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SUMMARY 

The water-dissociation reaction (WD, H2O → H+ + OH−) affects the rates of electrocatalytic reactions 

and the performance of bipolar membranes (BPMs). How catalyzed interfacial WD is driven by voltage, 

however, is not understood. We designed a BPM electrolyzer with two reference electrodes attached laterally 

to each layer/side (here, poly(arylpiperidinium) and perfluorosulfonic-acid ionomers) to measure WD 

current and overpotential (ηwd), without soluble electrolyte and as a function of temperature and catalyst-

layer properties. Using TiO2-P25 nanoparticles as a model WD catalyst, Arrhenius-type analysis yields a 

WD activation energy Ea of 25–30 kJ mol−1, only weakly dependent ηwd. The pre-exponential factor is 

unexpectedly proportional to ηwd. With D2O, ηwd is ~2 to 4 times larger than in H2O, largely due to a lower 

pre-exponential factor. Without catalyst, ηwd is ~10-fold larger and Ea decreases from 34 to 24 kJ mol−1 as 

ηwd goes from 0.1 to 1 V. To explain these data, we propose a new WD mechanism where metal-oxide 

nanoparticles, polarized by the voltage across the BPM junction, serve as i) proton acceptors (from water) 

on the negative sides of the particle to generate free OH−, ii) proton donors on the positive sides to generate 

H3O
+, and iii) surface proton conductors that connect spatially separate donor/acceptor sites. Increasing 

electric-field strength with overpotential orients water for proton-transfer elementary steps comprising WD, 

increasing the pre-exponential factor and hence rate, but is insufficient to lower Ea. This understanding will 

accelerate development of electrocatalysis, electrodialysis, carbon-capture, and carbon-utilization 

technologies that require efficient WD.
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CONTEXT & SCALE 

Water dissociation (WD, H2O → H+ + OH−) is one of the most-important reactions in chemistry. The 

rate of WD controls the performance of bipolar membranes (BPMs), which can convert electrical energy 

into acid and base solutions for water treatment or for direct-air or ocean-based CO2 capture and interfacial 

electrocatalysis reactions that are central to renewable electrical-energy storage like the reduction of water 

to H2 and CO2 to fuels. We report new method to accurately measure the voltage required to drive WD as a 

function of temperature using a BPM water-electrolyzer platform, and illustrate a fundamentally new model 

for how the WD reaction can be catalyzed by nanoparticle surfaces able to donate, accept, and transport 

protons. 

 

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 cation-exchange 

layer (CEL), usually accelerated by a catalyst sandwiched between the two and driven by an applied voltage 

(Figure 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 water 15,16 and CO2 

electrolyzers 17-19 that can be impurity-tolerant 20 and enable the use of efficient and abundant electrocatalysts. 

WD, likely voltage-driven in an electrochemical double layer and accelerated via surface reactions, is also 

likely a key elementary step in electrocatalytic reactions including hydrogen evolution and CO2 reduction 
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that require protons in neutral-to-basic media where few protons are available 15,21-23. 

 

 

 

Figure 1. (a) Schematic of membrane-potential-sensing in a bipolar membrane (BPM) electrolyzer. 

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 to 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 was recorded as a function of applied current. By subtracting 

the values at open circuit, the WD overpotential ηwd is calculated. (b) Comparison between the 

electrochemical-impedance-spectroscopy (EIS) and membrane-potential-sensing methods of 

determining ηwd. 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 bipolar membranes and as a step 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 24. Previously either an electric-field effect (so-called second Wien effect) 25-

28, a catalytic effect 15,29,30, or a combination of two 24,31,32 has been invoked to explain WD kinetics in the 

BPM orders of magnitude faster than the equilibrium rates in bulk water, but how field and catalysis interact 
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at the microscopic/mechanistic level is 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− where the current carried by salt ions complicates the analysis of the polarization curves and the 

study of WD and with unknown contribution 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 voltage (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. 29,33-37 The WD rate constant also 

depends on the pre-exponential factor A, which is not seldom discussed in the above, as is unfortunately 

typical in electrochemistry 37. 

