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Highlights

Water dissociation (WD)

overpotential hwd is accurately

measured in bipolar membranes

Arrhenius analysis shows

unexpected kinetic parameter

dependence on hwd

A new equation is proposed, and

physical meanings of parameters

are discussed

A new WD mechanism based on

proton transfer/transport is

proposed
Bipolar membranes (BPMs) are key components of advanced electrodialysis, water

electrolysis, CO2 reduction, and other environmental energy-related fields, but

how the applied voltage dissociates water on heterogeneous BPM-junction

catalysts is poorly understood, hampering the development of improved designs.

We report temperature-dependent water-dissociation kinetics in catalyzed BPMs

showing how kinetic parameters depend on water-dissociation-driving force and

present a fundamentally new mechanism to explain the results.
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Kinetics and mechanism of heterogeneous
voltage-driven water-dissociation catalysis

Lihaokun Chen,1 Qiucheng Xu,1,2 and Shannon W. Boettcher1,3,*
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

electrocatalysis reactions that are

central to renewable electrical

energy storage such as the

reduction of water to H2 and of

CO2 to fuels. We report a new

method to accurately measure the

voltage required to drive WD as a

function of temperature using a

BPM-water-electrolyzer platform

and we illustrate a fundamentally

new model for how the WD

reaction can be catalyzed by

nanoparticle surfaces able to

donate, accept, and transport

protons on their surfaces.
SUMMARY

The water-dissociation (WD) reaction (H2O/ H+ + OH�) affects the
rates of electrocatalytic reactions and the performance of bipolar
membranes (BPMs), but how WD is driven by voltage and catalyzed
is not understood. We report BPM electrolyzers with two reference
electrodes (REs) to measure temperature-dependent WD current
and overpotential (hwd) without soluble electrolyte. Using TiO2-
P25-nanoparticle catalyst and Arrhenius-type analysis, we found
Ea,wd of 25–30 kJ/mol, independent of hwd, and a pre-exponential
factor proportional to hwd that decreases �10-fold in D2O. We pro-
pose a newWDmechanism where metal-oxide nanoparticles, polar-
ized by the BPM-junction voltage, serve as proton (1) acceptors
(from water) on the negatively charged side of the particle to
generate free OH�, (2) donors on the positively charged side to
generate H3O

+, and (3) surface proton conductors that connect
spatially separate donor/acceptor sites. Increasing electric field
with hwd orients water for proton transfer, increasing the pre-expo-
nential factor, but is insufficient to lower Ea.

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 bi-

polar membrane (BPM), for example, water is dissociated at the junction between an

ionomer anion-exchange layer (AEL) and a cation-exchange layer (CEL), usually accel-

erated 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 pHmicroenvironments,

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

trolyzers17,18 that can be impurity-tolerant19 and enable the use of efficient and abun-

dant electrocatalysts. Elementary reaction steps similar to WD are also likely key in

electrocatalytic reactions including 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

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

metal-oxide nanoparticles dramatically accelerate theWD reaction both in BPMs and

as a step in electrocatalysis15 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 secondWien 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
Joule 7, 1–20, August 16, 2023 ª 2023 Elsevier Inc. 1
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Figure 1. Schematic of membrane-potential sensing in a bipolar membrane (BPM) electrolyzer

and comparison with electrochemical-impedance-spectroscopy (EIS) measurements

(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 is recorded as a function of applied current. By subtracting the

values at open circuit, the WD overpotential hwd 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 hwd was calculated by integrating Rwd

as a function of j. Loading is represented by the spin-coat ink concentration; 0.2 wt% yields �10 mg

cm�2 or �200-nm-thick nanoparticle films.

