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Broader context statement

Alkaline water electrolysis (AWE) offers a cost-effective pathway, especially with non-precious
metal catalysts, but progress is hindered by a limited understanding of electrode-specific
performance under real-conditions. This study introduces a reference electrode-integrated
electrolysis platform to uncover kinetic bottlenecks in hydrogen production, revealing that the
hydrogen evolution reaction is more sluggish than conventionally assumed. By establishing a new
kinetic model and mechanistic insights, this work offers practical strategies to improve AWE
design and efficiency, contributing to the deployment of robust and low-cost electrolyzers.
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Abstract

Alkaline water electrolysis (AWE) presents key advantages, including reduced material costs, enhanced
operational stability, and compatibility with non-precious metal catalysts, positioning it as a scalable route
for hydrogen production. In this study, we introduce a minimally invasive single-cell configuration
incorporating a reference electrode via diaphragm extension to form an internal ion channel. This setup,
combined with an interfaced potentiostat and auxiliary electrometer, enables real-time, independent
monitoring of anode and cathode behavior, offering high-resolution electrochemical diagnostics. Contrary
to conventional assumptions that hydrogen evolution reaction (HER) is kinetically more favorable than
oxygen evolution reaction, we demonstrate that HER is significantly more sluggish in practical nickel-
based AWE systems. This observation is supported by both experimental data and voltage breakdown
modeling. Arrhenius-type analysis reveals that localized electric fields induced by catalysts shift the
reaction kinetics from classical Butler—Volmer behavior toward a Marcus-like regime, where interfacial
molecular dynamics and bimolecular charge transfer dominate. We propose a semi-empirical model and a

surficial reaction mechanism to describe these dynamics. This work underscores the critical need for
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cathode innovation and provides a rational framework for designing advanced catalysts and electrode
architectures to optimize AWE performance.

Keywords:

Reference electrode, Alkaline electrolysis, Zero-gap, Kinetic, Mass transport, Activation energy, Localized

electric field

Introduction

Among electrolysis technologies, alkaline water electrolysis (AWE) stands out as one of the most mature
and viable options for large-scale hydrogen generation, owing to its use of cost-effective and earth-abundant
catalyst materials and cell components."" > However, AWE suffers from relatively low efficiency,
particularly at low current densities, where high overpotentials are primarily attributed to large
overpotentials associated with the hydrogen evolution reaction (HER) and oxygen evolution reaction

(OER).*> * In AWE systems, nickel-based materials are widely used as support materials and often as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

catalysts, valued for their stability in concentrated alkaline environments. Yet, a clear understanding of the

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

kinetics of HER and OER at the individual electrode level remains lacking, despite its importance for

(cc)

rational electrode and catalyst design.

To evaluate the performance of individual electrodes, a reference electrode (RE) is needed between the
anode and cathode. However, placing an RE in a zero-gap cell is challenging, as it can alter the cell
geometry and potentially affect system behavior. Various approaches have been explored to integrate
dynamic hydrogen electrodes (DHE) or quasi-reference electrodes (such as Pt wires) in polymer electrolyte
membrane (PEM) fuel and electrolysis cells.” Quasi-REs often exhibit unstable potentials, influenced by

their local environment, while DHE electrodes suffer from poor stability in highly concentrated alkaline
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electrolytes. Additionally, integrating an RE within a zero-gap configuration poses practical difficulties,
such as the risk of bubble formation, which can disrupt ionic contact, and the introduction of additional
ionic resistance that may distort potential measurements.” Furthermore, improper placement or
misalignment of the RE can affect the local electrochemical environment, leading to inaccuracies in
diagnosing HER and OER kinetics.® More recently, Leuaa et al. introduced a refined method for integrating
a reference electrode into a zero-gap AWE cell.” The approach involved extending a section of the Zirfon
diaphragm and modifying the gasket to enable the extended strip to protrude from the cell into an external

electrolyte bath of identical concentration, ensuring stable and accurate potential measurements.

In this study, we adopt an extended-strip-based reference electrode integration approach and uniquely
implement a dual-instrumentation configuration—combining an interfaced potentiostat with an auxiliary
electrometer—to enable simultaneous, independent monitoring of anode and cathode behavior during
operation. Using nickel foam as the baseline electrode material, this setup provides high-resolution insight
into individual electrode performance under realistic AWE conditions. Notably, we reveal that HER,
despite its mechanistic simplicity, emerges as the kinetic bottleneck in AWE when no catalyst is used. Cell
modeling was employed to validate consistency with experimental results, and the computed
electrochemical parameters were used to perform a voltage breakdown, enabling the identification of
kinetic, ohmic, and mass transport behaviors at both the cathode and anode. X-ray absorption fine structure
(XAFS) analysis, in conjunction with our dual-instrumentation electrochemical measurements, revealed
key material-activity relationships, including degradation mechanisms of nickel foam and structural
evolution within the catalyst layer following catalyst introduction. Crucially, Arrhenius-type analysis
showed a mechanistic shift in the presence of a catalyst: while activation energy, decreases with

overpotential increase under catalyst-free conditions (consistent with the classical Butler—Volmer model)'®
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11, it becomes overpotential-independent when a catalyst is introduced. Instead, the pre-exponential factor
(A) rises exponentially with overpotential increase, indicating a transition to Marcus-type behavior where
interfacial molecular dynamics and bimolecular charge transfer dominate. This shift led us to propose a
new surficial molecular reaction mechanism: localized electric fields and dipole modulation within the
catalyst layer promote water structuring, dynamic protonation/deprotonation, and enhanced intermolecular

charge transfer at the electrode-electrolyte interface.

Results and discussion

Validation of the experimental setup

Fig. laillustrates the configuration of the reference electrode (RE)-integrated zero-gap alkaline cell and the
interfacing of measurement equipment used to record cell voltage and the individual electrode potential

simultaneously. To establish an ion channel between the alkaline cell and the RE (a customized Hg/HgO

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

electrode filled with 30% KOH solution, calibrated for RHE conversion using RDE techniques) (Fig. S1,

ESITt), we utilized an open-type Zirfon diaphragm gasket in combination with an external electrolyte bath

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

(Fig. S2, ESI¥).® This configuration, illustrated in Video S1, enables continuous electrolyte flow through

(cc)

an extended diaphragm strip, maintaining hydration and ensuring consistent ion conduction throughout
operation. The experimental setup incorporates a potentiostat equipped with a booster, which facilitates the
application and measurement of cell voltage or current. Additionally, an auxiliary electrometer is employed
to independently measure the potential and current of both the anode and the cathode. To validate the setup,
polarization curves and electrochemical impedance spectroscopy (EIS) data for the full cell were compared
with individual electrode measurements, showing a strong correlation (Fig. S3a—c, ESI{). HFR corrections,
applied using EIS data above 1 kHz (Fig. S3d, ESIt), compensated for interfacial and solution resistances,

including those from the reference electrode. Reproducibility tests showed minimal deviations at low
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currents, while variations up to 50 mV (Fig. S4, ESIT) at high currents were attributed to bubble
management issues, which were mitigated by HFR corrections. Thus, all analyses in this study used HFR-
corrected data. To further evaluate the robustness of the dual-instrumentation setup, additional experiments
were performed using a thinner 220 um diaphragm and nickel mesh as electrode materials. Employing the
thinner diaphragm reduced ohmic resistance for both the cathode and anode, improving ion transport
efficiency and leading to enhanced performance, particularly in the intermediate current density range
where ion transport limitations start to become significant (Fig. S5, ESIt). When nickel mesh was used,
performance differences were observed mostly for the anode, resulting in lower cell performance compared
to the foam, this aligns with expectations, as the reduced surface area of the mesh limit reaction sites,
impacting electrochemical activity (Fig. S6, ESI}). These findings underscore the versatility and reliability
of the dual-instrumentation setup in accurately assessing cell performance across diverse configurations

and materials.
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Fig. 1. Integration of a reference electrode in a dual instrumentation setup for alkaline water electrolysis

and electrochemical comparison of the cathode and anode with a nickel foam substrate. (a) Schematic

illustrating the sensing lead configuration of the interfaced potentiostat and auxiliary electrometer, enabling

voltage, potential, and impedance measurements in galvanostatic mode. (b) Polarization curves with HFR,
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where the shaded regions indicate overpotential calculated from the equilibrium potential derived via cell
modeling. (c-f), Nyquist plots and DRT spectra at 0.08 A cni” (¢, d) and 1.0 A cni? (e, D). (g, h) Arrhenius-
type analysis to elucidate the dependence of apparent activation energy (E,) and pre-exponential factor (A)
on overpotential. Note that E, decreases linecarly (Equation 2), while A decreases exponentially (Equation
3). i, Left, Correlation between electrochemical activity at low current densities and kinetic descriptors. The

HFR-free overpotential plot includes inlets showing equilibrium-state E, and its slope, as well as A and its

coefticient (O) fitted using the semi-empirical equation. Right, Illustrative depictions of energy barrier

variations for HER and OER as current density increases in the low-current region.

