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Measuring pH changes inside a bipolar membrane junction

Shujin Hou">3, T. Nathan Stovall'?, Adam Z. Weber?, Shannon W. Boettcher!->*"

'Department of Chemical & Biomolecular Engineering and Department of Chemistry,
University of California, Berkeley, CA 94720, USA
’Energy Storage and Distributed Resources Division, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA
3Oregon Center for Electrochemistry, Department of Chemistry and Biochemistry,
University of Oregon, Eugene, Oregon 97403, USA.

ABSTRACT

The local pH environment within bipolar membrane (BPM) junctions is complex and not well
understood, yet it is important to control for advancing performance BPM-based electrochemical
systems. We report a voltammetric strategy using an ultrathin Ni mesh pH probe to spatially
resolve pH changes in the BPM junction during model BPM electrolyzer operation. Under reverse
bias, we observe depletion of OH™ at the anion-exchange layer (AEL) interface, with a degree
diminishing with increasing distance from the AEL. These gradients correlate with current-
dependent water dissociation (WD) and are modulated by the electric field and the surface charge
state of the catalyst. By correlating spatial pH profiles with the surface-charging behavior of WD
catalysts, we explore a mechanism of catalyst-mediated H" and OH™ transfer facilitated by
hydrogen-bonding networks. These findings highlight the role of local chemistry and electrostatics
in BPM performance and offer new methods to probe and engineer catalytic junctions in

electrochemical energy devices.



Electrochemical technologies are central to energy storage, conversion, chemical manufacturing,
and separation processes.'™ A key challenge in engineering electrochemical systems lies in the
control of ionic species generation and selective transport.>’ Bipolar membranes (BPMs) use
ionomer heterojunctions to control ionic current flow and engineer local-pH microenvironments.®
® BPMs consist of an ionomer anion-exchange layer (AEL) and a cation-exchange layer (CEL),
laminated together to form a bilayer ionic heterojunction, analogous to semiconductor pn
electronic junctions.!” BPMs have been used in electrodialysis,'! 1 fuel cells,'* and electrolysis of
water and carbon dioxide.>® !* The integration of BPMs in electrolyzers enables the simultaneous
operation of cathodic and anodic processes under acidic and alkaline conditions, respectively.
These different local pH environments at the electrodes enhances water oxidation and reduction
reactions, and opens pathways for performance optimization that could reduce or eliminate

reliance on precious-metal catalysts.” !> ¢

Engineering BPMs for these technologies requires precise control over the underlying ion transport
and charge-transfer processes.!” When a sufficient bias voltage is applied to the BPM, water
dissociation (WD) occurs at the interface between the AEL and CEL (H20 — H* + OH").!° The
generated H* ions are driven through the CEL, while OH™ ions through the AEL. Current
commercial BPMs necessitate significant overpotentials to facilitate effective WD.? To reduce the
WD overpotential (7,,q) catalysts such as metal oxides/hydroxides, conducting polymers, and
graphene-oxide nanosheets have been incorporated within BPM junctions.!% 131 Despite practical
advances lowering 1,,q, the underlying mechanisms of WD, and the coupled ion-transport
processes at/in the BPM junction remain poorly understood, especially regarding the exact role of
electric fields and local pH in catalyst layers with diverse surface, electronic and dielectric
properties.?%?? Further, the structure of the water network at the junction and the ion transport

pathways on, in, or near catalyst surfaces are unclear.?*?°

WD under reverse bias is central to BPM performance, creating the H* and OH™ ions for catalytic
reactions at the cathode and anode. In one hypothesized mechanism, the transmembrane electric
field is focused at catalyst surfaces and lowers the entropic barrier associated with interfacial
proton transfer, leading to increased WD rates with voltage bias.!* 2% 2® Metal-oxide surfaces in
aqueous environments typically feature acid-base sites such as terminal M—OH or bridging M—O—

