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lon (de)solvation at solid-electrolyte interfaces is pivotal for energy and
chemical conversion technology, such as (electro)catalysis, batteries and

bipolar membranes. For example, during the electrocatalytic hydrogen
evolutionreactionin alkaline media, water needs to be dissociated and
hydroxide ions solvated—a process that is not well understood. Here we study
water dissociation and ion solvation kinetics in isolation at polymeric bipolar
membrane and electrolyte-metal interfaces. We discover bias-dependent
relationships between the activation entropy and enthalpy, which we link to
abias-dependent dispersion of interfacial capacitance. Furthermore, our
resultsindicate that OH™ solvation is kinetically slower than H" solvation and
that the solvation kinetics display characteristics that are independent of the
catalyst structure. We attribute this to a universalamount of excess charge
needed toinduce electric fields that alter the interfacial entropy of water. Of
fundamental interest, these results are critical to enable knowledge-driven
bipolar membrane and electrocatalyst design.

Interfacialion (de)solvation occurs whenever an ion needs to shed or
gainitsshell of dipolar solvents at achargedinterfacein bio- orelectro-
chemistry. Conversely, every single electrocatalystin aqueous media
needs to extract or inject solvated protons or hydroxides from or to
theaqueous electrolyte, whether in H,0 or CO, electrolysers or H, fuel
cells. However, the solvation kinetics of protons or hydroxideions are
not understood, let alone how they compare to solvation kinetics of
other charged reactants and products, including metal ions from cata-
lyst corrosion. Conversely, current understanding of catalyst activity,
selectivity and stability neglects interfacial solvation kinetics, limiting
knowledge-driven development of new energy conversiontechnology.

Inelectrocatalysis, the key questionis dealing with the many ways
the applied electrochemical bias manifests itself across the reactive
solid-electrolyte interface. Traditionally, the electrocatalyst and
electrolyte structure were assumed constant under bias. For example,
to address interfacial H' desolvation during the hydrogen evolution
reaction (HER), density functional theory has been used to describe
equilibrium 2D free energy surfaces dependent on the degree of solva-
tion and distance from the (static) solid-electrolyte interface'. Under
bias, the free enthalpy of the solvated proton is simply shifted by the
appliedbias. As noted by the same authors, this theory isincomplete

when part of the bias (reversibly) builds-up interfacial capacitive
charge that could induce water reorientation during the solvation
transition state”. Recently, it has been shown** that attractive ion
surface interactions’ and bias-dependent water reorganization*®are
critical tounderstand complex double layer electrostatics. However,
itremains unclear how interfacial capacitanceimpacts (de)solvation
at Faradaic turn-over.

Bias-dependent capacitance also plays acrucial role for structural
catalyst dynamics, asrevealed by operando catalyst spectroscopy’°.
Complete redox transitions lead to substantial atomic restructuring
but, in completion, resultin interfacial discharge. In contrast, incom-
plete (frustrated) phase transitionsinduce non-equilibrium chemical
potentials and charging. As outlined before", the discharged class is
important tounderstand the initial and final redox states, whereas the
charged class is probably generating the key transition states during
the oxygen evolution reaction—and in (bio)catalysis in general'>".
However, it remains unclear how interfacial capacitive excess charge
impacts interfacial water dynamics, due to very limited operando
solvent spectroscopy datasets™.

Interfacial H and OH™ solvation can be studied in isolation on
metal (oxide) catalysts in bipolar membranes (BPMs) that spatially
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Fig.1|Ion (de)solvation during BPM water dissociation and water formation.
a, The cell overpotential 17, of a H* [Pt/C[BPM|Pt/C|HI ™™ fuel cell/H, pump with
2 mg cm2HER/HOR Pt/C electrodes informing on the WD and WF kinetics of
0-15 pg cm 2 catalyst (SiO,, TiO,, HfO,, CeO,, IrO,) loadings (green) in the BPM.

b, Increasing TiO, loading increases WD and WF current densities (/), consistent
with microscopic reversibility. c, At higher bias, rectifying current-voltage (/-V)
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behaviour is caused by bias-dependent [H*] and [OH ] for the forward WF rate
compared to constant [H,0] for the reverse WD rate. d, Arrhenius analysis
provides the pre-exponential factor and activation energy for varying TiO,
loading and potential. The dashed lines show the least-squares fit for three
exemplary potentials with R*> 0.99.

isolate heterolytic water dissociation (WD; H,0 < H"+ OH") at the
interface between two H* and OH™ selective polymer membranes®”.
Previously, some of us observed a correlation between BPM and elec-
trocatalystactivity for metal (oxide) catalysts, implying afundamental
link between the two fields”. However, acomprehensive picture about
non-equilibriumelectrostatics and acid-base chemistry during WD and
ion (de)solvation did not emerge. Besides fundamental interest, BPMs
are employed industrially in electrodialysis. Their local pH control
and selective ion flow could enable H,O electrolysers and H, fuel cells
with better Earth-abundant catalyst activity and durability™™¢, CO,
electrolysers preventing bicarbonate crossover and providing ideal
product selectivity' and electrochemical CO, capture***, among oth-
ers. Despite tremendous application potential, aclear understanding
of BPM function is absent—over 65 years after their invention®.

Here we study ion solvation in isolation at polymeric BPM and
electrolyte-metal junctions and when coupled with electron transfer
in electrocatalysis. We discover distinct relationships between the
pre-exponential factor (activation entropy) and activation energy
(activation enthalpy) that are rooted in interfacial capacitance at
different timescales. Our results indicate that the kinetics of OH™ (de)
solvation are slower than for H" (de)solvation and that there exists a
universal amount of capacitive charge needed toinduce electric fields
thatimpact the interfacial entropy of water.