1Department of Chemistry and the Oregon
Center for Electrochemistry, University of
Oregon, Eugene, OR 97403, USA

2Present address: Surface Physics and Catalysis
(Surf Cat) Section, Department of Physics,
Technical University of Denmark, 2800 Kgs.
Lyngby, Denmark

3Lead contact

*Correspondence: swb@uoregon.edu

https://doi.org/10.1016/j.joule.2023.06.011

ll

Please cite this article in press as: Chen et al., Kinetics and mechanism of heterogeneous voltage-driven water-dissociation catalysis, Joule (2023),
https://doi.org/10.1016/j.joule.2023.06.011

Article
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 un-

known contributions from series resistance. Temperature-dependent kinetics are

central to understanding mechanisms and extracting 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 to 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 unfor-

tunately typical in electrochemistry, despite its importance.36–39

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

lyzer, 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 to-

tal impedance (that includes electrode reaction and transport) via electrochemical

impedance spectroscopy (EIS).23 The WD overpotential/overvoltage hwd is calcu-

lated from Rwd by

hwd =

Z j

0

RwdðjÞdj (Equation 1)
2 Joule 7, 1–20, August 16, 2023
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where j is the current density. Rwd is a differential resistance that is a function of j (or

equivalently, hwd, the driving force for WD). Rwd decreases with driving force and

thus j. When Rwd does not depend on j, Equation 1 reduces to Ohm’s law. Estimating

hwd 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 overes-

timate Ea in a temperature step-down experiment. In Nyquist plots, the WD semi-

circle 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 hwd 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 (RE),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 1A), with separate REs attached to each

strip. After subtracting the open-circuit values, hwd 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 hwd

measured by membrane-potential sensing is almost identical to that from EIS,

corroborating both approaches. We use the method to study temperature-depen-

dent 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 hwd, but a pre-exponential factor A

that surprisingly increases linearly with hwd. 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

a (to describe the effect of hwd on the activation barrier), and a pre-exponential fac-

tor A that depends linearly on hwd. Kinetic-isotope experiments show that BPMs fed

D2O have higher hwd 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 hwd, supporting the hypothesis that the electric

field is concentrated by conductors to increase WD kinetics. With these 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 pro-

ton 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 theWD resistance Rwd from the

total-cell impedance (Figure S1).23 In a Nyquist plot, the high-frequency semicircle is

related toWD, whereas the low-frequency semicircles are related to anode and cath-

ode charge-transfer resistances and capacitances. Equivalent-circuit fits are used

to extract Rwd for each different j. Integrating Rwd as a function of j, we calculate

hwd =
R j
0 RwdðjÞdj. To corroborate the membrane-potential-sensing and EIS

methods, we compare the two ways to calculate hwd for the same sample (Figure 1B).

The methods produce similar hwd-j curves, regardless of WD catalyst loadings.

Because the EIS measurement is slow, making degradation effects more serious
Joule 7, 1–20, August 16, 2023 3
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Figure 2. Temperature-dependent polarization curves of BPMs with different mass loadings of

TiO2-P25 WD catalyst

The j-hwd response changes from exponential to linear, and then to a combination of linear and

exponential with increasing loading. Temperatures tested were 25�C, 35�C, 45�C, and 55�C G 2�C,
but only data at 25�C and 55�C are shown here for clarity. The uncatalyzed BPM (labeled 0) has

almost no apparent temperature dependence at the high current densities tested here due to

concomitant degradation processes.

See also Figure S2.
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and complicating the temperature-dependencemeasurement, 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�C to 55�C are

shown in Figures 2 and S2. We chose TiO2-P25 as the model catalyst due to its abun-

dance, 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 mg cm�2 and �200 nm in thickness).23 Seven load-

ings were tested and, as expected, when the WD catalyst loading decreases, the

polarization curves converge to the pristine BPM without WD catalyst (Figure S3).

In pristine BPMs without WD catalyst, j increases exponentially with hwd, like a typical

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

behavior, which are fundamentally related). In contrast, BPMs with an optimal

loading of TiO2-P25 show a linear dependence of j on hwd, 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 hwd is small and more expo-

nential when hwd 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, the electrode charge-transfer kinetics are fast and only a small overpotential

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

Increasing the temperature lowers hwd in most cases, except for the BPM without

catalyst. This artifact was because the pristine uncatalyzed BPM performance
4 Joule 7, 1–20, August 16, 2023
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degrades during testing, obscuring the temperature dependence. The reason that

pristine, uncatalyzed BPMs degrade so fast is yet unclear but could be due to chem-

ical 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 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 S4). To analyze the data from BPMs with and without WD

catalysts, we use an Arrhenius-type model

j = Ae� Ea
RT (Equation 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 that 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 that 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 dif-

ferential resistance of the polarization curves usually increases when the water trans-

port 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 2).