M groups. The intrinsic proton-transfer kinetics and surface electrostatic gradients that arise from



fixed surface charges (via protonation or deprotonation) are significantly influenced by the oxide's
acid-base chemistry.® %27 Previous studies proposed that optimal WD catalyst performance occurs
when the surface’s point of zero charge (PZC) matches the local pH conditions, although the
precise reasons for this remain unclear.’ Regardless, understanding the spatial pH profiles within
the junction, particularly before, during, and after BPM operation, would be useful in elucidating
the WD mechanism. Given the sub-micrometer thickness of WD catalyst layers, conventional pH
measurement techniques are impractical. With the development of local pH measurement
techniques in the fields of biology and (electro)chemistry, microscopic pH can be also measured
by micro/nanoprobe or spectroscopic methods.?®?! Common electrochemical methods for
evaluating pH include potentiometric, voltammetric, conductimetric, capacitive, and resistive
techniques, all of which leverage the sensitivity of metals, metal oxides, or conductive polymers
to interfacial H* or OH™ ions.?® Voltammetric pH sensors, in particular, offer sufficient temporal
and spatial resolution, making them useful for studying electrode interfaces and cellular

environments.323%

Voltammetric pH sensors rely on pH-dependent redox reactions, where shifts in the redox peak

potential (E,) correlate to pH variations, often via a Nernstian relationship.** These sensors use
proton-coupled electron-transfer (PCET) reactions involving redox-active materials whose

equilibrium potential shifts with pH. A typical PCET reaction can be represented as
X+e +H" = HX

The equilibrium potential (E,q) for this reaction, assuming unit activities for HX and X, ideally

shifts by 59 mV per pH unit at 298 K:°

RT a
EequO——ln( b )
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X
In addition to rapid responsiveness, broad pH detection range, and durability, voltammetric pH
sensors offer utility for electrolyzer research due to their compatibility with micro- and nanoprobe

fabrication.*® Traditional membrane-electrode assemblies (MEAs) used in electrolyzers consist of



membranes, catalyst layers, and gas-diffusion layers (GDLs), enclosed by flow fields, current
collectors, and end plates. This assembly typically limits the use of conventional pH electrodes or
optical sensors within the MEA structure. Conversely, it provides an opportunity for deploying

voltammetric micro- and nanoelectrode sensors to measure local pH.

Here we use a nickel (Ni) mesh with a surface coating of Ni(OH)2/NiOOH redox couple as a local
pH sensor within the BPM junction. We demonstrate that the Nernstian shift in the redox wave
peak potential (E¢q) serves as an indicator of local pH conditions within the BPM junction, and
particularly of pH changes under current flow. The ability to place the probe at different locations
in the junction provides spatially resolved pH measurements, while rapid potential sweep rates

afford temporal resolution.

a o010 b 0.54 R-Square = 0.999
o
<]
X
< > 0.51
<é< 0.05 L
~ » slope =-0.073
5 < 0.48
£ =
S
o 0.00 g
20.45
©
m:i
. A f di idati k ial
s Nimesh @5 mV s IO el
03 0.4 0.5 0.6 0.7 12,0 12.5 13.0 13.5 14.0
E - iR (V vs. Hg/HgO) pH
(o] ® d — membrane-potential sensing
—®j RE: Hg/HgO reference electrode
|
-
— -~ =
Anode: Co;0, g &
OH- o 4 oH
OH-

WE: Nimesh  H,0 Water dissociation  cE: gold wire

(WD) catalyst layer
o
H* "
éw v"