HER vs. OER: which one is a key player?

Electrochemical analysis comparing cathode and anode behavior reveals consistently greater overpotential
for the cathode (HER) than for the anode (OER) across all current densities (Fig. 1b). Notably, the cathode
exhibits higher HFR, which is not fully explained in the literature, but may be influenced by variations in
OH™ concentration, increased contact resistance at the electrode-electrolyte interface, and local ion
depletion caused by hydrogen nanobubble formation. Optimal ionic conductivity occurs at 30 wt% KOH,
and deviations from this concentration can reduce ion mobility. While further investigation is needed to
elucidate the precise mechanisms, reproducibility tests have consistently confirmed these observations.
Figures 1c—f present Nyquist plots and distribution of relaxation times (DRT) spectra for both electrodes at

low (0.08 A cm?) and high (1.0 A cm™) current densities. A significantly larger semicircle in the cathode’s

Nyquist plot indicates higher charge transfer resistance (0.95 vs. 0.27 Q cm?) (Fig. 1c and Fig. S7, ESIY),

consistent with the dominant DRT’s peak in the kinetic frequency region (Fig. 1d and Fig. S8, ESI) and a

steeper Tafel slope (143 vs. 51 mV dec!, Fig. 89, ESIT). These findings suggest that HER shows higher
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charge transfer resistance and slower kinetics than OER, as evidenced by the cathode's Nyquist and DRT
analyses (Fig. 1e and 1f). This is hypothesized to be affected by the stronger adhesion of the hydrogen
bubbles to the porous nickel foam due to higher surface tension, causing a "pinning effect" that hinders
their removal and obstructs reactant access.'> '3 The increased resistance, particularly in zero-gap cells,
where micro-gaps between the electrode and diaphragm exacerbate mass transport limitations and amplify

the ohmic drop compared to oxygen bubbles.

To further investigate HER and OER kinetics during AWE, Arrhenius-type analysis was further conducted

using the equation:

Eq
] = Ae rr (Equation 1)

where A is the pre-exponential factor, £, is the apparent activation energy, R is the ideal gas constant, and
T'is the temperature. Cathode and anode potentials were analyzed at current densities below 0.5 A.cm™

(where mass transport effects are negligible) across temperatures of 40 °C, 60 °C, and 80 °C (Fig. S10,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ESIt). Since all experiments were conducted in the same concentration of KOH, allowing direct

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

comparisons without normalization to the unit concentration of the reactant, A retains the same unit as J

(cc)

(A.cm).'*15 For overpotential calculations, equilibrium potentials were obtained through a modeling study
that incorporated the reversible potential and concentration correction-adjusted Nernst potential at each
temperature. For the full and half-cells, the reversible potential included a temperature correction.
Subsequently, the Nernst potential was calculated using the corrected reversible potential and an activity
(or concentration) correction with special consideration to the activities of OH- and H,O, due to the high
concentration of electrolyte. More details on the calculation of the Nernst potential are discussed in
subsequent sections. Using cubic spline fitting and interpolation, currents at fixed overpotentials were

extracted, and Arrhenius plots were constructed to determine slopes and y-intercepts indicating £, and A,
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respectively (Fig. 1g and Fig. h). Under the assumption that the system follows the classical Butler-Volmer
model,'> ' we can combine the two equations as follows to define the relationship between activation

energy and overpotential:

E,=E,°—onFn (Equation 2)

where £, is the apparent activation energy, £, is the equilibrium activation energy, « is the charge transfer

coefficient, nis the number of electrons transferred, Fis the Faraday constant, and 77 is the overpotential.

The apparent E, for HER decreases linearly from 36.9 kJ.mol! at 0.26 V to 31.1 kJ.mol! at 0.3 V. In
comparison, for OER, the apparent £, shows a more pronounced decline from 32.2 kJ.mol! to 17 kJ.mol!

over a similar overpotential range. This enhanced sensitivity in OER is likely due to its greater number of

electron transfer steps resulting in a higher effective a-value compared to HER. As a result, the kinetics of

OER accelerate more rapidly with increasing 77, which explains why the relative efficiency of HER becomes

increasingly limited at higher overpotentials.

An empirical exponential relationship between A and 7 was observed, as described by:

A= Aye (Equation 3)

Here, A, is the equilibrium pre-exponential factor and o is defined as surface reactivity, serving as a
dynamic indicator of the reaction rate on the electrode surface. However, rather than being a simple
quantitative indicator, it is reinterpreted as a relative surface dynamic contribution factor, reflecting the
extent to which the probability of reaction occurrence and the facilitation of reaction progression at the
electrode-electrolyte interface influence overall reaction kinetics under potential-induced changes.

Generally, o is a physical quantity that assumes positive values; however, under certain non-equilibrium
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conditions, particularly when ion adsorption and desorption at the electrode-electrolyte interface become
asymmetric, o may take on negative values due to dynamic charge redistribution or changes in active site
availability.'® In this context, nickel foam may struggle to optimize its interfacial structure for electron
transfer as overpotential increases, while inefficient bubble removal further lowering A. When activation
energy dominates reaction rates, surface reactivity plays a minor role. Additionally, real electrochemical
reactions follow multiple pathways, deviating from the Butler-Volmer model, which can lead to non-

constant or even negative o values under certain conditions.

The lower A, observed for HER compared to OER suggests that a less efficient interfacial structure is
initially formed at the cathode. In contrast, the weaker inverse dependence of A on 77 at the cathode implies

that the interfacial structure can reorganize more dynamically in response to overpotential variations, likely

due to the intrinsic simplicity of the HER pathway, which enables more efficient molecular reorganization

at higher overpotentials.!” Nevertheless, due to the greater kinetic constraint associated with the Volmer

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

step for HER on nickel foam compared to the formation of O, OH, and OOH intermediates in OER, the

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

reaction rate at the cathode remains predominantly governed by the activation energy rather than the pre-

(cc)

exponential factor. Consequently, the activation energy, along with the charge transfer efficiency (a),

becomes the dominant kinetic descriptor, as reflected in the weaker /7-dependence of the E, observed at the

cathode. This mechanistic distinction explains why HER initially exhibits a lower overpotential than OER
at ultra-low current densities (e.g., 0.004 A cm?) but is surpassed by OER at slightly higher current densities,

such as 0.014 A cm? (Fig. 1i). While HER benefits from a lower intrinsic energy barrier at equilibrium, the

higher a-value for OER enables a more effective reduction in activation energy with increasing

overpotential, leading to superior activity at elevated current densities. Therefore, when nickel foam is used

10
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as both electrodes, the overall lower HER efficiency stems from its limited ability to dynamically lower E,

compared to OER under practical AWE conditions.

