫ 𝑅wd(𝑗)d𝑗
𝑗

0
. The integral 

form of the total 𝜂wd is necessary because the differential WD resistance 𝑅wd depends on the 

voltage/current across the BPM junction. Much like related electrocatalytic processes, the 

differential resistance increases as driving force 𝜂wd for the process increases. 
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Figure A.8 Performance of PEM and AEM electrolyzers 

The TiO2-P25 layers of different loadings were sandwiched between either two identical PEMs 

or AEMs. The region from 300 to 500 mA cm−2 is fitted to a line obtain the differential resistance. 

a, Polarization curves of PEM electrolyzers. b, Polarization curves of AEM electrolyzers. 
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Figure A.9 Performance of BPM electrolyzers with nanoparticles of different electronic 

conductivity as WD catalysts 

Polarization curves of BPM electrolyzers with different loadings of WD catalysts deposited by 

spray coating. a, SiO2. b, Antimony-doped tin oxide (ATO). c, IrOx. d. Pt. 
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Figure A.10 Relationship between BPM electrolyzer performance and the apparent 

electronic conductivities of WD catalysts 

BPM electrolyzers performance is denoted by the lowest voltage with optimal WD catalyst mass 

loading at 500 mA cm−2. The apparent electronic conductivities are measured using a simple two-

probe setup (and thus includes any relevant contact resistances). For the TiO2 samples, A = 

anatase, R = rutile, and the number denotes the size of the nanoparticles (nm) provided by the 

manufacture. ATO = Sb:SnO2. 
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Figure A.11 Performance of BPM electrolyzers with TiO2-P25 mixed with acetylene carbon 

black (ACB) as WD catalysts 

Polarization curves of BPM electrolyzers with different mass ratio of ACB and TiO2-P25 

deposited by spray coating. a, A thick layer of ~120 μg cm−2 (~2.4 μm) TiO2-P25. b, A thin layer 

of TiO2-P25 at optimal loading ~18 μg cm−2 (~360 nm). 
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Figure A.12 Performance of BPM electrolyzers with acetylene carbon black (ACB) as WD 

catalyst 

Polarization curves of BPM electrolyzers with different loadings of WD catalysts deposited by 

spray coating. 
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Figure A.13 Stability of the BPM electrolyzer with the best loading (~18 μg cm−2) of TiO2-

P25 at 500 mA cm−2 and 55 ℃ 

a, Cell voltage at 500 mA cm−2 as a function of time. b, Polarization curves collected every 6 h. 

c, Nyquist plots collected at 30 mA cm−2 every 6 h. Dots are experimental data. Lines are fitted 

data. Curves are shifted 0.5 unit between datasets vertically for clarity. d. Fitted resistances 

change as a function of time. Inset is the equivalent circuit used to fit the EIS data. CPE = constant 

phase element. We checked the pH of the recirculating feed water before and after the 36 h 

stability test using both pH paper and a pH meter. The pH paper shows a pH of 6-7, the pH meter 

shows a pH of ~6.1, and there is no observable difference between the pH value before and after 

the stability test. 
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Figure A.14 Schematic diagram of the apparatus to measure gas volume 

The total volume of water is ~5.5 L. The volumes of the graduated cylinders are 50 mL for O2 

and 100 mL for H2. The whole experiment is carried out in air, so the water already contains 

dissolved O2 set by the partial pressure of O2 in air (~0.21 atm). The gas bubbles are generated 

at the electrodes and carried by the fast water flow (~100 mL min−1 for anode and ~60 mL min−1 

for cathode) to collection in the inverted graduated cylinders. Given the short transit time of 

between bubble detachment at the electrode and collection in the cylinder (~10 s), little O2 is 

apparently lost due to dissolution in the recirculating water. 