Cathode: Pt black

BPMEA

Figure 1. pH sensing with metal mesh electrodes. (a) Cyclic voltammograms of a Ni mesh pH
sensor immersed in KOH electrolytes with known varied pH. All polarization curves were performed
in Fe-free KOH at room temperature using a scan rate of 5 mV s~'. Prior to measurement, Ni mesh
was electrochemically reactivated by 500 CV cycles in 0.1 M Fe-free KOH to form a surface Ni(OH);

layer. (b) Average of anodic oxidation peak potential and cathodic reduction peak potential of the Ni



mesh probe vs. pH. (c) and (d) Bipolar membrane electrolyzer: pure water passes through the anode
and cathode porous-transport layers (PTLs) and diffuses into the AEL and CEL junction where water
is dissociated into H" and OH~ with the assistance of the WD catalyst in the electric field. A three-
electrode system is introduced into the junction using the redox properties of Ni as the basis for pH
sensing. The reference electrode here and in all experiments for this study was a Hg|HgO with 1.0 M

NaOH filling solution that was calibrated by a HydroFlex hydrogen reference electrode (RHE).

Development of Ni-based local pH sensors for BPM. Our initial goal was to develop and
demonstrate the use of a potentiometric pH probe that could be localized within the bipolar
junction. Ni is well-suited as an electrode as it has a redox peak potential that is dependent on the
electrolyte pH.*® 37 Figure 1a shows the redox peak shifts to a more-negative potential as the pH
increases. A linear fit indicates a slope of —73 mV per pH unit, slightly larger than the ideal
Nernstian value of —59 mV per pH unit for a 1H"/1e" transfer. To further assess the fast time
response, the Ni probe was subjected to cyclic voltammetry (CV) at a high scan rate of 2 V s\,

Under these conditions, the average (E}, average) Of anodic oxidation peak potential (E},,) and
cathodic reduction peak potential (Ep ) again exhibits a linear dependence on pH (Figure S1).

Regardless of the details of the redox transformation, the pH dependence is useful for measuring

pH at the N1/NiOx surface based on the oxidation peak potential.

A key challenge in building a voltammetric pH sensor for the BPM is the construction of a
standalone three-electrode system inside the BPM electrolyzer to measure Ni redox. To minimize
the effect of probe introduction on the thickness of the BPM junction, we used a commercial Ni
grid and thinned it to ~1 um by repeated electrochemical oxidation and acid etching (Figure S2).
We then activated it to form a Ni (oxy)hydroxide surface layer by cyclic voltammetry (CV). A
BPM electrolyzer fed by pure water was used as a platform to prevent other co-ions in the device
from affecting the WD reaction, the transport of H" and OH", and the detection of pH. For the
electrolyzer assembly (Figures Ic, 1d, and 2a), 0.2 wt% TiO2 (commercial P25) was first spin-
coated on the CEL as a WD catalyst layer, approximately 200 nm in thickness, where the catalyst

loading or thickness has been optimized by our previous work. '

Subsequently, the activated Ni grid and Au fine wires were placed on the surface of the WD catalyst
layer as the working electrode (WE) and counter electrode (CE), respectively. Another piece of

AEL was laminated on the top. An AEL membrane-sensing strip was attached to the AEL of the



BPM and extended to the outside of the electrolyzer to connect a reference electrode.!”> 2° This
configuration establishes an independent three-electrode system for measuring local pH changes
within the BPM junction. Polarization curves of BPM electrolyzers are nearly identical in the

presence and absence of the pH sensor (Figure S3).
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Figure 2. Integrating a pH probe in the BPM. (a) BPM assembly with WD catalyst and integrated
three-electrode system for pH sensing. (b) Design showing the pH sensing system at open circuit
while the BPM electrolyzer was subjected to different constant currents (10 mA to 500 mA). After a
2-min constant-current hold, electrolyzer was turned off and the pH sensing system was immediately
started to perform the CV tests at a scan rate of 2.0 V s~! within a potential window of 0.2-0.7 V vs.
Hg/HgO. (c) Comparison of redox peak shifts for the Ni probe over 100 cycles after the BPM

electrolyzer chronopotentiometry test.