Catalyst’s kinetic behaviors on the nickel foam

Figures 2a and 2b present the polarization curves and Nyquist plots for the system with Pt/C as the cathode
catalyst and NiFe as the anode catalyst (Pt/C + NiFe (both)), with a reference case using nickel foam as
both cathode and anode without catalysts included for comparison. Additional control cases, where a
catalyst is introduced at either the cathode or the anode alone (Pt/C (cathode) or NiFe (anode)), were
investigated. Catalyst introduction resulted in a clear potential gain at both electrodes, with a particularly
pronounced effect at the cathode, significantly contributing to overall full-cell performance improvement
(Fig. 2a and Fig. S11, ESI¥). This was further verified by impedance analysis, where EIS and DRT results
at low current densities (0.08 A.cm?) revealed a substantial charge transfer gain, particularly at the cathode
(Fig. 2b and Fig. S12, ESIY). Additionally, the enhancement of the electron transfer coefficient () and the
reduction of kinetic losses at each electrode, especially at the cathode, further reinforced these findings
(Fig. S13, ESI¥). Notably, in the Pt/C (cathode) and NiFe (anode) combinations, the electrode with the
catalyst exhibited a clear kinetic gain, whereas the opposing electrode (bare nickel foam) displayed potential
and impedance characteristics similar to the reference case. These findings support the fact that the
insufficient HER activity of nickel foam remains a major bottleneck in AWE cell performance. Furthermore,
when PGM-free catalysts such as NiO or Co;0, were applied at the cathode, the improvement in HER
activity and charge transfer efficiency was minimal (Fig. S14, ESIt). Conversely, introducing Pt/C at the
anode, which has poor OER activity, resulted in a decline in OER activity and charge transfer efficiency
(Fig. S15, ESIY). Separately, at high current densities, impedance similar to that of bare nickel foam was

observed regardless of the catalyst configuration (Fig. S16, ESI{), suggesting that the benefits of catalysts

11
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for mass transport are limited under these conditions. As the loading of Pt/C and NiFe catalysts increased,
charge transfer resistance remained unchanged, while noticeable activity enhancements in the low current
density region were observed (Fig. S17 and S18, ESI¥), indicating that factors beyond simply reducing
energy barriers and adding active sites significantly contribute to kinetic enhancement. This study suggests
that these additional contributions arise from interfacial molecular dynamics, which are likely enhanced as
catalyst loading increases. Such effects include the orientation or reorganization of adsorbates and
surrounding water molecules, hydroxide adsorption/desorption, and surface restructuring on the catalyst,

which may play a dominant role in governing reaction kinetics.'®

To gain deeper insights into HER and OER kinetics, Arrhenius-type analysis was further conducted
following the outlined methodology (Fig. S19, S20, and S21, ESIT). Unlike non-catalyzed systems, where
E, linearly decreases with increasing overpotential, we observed a completely distinct behavior upon

catalyst introduction: £, remained nearly independent of overpotential, while A exhibited an exponential

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

increase (Fig. 2c¢ and Fig. 2d). First, through a comparison of equilibrium activation energy, it was evident

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

that the catalyst effectively lowered the energy barrier, reducing £, for HER and OER by approximately

3.8-fold and 4-fold, respectively, compared to the reference case. For HER, E, was 17 + 0.4 kJ/mol for Pt/C

(cc)

(cathode) and 15.6 + 0.9 kJ/mol for Pt/C + NiFe (both). Similarly, for OER, E, was 20.4 + 2.3 kJ/mol for
NiFe (anode) and 20 = 2.2 kJ/mol for Pt/C + NiFe (both). This deviation from the Butler-Volmer model,
where the reaction rate increases as overpotential rises due to a reduction in the energy barrier for charge
transfer, suggests that £, is no longer the dominant factor in determining the reaction rate (« is nearly

negligible according to Equation 2).

12
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Fig. 2. Kinetic analysis of catalyst introduction at the cathode and anode. (a) HFR-free polarization curves,

where shaded regions indicate potential gain relative to the nickel foam reference case without catalysts. A

PYC catalyst (0.5 mg cnr?) was applied at the cathode, while a NiFe catalyst (1.0 mg cir?) was used at the

anode, collectively denoted as Pt/C + NiFe (both). (B) Nyquist plots at 0.08 A cnr?, with solid dots and

shaded regions representing cases with catalysts, while hollow dots indicate cases without catalysts. The
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inset in (b) corresponds to the associated DRT spectra. (c) E, as a function of overpotential. The inset in (c)
corresponds to the associated equilibrium E,. (d) A as a function of overpotential. The inset in (d) represents
the coefficient (o) fitted using the semi-empirical equation. Plots (c) and (d) also include additional catalyst
configurations: Pt/C at the cathode with bare nickel foam at the anode (Pt/C (cathode)) and NiFe alloy at
the anode with bare nickel foam at the cathode (NiFe (anode)). (e) Illustrative depiction of possible reaction
models with and without catalysts. Note: With catalyst introduction, E, remains constant (Equation 2), while
A instead increases exponentially (Equation 3). Due to the electric dipole formed within the catalyst layer
under an external electric field, the catalyst-induced reduction in the energy barrier remains constant with
increasing overpotential. Instead, charge transfer at the catalyst surface becomes the dominant factor

governing the reaction rate.

Instead, the reaction rate is mainly governed by interfacial molecular dynamics, as shown by the exponential

rise of both the pre-exponential factor (A) and the surface reactivity parameter (0) with increasing

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

overpotential. Fig. 2e illustrates a proposed reaction model based on E-7 and A-7 relationships,

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

highlighting the role of interfacial molecular dynamics. It is hypothesized that catalyst layers modulate

(cc)

localized electric fields, enhancing interfacial reorganization energy, stabilizing reaction intermediates, and
enabling multi-step charge transfer processes. According to Marcus’s theory, excessive spontaneity in free
energy at high overpotentials leads to the emergence of an “inverted region”, where activation energy rises
again.!® Consistent with this, the Arrhenius-type analysis results for catalyst-integrated cases suggest that
electrodes in AWE behave more like the Marcus model, entering an inverted region where activation energy
starts increasing again at high overpotential. Under these conditions, the reaction kinetics are primarily

determined by intermolecular electron transfer processes governed by interfacial molecular dynamics.
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These factors collectively lead to a different A-7 relationship and a distinct range of values upon catalyst

introduction under favorable energetic conditions (/7 > 0). Notably, the previously established semi-

empirical A-77 equation exhibited excellent agreement with experimental data fitting results, achieving an

R value exceeding 0.98 (Fig. S22, ESIT). The observation that the A, of the Pt/C cathode catalyst is larger
than that of the NiFe anode catalyst suggests that, along with a lower energy barrier, improved interfacial
dynamics enable comparable or even more efficient intermediate H,4, formation in HER compared to the
formation of OER intermediates. However, OER still exhibited a stronger overpotential dependence of A,
represented by a larger o, indicating that the adaptability of A to overpotential variations is primarily

governed by the inherent complexity and multi-step nature of the reaction pathways.

Despite catalytic improvements, with potential gains of 50-55 mV for HER and 60-67 mV for OER at low

current densities upon catalyst introduction, OER still exhibits a higher overpotential at ultra-low currents

(0.004 A cm™?) due to its inherently complex multi-step nature, as evidenced by its higher £ and 7. This

highlights the greater challenge of optimizing OER kinetics compared to HER, even with catalysts.
Analysis of E, and A across catalyst configurations (Fig. 23) revealed that when a catalyst was applied to

only one electrode, the rate-determining step (RDS) at the opposite electrode influenced the overall cell E,,

making it /-dependent. However, introducing catalysts at both electrodes removed this dependency,

stabilizing E, that remained independent of 77 while causing A to increase exponentially. This highlights the

crucial role of catalyst synergy and balanced surface dynamics in enhancing reaction efficiency.

Cell modeling for voltage breakdown

15
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To strengthen the analysis and gain insight into the zero-gap alkaline cell setup a voltage breakdown model
is developed. The cell, anode, and cathode potentials are divided into the Nernst potential and kinetic (or
activation), ohmic, and mass transfer overpotentials. The cell Nernst potential depends on the reversible

potential and a concentration correction®2!:

(pH;)(poza)O-S)

po3/? any0

Enernst = Eo + %log ( (Equation 4)

where E| is the reversible potential, R is the universal gas constant, T is the temperature, F is Faraday's
constant, py,“and po,* are the partial pressures of hydrogen at the cathode and oxygen at the anode,
respectively, pg is the reference pressure, and ay, ¢ is the activity of water. The Nernst potentials for the
anode and cathode, independently, are calculated in a similar fashion with special consideration to the
activity coefficient of OH ™, because concentration cannot be used as a proxy for activity in the Nernst

equation due to non-ideal behavior at high ionic strengths..??