Our aim was to analyze Ea and A at a fixed hwd (but not j) because hwd represents the

driving force, whereas j represents the WD reaction rate. There are no salt ions to

otherwise carry current; hence, all measured current must be associated with WD.

Because we collect data under current control, the j-hwd data are interpolated with

cubic splines (Figure 3A) to generate the Arrhenius plots (ln j plotted against 1/T)

at a constant driving force (hwd). We choose cubic splines to capture the curvature

of the polarization curves.

For a fixed hwd, the Arrhenius-plot slope and vertical intercept from linear fitting yield

Ea and A, respectively. The procedure is repeated for different hwd (Figure 3B) to un-

derstand how the driving force forWDmodulates kinetics and possible mechanisms.

The slopedoes not changewith 1/T (within the temperature rangeof the experiment);

Ea and A are thus independent of T. In the next section, we discuss how Ea and A

depend on hwd and WD-catalyst loading, as this informs the microscopic picture of

catalyzed WD reactions in BPMs, and more broadly in electrocatalysis where reac-

tions 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 hwd 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 hwd 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 ab-

solute overpotential. For BPMs with TiO2-P25 catalyst, however, Ea is essentially

constant with hwd. 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 1). In pure water, Eigen and de Maeyer determined the apparent
Joule 7, 1–20, August 16, 2023 5
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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�C and 55�C. Current density j is interpolated at certain hwd.

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

squares linear fits of the experimental data.

(C) Apparent activation energy Ea as a function of hwd. 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 hwd. 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.
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Ea for WD Ea(kD) = 64.9–69.0 kJ mol�1, whereas for recombination/neutralization,

Ea(kR) = 8–13 kJ mol�1, where kD and kR denote the rate constants of WD and H+/

OH� recombination/neutralization, respectively.47,51 Natzle and Moore found

Ea(kR) = 15 G 3 kJ mol�1.49 Since Ea(kD) and Ea(kR) are related by the standard

enthalpy of WD as DH� = Ea(kD) � Ea(kR) = 56 kJ mol�1,50,52 and thus, Ea(kD) =

71G 3 kJ mol�1, which is comparable with the results of Eigen and deMaeyer. Inter-

estingly, 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 hwd 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

h, and A is independent of h.36 The Butler-Volmer model, of course, was developed

for electron-transfer electrode reactions, whereas WD is a proton-transfer reaction.

However, both involve interfacial charge transfer driven by electrochemical potential
6 Joule 7, 1–20, August 16, 2023



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

H2O D2O H/D

Dissociation rate constant kD (10�5 s�1) 2.547; 2.5648; 2.0449 0.2548; 0.18649 �11

Apparent activation energy Ea(kD) (kJ mol�1) 64.9–69.047 76a48 �0.88

Neutralization rate constant kR (1011 M�1 s�1) 1.447; 1.4348; 1.1249 0.8448; 0.74149 �1.7

Apparent activation energy Ea(kR) (kJ mol�1) 8–1347; 1549 15a48 �0.85

Dissociation constant Kw (10�14) 1.050 0.1150 �9.1

Standard Gibbs free energy DG� (kJ mol�1) 79.8750 85.2350 �0.94

Standard enthalpy DH� (kJ mol�1) 55.8250 60.8750 �0.92

Standard entropy DS� (J mol�1 K�1) �80.6750 �81.7550 �0.97
aExtracted from Arrhenius analysis using the literature values.
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gradients. We use the Butler-Volmer equation as a well-known model to compare

with and discuss a microscopic physical picture below.