Measurement and analysis of transient behavior after polarization. To determine how the pH

in the junction varies under BPM operation, the electrolyzer (fed 18.2 MQ-cm deionized water) is



first subjected to a constant current for 2 min, while the Ni pH sensor is at open circuit.
Immediately after stopping the electrolysis current, a CV test was conducted at a scan rate of 2.0

V s7! using the probe's three-electrode system (Figure 2b).

Making the pH measurement after, and not during, the application of electrolysis current is
important. Under electrolysis, there is an additional electric potential drop through the bipolar
membrane associated with driving the ion migration current at steady state. When the net
electrolysis current is stopped, the electric potential associated with driving ion migration would
be expected to discharge much faster than that associated with concentration polarization that

results in a pH gradient (see section below on comparison to a non-PECT probe reaction).

In this case the Ni electrode is placed on the WD catalyst interface with the AEL, which is expected
to be initially locally basic. Increasing the applied steady-state current density prior to the transient

pH analysis resulted in an increased positive shift of E}, , and E

pc» and thus a larger decrease in

pH (Figure 2). This result is consistent with both the H" and OH~ being driven from the BPM
junction region under reverse bias current resulting in a reduction of both ion concentrations, that
is, resulting in a less basic local environment at the AEL, and likely less acidic at the CEL. We
found that, following electrolyzer operation, the Ni redox features then shifted back negatively as
a function of time (Figure 2, compare the CV cycle 2, purple, to CV cycle 100, red), showing the
timescale for return from the steady-state local pH under current flow to that at the equilibrium

condition.

In the time series of the post-electrolysis CVs in the junction, however, the Ni redox feature
unexpectedly first shifts positively from the 2™ (purple) to the ~10™ (blue) cycle (Figure. S4),
indicating a shift to even lower pH after the electrolysis current was immediately stopped, prior to
the return to the initial position. This feature is more pronounced in the BPM electrolyzer after
running at higher current. One possibility may be a dissimilar rate constant for H" exchange
between the water and the WD catalyst surface, and H" exchange between water molecules.*® *°
This might be explained by the WD catalyst surface being able to exchange H" rapidly on short
timescales, with the bulk ionization of H20 is significantly slower (kwa = 10~> s!) with therefore
water molecules exchanging H* on longer timescales.> 4’ The initial reduction of pH may be due

to H" donation from the WD catalyst to the water, which transiently consumes local OH™ until a

new equilibrium is established. In addition, the higher mobility of protons relative to hydroxide



ions may further contribute. Upon current interruption, OH™ and H* generation ceases and the
residual electric field must discharge, producing a migration current through the entire cell. During
this ions’ redistribution, protons driven previously in the same direction of the applied current may

move back more rapidly than hydroxides, giving rise to the observed transient pH shift.

Afterwards, the CV curves for all tests gradually returned to an Ej, ;yerage at ~0.47 V vs. Hg/HgO

(this would be associated with the equilibrium pH of 13.4 in that region of the BPM, assuming no
systemic offsets of the Ni sensor). These observations show the pH probe can measure steady-state

pH polarization that occurs as a function of operating current through the BPM junction.

We next performed 300 CV cycles on the Ni probe continuously at 2.0 V s™! within a potential
window of 0.2—-0.75 V vs. Hg/HgO while the BPM electrolyzer was periodically switched between

open-circuit potential (OCP) and chronopotentiometry, each process lasting 33 s, which
corresponds exactly to the completion of 60 CV cycles for pH sensing. In Figure 3a, a Ni pH probe
was placed on a WD catalyst layer prepared by spin-coating with 0.2 wt% P25 ink on the CEL.
Subsequently, a piece of AEL was covered on top of the probe and the catalyst layer. All the

Ep average 0f Ni probe were extracted from CV curves as a function of cycle number and BPM

electrolyzer on and off states.