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 15,38. We also have demonstrated that the (areal) 

WD resistance Rwd can be isolated from the total impedance (that includes electrode reaction and transport) 

via electrochemical impedance spectroscopy (EIS) 24. The WD overpotential/overvoltage ηwd is calculated 

from Rwd by 

𝜂wd = ∫ 𝑅wd(𝑗)d𝑗
𝑗

0
          (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, Eq. 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 change during testing, making it difficult to separate 
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temperature-dependent kinetics from other processes. 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 new method – termed “membrane-potential-sensing” – to directly measure ηwd in BPM 

electrolyzers as a function of temperature and current, and use the method to discover new underlying 

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

to separate the anode and cathode voltage with one reference electrode 39, as reported for fuel cells as well 

40-42. An AEL and a CEL membrane-sensing strip are connected to the AEL and CEL of the BPM, respectively 

(Figure 1a), with separate reference electrodes attached to each strip. After subtracting the open-circuit 

values, ηwd is the voltage difference between the two references (ohmic drop across AEL and CEL is small 

and can be ignored). We demonstrate that ηwd measured by membrane-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 while uncatalyzed BPMs show decreasing Ea with 

driving force, as with typical electrode-kinetics models such as Butler-Volmer, 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. We propose a new mechanism of field/voltage-driven 
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WD catalysis that includes field-dependent organization of surface water, proton transport from/to surface 

water to/from the metal oxide WD catalyst, and proton transport on/across the catalyst nanoparticle 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 S1) 24. 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 resistances and capacitances. Fitting to equivalent circuits is 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 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 2 and Figure S2. 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 and equivalent to ~10 μg 

cm−2 and ~200 nm in thickness) 24. 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 other loadings lie 
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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 other words, fast electrode charge transfer kinetics and only a small 

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

 

Figure 2. Temperature-dependent polarization curves of BPMs with different mass loadings of 

TiO2-P25 WD catalyst showing transition from exponential to linear 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. 

 

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. Therefore, for pristine BPM data reported below, we use only low current densities and a small 

correction for the calibrated degradation rate (Figure S3). To analyze the data from BPMs with and without 

WD catalysts we use an Arrhenius-type model 

𝑗 = 𝐴𝑒−
𝐸a
𝑅𝑇           (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, 
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is unknown inside the BPM junction, we did not normalize A to unit concentration 37. 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 38. Our aim is to analyze Ea and A at a fixed ηwd (but not j) since ηwd 

represents the driving force while j 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 3a). For a fixed ηwd, the interpolated ln j is plotted against 

1/T to generate Arrhenius plots. The slope and vertical intercept from linear fits yield Ea and A, respectively. 

The procedure is repeated for different ηwd (Figure 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 large 

interfacial electric field 22,43,44. 
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Figure 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. 

 

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 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 
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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 29,35. 

Differences in WD process in BPMs compared with WD in pure water are also apparent (Table 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 

neutralization Ea(kR) = 8–13 kJ mol−1, where kD and kR denote the rate constant of WD and H+/OH− 

recombination/neutralization respectively 45,46. Natzle and Moore found Ea(kR) = 15 ± 3 kJ mol−1 47. Since 

Ea(kD) and Ea(kR) are related by the standard enthalpy of WD as ΔH° = Ea(kD) − Ea(kR) = 56 kJ mol−1 48,49, and 

thus Ea(kD) = 71 ± 3 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.  

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

BPMs (Figure 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 37. We discuss a microscopic physical 

picture that may explain this behavior below. 

Table 1. Kinetic and thermodynamic parameters of H2O and D2O dissociation 

 H2O D2O H/D 

Dissociation rate constant kD (10−5 s−1) 2.5 46; 2.56 50; 2.04 47 0.25 50; 0.186 47 ~11 

Apparent activation energy Ea(kD) (kJ mol−1) 64.9–69.0 46 76* 50 ~0.88 

Neutralization rate constant kR (1011 M−1 s−1) 1.4 46; 1.43 50; 1.12 47 0.84 50; 0.741 47 ~1.7 

Apparent activation energy Ea(kR) (kJ mol−1) 8–13 46; 15 47 15* 50 ~0.85 

Dissociation constant Kw
 (10−14) 1.0 49 0.11 49 ~9.1 

ΔG° (kJ mol−1) 79.87 49 85.23 49 ~0.94 

ΔH° (kJ mol−1) 55.82 49 60.87 49 ~0.92 

ΔS° (J mol−1 K−1) −80.67 49 −81.75 49 ~0.97 

* Extracted from Arrhenius analysis using the literature values. 