Surface configurational entropy-enthalpy
compensation

To determine the pre-exponential factor, A, and activation energy,
E,, forion (de)solvation, we use a H,—H, BPM fuel cell/H, pump that
operates the HER and hydrogen oxidation reaction (HOR) reversibly
on ~2mgcm™Pt/C electrodes. Temperature-dependent kinetics are

extracted by controlling the gas flow, temperature, back pressure
and humidification from 25 °C to 75 °C. The BPM consist of a (25 pum)
polymeric anion exchange layer (AEL) with fixed cationic groups and
mobile OH and a (50 pm) polymeric cation exchange layer (CEL) with
fixed anionic groups and mobile H". Interfacial WD and water formation
(WF) aredriven at the (AEL|CEL) junction in absence (pristine BPM) and
withlow metal oxide catalyst loadings (0-15 png cm™) (Fig. 1a). Methods
and Supplementary Fig. 1 provide more details. Due to fast HER/HOR
kinetics and two orders of magnitude dissimilar catalystloadings, the
celloverpotential informs directly on the (de)solvation kinetics inside
the junction (Supplementary Fig. 2). For potentials -0.2V<n<0.2V,
larger metal oxide loadings increase WD and WF currents symmetrically
(Fig.1b), consistent with microscopic reversibility and arecent report
by Mitchell et al.”’. For larger potentials, rectifying behaviour emerges
(Fig. 1c).Inforward direction (ionic recombination), increasing [H] and
[OH ]increase WF currents i, = [H'T[OH ]k, with the water formation
rate constant (ky) faster than WD currents in the reverse direction
(ion generation), where [H,0] is constant for the current densities
and membrane thickness studied'®**. As a result, the WD current
Jwp = [H,0lk,p with the water dissociation rate constant (ky,,) informs on

EXm) )

kwp = An) x exp <—

accordingtoafirst order (electro)chemical reaction following an Arrhe-
nius rate law with the temperature T and the Boltzmann constant k.
Thelatter hasits statistical mechanics foundationin the Eyring-Evans—
Polanyi equation®, which links A to the activation entropy and £, to
the activation enthalpy. Despite theirimportance, experimental stud-
ies providing bias-dependent £, and A are rare in electrochemistry?.
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Here we determine E,(r7) and A(r7) with R*> 0.95 for all Arrhenius
fits > + 40 mV (Fig. 1d and Supplementary Figs. 3 and 4).

Across different metal oxides at 40 mV and thus close to equilib-
rium, we observe that a high (low) £, is compensated by a high (low) A
(Fig. 2a). Here E, and A only partially compensate, as the slope of the
purple line (0.110 mol kJ™) is lower than the slope of the iso-current
line (~0.154 mol k)™ at 65°C). Apparent compensation effects
(Constable-Cremer relationships) have been traditionally studied in
thermal catalysis”?. There, A hasbeenseparated® into the reduction of
surface configurational, AS,.,, and thermal entropy, AS,, uponadsorp-
tion ofareactant onto the surface where Ris the universal gas constant

ASconfig + Ast
T) (2)

A(ASconfig: AS;) = exp (

The reduction of the surface configurational entropy can be
related to the fraction of free sites ©". With the exception of IrO,
(more below), we find that £, and A increase with the point of zero
charge (SiO,=2.8,1r0, = 3.3, P25-TiO, = 6.8, HfO, = 7.4, Ce0, = 8.1) and
thus in relation to the metal oxide’s work function®. If the local pH
matches the oxide’s point of zero charge, the surface is at a state of
maximum entropy (compare to asolvent at the potential of maximum
entropy®°~*?), which can be considered as 50% coverage of all available
sites, for example, all the basicsites (b-O") are covered (b-OH) and none
oftheacidicsites (a-OH) that could stillaccept a proton. However, the
further the surface is away from the point of zero charge, the larger
the reduction upon adsorption of a free site (Supplementary Fig. 5).
Thus,Aand E, increase with the difference between local pH and point
ofzerocharge. This trend implies that the oxides equilibriumAand E,,
are primarily determined by their individual work function (related to
point of zero charge) and the local pH of the acidic CEL. Supplementary
Note 2 provides a full discussion, including the proposed acid-base
mechanismand the electrostatic link between configurational surface
and water entropy. Finally, we hypothesize that the point of zero charge
range studied here leads to negligible activity at the alkaline AEL, in
contrast to a previous study by some of us which included more basic
oxides (point of zero charge -10-14)". Regardless, the equilibrium A and
E,fallfarshortin describinginterfacial (de)solvation comprehensively.

Bias-dependent changes of the pre-exponential
factor
Atapplied bias, we observe a constant £, while A(n) isincreasing (verti-
calarrowsinFig. 2a), consistent with arecent report for asingle P25-TiO,
catalyst®. The equilibrium £, and A are set by the oxide properties (for
example, point of zero charge) and a constant £, thus implies a constant
surface configurational entropy. We conclude that the non-conductive
metal oxides remain unpolarized and electrostatically decoupled
(e =2-50) from the non-equilibrium electric fields across the junction.
Thelatter arise from the membrane space charge regions which have a
low intrinsic activity themselves (pristine BPM in Fig. 1b).
Accordingtotransition statetheory, the pre-exponential factoris
givenby the differenceinentropy between the reactant and the transi-
tion state, which includes translational, rotational and vibrational con-
tributions, all of which could change with bias. In heterogeneous gas
phase catalysis and in absence of an electrochemical bias, the pre-factor
is separated into surface configurational entropy (discussed above)
and thermal entropy reduction, AS.(v), with the attempt frequency
v, which is related to the vibrational entropy reduction between the
transition and initial states, and the loss of translational freedom for
amolecule adsorbing onto the surface from the gas®*?*. AS, is usually
considered tovary only slightly between different materials®*. However,
here the non-equilibrium electric fields across the bipolar junction®
mightimpact the vibrational frequencies of the water dipoles directly.
Besides thermal entropy, the electric fields might also change the
configurational entropy of the water dipoles. For (homogeneous)

protolyticequilibriainaqueous solutions, auto-dissociationinvolves
alarge configurational entropy change in the water network®. Due to
the aforementioned challenges, neither operando water spectroscopy
northeory have been ableto clearly dissect the different enthalpic and
entropic contributionsintheinner sphereso far. Our results show that
entropic contributions are critical to understand water dissociation
and ion solvation and that the bias-dependent A(#) is not caused by
surface configurational entropy changes (for the potentials studied),
as E, is constant, but that it probably originates from the interfacial
water structure itself.