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The ohmic overpotential across electrodes is modeled using a distributed current model which relies on the

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

sheet resistance and Tafel slope.?® In addition, the electrode ohmic overpotential accounts for the catalyst

(cc)

layer thickness which is estimated from the catalyst density, porosity, and mass to be around 2-3 um. The

ohmic overpotential across the diaphragm (7,,,°) is then defined as:

. ds .
Nohm® = I—— Equation 5

OKOH* 5
TS

where d°, ¢°, 7° are the diaphragm thickness, porosity, and tortuosity, respectively, and ogoy is the

electrolyte conductivity. The diaphragm resistance was estimated to be ~135 mQ cm?,>* aligning with HFR

values extracted from EIS: ~140 mQ cm? for the bare configuration and ~185 mQ cm? for the Pt/C + NiFe
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case. This deviation is likely attributed to a combination of factors, including variations induced by the use
of porous electrodes, compression during cell assembly, and intrinsic uncertainties associated with EIS
measurements.” The asymmetric diaphragm resistance split observed between the cathodic and anodic
sides can be attributed to localized hydrogen nanobubble accumulation at the cathode—diaphragm
interface.'> 13 Given hydrogen's smaller bubble size and stronger surface adhesion compared to oxygen, a
higher degree of nanobubble trapping is expected not only within the porous nickel foam but also within
the skin layer of the Zirfon diaphragm on the cathode side.?® This accumulation locally impedes ion
transport, thereby increasing both through-plane and in-plane resistances more significantly at the cathode
interface compared to the anode. To correct for these effects, the sheet resistance was partitioned based on
a transmission line model (TLM) analysis, which exhibited strong agreement with experimental EIS
measurements, resulting in an of 60-75% of the total diaphragm resistance to the cathodic half-cell and 25—
40% to the anodic half-cell, depending on the experimental configuration (Fig. S24 and S25 and Table S1,

ESIY).

The kinetic or activation overpotential is modeled after Butler-Volmer kinetics using a Tafel slope and an

inverse hyperbolic sine function:

Nkin = b * Sinh_l(io(ll—(p)) (Equation 6)

where b is the Tafel slope, iy is the exchange current density, and ¢ is the surface bubble coverage or
inactive area due to bubble coverage. In addition, any deviation from the linear Tafel behavior is attributed

to mass transfer limitations and modeled as:

Nmt = bme * log (1 — L) (Equation 7)

Uiim
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where by, is the mass transfer slope and i, is the limiting current density. The parameters used in the

modeling are summarized in Table S2 (ESIT). Using this approach, experimental polarization curves and

overpotentials were used to validate the model output for each electrode and the full cell at 1 atm and 80 °C.
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Fig. 3. Modeling analysis for each electrode and full cell at 1 atm and 80% °C. (a, b) Comparison of

experimental (hollow circles) and modeled (solid lines) HFR-free polarization curves for the bare nickel

foam reference (a) and Pt/C + NiFe (both) configuration (b). (¢, d) Voltage breakdown results for the bare

nickel foam reference (c) and Pt/C + NiFe (both) configuration (d), with anodic and cathodic contributions

shown in the upper and lower panels, respectively.
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Polarization fitting across the full current density range was first performed for all catalyst configurations,
including bare Ni foam reference, at 40°C, 60°C, and 80°C, showing strong alignment with experimental
data, thereby enabling reliable voltage breakdown analysis. (Fig. 3a and b, and Fig. S26, S27 and S28,
ESIY). Kinetic loss modeling revealed that, for bare nickel foam, the HER overpotential exceeded the OER
overpotential from as low as 0.12 A cm™, resulting in significant voltage loss in the low-current-density
regime (Fig. 3c). Catalyst introduction substantially mitigated these losses (Fig. 3d). As summarized in
Table S3 (ESIT), in the Pt/C + NiFe (both) configuration, the overall HER Tafel slope decreased from 144—
166 mV dec™! (bare Ni foam) to 43-48 mV dec™, and the HER kinetic overpotential was reduced from
305.5mV to 73.5 mV at 0.08 A cm™2, achieving a 75.9% improvement. In the Pt/C (cathode) control case—
where Pt/C was introduced only at the cathode—the HER Tafel slope reached 39.6 mV dec™! and the HER
kinetic overpotential was 78 mV, closely matching the values observed in the Pt/C + NiFe (both) system.
This confirms that the improved HER kinetics primarily originate from the Pt/C catalyst at the cathode.
Similarly, for OER, in the Pt/C + NiFe (both) case, the OER Tafel slope was reduced from 58-62 mV dec™!
(bare Ni foam) to 42-43 mV dec™, and the OER kinetic overpotential decreased from 322.7 mV to 243.3
mV at 2 A cm™2, corresponding to a 24.6% reduction. In the NiFe (anode) control case—where NiFe was
applied only at the anode—the OER Tafel slope was measured as 47.5 mV dec™, and the OER kinetic
overpotential as 253 mV, again comparable to the Pt/C + NiFe (both) configuration. Furthermore, TLM
analysis of kinetic resistance confirmed that the Pt/C cathode catalyst led to a much more substantial
reduction in charge transfer resistance compared to the NiFe anode catalyst (Fig. S30 and Table S4, ESIT).
All these results collectively demonstrate that the voltage breakdown modeling reliably captures the
experimentally observed trends, and that the kinetic improvements for HER and OER are independently

dominated by the Pt/C and NiFe catalysts, respectively.
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Ohmic loss analysis revealed that greater losses occur at the cathode, mainly due to higher sheet resistance.
Importantly, our modeling indicates that this resistance increase does not originate from the electrode itself,
but rather from the diaphragm (77,4, (Fig. S30, ESIT). This finding reinforces the role of hydrogen
nanobubble trapping within the diaphragm's skin layer as a major contributor to the increased resistance.
The small size and strong surface adhesion of hydrogen bubbles lead to longer retention times and higher
local resistance near the cathode.'> ' Additionally, the introduction of catalysts further exacerbated sheet
resistance increases at both electrodes (Fig. 3d and Fig. S30, ESI¥), likely due to changes in the porous
structure of the catalyst layers that enhance gas bubble entrapment. Given hydrogen's physical

characteristics, these effects are more pronounced at the cathode side, amplifying ohmic losses.

Mass transport losses, although minor compared to kinetic and ohmic losses up to 2 A cm™, were also
affected by bubble behavior. During the OER, the use of bare nickel foam resulted in a slightly higher mass

transport resistance, which is likely attributed to the inherently higher molecular weight and lower solubility

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of oxygen bubbles relative to hydrogen bubbles (Fig. 3c).??” However, after catalyst introduction, mass

transport resistance notably increased at the cathode, while slightly decreasing at the anode (Fig. 3d). This

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

asymmetry can be explained by the formation of a porous catalyst layer at the cathode, which facilitated

(cc)

the trapping of hydrogen nanobubbles within the micro-gaps near the electrode—diaphragm interface. In
conclusion, these findings highlight that optimizing catalyst layers in zero-gap alkaline water electrolyzers
requires a dual focus: not only enhancing porosity for gas diffusion but also carefully managing interfacial
phenomena—aparticularly gas bubble-induced increases in ohmic and mass transport resistance at the

electrode—diaphragm interface.