 

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 3a), as above that there are only data of three 
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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) 

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 A is proportional to 

ηwd, we have 

𝐴 = 𝐺0𝜂wd          (4) 

where the new constant G0 = A/ηwd has the unit of areal conductance (mS cm−2). 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       (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 4). For most polarization curves, the 

fitting provides R2 > 0.99 and the parameter-fitting errors are usually less than 10% of the parameter values 

(Figure S2). 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         (6) 

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

𝑗BV = (
𝑗0,BV𝐹

𝑅𝑇
) 𝜂         (7) 
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In analogy with Eq. 6, we can define a WD exchange current density j0 

𝑗0,wd =
𝑅𝑇

𝐹
𝐺0𝑒−

𝐸a,0
𝑅𝑇          (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). 

 

Figure 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. 

The parameters G0, Ea,0 and α depend on TiO2-P25 loading. Ea,0 increases from ~25 to ~30 kJ mol−1 

from 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 4a). The 
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shape of the polarization curve is related to α (compare Figure 2 and Figure 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 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 4a, top and bottom panels). 

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 S4). For the catalyzed BPMs, ηwd in 

D2O is ~2 to 4 larger than in H2O (Figure 4a, top panel) despite both Ea,0 and α being relatively similar in 

both. The larger ηwd in D2O is largely due to a lower G0 (and thus A), which is evident in Figure 3d. These 

isotope effects can be compared with those found for diffusion coefficients and associated activation energies 

for H2O, D2O, and their ions (Table 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 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 (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 more fully below. 
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Table 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 51 1.872 51 ~1.2 

Apparent activation energy Ea(D) (kJ mol−1) 18–20 51 19–21 51 ~0.95 

 H+ D+ H/D 

Diffusion coefficient D (10−5 cm2 s−1) 9.311 52 6.655 52 ~1.4 

Apparent activation energy Ea(D) (kJ mol−1) 10.6 53; 10.0* 54 10.0* 54 ~1 

 OH− OD− H/D 

Diffusion coefficient D (10−5 cm2 s−1) 5.273 52 3.169 52 ~1.7 

Apparent activation energy Ea(D) (kJ mol−1) 13 53; 12.6* 54 13.0* 54 ~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 24. We measured the temperature dependence of these thick TiO2-P25 WD layers 

mixed with different ratio of ACB (by mass) as WD catalyst. Adding ACB lowered ηwd (the optimal ratio is 

between 50% and 100%) consistent with previous results 24 (Figure 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 S5), 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. 
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Figure 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 inside the nanoparticles, as 

well as the external electric field. The local electric field induces the water molecules to orient 

facilitate 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. 

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 5) that is relevant not only 

for BPMs but also interfacial electrocatalytic processes where WD is required to provide protons, e.g., CO2 

or H2O reduction in neutral to basic conditions 18. 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 of 

different water molecules (i.e., the interconversion between O–H bonds and hydrogen bonds, non-vehicular 

transport). Similar mechanisms can occur on the surface of oxide nanoparticles, due to the various species 

such as bridging and terminal oxo and hydroxyl groups that can be protonated or deprotonated and that 

interact strongly with interfacial water to mediate proton transport 55,56. 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 

oxo/hydroxyl groups. The oxide surface can thus serve as both proton reservoir and proton conductor.  
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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 the effective dielectric constant and average 

orientation 57-59. 

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 60. These 

conductive catalysts could even drive faradaic reactions (such as electrolysis) if sufficiently polarized, but 

we note 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 

conditions at particle surface 61. 

In both high-dielectric and conductive particles, the polarization of the particle by the external electric 

field across the BPM enhances the local electric field near the nanoparticle surface, driving water molecules 

to orient and align, on average, their dipole moment with electric field 59. 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 
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electric field, is responsible for the experimentally measured pre-exponential factor, representing an 

organization process that describes the fraction of time, and frequency by which, the system is poised for 

proton transfer. This new 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 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 of the free-

energy surface for elementary reaction steps) 62, is often taken to be 0.5. This assumption is based on the 

idea 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.  

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 electrochemical reactions. The field-

dependence of WD has typically been interpreted in context of the second Wien effect by a strong local field 

that increases the dissociation rate of weak electrolytes, although others have questioned whether a 

sufficiently strong field in fact exists in the BPM 15,26. Our new experimental data shed light on this 
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fundamental process. Increasing electric field, represented by a larger driving force for WD in 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/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 considering the depletion region, interface roughness, and intermixing between AEL and CEL (Figure 

5b) 2,63-65. 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 66. 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. 