The CV curves of the Ni probe quickly reach a steady state during the first 60 cycles, when no
current passes through the BPM (Figure S5). However, upon application of a constant electrolysis
current, the probe oxidation peak immediately shifted positively and stabilized within ~5 s. This
indicates that when the electrolyzer was switched on, the OH™ concentration at the interface of the
TiO2 catalyst and the AEL dropped dramatically, resulting in an apparent decrease in pH. In
addition to changes in local pH, the peak is shifted by electrostatic potential drops through the
membrane associated with driving the migration curve that are difficult to deconvolute under

current flow conditions.

The cell was subsequently returned to open circuit and the temporal changes in CV response and
local pH followed the trend discussed previously in Figure 2c. To rule out the changes in the
voltammogram due to ohmic drops specifically through the AEL due to the electrolysis current
flowing from anode to cathode, we calculated the approximate ohmic drop through the membrane

during operation (Figure S6). We used PiperlON-A40-HCO3 (TP-85, 40-um thick, Versogen)



membrane as AEL and a membrane-potential-sensing strip. TP-85 ionic conductivity is ~80 mS
cm! at 25 °C.*! Taking 100 mS cm™! at 55 °C the areal ionic resistance of the AEL is ~0.04 Q
cm™'. This corresponds to an ohmic drop of 8 mV at 200 mA cm cell current, a small value

relative to the Ep ayerage shift of ~90 mV. Note that this small ohmic drop within the membrane

does not mean that under current flow there is no significant ohmic drop elsewhere. An ohmic drop

is expected to also develop within the WD catalyst layer where the ion concentrations are lower.

We subsequently altered the distance of the Ni probe from the AEL to study the spatial pH profile
in the WD catalyst layer. We used the same coating method as before, with 0.2 wt% P25 ink spun
onto the CEL to minimize artifacts and the influence from the CEL interface. Here catalyst layers
with different thicknesses were also spin-coated on the AEL using 0.1, 0.2, and 0.5 wt% P25 inks,
prior to sandwiching the Ni mesh in-between the two catalyst layers. Based on previous
calibration,'? these ink concentrations yield WD catalyst-layer thicknesses of approximately 100,
200, and 520 nm, respectively. We again found that the shift of the redox peak was proportional to
the applied current indicating that with current through the cell increases so does the pH

polarization within the BPM junction. For instance, the E, ayerage Of Ni probe shifted by ~90 mV

at a current of 200 mA cm2 applied over the electrolyzer, compared to only ~20 mV at 25 mA
cm2, corresponding to decreases of approximately 1.36 and 0.30 pH units, respectively. However,
as the distance between the probe and the AEL increased, the positive shift of the Ni(OH):2
oxidation peak became smaller when the same current was passed through the BPM. This result
indicates that after the BPM electrolyzer turns on, the pH at the AEL interface within the junction
decreases significantly, while the pH changes are less pronounced in regions farther from the AEL.
Assuming the AEL is completely in the OH~ form and the CEL in the H" form, the pH decreases
from ~14 to ~0 from the AEL interface to the CEL interface,'” but the alkalinity of the region close
to the AEL decreases as reverse bias is applied, indicating that the pH gradient within the BPM

junction diminishes.
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Figure 3. Current through the BPM junction causes spatially dependent pH polarization. (a) Redox
peak potential (Ep,average) response of the Ni probe as a function of the CV cycle number when periodic
OCYV (off) and chronopotentiometry (on) applied to the BPM electrolyzer under reverse-bias conditions. In
this case, the CEL was coated with 0.2 wt% TiO, ink and the probe was attached directly to the AEL. (b)
Redox peak potential (E ayerage) response of the Ni probe upon introducing a WD catalyst layer between
the AEL and pH probe by spin-coating 0.1 wt% TiO> ink on the AEL while maintaining a constant catalyst
thickness on the CEL. (c) Investigation of the redox peak potential (Ep, ayerage) response of the Ni probe
achieved by spin-coating 0.2 wt% TiO» ink on the AEL and CEL, respectively. (d) Further increase the
catalyst thickness on the AEL by spin-coating 0.5 wt% TiO, ink on AEL for the study of redox peak potential
(Epaverage ) response of the Ni probe. We note that we cannot rule out a systematic offset from
unaccounted-for interface potentials when quantifying the exact pH value by our calibration cure, the PZC
of TiO; can be obtained through titration. TiO; acts as a buffer, and the pH in the middle of the junction will
equal the PZC value of TiO; (~ 6). This is a way to estimate what the absolute pH are most likely to be.