The BPM equation

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

the hwd of the highest test temperature (e.g., 0.12 V in Figure 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 hypoth-

esize, following the Butler-Volmer model, that

Ea = Ea;0 � aFhwd (Equation 3)

where Ea,0 is the ‘‘equilibrium activation energy’’ and a R 0 is the ‘‘proton-transfer

coefficient,’’ a unitless number that describes how Ea for proton transfer changes

with hwd and determines the shape of the polarization curve. An a tending to 0 results

in a linear j-hwd response (e.g., with optimal TiO2-P25 loading), whereas a larger a

leads to an exponential shape (e.g., as for the pristine BPMs). Because the prefactor

A is proportional to hwd, we have

A = G0hwd (Equation 4)

where the new constant G0 = A/hwd has the unit of areal conductance (mS cm�2).

Note that the pre-exponential factor A is proportional to hwd, but G0 itself is inde-

pendent of hwd. 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 = G0hwde
� Ea;0 �aFhwd

RT =

�
G0e

� Ea;0
RT

�
hwde

aFhwd
RT (Equation 5)

whereG0, Ea,0, and a depend on catalyst type and loading. By fitting j as a function of

hwd at different T, we extract the parameters G0, Ea,0, and a using the entire dataset

(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 hwd, e

aFhwd
RT /1, and the linearized BPM equation is

jwd =

�
G0e

� Ea;0
RT

�
hwd (Equation 6)

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

jBV =

�
j0;BVF

RT

�
h (Equation 7)
Joule 7, 1–20, August 16, 2023 7
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Figure 4. Temperature-dependence analysis using a semi-empirical BPM equation

The current response of a BPM can be expressed as jwd = G0hwde
� Ea;0 �aFhwd

RT , where Ea,0 is the

equilibrium activation energy, a is the proton-transfer coefficient, and G0 is the proton-transfer

conductance. To compare with BPM performance, hwd at 55
�C and 500 mA cm�2 are 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 a with conductive additive is consistent with electric-

field screening and focusing. Lines serve as a guide for the eye.
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In analogy with Equation 6, we can define a WD exchange current density j0

j0;wd =
RT

F
G0e

� Ea;0
RT (Equation 8)

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

parameterG0 can be called the driving-force-independent ‘‘proton-transfer conduc-

tance’’ 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 a 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 mg 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 shape

of the polarization curve is related to a (compare Figures 2 and 4A). A smaller a

results in a linear j-hwd response, as in the case for optimal loading (a = 0), whereas

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

G0 appears to be the dominant factor and is correlated with hwd (Figure 4A, top

and bottom).

Kinetic isotope effects

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

D2O and measured kinetic-isotopic effects (Figure S5). For the catalyzed BPMs, hwd in
8 Joule 7, 1–20, August 16, 2023



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)

2.29954 1.87254 �1.2

Apparent activation energy
Ea(D) (kJ mol�1)

18–2054 19–2154 �0.95

H+ D+ H/D

Diffusion coefficient
D (10�5 cm2 s�1)

9.31155 6.65555 �1.4

Apparent activation energy
Ea(D) (kJ mol�1)

10.656; 10.0a57 10.0a57 �1

OH� OD� H/D

Diffusion coefficient
D (10�5 cm2 s�1)

5.27355 3.16955 �1.7

Apparent activation energy
Ea(D) (kJ mol�1)

1356; 12.6a57 13.0a57 �1

aActivation energy of ionic conductivity is used due to the lack of data.
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D2O is�2–4 larger than in H2O (Figure 4A, top) despite both Ea,0 and a being relatively

similar. The larger hwd in D2O is largely due to a lowerG0 (and thus A), which is evident

in Figure 3D. For pristine BPMs, D2O has a higher Ea than H2O, whereas catalyzed

BPMs have Ea similar or smaller for D2O compared with H2O (Figure 3C). In the pristine

BPMs,WD likely occursmore like in bulk water, i.e., proton transfer betweenwatermol-

ecules under the strong electric field. The H/D ratio of Ea is �0.8, comparable with the