Nickel foam cathode behavior: activation and deactivation
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Prolonged operation led to distinct surface changes at both electrodes, by electrochemical reactions and
electrolyte interactions. After a 24-hour voltage held at 2.0 V, polarization curves (Fig. 4a and Fig. S31 and
S32, ESIT) showed increased electrode potential, enhancing overall performance. Over 150 hours, cathode
activity initially improved before slightly declining, while the anode showed early degradation followed by
partial recovery—indicating dynamic surface restructuring. Ni K-edge X-ray absorption near-edge
structure (XANES) analysis revealed shifts in the white-line peak (1s—4p) to higher energies with
increased intensity (Fig. 4b). These findings suggest a decrease in electron density in the Ni d-orbital and
an increase in vacant states in the p-orbital, corresponding to surface Ni atoms bonding with OH™ or H*
ligands and transitioning into an oxidized state during the first 24 hours. Ni K-edge Fourier transformed
extended X-ray absorption fine structure (FT-EXAFS) analysis showed a slight increase in the radial
distance of the Ni-Ni peak, with no significant loss in intensity (Fig. 4c), suggesting that the bulk metallic
structure of nickel foam was preserved with surface modifications occurred. These results are consistent
with the formation of a-NiO, or Ni(OH), phases on the surface (Fig. S33, ESIt), which may contribute to
enhanced HER activity by altering Ni’s d-band center and its local structure during the initial voltage hold

period.?®
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Fig. 4. Study on the activity-structure/property relationship at the cathode and anode under applied cell

voltage. (a-d) Evolution of potential and properties under a constant 2.0 V voltage hold for up to 150 h

without catalysts. HFR-free polarization curves (a). Note that compared to the 100 h measurement, the 150

h results show a slight decrease in HER activity (deactivation) and a slight increase in OER activity

(recovery), leading to a modest improvement in the full-cell polarization curve (Fig. S31, ESI7). Ni K-edge

normalized XANES (b), FT-EXAFS (c¢), and WT-EXAFS (d). Insets in (a-c) provide magnitied views of

each plot. (e-g). Potential and property changes before and after a 24 h 2.0 V hold in the Pt/C + NiFe (both)

case. HFR-free polarization curves (e). The schematic in (e) illustrates the anticipated changes in the P/C
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cathode catalyst layer and the NiFe anode catalyst layer after voltage application. Pt L-edge normalized
XANES (1, left) and WT-EXAFS (t, right) for the cathode. Fe K-edge normalized XANES (g, left) and

WT-EXAFS (g, right) for the anode.

After 150 hours, XANES analysis showed decreases in white-line peak energies, accompanied by reduced
intensity, indicating increased electron density in the d- and p-orbitals. FT-EXAFS analysis showed reduced
Ni-Ni radial distances and intensities, suggesting surface restructuring under reducing conditions. Wavelet
transform (WT) analysis identified a multi-scattering Ni-M signal (~3.5 A), aligned with the characteristic
multi-scattering region observed in the WT analysis of nickel foam when NiFe alloy catalysts were applied
under a 24-hour voltage hold (Fig. 4d and Fig. S34, ESIT). The Ni-M signal indicating metal impurities
(Fe, Al, Zn, Mn, Cu, Cr) from the KOH electrolyte and substrate that were incorporated into the nickel
foam, shifting electron density and structural order.? This impurity-driven modification was further
supported by cyclic voltammetry shifts after 24 hours at 2.0V, mirroring trends seen with intentional Fe(II)
introduction (Fig. S33, ESIT). While moderate Ni-M bonding optimized hydrogen adsorption, excessive
accumulation disrupted HER by altering Ni electron density and forming inactive oxide layers, such as

NiM,O,, or M,O,, educing active surface area and ultimately HER activity.*

Nickel foam anode behavior: activation and recovery

XANES analysis during the first 24 hours revealed an increase in Ni oxidation state, evidenced by white-
line peak shifts (Fig. 4b), indicating ligand bonding with OH™ or OOH™ species and the formation of
Ni(OH),/ NiOOH layers. After 150 hours, a decrease in white-line peak energies suggested a more reduced
Ni state. Despite the continued presence of electron-withdrawing OH™/ OOH™ groups (as indicated by
sustained peak intensity), this reduction points to the formation of oxygen vacancies, which likely enhance

charge redistribution, increase Ni 3d orbital electron density, and stabilize the reduced oxidation state.’!
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FT-EXAFS analysis showed slight increases in Ni-Ni bond distances and intensities, indicating greater
structural disorder (Fig. 4c). WT analysis revealed a weak but enhanced multi-scattering signal at ~3.5 A
(Ni-M bonds), suggesting metal impurity incorporation into the NiOOH structure,? likely facilitated by
oxygen vacancies, which provide sites for metal impurity insertion, although the involvement of other
mechanisms cannot be ruled out.*? Less pronounced Ni-M multi-scattering signals at the cathode indicate
that metal ions are more easily adsorbed and reduced on the Ni surface under reducing conditions, forming
metallic bonds with Ni. In contrast, under oxidizing conditions, metal ions predominantly exist in oxide
forms, which may hinder their incorporation into the NiOOH structure unless sufficient oxygen vacancies
are present.”> Oxygen vacancies and metal insertion could influence the stabilization of the [3,y-phase of

NiOOH, which has been associated with enhanced OER activity.** Over extended operation (>150 h), the

interplay between oxygen vacancy formation, y-NiOOH structural modification, and metal impurity

incorporation may modulate OER activity, potentially contributing to transient recovery.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Behavior of Pt/C coated cathode

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

Voltage holds with the Pt/C (cathode) and Pt/C + NiFe (both) configurations for 24 hours resulted in a

(cc)

decrease in HER activity by 4.7 mV and 14 mV, respectively, at 0.08 A cm™ at the cathode (Fig. 4e and
Fig. S35a, Fig. S35b, and Fig. S35e, ESIt). Pt L-edge XANES analysis indicated a decrease in the oxidation
state of Pt, with sustained white-line peak intensity, suggesting stable ligand interactions with H* or OH™
species (Fig. 4f, left). While Pt reduction alone does not directly imply HER activity loss, additional
structural changes, such as active site depletion due to particle growth via Ostwald ripening and coalescence,
likely contributed. These processes led to the formation of thermodynamically stable, and compact (111)

facets, along with Pt leaching, ultimately reducing active sites and decreasing HER activity. Furthermore,
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potential carbon corrosion, ionomer scission, or desulfonation may have also contributed to the observed

decline.?

A more significant decrease in HER activity when NiFe alloy catalysts were simultaneously applied at the
anode suggests the possible migration of dissolved Ni or Fe ions from the anode to the cathode. This
hypothesis is supported by WT analysis, which revealed a multi-scattering signal near 4.5 A corresponding
to Pt-M-Pt bonds, indicating potential interactions between Pt and migrated metal species (Fig. 4f, right).
The migrated ions either physically blocked Pt active sites or formed bonds with Pt, potentially altering its
d-band center. This shift in electronic structure displaced hydrogen adsorption energy from its optimal range,
thereby reducing reaction rates.*® Fe and Ni, with lower electronegativities than Pt, may have influenced
the electronic structure of Pt through metallic bonding, as indicated by lower white-line peak energies in Pt
L-edge XANES analysis. Furthermore, FT-EXAFS analysis revealed a more significant shift in the Pt-Pt
peak position under these conditions (Fig. S36a, ESIt), suggesting that Pt underwent more pronounced
local structural changes, such as a reduction in radial distance, likely due to bond formation with Ni and Fe

atoms that may have migrated from the anode.

Behavior of NiFe alloy coated anode

A 24-hour voltage hold with NiFe (anode) and Pt/C + NiFe (both) configurations enhanced OER activity
by 20 mV at 0.08 A cm? at the anode (Fig. 4e and Fig. S35c, Fig. $35d and Fig. S35f, ESI{). Fe K-edge
XANES revealed a decreased pre-edge and increased white-line peak intensity, indicating the
transformation of NiFe alloy into a Ni(Fe)OOH structure during this period (Fig. 4g, left). his phase change
likely contributes to improved OER kinetics through electronic restructuring and Ni-Fe synergy.’’
Supporting this, FT-EXAFS analysis showed a shift in the Fe-Fe bonding peak from 2.1 A to 1.7 A,

suggesting the coordination with O-based species such as O, OH, or OOH (Fig. S36b, ESI{). WT-EXAFS
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further confirmed these ligand interactions, with a strong single-scattering signal at 1.7 A (Fig. 4g, right).
Simultaneously, the Ni K-edge WT-EXAFS analysis demonstrated that Ni atoms on the metallic nickel
foam surface formed coordination bonds with Fe, further confirming the formation of a Ni(Fe)OOH
structure (Fig. S34, ESIt). The Fe coordination influenced the Ni**/Ni** oxidation states, potentially
stabilizing OOH intermediates and increasing the number of active sites, thereby significantly enhancing
OER activity.*® The superior initial OER activity and its further improvement after 24 hours of voltage hold,

compared to using nickel foam alone, strongly suggest that Ni(Fe)OOH outperforms NiOOH in OER.*

While many recent studies indicate that y-phase Ni(Fe)OOH exhibits superior OER activity over B-phase

Ni(Fe)OOH, further structural characterization is required to confirm the specific phase composition.*

Interestingly, the OER activity gain after voltage holds in the Pt/C + NiFe configuration was comparable
to that with NiFe at the anode alone, suggesting minimal adverse effects from Pt leaching. While Pt ion

adsorption onto the Ni(Fe)OOH surface and formation of OER-inactive PtO, species may have slightly

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

offset performance, these effects were far less pronounced than those from Ni or Fe leaching.*' The modest

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

OER enhancement in the Pt/C + NiFe configuration likely derives from increased Ni(Fe)OOH formation,*?