The E,, , shifts under reverse and forward biases. In the BPM junction, WD under reverse bias

(H20 — H" + OH") and H"/OH™ recombination under forward bias are two opposite processes.**

In forward bias the expected opposite shift of the Ni probe oxidation peak was observed (Figure
4a). The shift at =50 mA cm™2 in forward bias (with the cathode-anode connections of the
electrolyzer unchanged) is roughly -15 mV, and similar to the shift in reverse bias at the 50 mA
cm of about +10 mV. In forward-bias operation H" and OH" ions migrate into the junction, where
they recombine to form water. Due to the migration of OH™ from the AEL, the local pH increases,

corresponding to the negative shifts of the probe oxidation peak.
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Figure 4. Forward and reverse current and comparison to a non-PCET probe reaction. (a) Oxidation
peak potential response of the Ni probe as a function of CV cycle number during periodic OCV (off) and
chronopotentiometry (on) applied to the BPM electrolyzer. The BPM was operated under forward and
reverse bias conditions, with applied currents of +50 mA and —50 mA, respectively. Following the +50 mA
operation, the cell was run at —50 mA c¢m for 20 min prior to conducting the pH sensing experiment at —

50 mA. The observed shifts in oxidation peak potential reflect dynamic changes in local pH within the BPM



junction under varying bias directions. (b) Oxidation peak potential response of the
poly(vinylferrocene)/carbon fiber during periodic on/off operation of the BPM electrolyzer. The CV tests
were performed at a scan rate of 1.0 V s~! within a potential window of 0.10 to —0.50 V vs. Hg/HgO. Note
the Ey. shifts for the ferrocene group return immediately to the original position when the electrolysis

current is turned off, consistent with the non-PCET process being insensitive to the local pH.

Comparison to non-PECT probe reaction. To distinguish the effect of the electric potential drop
within the BPM junction in comparison to pH concentration polarization, poly(vinylferrocene)
was employed as a non-pH-responsive electrochemical probe. Initially, poly(vinylferrocene) was
electrodeposited onto carbon fibers and characterized in 0.10 M KCI solution, displaying a
distinctive redox peak in the CV curve (Figure S8). Subsequently, the poly(vinylferrocene)-
modified carbon fiber probe was introduced into the BPM junction, where 0.2 wt% and 0.5 wt%
P25 inks had been spin-coated onto the CEL and AEL, respectively. Under an applied reverse bias
across the BPM, the oxidation peak potential of poly(vinylferrocene) exhibited a negative shift
(Figure 4b).

The observed negative shift of the poly(vinylferrocene) oxidation peak under bias likely reflects a
convolution of migration-related ohmic losses in the depleted AEL interfacial region and dynamic
changes in Donnan potentials at the membrane/solution interfaces, both of which modify the local
electrostatic potential experienced by the redox probe relative to the reference electrode
electrostatic potential. Although poly(vinylferrocene) exhibits peak potential shifts with increasing
current, no transient behavior is observed during on—off cycling. That is, the peak potential shifts
back to its initial potential immediately on the timescale of the CV measurements, consistent with
the ferrocene redox processes unaffected by the local pH changes. This behavior is distinct from
the proton-coupled electron transfer processes measured on the Ni probe (nominally NiOOH + e~
+ H20 2 Ni(OH)2 + OH"). We therefore use this data to conclude that the primary potential shift
for the Ni electrode measured on the timescale of the CV response is pH polarization, or
equivalently, ion concentration relaxation, rather than electrostatic effects, given the fast time scale

for relaxation of the other electrostatic effects after the electrolysis current is stopped.