Bias-dependent capacitance at active sites
With decreasing catalyst loading and activity, we observe that E,
increases at the same potential and further becomes increasingly
dependent on the overpotential (for the same loading) (Fig. 2b). We
ascribe the increasing E, with reduced loadings (diagonal lines) to
increasing contributions of the low-activity AEL and CEL acid-base
sites in the WD catalysis. As in Fig. 2a, changing E, is compensated by
ASconig leading toanincreasing total A at 40 mV with decreasing loading
(diagonal lines with slopes < 0.1 mol kJ ). The increasing bias depend-
ence of £, tends towards anideal correlation between A4 and AE, inthe
limit of no catalyst loading (pristine BPM) over a large potential range
(Fig.2c).In contrast to the electrostatically decoupled oxide catalysts
inFig.2a, thereactionis now catalysed at the very same polymer sites
that areinvolved into the formation of the electric fields.
Atsolid-liquid interfaces, the electrochemical bias can manifest
itselfin two general ways. With constant local chemical potentials, for
example a constant protonation state of cation ion exchange groups
(CEL-CH), the electrostatic potential drop can energetically irrevers-
ibly reduce the activation enthalpy and drive the reaction forward.
However, the bias can also lead to energetically reversible charging of
interfacial capacitance and changing local chemical potentials, such
as when deprotonating (CEL-CH~>CEL-C +H") and dehydroxylating
(AEL-AOH > AEL-A"+ OH") the very same polymeric ion exchange
groups that catalyse the reaction. This energetically reversible charging
cannotreduce the activationenthalpy because it does not constitute a
thermodynamicdriving force. The groups will returnto their original
state atelectrochemical equilibrium. However, reversible charging of
interfacial capacitance can still impact the activation entropy of the
surface and interfacial water molecules. In Fig. 2¢c, we observe that
the slope with bias (~0.25 mol kJ ™) is substantially larger than any of
the slopes assigned to surface configurational entropy changes in
Fig.2a,b (-0.1 mol kJ ). Thus, we conclude that the emergence of capaci-
tive charge primarily leads to entropic changes in the water network
thatimpact theinitial and/or transition state ofion solvation. Because
electricfields manifest themselvesin both non-equilibrium conditions,
we designate the fields linked to energetically reversible charging as
capacitive electric fields. As we show below, up to 200 mV, the bias is
almost exclusively translated into changes in the interfacial capaci-
tance, which directly correlates with changing pre-exponential factors.
Only above 200 mV does the bias slowly reduce the activation enthalpy.

Therole of capacitance in entropy-enthalpy
relationships

To elucidate the role of bias-dependent interfacial capacitance at dif-
ferent timescales in the enthalpy-entropy relationships of Fig. 2, we
performed potential-dependent impedance measurements of the
pristine and metal oxide catalysed BPM junction (Methods). For WD
potentials up to 1V, we observe that the impedance is dominated by
the junction kinetics across a very large frequency range, from -1 Hz
to 500 kHz. This is consistent with the absence of mass transport/dif-
fusion limitations (<1 Hz) (Supplementary Note 1)¥, Faradaic currents
(~0.1-100 Hz) stemming fromjunction limited kinetics (Fig. 1), the large
semi-circlein the Nyquist plots and low series resistance (<1 Q) for all
studied BPMs that enables us to extract capacitance up to 500 kHz
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Fig.2|Water dissociation and ion solvation for varying degrees of capacitive
coupling. a, Across metal oxides at the same bias, we observe compensation
between the activation energy and pre-exponential factor. Under bias, the
acid-base chemistry of the metal oxide catalyst is unchanged (£, constant) and
electrostatically decoupled from the electrostatic potential drop, A®,

(AD,? + ADAEL 4+ AD,CEL) across the junction (0). Whereas AQ,AF and A®,E-
areimplied in establishing the (capacitive) electric fields across the junction, the
kinetics (£, and A) primarily stem from WD driven at the active metal oxides in the
presence of A®,?. The electric fields alter the activation entropy during (de)
solvation. Loadings are 15 pg cm™, except 2 ug cm™for TiO, (more loadings in
Supplementary Fig. 6). b, With decreasing TiO, catalyst loading and junction
activity, the membrane’s acid-base groups increasingly contribute to the
junctionkinetics. In these membrane space charge regions, the bias increasingly
changes the local chemical potentials, 1, (Apteq # Au,) between equilibrium (eq)
and applied bias (r7) by deprotonating (dehydroxylating) fixed anionic (cationic)

groups. ¢, Without additional metal oxide catalyst (pristine BPM), water
dissociation is now exclusively driven on the acid-base sites with bias-dependent
coverage 1 ~ AQ,MM (red), resulting in bias-dependent £,(r7) and A(r). Up to
200 mV, the bias is fully translated into energetically reversible capacitance, that
isn = ADMEL + AQ,CEL = AQ,MEMwhere A@nM™is the total electrostatic
potential drop across the polymeric junction. The diagonal lines show simulated
current densities at 65 °C. Shown values are means, and error bars show standard
deviation for £, (slope) and A (intercept) from Arrhenius analysis, based on five
observations (temperatures). The black lines designate the electrostatic
potential drop at electrochemical equilibrium, the green lines the potential drop
across the metal oxide catalyst sites at applied bias and the red line the
electrostatic potential drops at the interface of the AEL and CEL at applied bias.
Theblack and grey (red) plus and minus signs represent the membrane space
charge at equilibrium (applied bias).

(Supplementary Figs. 7 and 8). We extract the real part of the capaci-
tance, Cy(w), according to Cp(w) = —Z(w),(w |Z(w)|*)* (Supplementary
Fig.9) with the frequency (w) dependentimaginaryimpedance, Z(w),,
and the absolute value of theimpedance, |Z(w)I|, as we can associate it
with the reversible amount of energy stored at the interface, whereas
the imaginary partis related to (more complicated) dissipative pro-
cesses for a simple RC (resistor—-capacitor) circuit®**°, Here we refrain
from fitting the data with traditional equivalent circuits, where the
Faradaic current is only dependent on the charge transfer resistance
and not promoted by the build-up of capacitive charge.