(cc)

supported by Fe K-edge XANES, FT-EXAFS, and WT-EXAFS analyses showing higher Fe oxidation
states and stronger oxygen coordination when catalysts were applied to both electrodes (Fig. 4g and Fig.
S36, ESIT). These results highlight how the dual-instrumentation reference cell, combined with advanced
spectroscopy, enables detailed tracking of catalyst evolution and metal migration, providing critical insights

for designing more robust and efficient catalysts in recirculating electrolyte systems.

Understanding the interfacial behaviors in a zero-gap alkaline water electrolysis cell.
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A micro-gap between the electrode and the diaphragm is likely to contribute to increased ohmic resistance
by disrupting uniform electrolyte concentration and the elongating ion migration pathways.!'> 13- 26 43
Additionally, the accumulation or entrapment of generated hydrogen and oxygen gases within these gaps
can create dead zones, reducing the electrochemically active surface area and obstructing ion transport
pathways, thereby exacerbating kinetic and ohmic resistances.?”’ In this study, the extension of the Zirfon
diaphragm was used solely to form an ion channel for the reference electrode, allowing the assumption of
uniform ionic conductivity within the diaphragm. Similarly, the use of nickel foam substrates with identical
specifications as the electrode material supports the assumption of uniform ionic conductivity within the
electrodes. Under these controlled conditions, although the direct accumulation and trapping of hydrogen
bubbles were not observed experimentally, the most plausible factor contributing to the significant

difference in ohmic resistance is the ohmic drop caused by micro-gaps.
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Fig. 5. Schematics of proposed bubble dynamics and localized electric field effects in a zero-gap alkaline

(cc)

water electrolyzer. (a) Bubble evolution stages and local electric potential profiles. Nucleation initiates
within pores, particularly in cracks and crevices of the electrode surtface, followed by bubble growth as gas
diffuses from the dissolved gas boundary layer. If a micro-gap exists between the electrode and diaphragm,
trapped bubbles can accumulate, disrupting OH™ ion distribution and increasing ohmic resistance. (b)
Electrode-electrolyte interface and electric potential profiles. The localized electric field generated by the
catalyst layer facilitates molecular and solvent reorganization in the solution. (c) OHP modification induced
by the localized electric field and its impact on intermediates, maintaining a lowered Ea across varying

overpotentials. (d) Electric dipole modulation and intermolecular reaction pathways via protonation and
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deprotonation on nanoparticle surfaces under an external electric field. This process follows the Grotthuss

mechanism, where charge transfer occurs through a network of hydrogen-bonded water molecules.

Fig. 5a illustrates possible bubble behaviors and potential electric profiles at the cathode and anode,
constructed based on experimental and modeling results. The higher ohmic resistance observed at the
cathode suggests that hydrogen bubbles accumulate in micro-gaps more prominently than oxygen bubbles,
leading to a sharp imbalance in OH™ ion concentration and a significant increase in ohmic overpotential.
This phenomenon aligns with previous findings on gas-induced transport limitations in incomplete zero-
gap alkaline electrolysis, where hydrogen’s smaller bubble size and greater surface adhesion (pinning effect)
compared to oxygen result in longer residence times at the electrode surface.'> * The porous structure of
nickel foam exacerbates this effect by trapping small gas pockets, transiently increasing resistance by
elongating ion migration paths.** Additionally, rapid nucleation and dense hydrogen bubble coverage
increase the void fraction within micro-gaps, reducing local ionic conductivity.? The weaker detachment
forces of hydrogen bubbles, due to their lower density and higher surface tension, further facilitate
coalescence and the formation of persistent voids that inhibit mass transport.?’ Despite expectations that
catalyst introduction would mitigate ohmic resistance, no substantial differences were observed between
the electrodes, indicating that the catalyst layer does not effectively suppress nano-bubble formation within
micro-gaps or enhance mass transfer dynamics. Instead, this suggests that ohmic drop is more significantly
influenced by the formation-detachment behavior occurring on the diaphragm surface or within its internal
skin layer rather than by the electrode itself. The observed decrease in cathodic ohmic resistance after 150
hours of continuous voltage hold (Fig. S37, ESI{) may be attributed to the progressive enhancement in
hydrogen bubble detachment, which likely altered the interfacial structure to facilitate improved ion

transport. This enhancement may stem from a combination of factors, including electrode surface activation,
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enhanced wetting of the nickel foam or diaphragm, and improved electrolyte penetration within micro-
gaps.® The fact that this trend similarly appears even after catalyst introduction suggests that the inherently
unfavorable characteristics of hydrogen bubbles lead to a more pronounced ohmic drop within micro-gaps,
while the interfacial structure gradually improves over time. (Fig. S38, ESI{). Therefore, alternative
strategies, such as optimizing substrate porosity, refining the electrode-diaphragm interface architecture, or
introducing hydrophilic/hydrophobic surface modifications, may be essential to effectively minimize

bubble accumulation and further mitigate ohmic resistance.

Fig. 5b presents a schematic illustrating how the localized electric field formed within the catalyst layer
influences molecular and solvent behavior in solution, along with the resulting surface electric potential
distribution. In highly conductive nanoparticles, electron redistribution occurs under an external electric

field to shield the field, potentially leading to local charge separation and the induction of nanoscale dipole

moments, reinforcing reorganization energy (A) within the Debye length.# This local electric field

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

formation, specifically the polarized electron distribution on the electrode surface,*’ enhances both

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

attractive and repulsive interactions mediated by hydrogen bonding and van der Waals forces.*® As a result,

(cc)

more adsorbates, solvated ions, and water molecules align systematically at the interface, forming
structured layers that influence charge distribution and interfacial stability. Simultaneously, reactant and
product diffusion are facilitated through enhanced transport pathways, improving mass transfer efficiency.
This phenomenon is well described by models such as the Helmholtz, Stern, and Gouy—Chapman models,*
which collectively represent the potential gradient extending from the electrode surface to the bulk
electrolyte region, where the increased density of balancing balance charges results in a steeper potential
gradient. In particular, the formation of a denser and more compact outer Helmholtz plane (OHP)

strengthens electrostatic interactions through ion effects, stabilizes reaction intermediates, and mitigates
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local pH fluctuations via a buffering effect.’> 3! These factors collectively contribute to maintaining a
thermodynamically lowered energy barrier throughout the reaction process across varying overpotentials,

as schematically illustrated in Fig. Sc.

The exponentially increasing A-7) relationship and the emergence of an inverted region in the Ej-7

relationship observed in our catalyst-integrated Arrhenius-type analysis can be well explained based on
Marcus theory.”” This theory describes intermolecular electron transfer, emphasizing the role of
reorganization energy in determining reaction rates. It also predicts the existence of an inverted region
beyond a certain overpotential, where excessive spontaneity in free energy leads to an increase in activation
energy.>? In this context, the enhanced interfacial molecular dynamics induced by the localized electric field
become the dominant factor in governing reaction kinetics once the energy barrier is sufficiently lowered.
The appearance of an inverted E, region beyond a certain overpotential further supports that, in high-
concentration alkaline electrolyte environments, the catalyst-mediated reaction follows the principles of
Marcus theory, where intermolecular electron transfer is largely influenced by reorganization processes
within the solution. Additionally, terminal oxo and hydroxyl groups formed on the catalyst surface can
interact with the hydrogen bonds of surrounding water molecules, modulating local hydrogen bonding
networks and influencing OH™ ion transfer.>® This transfer, occurring via the Grotthuss mechanism, relies
on a series of protonation and deprotonation steps and is likely facilitated by a well-oriented water-catalyst

arrangement, which is strongly driven by the localized electric field.