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 nm 24. 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 where WD takes place. Continuum, molecular-dynamics (MD), and density-



Page 20 of 32 

functional-theory (DFT) modelling would help test the above hypothesis (see below). 

In bulk water, WD occurs through rare electric-field fluctuations and the generated ions recombine 

quickly if they are not sufficiently separated 67. 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 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, thus WD becomes more sensitive to the change in the electric field, which manifests 

in the increasing α. 

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 5a): 

H2O + MO− → OH− + MOH     (R1) 

MOH + M′OH → MO− + M′OH2
+    (R2) 

M′OH2
+ + M″OH → M′OH + M″OH2

+   (R3) 
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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 previous two-step mechanisms proposed 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 31. 

The new mechanism proposed here involving surface proton transfer (R2 and R3) enables 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 catalysts 68. 

The rate-determining step likely depends on the WD catalyst type, because chemically different surfaces will 

have different acid-base behavior and surface proton-absorption 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. 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 



Page 22 of 32 

dissociative adsorption on the TiO2 anatase (101) surface in water 56, values similar to our experimental 

results. 

Conclusion 

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 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 and CO2 electroreduction 22,43,44. 

One limitation of the work is the that the proposed BPM equation is 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 1-D model 

is 

𝑗 = 𝐹 ∫ (𝑘D𝑐H2O − 𝑘R𝑐H+𝑐OH−)𝑑𝑥
BPM

       (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 1-D junction. The values for kD, kR, and c probably all depend on 
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x, ηwd or electric field, and the details of the catalyst 69,70. However, there is no experimental data regarding 

the electric potential/field and H2O, H+, and OH− concentration 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 71. 

 Accurate simulations of the interface molecular and continuum chemistry and physics of the system are 

also needed 64,72. MD and DFT calculations to test the various proton-transfer WD reaction mechanisms at 

nanoparticle/water interface under electric field provide insight into elementary reaction barriers and reaction 

pathways. We also note that according to the Eyring equation from transition-state theory, the pre-

exponential factor A is related to the entropy of activation ΔS‡ 73. Our observation that A is proportional to 

ηwd may also mean ΔS‡ changes with ηwd, these relationships 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.  

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. For this, temperature-dependence and kinetic-isotopic-effect experiments for different 

WD catalysts in both forward and reverse bias (to obtain full polarization curves) is needed, probably using 

a hydrogen-pump cell instead of a water electrolyzer platform 74. 

 



Page 24 of 32 

EXPERIMENTAL PROCEDURES 

Resource availability  

Lead contact  

Further information and request for resources and materials should be directed to and will be fulfilled by the 

lead contact, Shannon Boettcher (swb@uoregon.edu).  

Materials availability  

Bipolar membranes created in this study are available by reasonable request from the lead author.  

Data and code availability.  

The data presented in this work are available from the corresponding author upon reasonable request and 

will be deposited in the Science Data Bank (https://www.scidb.cn/en). 

Bipolar membrane fabrication and measurements. The experimental procedures are modified from 

our previous report 24. The anode gas-diffusion electrode/layer (GDE/GDL) was fabricated by spray coating 

two vials of anode inks (dispersed by sonication), containing 0.1 g Co3O4 (30–50 nm, US Research 

Nanomaterials, Inc.), 0.5 g H2O, 1.7 g isopropyl alcohol (IPA), and 0.1 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, 

https://www.scidb.cn/en
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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 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. 

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 regarding cell construction 

and assembly, see the “Supporting Information: Photographs and set-by-step procedure to assemble 

membrane-potential-sensing system”. 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 
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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     (10) 

where the subscript “eq” denotes the equilibrium value, i.e., when current density j = 0 mA cm−2. 

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 75. The R(j) plot is extrapolated by cubic spline to j = 
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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 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 S2). 

 

SUPPLEMENTAL INFORMATION 

Temperature-dependent WD polarization curves for BPMs with different loadings of TiO2-P25 as WD 

catalyst; measured WD overpotential ηwd using electrochemical impedance spectroscopy (EIS); correction 

of degradation over time for a pristine, uncatalyzed BPM; kinetic isotope effect; Arrhenius analysis of the 

temperature-dependent polarization curves of BPMs with different mass ratio of ACB and TiO2-P25; 

photographs and set-by-step procedure to assemble membrane-potential-sensing system. 
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