When we correlate Cy(v,n7) with log,,A(n7) and E,(r), we discover
strong correlations (R* = 0.98-1) for the pristine and also oxide BPMs
(Supplementary Figs. 10-12). For E, near equilibrium (7 =40 mV),
we find that E, correlates logarithmically with the capacitance at the
high-frequency inflection point of the phase angle around 5-10 kHz
and more linearly at the maximum of the phase angle up to 100 kHz
(Fig. 3a). This result supports our hypothesis that £, is primarily
determined by the oxide’s point of zero charge and local pH at the
membrane’s interface at equilibrium. Similarly, for the pristine BPM
and polymeric acid-base groups, this high-frequency capacitance is
linked to the deprotonated/dehydroxylated groups in the space charge
regions. Together with Fig. 2a, the results demonstrate that AS s is

also linked the reversible amount of energy stored at high frequen-
cies, bridging catalysis and energy storage science*’. For AA(n7) we
find a close correlation with ACy(v,n7) at 1-100 Hz (Fig. 3b), that is, at
frequencies where Faradaic processes (due to AA(n)) are dominating
the impedance. Finally, when combining the capacitances for E,(17)
and A(n) for the oxides, we are able to retrieve the trends in Fig. 2a,
thatis, the high-frequency capacitance remains constant, as does £,(1)
(Fig. 3¢). In contrast, for the pristine BPM, the high-frequency
capacitance changes with bias, consistent with our assignment of
bias-dependent space charge capacitance (Fig. 3d). Similar to Fig. 3c,
wealso find a close correlation (R* = 0.99) for the pristine BPM directly
between |ACy(v,n7)| at 300 kHz and capacitive components emerging at
Faradaic currentsat1Hz (Supplementary Fig. 13). Taken together, our
results demonstrate that the activation energy (activation enthalpy)
and pre-exponential factor (activation entropy) in the Arrhenius rate
law are directly linked to a bias-dependent interfacial capacitance.
The build-up of capacitive charge on the solid (polymer) side is
balanced by capacitive processes onthe electrolyte side, such as water
reorientation or ion accumulation. While it is difficult to separate
these, we do observe maxima in the imaginary impedance, Z(v), that
can be used to identify the time constants of individual processes
(1;= (2tv) ™) (Supplementary Figs. 15 and 16). For WD potentials,
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Fig.3| Therole of interfacial capacitance inbias-dependent entropy-
enthalpy relationships. a, £, near equilibrium (7 = 40 mV) depends
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maximum, @,,,,, of the phase angle for each BPM, corresponding to Cy at

1-100 kHz. b, Alog,,A(n) correlates logarithmically with the change ACy starting
from Cy (v,40 mV) = 50 uF for each BPM, corresponding to capacitance related
to Faradaic currents at 1-100 Hz. See legend in a for symbol assignment.

Inset: the Alog,,A(n7) versus ACy correlation up to 800 mV for the pristine BPM.
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When we correlate Cy at the maximum phase angle, ¢,,.,,, at 10-100 kHz (a) with
ACrat1-100 Hz (b), we retrieve qualitatively a very similar trend to Fig. 2a (Cy at
inflection point in Supplementary Fig. 14). d, For the pristine BPM, we find alinear
correlation (R*= 0.99) between |AC;| at 2.5 kHz with £, and Alog;A(1), consistent
withthe trend in Fig. 2c. Importantly, anincrease in |AC| reflects a decrease of C,
at100 kHz (Supplementary Fig. 10 for AG), indicating a frequency dispersion of
interfacial capacitance.

we observe peaks that we can directly associate with the processes
discussedabove. Strikingly, for WF potentials,apeakemergesatz,=10™s,
justabove the characteristic timescale of ice structuresin water (<10 s)
(Supplementary Note 3 and Supplementary Fig.16). Whereas operando
solvent spectroscopy™ willbe needed to determine the exact origin, our
resultsindicate that doublelayer relaxation timescales are substantially
slowed down compared with bulk water, consistent with molecular
dynamics (MD) on ordered interfacial water>°.

Our observations of bias-dependent pre-exponential factors,
the emergence and absence of entropy-enthalpy compensation and
the link to a (bias-dependent) frequency dispersion of capacitance
have never been shown that comprehensively before in electro-, bio-
or thermal catalysis, let alone BPM science. Nonetheless, individual
aspects of it have been reported before in electrocatalysis. At metal-
electrolyte interfaces, instead of deprotonation and dehydroxyla-
tion at (electronically non-conducting) polymer groups, capacitive
charge can emerge due to electronic polarization, ion accumulation,
incomplete phase transitions and charged intermediates. For exam-
ple, Bockris et al. linked frequency-dependent double layer resist-
ance and capacitance to bias-dependent interfacial water relaxation
times (in the non-Faradaic region) but could not link it to activation
entropy changes®. Later, Conway et al. observed bias-dependent
pre-exponential factors for H, evolution on Hg and Br, evolution on
vitreous carbon and concluded that non-equilibrium electric fields
might change the activation entropy****. Schmickler and coworkers
have performed seminal MD simulations onthe influence of capacitive
chargeoninterfacial H,0* (de)solvation during the HER in acid on high

overpotential metals®. By calculating the free energy of (re)orienting
a (shuttle) water molecule in the first adsorbed water layer, the MD
simulations qualitatively predicted increasing activation energies with
increasing capacitive charge. As the simulations were limited to biases
near the potential of zero charge, they could not inform on entropic
changes of the pre-exponential factor or compensating enthalpic
changes. The authors also discussed the possibility of an increasing
reactant (H,0") concentration and reduced distance to the electrode
surface that could lead to an effective increase in the pre-exponential
factor with applied bias for the HER inacid. However, for WD inside the
BPM, the H,0 concentration is very high and essentially constant on
the hydrophilic metal oxide surfaces for the current densities studied.
Below, we will show thation solvationin BPMs is governed by the same
physics asionsolvationin electrocatalysis.