 

 

 

Figure A.15 SEM images of a BPM after testing in the electrolyzer 

The uneven morphology is due to the fiber texture of the GDLs and there is no evidence of cracks, 

pinholes, or other forms of mechanical failure of the ionomer membranes. 
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Figure A.16 Quantifying loading and thickness of TiO2-P25 in BPMs 

The linear least squares fit to the calibration data provides the conversion factor used to predict 

loading and thickness given an amount of ink used and the mass of WD catalyst particles in the 

ink. This is important because a significant fraction of the ink is lost as overspray and thus does 

not end up in the BPM. 
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APPENDIX B  

CHAPTER III SUPPLEMENTAL INFORMATION 

 

Supporting Figures 

 

 

Figure B.1 Measured WD overpotential ηwd using electrochemical impedance spectroscopy 

(EIS) 

(A) Nyquist plots of the total cell at different current densities. The imaginary parts are shifted to 

make the comparison clearer. The high-frequency semicircle is related to water dissociation (WD) 

while low frequency semicircles are related to charge transfer (CT) at the electrodes. (B) Fitting 

the EIS data with appropriate equivalent circuits enables the extraction of Rwd as a function of j. 

The inset shows the equivalent circuit used for this sample. Integrating Rwd with j results in 

𝜂wd = ∫ 𝑅wd(𝑗)d𝑗
𝑗

0
, which is the area under the Rwd(j) curve. 
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Figure B.2 Temperature-dependent WD polarization curves for BPMs with different 

loadings of TiO2-P25 as WD catalyst 

Dots are experimental data during temperature cycling. Lines are the fitting results to the BPM 

equation using the solid dots data. Hollow pale dots are excluded because they are not repeatable 

during temperature cycling. (A) Pristine BPM without WD catalyst. (B) 0.05 wt%. (C) 0.1 wt%. 

(D) 0.2 wt%. (E) 1 wt%. (F) 2 wt%. 
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Figure B.3 Polarization curves of BPMs with different mass loadings of TiO2-P25 WD 

catalyst at 25 °C 
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Figure B.4 Correction of degradation over time for a pristine, uncatalyzed BPM 

The cell is tested at 0 to 5 mA cm−2 to reduce the effect of degradation over time. (A) Polarization 

curves of the raw data. The temperature dependence is obscured by the degradation during the 

temperature cycling over time. (B) Raw data of ηwd as a function of testing order, i.e., time, at 

different j. A least-square linear fitting is used for each j to extract the degradation rate. (C) 

Corrected data showing ηwd as a function of testing order, i.e., time, at different j, after subtracting 

the degradation. (D) Polarization curves of the corrected data after subtracting the degradation. 

The temperature dependence is clearer. 

 

 



 

133 

 

0.0

0.5

1.0

0 100 200 300 400 500

 D2O

 H2O

55 °C

45 °C

35 °C

25 °C

TiO2-P25 0.2 wt%

ηwd(D2O)/ηwd(H2O) ≈ 3

j (mA cm−2)

η
w

d
 (

V
)

 

Figure B.5 Kinetic isotope effect. 0.2 wt% TiO2-P25 is used as WD catalyst 

The electrolyzer is fed by either H2O or D2O. 

 

 

0.1 1

25

30

35

0

m(ACB)/m(TiO2-P25) (%)

E
a
 (

k
J
 m

o
l−

1
)

ηwd (V)

50

25

100

200

A B

0.1 1

106

107

A
 (

m
A

 c
m

−
2
)

ηwd (V)

0

m(ACB)/m(TiO2-P25) (%)

50

25

100

200

 

Figure B.6 Arrhenius analysis of the temperature-dependent polarization curves of BPMs 

with different mass ratio of ACB and TiO2-P25 

(A) Apparent activation energy Ea as a function of ηwd. Notice the log scale on the horizontal axis. 

(B) Pre-exponential factor A as a function of ηwd. Notice the log scale on both axes. Lines are 

least-squares linear fits with a fixed slope of one. 
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Figure B.7 Comparison of BPM response with catalytic TiO2 layers and non-catalytic 

polystyrene nanospheres 

The scale bar represents 2 μm. (A) Scanning electron microscope (SEM) image of polystyrene 

beads (non-functionalized, diameter 100 nm) spin-coated on the CEL. There are about two layers 

of polystyrene beads, making the total thickness ~200 nm. (B) Polarization curves of polystyrene, 

pristine BPM, and TiO2-P25 at optimal loading (~200 nm). This data shows that at equivalent 

spacing using a non-catalytic interfacial layer in the BPM, the WD kinetics are very slow. 
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Figure B.8 Temperature-dependence analysis using the semi-empirical BPM equation for 