Ea(kD) for bulk water �0.88 (Table 1). For catalyzed BPMs, WD occurs on the catalyst

surface, and the D2O-related speciesmight have a lower binding energy to the catalyst

surface compared with 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 2). Diffusion of these species follows an Arrhenius model with an activation en-

ergy 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

differences in dissociation kinetics (Table 1). Compared with D2O, the dissociation

equilibrium constant Kw and dissociation rate constant kD of H2O are 9 and 11 times

larger, respectively, whereas 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) is 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 dis-

cussed below.
Effect of electronic conductivity

We previously showed that adding electronic conductors such as ACB nanoparticles

to a thick layer (�120 mg cm�2 and �2.4 mm) of TiO2-P25 WD catalyst improves the

BPM performance substantially, likely through focusing the electric at the AEL|cata-

lyst 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 ACB lowered hwd (the optimal ratio is between 50% and

100%), consistent with previous results23 (Figure 4B). Analysis of the new tempera-

ture-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 a by a factor
Joule 7, 1–20, August 16, 2023 9
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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 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, M0, and M00

denote different sites on the catalyst surface.

(B) Possible electric-potential 4 profiles of pristine BPMs and catalyzed BPMs. The hydrogen bond

between water molecules is also shown for comparison.
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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 S6), consistent with the BPM-equation analysis. Adding electroni-

cally 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 led us to propose a new tentative model

for WD on metal-oxide surfaces (Figure 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 proton-

ation and deprotonation steps on different water molecules (i.e., the interconver-

sion between O–H bonds and hydrogen bonds and non-vehicular transport).

Similar mechanisms could occur on the surface of oxide nanoparticles due to spe-

cies such as bridging and terminal oxo and hydroxyl groups that can be proton-

ated 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 that 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.

Local equilibrium between the WD catalyst and liquid water further leads to interfa-

cial 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 sur-

face of the catalyst particle and water because the electric field modulates
10 Joule 7, 1–20, August 16, 2023
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substantially interface-water structure and properties, like the effective dielectric

constant and average orientation.60–62

In the BPM junction, however, the situation is further affected by the external elec-

tric 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 poised for proton transfer. Our model explains

the proportionality between A and hwd. As the local electric field increases with hwd,

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.

Although 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

a (which can be equated to the symmetry factor b 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 a here as the proton-transfer coefficient (instead

of symmetry factor).

Although we use a similar formulation to describe the rate of proton transfer in WD,

the experimental values for the proton-transfer coefficient a are much smaller, i.e.,
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from 0 to �0.04, resulting in a weak Ea dependence on hwd for catalyzed BPMs,

compared with typical 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 hwd, does decrease the experimental activation barrier, supporting the

field-effect argument. However, this effect is only significant for BPMs without cata-

lyst 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 BPMs without

catalyst, the junction thickness is �1–5 nm including the depletion region, interface

roughness, and intermixing between AEL and CEL (Figure 5B).2,67–69 For a hydrogen

bond in liquid water (O–H/O), theO–H bond length is�0.1 nm, and the H/Obond

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 be-

tween proton-transfer distance and the overall potential drop distance is �0.05,

which is comparable with the experimental a of pristine BPMs of �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 works, the TiO2-P25 thickness at optimal

loading (0.2 wt%) is �200 nm.23 Thus, the ratio between proton-transfer distance

and the overall potential drop distance is �0.0004, which is comparable with the

experimental a � 0 of optimal-loading samples. If the electric field were uniform in-

side the BPM junction, further increasing the WD catalyst loading and thus junction

thickness should decrease a. However, the experimental result for themuch thicker 2

wt% is a � 0.002. By adding ACB, a for similar samples increases to �0.01. These

data suggest that the catalyst screens the electric field inside the nanoparticles,

thus focusing the electric field outside the particle where WD takes place. Contin-

uum, molecular dynamics (MDs), and density functional theory (DFT) modeling

would help test the above hypothesis.