A semi-empirical multiphysics solvation model
Our results enable us to develop amultiphysics model based onregular
Nernst-Planck transport and first-order electrochemical Arrhenius
rate laws for forward WF and reverse WD rates according to a general
electrochemical kinetics formalism:

Jrotal = kwp — [H¥][OH™ Jkwr 3
where ky,, and ky; follow equation (1). In contrast to previous bipolar
membrane-specific or electrocatalytic (Butler-Volmer-type) models,
we do not assume constant pre-exponential factors but instead extract
A(n) and E, () from experiments. Thus, we avoid artificial restrictions
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Fig. 4 | Multiphysics model and experimental polarization curves. The model
isbased onregular Nernst-Planck equations and Arrhenius rate laws for the WD
and WF rates in the junction (r,, = ry + rwp) and uses experimentally determined
AandE,.a, Simulated and experimental polarization curves for a pristine BPM
(orange and blue) and for aBPM with added metal oxide catalyst (cat. BPM) for
WF and WD currents at 25 °C (green, purple and red). For WF currents, we have
toinclude Langmuir adsorption on the metal oxides (purple) for [H']and [OH],
otherwise the WF currents increase too quickly (green). For the low currents
shown, [H,0] is constantin the hydrated polymers. b, Simulated bias dependence
of space charge for pristine BPM (1 nmjunction, 0.6 mol m2mV~, red) and with
metal oxide (20 nmjunction, 0.2 mol m?mV turquoise).

imposed by the absence of temperature-dependent kinetic datasets
and oversimplified theory. Currently, the exact analytic form of A(n7)
isunknown. As the experiments only inform on the total A, we cannot
extracttheindividual As for WD and WF separately. However, by com-
paringour results across bipolar and electrocatalytic junction and liter-
ature data, weretrieve an approximate form for AlogA = a x log,,(n) + b
(morebelow; Methods, Supplementary Note 4, Supplementary Tables
land 2 and Supplementary Figs.17-19).

Our simulated and experimental kinetics give satisfying agree-
ment (Fig. 4a). Qualitatively, we do not observe any changes when vary-
ing experimentally unknown parameters, such as the exact junction
thickness, which validates our approach. Our model demonstrates that
regular Nernst-Planck transport and electric field strengths can give
rise to BPM behaviour aslong as the pre-exponential factor is left bias
dependent. This a substantial advance over previous BPM models that
postulate more complicated physics and introduce many additional

tuning parameters (Supplementary Table 1). Our simulations also
confirm that thin low-activity junctions comprise more space charge
than thicker junctions with high activity oxides (Fig. 4b), whereas the
exactamount depends on quantities unknown, such as the exactlocal
dielectric constants in the polymer layers. To simulate WF currents,
we have to include Langmuir adsorption on the metal oxide surface
(purple) instead of free OH and H* recombination (green), in line with
afull catalytic picture of the BPMjunction.

From polymer-polymer to electrolyte-metal
interfaces

Capacitive charge not only emerges at polymer-polymer (Fig. 5a) but
also electrolyte-metal interfaces (Fig. 5b,c). Here to elucidate theion
(de)solvation kinetics at electrolyte-metal interfaces, we studied a
bipolar junction between liquid KOH and a PdAg-H membrane
(Fig. 5b). Recently, it has been shown that the overpotential of the
charge transfer step of the alkaline HER (involving WD and hydroxide
solvation) canbestudiedinisolationataliquid electrolyte-PdH mem-
brane**, which is placed in an H-cell between two compartments and
characterized via a four-point measurement. Here we form a bipolar
junctionand study the kinetics of H,O + M* + ey;- — HM + OH ™, that
is, interfacial water dissociation and OH™ solvation in isolation at a
metallic PdAg foil (Supplementary Fig. 20). Compared with Pd, PdAg
(75:25) shows better stability against hydrogen embrittlement. We
further study the HER kinetics on the same PdAg foil, which includes
the charge transfer step and the chemical Tafel step. At the current
densities studied, we do not observe any impact of the fast Tafel step,
consistent with the results by Tang et al.**.

For WD and OH" solvation at the 0.1 M KOH-PdAgH interface, we
find the same slope Alog(A) x AE,<™' ~ 0.25mol k)~ (blue line in
Fig. 5d), as for the pristine BPM (orange line). Further, when we study
HER kinetics on the same PdAg, we obtain essentially the same slope
of-0.24 mol k] (purpleline). As H' solvationis absent for the KOH|PdAg
interface (H,0 + M* + e; — HM + OH ") but present during BPM WD
(H,0 < H* + OH"), this implies that BPM kinetics are primarily gov-
erned by water dissociation and OH" solvation kinetics. The same slope
across dissimilar interfaces further indicates that there exists a solid
structure-independentbias dependence of A and E,. Despite the differ-
ent acid-base chemistry and different origin of capacitive charge for
polymer and metal interfaces, the structure-independent slopes sup-
portour hypothesis that the bias-dependent A(#)is caused by (capaci-
tive) electric fields that change the entropy of interfacial water at the
initial or transition state of ion solvation. Figure 5e shows literature
data for the HER on polycrystalline Au and Ag (111) in 1 M HCIO; with
slopes of 0.31 mol kJ"and 0.42 mol k], respectively. This is consistent
with faster H" than OH™ (de)solvation and a different influence of
electrolyte ions on the capacitance and HER kinetics for different
metals®**>*¢, Figure 5f-g shows A(n7) across interfaces and qualitatively
match Fig. 3b. Whereas the electric field will vary between polymeric
space charge regions (~1-5 nm) and sharper electrolyte-metal inter-
faces (0.3-1nm), the trends are very similar with AlogA = a x log,,(n) + b
upto~200 mV.