Fig. 5d is a schematic illustrating how electric dipoles form on the surfaces of the Pt/C cathode catalyst and
NiFe anode catalyst, leading to polarization, and how the proposed surficial molecular reaction mechanism
operates for both HER and OER. Within the Pt/C catalyst layer, Pt-OH species dominate in negatively

charged regions, while Pt-H species prevail in positively charged regions. Similarly, in the NiFe catalyst
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layer, negatively charged regions facilitate the formation of Ni(Fe)(OH), (Ni?**), while positively charged
regions promote the formation of NiFeOOH (Ni**). Building on these assumptions, we propose a surficial

molecular reaction mechanism for both HER and OER, where M represents active catalytic sites, and M’

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

%’ denotes surface sites undergoing protonation or deprotonation during reaction steps:
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R1 and R3 represent the steps where water molecules dissociate or associate, and protons are released to
form bonds on the catalyst surface. These steps involve molecular bond breaking, requiring energy to
overcome the activation barrier. As a result, R1 and R3 are considered 7-dependent early stages of the
reaction mechanism.> In contrast, R2 involves the movement of charge across different acceptor/donor
sites on the catalyst surface, which may occur in a series.® > These steps are less influenced by 7 and are

instead determined by the interfacial dynamics.
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In this context, the proposed surficial molecular reaction mechanism effectively explains the observed 7
dependence of E, and the A, both with and without catalysts. In the absence of a catalyst, E, inversely
correlates with 7, as the energy barriers for reactions R1 and R3, being the RDS, are lowered through
potential changes, thereby enhancing reaction kinetics. Notably, OER benefits from a more efficient
reduction in activation energy than HER, indicating that R1 and R3 are more effectively promoted during
OER. This results in superior reaction pathways and improved kinetics for OER under similar conditions.
Conversely, the inefficiency of reaction R2, due to the limited surficial properties of nickel foam for charge
transfer leads to a decreased A. In the presence of a catalyst, the £, becomes independent of the 77 due to

inherently lowered energy barriers and a reinforced OHP effect, allowing reactions R1 and R3 to proceed

rapidly across varying overpotentials. Instead, the A increases exponentially with 77, as R2, being the RDS,

and benefits from the rapid responsiveness of interfacial dynamics to overpotential changes, thereby
accelerating reaction kinetics. This intermolecular charge transfer can be further enhanced by the more
structured alignment of surrounding water molecules. Overall, the proposed surficial molecular reaction
mechanism logically explains the observed relationships among activation energy, the pre-exponential
factor, and overpotential, supporting the hypothesis that localized electric fields within the catalyst layer
enhance intermolecular dynamics at the interface, thereby improving reaction efficiency. While the
underlying governing mechanisms are similar for Pt/C at the cathode and NiFe at the anode, the extent and
magnitude of surface reorganization and reaction efficiency improvements will vary. Specifically, the
earlier inversion behavior at higher overpotentials and the more rapid exponential increase of A observed

in NiFe suggest that the localized electric field effect is more pronounced at the NiFe anode.

Conclusion
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This study presents a separator-extension reference electrode strategy coupled with a dual-instrumentation
setup, enabling real-time, independent monitoring of HER and OER kinetics in zero-gap alkaline water
electrolysis. By integrating a commercial Hg/HgO reference electrode, we successfully decouple the
behaviors of the electrodes, providing high-resolution diagnostics of individual half-reactions under
operational conditions. Our results challenge the conventional assumption that HER is inherently faster
than OER in alkaline media. Instead, we reveal that HER is more kinetically hindered, especially in catalyst-
free systems, due to higher charge transfer resistance and mass transport limitations. Through Arrhenius-
type analysis, we uncover a transition in kinetic regimes: from Butler-Volmer behavior in the absence of
catalysts to Marcus-type behavior when catalysts are present. This shift is driven by localized electric fields
that promote structured water alignment and interfacial reorganization, ultimately enhancing bimolecular
charge transfer. The proposed surficial molecular mechanism not only explains this kinetic shift but also
provides a framework for catalyst and electrode architecture design aimed at improving interfacial charge

dynamics. Combined with operando XAFS analyses, we also track catalyst transformation, metal migration,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and the formation of active phases, offering insights into degradation and activation processes under

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

realistic electrolysis conditions.

(cc)

Looking forward, this study offers a powerful tool for benchmarking catalyst performance, understanding
degradation mechanisms, and guiding materials discovery. Future work will focus on adapting this strategy
for long-term durability studies. These insights will support the development of next-generation alkaline

electrolysis systems.

Methods

Materials
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Nickel foam (~300 um, RECEMAT BV) and nickel mesh (~300 um, Dorstener Drahtwerke) were used as
electrode substrates, while Zirfon™ Perl UTP (~220 um and ~500 um, Agfa) was used as the diaphragm.
Pt/HSC (47.5%, TEC10ESOE, Tanaka Kikinzoku Kogyo), NiFe (Fe:Ni=0.55:0.45, 97% metal basis metals
basis, Sigma-Aldrich), NiO (99.8% metal basis, Sigma-Aldrich), and Co;0,4 (99% metal basis, US Research
Nanomaterials) were employed as catalysts, with Nafion™ (D2020, Chemours) serving as the ionomer

binder. KOH (>85% KOH basis, EMSURE) was used for 30 wt% (1.27 g ml"') electrolyte preparation.

Ink preparation

The Ni-based substrates were soaked in a 1M HNO; mild acidic solution for at 10 minutes before cell
assembly or catalyst loading, followed by thorough washing with DI water. The catalyst ink was prepared
by mixing catalysts with D2020 Nafion in a 1:3 (w:w) ratio of deionized (DI) water to 1-propanol (nPA),
followed by sonication in an ice bath for over 30 minutes and subsequent aging (stirring at room temperature)
for approximately one day. The ink was then applied onto nickel foam via hand-spraying. For the ink
composition, Pt/C was prepared with a solid content of 4 % and an ionomer-to-catalyst ratio of 0.5, while
NiFe, NiO, and Co,0, inks had a solid content of 2 % and an ionomer-to-metal ratio of 0.3. The loading
amounts were controlled as follows: Pt/C was applied at 0.5 and 1.0 mg/cm?, NiFe at 0.5, 1.0, and 2.0
mg/cm?, and NiO and Co;0, at 2.0 mg/cm?. After spray coating, the electrodes were dried at 60°C for at
least 15 minutes, followed by additional drying at room temperature for over 24 hours to ensure proper

adhesion and solvent evaporation.

Hardware for reference electrode integrated AWE cell setup

An alkaline single cell, as published by Forschungszentrum Jiilich (FZJ), was used in this study.’® This
setup included backplates, Ni flow fields, PTFE sealing gaskets, centering pins, and Ni current collectors.

The electrode gasket was designed with a 5 x 5 cm? window size and a 0.2 mm thickness. The cell hardware
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featured endplates designed for compression by 25 %, secured using eight bolts that were tightened
crosswise in sequential steps of 3, 5, and 10 Nm. The nickel foam, nickel mesh, catalyst coated nickel foam
and Zirfon™ Perl UTP diaphragm (pre-soaked for over 1 hour to ensure full wetting) were sealed and
compressed by PTFE gaskets. The diaphragm gasket featured a 4 x 4 cm? window size and was designed
as an open-type structure with a 2 mm gap to accommodate the sealing of the extension strip. Depending
on the thickness of the diaphragm used, the diaphragm gasket was configured with either 0.2 mm or 0.4
mm thickness. A PTFE-based bath was custom-made to house both the extension strip and the reference
electrode. The housing rod height and spacing were designed with careful consideration to minimize drying
of the extension strip while preventing short within the system and insulating against heat generated from
the cell. Additionally, an insulator patch was incorporated to further mitigate thermal effects, ensuring
stable operation of the reference electrode setup. A customized Hg/HgO reference electrode (30% KOH
filling solution, Koslow) was used, with a +0.86 V calibration for RHE conversion, determined using a

RDE technique in an H,-saturated 30 wt% KOH solution.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Cell testing conditions and procedures
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All cell tests were conducted using built-in-house test stations, which included two KOH tanks with a
balancing line, pumps, temperature control, an electrical power supply, and a cell potential measurement
system. All cells operated under electrolyte circulation conditions, with a cathode/anode flow rate of 50 mL
min' at 80°C and ambient pressure.” The electrolyte temperature was precisely controlled using a
thermocouple at each inlet, while heater pads on the hardware end plates regulated the cell temperature,
with a thermocouple inserted into the anode flow field ensuring accurate monitoring. Following the standard
cell evaluation configuration, the potentiostat's working and sensing leads were connected to the cathode,

while the counter, sensing lead, and reference lead were connected to the anode. For the auxiliary
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electrometer, Chl’s (+) lead was connected to the cathode and (-) lead to the anode, whereas Ch2’s (+) lead
was connected to the anode and (-) lead to the cathode. Using the synchronized hubs provided by Gamry
Instruments, full-cell polarization and impedance measurements were conducted while simultaneously

measuring the potential and impedance of both electrodes.