To test the role of interface-layer thickness, and thus resulting electric-field distribu-

tion, in the absence of the catalytic metal-oxide particles, we used polystyrene nano-

spheres (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 (Fig-

ure S7), much worse than even the pristine BPM. The resulting j-hwd curve, however,

was much more linear compared with the pristine BPM, indicating a much smaller a,

consistent with the much-lower electric-field strength. We also tested non-catalytic,

but electrically conductive, ACB. Although 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 correc-

tion for pristine BPMs, Figure S4) yielded a of 0.02–0.04 (Figure S8), much larger than

that for the TiO2-P25-catalyzed BPM. This finding is consistent with our interpretation

of a here and the fact that ACB is an electronic conductor that screens and focuses the

electric field to the boundaries of the BPM interfacial layer.
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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 hwd. The

situation is different when there are nanoparticle catalysts where H2O can transfer

H+ to the oxide surface that can be transported on the nanoparticle surface toward

the CEL, whereas OH� can be transported in the water ‘‘matrix’’ surrounding the

nanoparticles toward 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 with the uncatalyzed BPM, our data show

that adding a WD catalyst leads to a dramatic increase in the driving-force-indepen-

dent 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 fol-

lows 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 exper-

iment 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 a. 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, whereas for pristine BPMs, some correlation is observed

(Figure S9).
A molecular interpretation of WD catalysis

We propose a molecular proton-transfer mechanism, where M, M0, and M00 denote
different proton acceptor/donor sites on the catalyst surface (Figure 5A):
H2O + MO� / OH� + MOH
 (R1)

MOH + M0OH / MO� + M0OH2
+ (R2)
M0OH2
+ + M00OH / M0OH + M00OH2

+ (R3)
M00OH2
+ + H2O / M00OH + H3O

+ (R4)
This mechanism is reminiscent of the basic and acidic two-step mechanism pro-

posed previously.15 Here, we use the acidic two-step mechanism (R5 and R6) for dis-

cussion, 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 assump-

tion that the catalytic cycle occurs on the same site, which means that H3O
+ andOH�

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 equilib-

rium 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
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The new mechanism proposed here involving surface proton transfer (R2 and R3)

enables R1 and R4 to occur at different sites (M and M00) on the catalyst surface and

thus generate H3O
+ and OH� that are separated in space. The Ka of the M and M00

site are less constrained than those in the single-sitemodel. TheM site could be basic

so that R1 is favored and fast, whereasM00 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.72 The rate-determining step likely depends on the WD cata-

lyst 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 elec-

tric field, we might observe a larger a. In contrast, at optimal loading, the surface-

transport steps (R2 and R3) might be rate determining leading to ohmic behavior

(a = 0), as the experiment shows. Interestingly, we note that theoretical calculations

find a free-energy barrier of 25G 4 kJ mol�1 for proton transfer and 32G 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 bar-

rier of �25 kJ mol�1, whereas for R1 and R4, it may be �32 kJ mol�1.
Conclusions

We developed a membrane-potential-sensing method with two integrated REs in

BPM electrolyzers to directly measure the WD overpotential. Through variable-tem-

perature studies and Arrhenius-type analysis with TiO2-P25 as amodel, but effective,

WD catalyst, we found that the apparent activation energy Ea only weakly depends

on hwd, whereas the pre-exponential factor A is directly proportional to hwd. D2O re-

quires higher hwd to drive WD than H2O, but surprisingly, the Ea are similar, and the

higher hwd is due to the lower pre-exponential factor. Electronically conducting 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 pa-

rameters. 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

the development of—other electrochemical process where WD is relevant, e.g.,

alkaline 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 junc-

tion and it being a buried interface. A general equation for the current density in a

one-dimensional model is

j = F

Z
BPM

�
kDcH2O � kRcH+cOH�

�
dx (Equation 9)

where kD and kR are net dissociation and recombination reaction rate constants, c is the

concentration, and x is the coordinate perpendicular to the planar junction. The values

for kD, kR, and c probably all depend on x, hwd 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 profiles in the BPM junction. Operando
14 Joule 7, 1–20, August 16, 2023
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measurements of pH, pOH, and electric-field profiles in the BPM junction, perhapswith

fluorescent indicators and Stark-effect-based probes, would be valuable.75

Accurate simulations of the interfacemolecular and continuumchemistry andphysics 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 elec-

tric field will provide insights into elementary reaction barriers and reaction pathways.