Conclusions

Our results help draw a new picture of electrocatalysis and electro-
chemistry in general® Butler-Volmer theory, which originated from
outer-sphere electrochemistry and thus reactions that do notinvolve
interfacialion (de)solvation, focuses on the reduction of the activation
free enthalpy by the electron electrochemical potential. Thisapproach
is incorrect in the generality it is currently applied and taught for
inner-sphere electrochemistry, where the pre-exponential factor can
be bias dependent. Even close equilibrium, the activation enthalpy
and (configurational) entropy are coupled and can lead to (apparent)
compensation, as shown here for metal oxides and previously reported
for HER electrocatalysts close to electrochemical equilibrium**%,
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Fig. 5| Entropy-enthalpy relationships during ion (de)solvation at capacitive
interfaces. The same physical principles governinterfacial (de)solvationin
BPMs and at electrocatalyst interfaces. a, In the pristine BPM, catalysis occurs
atacid-base sites in the membrane space charge regions that change their
protonation/hydroxylation state upon polarization. b,c, At liquid-PdH (b)

and liquid-electrocatalyst (c) interfaces, capacitive charge can emerge for
example due to electronic polarization, ion accumulation and incomplete phase
transitions. The shaded areas designate the AEL (blue), CEL (yellow), PdH foil
(green) and a metal foil without hydride formation (yellow). For meaning of the
red symbols see caption of Fig. 2. The red color shows the processes under bias.
d, Strikingly, the WD activities of pristine BPMs (involving H* and OH solvation),
metal-liquid bipolar junctions (involving OH™ solvation) and alkaline HER

Overpotential, n (mV)

(involving OH solvation) display an almost identical slope for potentials up to
0.2 Vg, indicating that BPM kinetics are strongly influenced by OH™ solvation
and astructure-independent relationship between dA and dE,. RHE, reversible
hydrogen electrode. e, Literature data, indicated by asterisks, of dinA/dE, for
acid HER on Ag(111) and AuP®” involving interfacial H* desolvation®**°. f, Our

and literature data®®*° and heuristic model A, = a x logo(17) + b showing the
similarities between ion (de)solvation in BPMs and electrocatalysis. g, The

BPMs show sub-logarithmic trends at higher bias, either due to saturation of
H,O ordering or limitations of forming electric fields via polymer space charge
regions. Data for Auand Ag HER from refs. 59,60. Values are means, and error bars
show standard deviation for £, (slope) and A (intercept) from Arrhenius analysis,
based on five observations (temperatures) for BPMs and PdAg HER.

Accounting for abias-dependent activation entropy and enthalpy
may enable new electrochemical energy technology. For example,
tuning the solvation kinetics selectively for desired ions could enable
improved membraneion selectivity, catalystactivity, product selectiv-
ityand corrosionresistance. Similarly, ion solvation kinetics are prob-
ably pivotal wheninterfacing electrochemistry with thermochemical
reactions to exploit strong electric fields for large rate enhancements®.

Beyond electrochemistry, our results might be important for the
working principle ofion motors and ion pumps***. Directional proton
transportacross the rotary motor of adenosine triphosphate synthase
must entail proton (de)solvation, which, according to our results, will
lead to the emergence and possibly displacement of capacitive charge
that could trigger conformational (rotational) changes, for example,
against a fixed stator charge®*>*. Along similar reasoning, interfacial
capacitive excess charge is probably fundamentally implied in con-
formational enzyme dynamics and kinetics and will provide a more

comprehensive descriptor than bulk rate constants alone>. Stark
spectroscopy studies have highlighted theimportance of strongelec-
tricfieldsinbiocatalysis®®”. Here we show that electric fields linked to
interfacial capacitance areimpacting the activation entropy duringion
(de)solvation. In general, tuning the activation entropy can maximize
energy conversion efficiency—something that evolution must have
exploited right from the start and something we have to catch up to
for a new generation of electrochemical processes with profoundly
greater activity, selectivity and stability.

Methods

Membrane and ionomers

Nafion 212 (Fuel Cell Store) was used as the cation exchange layer
(CEL). The as-received membranes were cut into 4 x 4 cm? pieces
and immersed for at least 24 h in deionized water before further use.
PiperlON-A25-HCO3 (Versogen) was used as anion exchange layer
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(AEL). The as-received membranes were cut into 1.5 x 1.5 cm? pieces
and immersed in 0.5 M KOH for at least 2 h after which the KOH was
renewed, leaving the piecesinthe solution for at least another 24 hours.
Nafion 520 (Sigma Aldrich) was used as anionomer to prepare the elec-
trodes inthe membrane electrode assembly facing the CEL, whereas a
dispersion of PiperlON-A25-HCO3 in ethanol (Versogen) was used as
theionomer for the electrodes facing the AEL.

Electrode preparation

The gas diffusion electrodes (GDEs) were fabricated by spray coating
adispersion containing the Pt/C electrocatalyst and respective iono-
mersonto Freudenberg H23C2 (Fuel Cell Store). Two sets of GDEs were
prepared, one with Nafion to face the CEL and another with PiperlON to
face the AEL. The dispersions were prepared by mixing 100 mg of Pt/C
70% (Thermo Fisher Scientific) and 400 mg of the ionomer solution
with 0.5 g of H,0 and 1.7 g of isopropyl alcohol (IPA). The electrodes
had a dry ionomer loading of 20%wt The dispersions were sonicated
for at least 4 h before spraying each onto Freudenberg H23C2 cut
to -5 x 5 cm? and heated at 85 °C. The resulting total loading ranged
between1.5-2mgcm™

Metal oxide nanoparticle spray coating

Commercial P25-TiO, (20 nm, Sigma Aldrich), SiO, (20 nm,
Nanocomposix), IrO, (3 nm Fuel Cell Store), CeO, (10 nm, US-Nano)
HfO, (60-80 nm US-Nano) were deposited inside the BPM junction
at low loadings <15 pg cm™ to minimize the impact of extended
surface oxide transport. To that end, the particles were dispersed
in 0.5gof H,0 and 1.7 g of IPA and sonicated for at least 4 h (longer
times of up to12 h were used for IrO, dispersions). Then the particles
were spray coated onto Nafion 212 taped on a preheated glass sub-
strate at 85 °C. The corresponding membrane loading (L) was cal-
culated using the formula:

wo X R,

L A

@)

where w, is the mass of the nanoparticles used to prepare the disper-
sion, A, isthe spray-coated area of the membrane (generally 4 x 4 cm?)
and R.isaretaining coefficient close to 25%, estimated from repeated
spray coating on a SiO, wafer with TiO,-P25 and subsequent weighing
(Supplementary Table 3).