The physical picture of local pH and acid-base chemistry in the BPM junction. The PZC is a

key property of metal oxides, indicating the pH at which the surface of the oxide has a zero net



surface charge.* This occurs when the number of positive and negative surface charges is equal,
and thus the surface exhibits no electrostatic attraction or repulsion for surrounding ions. The PZC
is a materials-specific parameter that describes the interaction of the metal-oxide surface with ions,
adsorbates, and solvents.** When the pH < PZC, the surface of the catalyst is positively charged
due to the adsorption of protons.*® This positive charge, in turn, induces the oxygen atoms of water
molecules to, an average, orient toward the catalyst surface.* When the pH >PZC, the surface is
negatively charged and the hydrogen atoms from water molecules, on average, orient toward the
catalyst surface. With respect to the TiO2 catalyst (PZC ~5.8-6.8 for anatase), we expect different
interfacial charging properties within the BPM junction due to the presence of the pH gradient.> 38
Near the AEL, the TiO2 surface is expected to take on a negative charge due to deprotonation (pH >
PZC), which affects the orientation of water molecules at the catalyst surface. The extent of surface
deprotonation (surface negative charge density) should decrease as the pH is more acidic further
from the AEL (Figure 5a). Near the CEL, the TiO2 surface becomes protonated as pH < PZC. This
would yield a corresponding positive charge distribution within the catalyst layer, driven by the

local acidic environment.

From the perspective of the entire BPM junction, the surface-charge density on the TiO2 WD
catalyst likely varies across the junction with the gradient in pH. The interaction between water
molecules and interfacial charges influences the orientation or disorder (entropy) of interfacial

26,45

water molecules, which is likely connected to the proton-transport rate in the aqueous phase.

The pH probe results in Figure 2¢ and Figure 3 indicate that when a reverse-bias current is applied,
the local pH near the AEL decreases, corresponding to a reduced degree of deprotonation on the
catalyst surface. For this system, we thus propose a catalyst-mediated proton-transfer mechanism,
as shown in Figure 5b and 5c. Under the influence of the electric field, OH™ ions in the AEL migrate
toward the anode of the MEA, driving the free OH™ ions at the AEL interface into the membrane
to maintain charge balance between the fixed positive charges and the free anions within the
membrane.?’ The migration of OH™ at the membrane interface results in a local pH decrease,
whereby negatively charged Ti-O site tends to capture a proton from water facilitated by hydrogen
bonding, leading to WD and the generation of OH™ ions. Protons may then transport across the
titania surface or through surface water networks, for example, adjacent Ti-O~ site protonates,

generating OH™ ions, which may deprotonate other surface sites. In this process, hydrogen bond



networks could aid in the mobility of hydroxide ions across the surface bridging nearby Ti-OH or

Ti-O sites.*

As the driving force for WD, and hence the local electric fields increase, OH™ are driven from the
catalyst region into the AEL and toward the anode. The WD reaction occurring on the surfaces of
the TiO2 regenerate OH™ to replace those transported out, however, because free energy is
consumed during the process, as quantified by #7wa, the steady state OH™ and H" concentrations in
the WD catalyst region necessarily decreases from their equilibrium values. This explains the
apparent decrease in pH at the AEL interface, where OH™ is the dominant carrier, and the expected

increase in pH at the CEL, where H" is the dominant carrier.