BPMs with different loadings of ACB 

Lines serve as a guide for the eye. 
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Figure B.9 Compensation effect check. Lines are least-squares linear fits 

(A) log A (pre-exponential factor) as a function of Ea (apparent activation energy). (B) log G0 

(proton-transfer conductance) as a function of Ea,0 (equilibrium activation energy). At lower ηwd, 

log A increases linearly with Ea – in H2O, A increases 10 times when Ea increases 13 kJ mol−1 

(R2 = 0.999), and in D2O, A increases 10 times when Ea increases 21 kJ mol−1 (R2 = 0.975), both 

are much larger than the 5.6 kJ mol−1 for HER in alkaline condition. Using Ea,0 and G0 to analyze 

the data, there is a very weak correlation (R2 = 0.52 for H2O and 0.64 for D2O). 
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Supplemental Experimental Procedures 

Schematic diagram of the membrane electrode assembly (MEA). 
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Place the anode flow field (homemade stainless-steel), supporting materials, and rubber 

pads in place for later use.  
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Place several gaskets (active area of 1.0 cm × 1.0 cm) of a total thickness of 0.035″ on 

top of the anode flow field. 
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Install one Ti spacer (sintered Ti frits electroplated with 1 μm Pt, 1 cm × 1 cm, Baoji 

Yinggao Metal Materials Co., Ltd.) in the active region. 

 



 

141 

 

Install one anode GDL (Co3O4 facing up) in the active region. 
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Install an extended 0.005″gasket to support the AEL sensing strip. 
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The AEL sensing strip is placed with one end aligned with the edge of the square active 

region of the gasket. 

 



 

144 

 

A closer view of the AEL sensing strip. 
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Add an extended 0.002″ gasket with an open “track” to prevent the membrane sensing 

strip from drying. 
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A closer view of the open “track”. 
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The AEL is placed on top of the anode GDL and touches the AEL sensing strip outside 

the active region. 
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A closer view of the AEL and the AEL sensing strip. Notice the ionic contact region is 

outside the active region. 
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Add an extended 0.001″ gasket. 
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Add the CEL with WD catalyst facing down. 
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A closer view of the CEL. 
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Add another extended 0.002″ gasket with an open “track” to prevent the membrane 

sensing strip from drying. 
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A closer view of the open “track”. 
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The CEL sensing strip is aligned with another edge of the active region and touches with 

the CEL. 
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A closer view of the CEL sensing strip. Notice the ionic contact region is outside the 

active region. 
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Install another extended 0.005″gasket to cover the CEL sensing strip. 
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Add several gaskets with a total thickness of 0.025″. 
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Install the cathode GDL (Pt facing down). 
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Install another Ti spacer. 
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Install the cathode flow field and current collector. 
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Bolt and tighten the cell by a torque wrench to 50 inch-pounds. 
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Place the O-ring on top of the exposed AEL sensing strip. 

 



 

163 

 

Place the O-ring joint (9 mm ID, 12 mm tube OD Chemglass Life Sciences, cut to ~4 cm 

in length) on top of the O-ring. 
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Clamp the O-ring joint. 
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Place the O-ring on top of the exposed CEL sensing strip. 
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Place the O-ring joint on top of the O-ring. 
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Clamp the O-ring joint. 
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Remove the residual water in the O-ring joints. 
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Fill the AEL side O-ring joint with 0.1 M KOH. Fill the CEL side O-ring joint with 0.1 

M H2SO4. 
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Place a Hg|HgO reference electrode (RE) inside the AEL side O-ring joint. Place a 

saturated calomel electrode (SCE) inside the CEL side O-ring joint. 

 



 

 

171 

 

 The electrochemical tests are performed with a two-channel BioLogic VSP-300 potentiostat. 

For channel 1, P1 and S1 leads (P = power/current, S = voltage sense) are connected to the anode 

current collector, P2, S2 and S3 are connected to the cathode current collector. For channel 2, 

S1 is connected to the Hg|HgO RE, S2 to the cathode current collector, and S3 to the SCE RE. 

Channel 2 P1 and P2 are not used. Channel 1 and channel 2 are synchronized during the 

experiment. 
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