Membrane electrode assembly

To perform the electrochemical measurements of the BPM
assembly, the membranes and electrodes were integrated into a
regular membrane electrode assembly (MEA) in a fuel cell set-up
(Supplementary Fig.1). First, a Pt/C-PiperlON GDE is placed inside
the gasketing space. Next anion exchanged and thoroughly washed
(twiceinultrapure water) PiperlON-A25 (25 pm) membrane is placed
with care on top of the GDE making sure that the electrode is fully
covered. Afterwards, a Nafion 212 membrane (50 um) is placed on
top of the PiperlON membrane forming the Bipolar Membrane
(BPM) assembly. The hydrated Nafion membrane may be as received
(already ion exchanged) forming a ‘pristine’ BPM or spray coated on
one side with the metal oxide nanoparticle catalysts. Finally, another
250 um gasket is placed on top of the Nafion and a PtC-Nafion GDE
is placed on top followed by another graphite block, current col-
lector and stainless-steel support. The whole stack is fixed with
eight screws with a torque wrench at 6 Nm. MEAs are used in anion
exchange membrane (AEM) and proton exchange membrane (PEM)
electrolysers and fuel cells. They provide continuous physical com-
pression among all layers during operation. The zero-gap contact
between GDEs and ionically conductive membranes allows us to
operate the stack in the absence of any liquid electrolyte, feeding
only gases that are humidified with pure water.

Electrochemical set-up and initial stabilization

The electrochemical experiments were performed using a Gamry®
Reference 3000 potentiostat with a fuel cell humidification system
(Fuel Cell Technologies Inc, Model LFHS-C) that controls the cell
temperature and gas temperature, humidification, flow rate and pres-
sure. H, is fed to the anode and cathode, that is, the cell is operated
as a H, pump. Due to the fast kinetics of the 2 mg cm™HER/HOR PtC
GDEs and the two orders of magnitude dissimilar catalyst loadings
to the ultra-low loading (< 20 pg cm™) junction, the total cell poten-
tial informs directly on the junction kinetics in the potential range
studied (Supplementary Fig. 2). For water formation (WF), HOR is
driven at the acidic Nafion GDE (generating protons), whereas the
HER is driven at the alkaline PiperlON GDE (generating hydroxides).
As aresult, protons and hydroxides are injected into the junction and
form water. For water dissociation (WD), the HER is driven on the acidic
electrode (consuming protons), whereas the HOR is driven at the
basic electrode (consuming hydroxides) (Supplementary Fig.1). Asa
result, the water is forced to dissociate inside the junction. For initial
stabilization, humidified H, gas heated to 65 °C was fed into the MEA
cell through heated inlets at 70 °C (preventing condensation) until
aback pressure of 1 bar was obtained for both electrode chambers.
Then, the cell was heated from room temperature to 63 °C. During
this process, a chronoamperometric measurement at 200 mV WF
potentials was performed to track the evolution of the current for the
duration of the heating process (~45 min). This initial measurement
tracks the stabilization process where the electrodes are slowly being
freed of an oversupply of water during the heating process. Once the
system is stabilized, a bias of -1,000 mV (WD) was applied for a short
time (2-5 min) followed by another potential step for 5 minat200 mV
(WF), as we found that this stabilization protocolimproved the repro-
ducibility and stability of the measurements. Note that the sign of the
applied experimental potential was swapped when analysing the data
to assign positive currents and potentials to WD and negative ones
to WF.

Symmetric /-Vcurves for metal oxide catalysts imply the absence
of potential-dependent dynamics of the electrically isolated metal
oxide nanoparticles. During WD, mobile ions besides H" and OH™ are
unlikely present, as the cell is operated with pure H,O humified gases
and continuously flushes positive and negative (trace) ions outward
from the junction. For WF potentials, trace ions might accumulate.

BPM temperature measurements

Starting with the equilibrated cell at 63 °C, chronoamperometry from
WD to WF potentials was performed (the reverse for the pristine BPM).
Each potential was held between 1-3 min, depending on the poten-
tial and current range, to ensure a stable steady-state performance
(Supplementary Fig. 3). Then the measurements were repeated for
different temperatures of the cell, gas and inlets. The cell temperatures
were 63,53,43,33and 23 °C, the H, gas temperatures 65, 55,45, 35 and
25°C and the heated (anti-condensation) inlets 70, 60, 50, 40, 30 °C,
respectively. The temperature of the MEA cell was kept 2 °C below the
one of the humidified H, to ensure sufficient hydration of the GDEs
while also preventing flooding.

Impedance measurements

Starting fromthe equilibrated cell at 63 °C, threeimpedance measure-
ments of varying amplitude were performed (£ 10 mV,£5mV, =1 mV)
after each (1-3 min) stabilized potential between 0.1 Hzand 1,000 kHz.
We started with WD biases (=200, -160, -120,-80, -40 mV), followed
by equilibrium at 0 mV and finally continued to WF biases at 40 mV,
80 mV,120 mV,160 mV and 200 mV.

Metal foil measurements
The PdAg (75:25) foils (Fisher Scientific) were cleaned in1:2 H,0,:HNO,
for15 min, followed by athorough pure water rinse. Then the foils were
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mounted into a custom plastic (HDPE)) H cell with electronic leads
made from titanium. A leak-less Ag/AgCl (eDAQ) reference electrode
was used, together witha Pt counter electrode (separated with a Pipe-
rionmembrane) in the analytic chamber, whereas another Pt counter
electrode was used in the auxiliary compartment. The analytic cham-
ber (with the reference electrode) was filled with 0.1 M KOH (Fisher
Scientific, semiconductor grade) and sparged with Ar to remove O,.
The auxiliary chamber was filled with 0.1 M H,SO, (99.99%). The foil
area was taken as the one defined by the two o rings separating the
compartments. Before WD measurements, the metal membrane was
charged for10 minat200 mA cmbetween the two counter electrodes.
Afterwards, bubbles were removed from the foil surface witha plastic
pipette. For the WD measurements, current was driven between the
two counter electrodes and the potential of the PdAAg membrane was
measured vs the Ag/AgCl electrode. By subtracting the equilibrium
open-circuit potential from the measured potential, the overpoten-
tial for the interfacial WD reaction (involving OH™ solvation) can be
extracted. For more details the readerisreferred to the recent publica-
tion by Tang et al.*. For the temperature-dependent measurements.
ThewholeH cell was placed into aseparately heated temperature bath.
To determine the WD overpotential directly, chronopotentiometry
was performed as shown in Supplementary Fig. 20 as we observed
a small shift of the open-circuit potential, which prevented us from
performing comparative chronoamperometry measurements. For
HER measurements, regular chronoamperometry was performed
(Supplementary Fig. 20).