We also note that in the Eyring equation from transition-state theory, the pre-exponen-

tial factor A is related to the entropy of activation DSz.77 Our observation that A is pro-

portional to hwd may also mean that DSz changes with hwd, which can be elucidated by

theory and computation. It also remains unclear whether all the nanoparticles partici-

pate in the WD reaction or only those near the AEL and CEL. At the molecular scale,

we do not know what sites are active for WD on the surface. We presume the bridging

and/or terminal oxo/hydroxyl species are the active sites asproton 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-definedpKa’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 devel-

opment 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-deter-

mining steps. With further experimental optimization, future work could assess

larger ranges of current and hwd to better determine the a values that describe

the reaction kinetics. Temperature-dependence and kinetic-isotopic-effect experi-

ments 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
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study are available by reasonable request from the lead author.

Data and code availability

The data presented in this work are deposited in the Science Data Bank (https://doi.

org/10.57760/sciencedb.08522).

Bipolar membrane fabrication and measurements

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), 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 3 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
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the catalyst mass. The GDL was cut into 1.0 cm3 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-mm 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 AEL. The Nafion 212 (Fuel Cell Store) membrane was soaked and

stored in H2O and used as the CEL. Both membranes are cut into 1.5 cm3 1.5 cm for

use as the AEL and CEL in the BPM, and 1.5 cm3 7.5 cm as the AEL and CEL sensing

strips. The WD catalyst was spin-coated onto the CEL. TiO2-P25 (Aeroxide Nippon

Aerosil) 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 3 1.5 cm) were taped on a glass slide.

The ink was added onto CEL until fully covered and then the sample spun at

3,000 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 thepoor dispersibility of ACB, spin coatingdoes not givegoodquality catalyst

coating. Therefore, spray coating was used. A 2 wt%mother ink of TiO2-P25 was pre-

pared 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 200mgof the 2wt%TiO2-P25mother ink (equivalent to 4mgof TiO2-P25)

is added.Water is added until the total mass reaches 0.5 g, then 1.7 g of IPA is added

and themixture is sonicated until well dispersed. ACEL of 1.5 cm3 1.5 cm is taped on

a Petri dish andplacedon a hot plate of 90�C. The ink is spray coated onto theCEL. To

improve the uniformity, the dish is rotated 90� every 10 spray bursts. After spraying,

the tapes were removed and the coated CEL wasmoved 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 supplemental

experimental procedures. The active geometric area (1 cm2) is defined by the gas-

kets and current is normalized to this geometric area to give current density in all

the provided plots. Ultrapure H2O (18.2 MU cm) heated at different temperatures

was fed to both the anode and cathode so that the electrolyzer temperature was

25�C, 35�C, 45�C, or 55�C G 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 REs 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 RE in 0.1 M KOH. The WD voltage Vwd was

then measured as Vwd = V raw
wd +DVRE, where V raw

wd is the as-measured voltage be-

tween Hg|HgO and SCE during test, and DVRE = 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 hwd, it is not strictly necessary to correct for DVRE as

hwd hVwd � Vwd;eq =
�
V raw
wd + DVRE

� �
�
V raw
wd;eq + DVRE

�
= V raw

wd � V raw
wd;eq

(Equation 10)
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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 mm, the areal ionic resistance of the AEL is �0.05 U cm2.79 The re-

ported 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 mm, the areal

ionic resistance of the CEL is �0.07 U cm2. The measured Rwd is �0.6 U cm2 for

optimal TiO2-P25 loading at 25�C (Figure S1) and only about half of the combined

AEL and CEL ohmic voltage drop is measured along with hwd 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 po-

tentiostat. 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 high-

est j). Then galvanostatic EIS (GEIS) was measured from 600 kHz to 60 mHz with four

points per decade at 500, 450, 400, ., 100, 50, 40, 30, 20, 10, and 5 mA cm�2 with

an alternating current (AC) amplitude of 6% of the applied direct current (DC) 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 hwd =
R j
0 RwdðjÞdj begins at 0. For the tempera-

ture-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, and 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 tem-

perature was then changed, and the procedure was repeated. Temperatures from

25�C 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�C, 35�C, and 45�C data were not used for the tempera-

ture-dependence analysis for those samples (Figure S2).
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