The proposed increase pH near the CEL under reverse bias current flow would cause the protonated
catalyst surface to release H" ions, while hydronium (H30") ions in water re-establish a new
protonated surface with the Ti-OH group through hydrogen bonding. Subsequently, the adjacent
Ti-OH:" site completes the cycle of proton release and re-acquisition. This pathway may allow for
fast proton hopping along the surface without requiring the movement of H* through a series of
protonation and deprotonation steps on different water molecules. The formation and breaking of
hydrogen bonds throughout the process is pivotal for the transfer of protons from one Ti-OH group

to another.*’

Overall, in the BPM junction, the protonated or deprotonated surfaces of TiO2, influenced by the
changes in pH gradient, may serve as sites for the release or capture of protons, mediating the rapid

transport of OH™ and H" ions resulting from WD.
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Figure 5. Possible physical picture of local pH and WD. (a) The correlation between PZC and the surface
charge characteristics of TiO,. (b) Possible interfacial structures of WD catalysts in BPM under static and
biased conditions, respectively, including the schematic orientation of water molecules and surface-charge
characteristics of catalysts. The magnified illustrations depict the possible OH™ migration mechanism on
the AEL side and the H* transport mechanism on the CEL side, respectively. (¢) Simplified mechanism for
voltage-driven WD on TiO.. Under reverse bias, the deprotonated catalyst surface at the AEL interfacial

region facilitates WD and OH™ migration, while the protonated TiO; surface at the CEL interface accelerates

H" hopping.

In summary, we developed a Ni based pH probe in BPM electrolyzers by integrating it with the
membrane-potential-sensing method. By leveraging the pH dependence of the redox-peak
potential of (oxy)hydroxides on Ni, an ultrathin Ni mesh was placed at different positions within
the WD catalyst layer of the BPM, revealing pH variations under on/off states of the electrolyzer
and further informing on the voltage-driven WD mechanism. After the removal of reverse bias
electrolyzer current, the redox peak of the probe exhibited a slight positive shift followed by a

significant negative shift in potential, which became more pronounced as the current applied to the



BPM electrolyzer increased. This result indicates that the local pH near the AEL initially decreases,

then increases, as it relaxes to the equilibrium distribution of ions.

The applied currents and electric-field redistribution lead to a reduction in OH~ concentration
within the AEL-side of the BPM junction, as indicated by the positive shift of the redox peak.
However, the magnitude of this change is closely related to the position of the probe within the
catalyst layer; the decrease in pH is most pronounced at the AEL interface, while the localized pH
changes diminish with increasing distance from the AEL. This result indicates that, after the
operation of the BPM electrolyzer, the pH gradient within its junction is reduced. Consequently,
we propose a possible mechanism for the transfer of H* and OH™ facilitated by the surface
protonated and deprotonated TiO: catalysts. Influenced by the pH gradient within BPM, the
protonated or deprotonated surfaces of TiO2 may serve as sites for proton release or reception,

mediating the migration of OH™ ions and H* hopping in the presence of electric fields.

The new experimental strategy demonstrated in this work both aids in understanding the WD
mechanism in BPM and can also be applied to a wider range of catalytic interfaces and processes
occurring in other electrolyzer-type structures. Specifically, when a reverse bias is applied to the
BPM, the pH gradient across the junction appears reduced. Under these conditions, several factors
are likely important in determining the WD rate, including the charge state of the WD catalyst
surface, the strength of water-catalyst interactions, changes in the hydrogen-bond network, and the
entropy of the interfacial water layer. Because all these factors likely depend on local pH, the
results of this study imply WD catalysts might be improved by accounting for dynamic changes in
local pH with current across the junction, for example by tuning surface-charge or surface-acidity
gradients. By coupling pH-dependent redox transformations on electrode probes with pH-
independent redox transformations, information regarding pH and potential distributions in

operating electrochemical cells can be collected.

The limitation of this study lies in the lack of further evidence supporting the proposed mechanism,
the lack of absolute calibration of the Ni sensor in the junction, and the instability of the sensor in
the acidic CEL side of the BPM junction. The complexity of the BPM junction and its buried
interface will continue to present challenges and opportunities for investigation. Developing

thinner probes and materials with a broader range and higher sensitivity for pH measurement will



be significant for elucidating the pH and electric-potential profile within the WD catalyst layer, as

well as coupling them to spectroscopic techniques.
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