COMSOL multiphysics simulations

COMSOL Multiphysics 6.0 was used to perform the Finite Element
Method to solve partial differential equations that describe WD and WF
accordingto ourinterfacial solvation model (Supplementary Note 4),
the electrostatic profiles and the H"and OH™ transport. No additional
electrolyte was introduced, consistent with our experiments. The Ter-
tiary Current Distribution Module was used to describe the BPM-MEA in
three domains, a CEL, the BPMjunction and the AEL. Applying the Finite
Element Method, these domains were discretized in small domains
where the governing equations are solved. First, the mass conservation
equationissolved for the ispecies (H", OH"):

dn;
o =R ®

This assumes that sources/wells in the molar flux of the species
are caused by chemical reactions at that point of the grid, according
to R;, which is the volumetric generation/consumption of species.
For the extended AEL and CEL domains, R; is described by water
auto-dissociation equilibrium:

Ru,0 = ke — ke Conm (6)

where cisthe concentration of each species. For the BPMjunction, our
ion solvation model is used to account for the metal oxide and mem-
brane acid-base site WD and WF catalysis (above). The molar flux of
species N; is described by regular Nernst-Planck-Poisson equations,
where the gradient of the electrochemical potential () is the driving
force for the transport:

—Z Vi, @)

where D; and ¢; are the diffusion coefficients and the concentration
of each species, respectively. This equation can be expanded mathe-
matically into two terms. A first one that describes the chemical part,
where the gradient of the concentration drives the transport (equiva-
lent to Fick diffusion) and asecond termwhich accounts for the migra-

tion of charged species in the presence of an electrostatic
potential gradient (¢):

ciDiZi F

Ni = —D,'VCi — T

Vo (8)

where z;is the charge number of each species. The conservation of
charge inthe modelis established by solving Poisson’s equation:

V2 = % (em+ 2 z:¢) )

where g, isthe permittivity of vacuum, gis the permittivity of the mod-
elled domain and ¢y, is the fixed charge density of the membranes.
Through ¢, membrane charge selectivity isintroduced in the simula-
tion. The spatial description of ¢y, is done with hyperbolic tangents to
account forasmooth variation between domains, asintroduced by Bui
etal. (for asecond Wien-effect model)**:

CEMpy

_ CEM¢pix X + CEMjimic
Ccem = 2 tanh( Lo ) + ) (10)
AEM AEMjimi AEM
Chem = Cfix tanh (X+ I|m|t> + fix (11)
2 Lchar 2
Cm = Caem + Ccem (12)

where AEMg, and CEMg, are the nominal charge densities of the
membranes, calculated from the product of theion exchange capacity
ofthe membrane and its wet density, AEM;,,,, and CEM;;,;. are the coor-
dinates of theinterface between the junction and membrane domains
with respect to the junction centre, x is the spatial coordinate of
the 1D simulation and L,,, is a parameter that sets the slope of the
tanh variation.

Hyperbolictangents are useful to describe asmooth variation of a
parameter across the interface between different simulation domains®®.
Thus, we also employ them for the spatial variation of the dielectric
permittivity, too:

& —& - imi
8=£M+< ] 3 M)[_[anh(%>+tanh(%>] (13)

char char

where ¢, is the dielectric permittivity in the membrane domains and
&;the permittivity in the BPM junction. This dielectric profile assumes
the same value for both AEL and CEL. The diffusion coefficients of H*
and OH™ across the simulation domains are treated in the same manner:

D) - DM . .
D,-=D,-M+( : 5 : )[—tanh(x+AEM“m")+tanh<x+CEM“m“>]

char char

14)

Where DMis the diffusion coefficient of the i speciesin the membrane
domains and Df the diffusion coefficient of the species in the BPM
junction.

For the outer boundaries of the simulation Dirichlet boundary
conditions were chosen, imposing fixed concentrationsin the limits of
the CEL (1,000 mol m~H*,10™" mol mof OH") and AEL (1,000 mol m™
OH~,10™ mol m~of H") outer boundaries. The electrostatic potential
atthe CELboundarywassetto 0 Vandthe one ofthe AELwassettothe
experimentally applied overpotential, considering the equilibrium
potential characteristicfromaBPMjunction (Supplementary Note 4).
The simulation mesh consisted of a total of 6,276 elements. For the
BPM junction, a total of 1,500 elements were used with element ratio
of 500 distributed in an exponentially towards the AEL and the CEL
interface. For the AEL and CEL domains, asize distribution was chosen
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withamaximum elementsize 0f 10" m,amaximum growth rate of 500
and 1,250 elements used for the resolution of narrow regions (towards
the BPM junction interface and the outer boundaries of the simula-
tion). The direct solver was MUMMPS with a relative tolerance of 10°%,
150 maximum number of iterations and a minimum damping factor
of107*for the automatic (Newton) nonlinear method. The simulation
consisted of three steps. An initial optimization of the equilibrium
state at 830 mV (equilibrium potential of aBPM with1 M membranes;
Supplementary Note 4), afirst swipe towards 200 mVinthe WD direc-
tionand afinal swipe from 200 mV to -200 mV covering the complete
simulated range in asingle swipe for easier collection of the data. The
swipe direction does not affect the results. All the parameters chosen
for the calculations are collected in Supplementary Table 2. Unless
stated otherwise, these are the values used for the calculations shown.

Data availability

All datasupporting the findings of this article are availablein the paper
and in the Supplementary Information. Additional data are available
fromthe corresponding author uponreasonable request. Additionally,
source data for Figs.1-5 are provided with this paper. Source data are
provided with this paper.

Code availability

The multiphysics code developed for the simulations in this project
is described in detail in the Supplementary Information and made
available from the corresponding author upon reasonable request.
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