After an initial cell heat-up and equilibration period of over 30 minutes, a pre-conditioning step at 2.0 V
for 10 minutes was conducted before performance testing. Subsequently, a galvanostatic step-wise
polarization curve was recorded, starting from 1.8 A/cm? down to 0.004 A/cm? in the cathodic direction,
followed by a sweep back from 0.004 A/cm? to 1.8 A/cm? in the anodic direction, with a 1-minute holding
time at each step. For polarization curve evaluation, the average of the last 40 data points at the end of each
holding time was used for comparison. Next, a durability test at a constant cell voltage of 2.0 V for 24 hours
was conducted. After this constant voltage hold, another polarization curve measurement was recorded
following the same methodology. For the 150-hour long-term durability test, polarization curves were
recorded at 24h, 50h, 100h, and 150 h, with a 2 V voltage hold preceding each measurement. All
polarization curve measurements were accompanied by galvanostatic step-wise impedance measurements
ranging from 1 Hz to 10 kHz, with the real impedance value (Z) at frequencies above 1 kHz used for HFR
correction. While many previous studies use x-intercept via interpolation for HFR correction, this study
instead utilized clear real Z values above 1 kHz to account for ohmic resistance within the electrode layer
and exclude noise at high frequency introduced by the reference electrode cell setup. The same selected
frequency range was applied to the cathode, anode, and full cell measurements for consistency. The AC
amplitude for impedance measurements was set to 5% of the DC current. All performance and impedance

data presented in this study were recorded using a Gamry potentiostat/galvanostat/ZRA with a 20A booster
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and an auxiliary electrometer (Reference 3000AE). EIS and DRT analysis were performed using a Gamry

Echem Analyst software.

Arrhenius-type analysis and equation derivation

Polarization curve and impedance measurements at 40°C, 60°C, and 80°C were conducted after a
temperature equilibrium period of at least 2 hours. Using temperature-dependent modeling (ANL), the
equilibrium potentials for HER and OER, as well as the equilibrium voltage for overall water electrolysis,
were calculated and utilized to construct Arrhenius plots. Subsequently, cubic spline fitting and
interpolation were applied to generate £, vs. 7 and A vs. 1 plots. To further analyze these relationships,
Equation 2 was derived by integrating the Arrhenius-type model equation with a simplified Butler-Volmer
model equation. Exponential fitting was then performed using semi-empirical Equation 3 (y = B exp(A*x)),

which was implemented in Origin software (C-type function).

Modeling study

To calculate the change in equilibrium potential (£y) due to temperature, both the entropy and the pH terms
were considered. Given that AG = -TAS (the temperature dependence of the equilibrium potential is
dominated by the entropy term and thus AH is assumed to be (), and using the equation AG = -nFE, the

potential correction due to entropy can be calculated as follows:
=S4T
Es(T) = =7

Eo(T) = Eo + Es(T)

EN (T) = EO (T) + %log ((pc_psv)(pa_psv)o's)

p03/2aH20

38


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5EE03044G

Open Access Article. Published on 25 July 2025. Downloaded on 8/1/2025 9:08:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

Page 40 of 48

View Article Online
DOI: 10.1039/D5EE03044G

where S'is the entropy, 7T'is the temperature, zis electron transfer number, Fis the Faraday constant, p®and
p¢ are the anode and cathode pressures, respectively, ps, is the saturation vapor pressure (here we assume
that the partial pressure of hydrogen at the cathode is the total pressure at the cathode less the saturation
vapor pressure, and similarly for the oxygen partial pressure at the anode), and ay, ¢ is the activity of water.
The voltage breakdown model partitions the overall cell voltage into contributions from thermodynamic,
kinetic (activation), ohmic, and mass transfer losses, for each half-cell. The Nernst potential for each half
cell is corrected for temperature, pressure, and pH changes (activity) (Equation 4). Special consideration is

given to the activity of [OH-] due to its high concentration.

Activation overpotential is reproduced using a modified Butler—Volmer expression that relies on a
hyperbolic sine function, a Tafel slope, an exchange current density, and bubble coverage term to account
for the reduction in active area due to bubble adherence to the electrode and catalyst surface (Equation 6).
The Tafel slope and exchange current density are derived from experimental data, while the bubble
coverage term is a function of current density, pressure, and temperature. In addition, a mass transfer
overpotential is included, derived from experimental polarization curves, and defined as any non-linearity

in the polarization behavior, evident primarily at higher current densities (Equation 7).

The overall ohmic losses are broken down into two parts—electrode and diaphragm contributions. The
electrode overpotential is estimated using a distributed current approach, which relies on the sheet resistance
of the nickel foams and catalyst layers, and the Tafel slope determined from the kinetic modeling. The
catalyst layer thickness, estimated to be around 2-3%um based on catalyst density, porosity, and mass. For
the diaphragm, the ohmic overpotential is computed based on the sheet resistance, electrolyte conductivity,

porosity, and tortuosity of the Zirfon diaphragm and cross-checked against published data (Equation 5).

The resulting diaphragm resistance is around 153 mQ.cm?. Experimental impedance data guided the
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allocation of diaphragm resistance between the half-cells, with the cathodic side receiving 60-75 % due to

nanobubble effects and local concentration shifts, and the remaining resistance attributed to the anodic side.

The transmission line model (TLM) analyzes EIS data by fitting it to an equivalent circuit representing the
impedance behavior of both half-cells and the full cell. This circuit consists of resistive, inductive, and
capacitive elements. Specifically, the resistances include ohmic resistance, ion transfer resistance, charge
transfer resistance, and mass transfer resistance. The ohmic resistance accounts for the bulk resistance of
the electrolyte, electrodes, membrane, and other system components. The ion transfer resistance reflects
the resistance associated with OH™ ion transport. The charge transfer resistance corresponds to the
resistance encountered during HER and OER processes. The mass transfer resistance represents the
limitations related to gas transport between the electrode and electrolyte. These resistance values were

extracted through TLM fitting using the ZView software.
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The voltage breakdown model was calibrated against experimental polarization data and electrochemical
impedance spectroscopy (ELS) measurements obtained at 1 atm and 80%°C. In these experiments, the
individual overpotentials of the anode and cathode were determined and the overall diaphragm resistance

was divided based on observed trends.

XAS measurements

X-ray absorption spectroscopy (XAS) measurements were performed at the Pt L;-edge, Ni K-edge, and Fe

K-edge in fluorescence mode for all electrodes. Both X-ray absorption near-edge structure (XANES) and
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extended X-ray absorption fine structure (EXAFS) analyses were conducted at the 6D UNIST-PAL
beamline of the Pohang Accelerator Laboratory (PAL), Republic of Korea (PLS-II), operating at an electron
energy of 2.5 GeV and a top-up stored current of 300 mA. Monochromatic X-rays generated from a bending
magnet were selected using a Si (111) double-crystal monochromator, with beam intensities reduced by
10-30%, depending on the target element, to suppress higher-order harmonics. The collected spectra were
processed using Larch software, including background subtraction and normalization. Additionally,
wavelet transform (WT) analysis of the EXAFS spectra was performed to distinguish the specific

contribution of each element to the overall EXAFS signal.
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