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S1. Materials and reagents

All the electrolytes were prepared with Cen | DU WT JRYURAUT Ww?fbllscaql
Deionized water was boiled in a 1 L borosilicate Florence fldiottom flask to remove CQ,
allowed to cool to room temperature in the sealed flask, and stored in polypropylene bottles
wrapped with Parafilm. KOH electrolytes were prepared from reagengrade potassium
hydroxide flakes (Sigma Aldrich, 89.5% according to the certificate of analysis).
Semiconductor-grade KOH (Sigma Aldrich, 99.98%) was useidr inductively coupled
plasma mass spectrometry (ICPMS) experiments only. Water electrolysis tests were
performed using unpurified electrolytes unless otherwise indicated. We employed
established purification protocols to remove Fe impurities from KOH electrolyte$? KOH
concentrations were estimated via standard acidbase titration following established
guidelines.! Primary standard potassium hydrogen phthalate (Thermo Scientific, ACS grade,

99.9571 100.05%) was used for aciebase titrations.

Nickel(ll) nitrate hexahydrate (Thermo Scientific, Puratronic, 99.9985% metal basis) was
used for Fe purification and Ni(OH)film electrodeposition. Iron(ll) chloride tetrahydrate
(Thermo Scientific, 99.94% metal basis) and sodium nitrate (Thermo Scientific, 99+%) were
used for films containing codeposited Fe, while cobalt(ll) nitrate hexahydrate was used for
films containing Co. Ethanol (Pharmco, 99.5%) was used to cleametal substrates. High
purity hydrochloric acid (Thermo Scientific, 99.999% metal basis) was used to prepare 3 M
HCI solutions for cleaningmetallic substrates. Acid dilutions for cleaning glassware and
ICP-MS analysis were prepared using TraceMetal grade nitric acid (Fisher Scientific, 67

70%, Fe < 1 ppb).



Ti foil (Thermo Scientific, 99.5%, annealed) with a thickness of Dmm was used as the
substrate for electrocatalytic film deposition. Ni foil (Thermo Scientific, 99.5%, annealed)
with a thickness of 01 mm was used asthe working electrode in control experiments.Ni
foam (MT1 99.99%, 80- 110 ppi) with a thickness of 1.6 mm wassed asa counter electrode
during film electrodeposition. The thickness of the Ni foam electrodes was reduced to 800
pm using a roller pressNickel gauze (Thermo Scientific, 10@hesh woven from 0.1mm wire)
was used as theelectrode for zero-gap electrolyzer tests Screenprinted gold electrodes
(Metrohm, DRR220BT-U75), with a working electrode diameter of 4 mm, were used for in
situ SERS experiments. Interdigitated array gold electrodes (Metrohm, DRRRIDEAUS), with

lines/gaps of 5um, were used forin-plane in situ conductivity measurements.

Reagentgrade potassium phosphate KPi, Sigma Aldrich, 99.9%, percertificate of
analysis) was used to spikePO.* into 0.1 M KOH electrolytes for variable operation in a
three-electrode cell, in situ SERS, and otine ICP-MS experiments. Note The KPi electrolyte
is not technically a phosphatebuffered saline (PBS) solution, as neither sodium nor
potassium chloride were added to the solution to avoid interferencewith the OER3 Iron(lIl)
nitrate nonahydrate (Thermo Scientific, Puratronic, >99.995% metal basisyvas used to
spike Fe** into purified 1 M KOH electrolyte for conditioning the Feloped Ni mesh anode
(i.e., O; electrode). Potassium chloride (SigmaAldrich, ~3 M KCI saturated with AgCl) was
used for roughening Au substratesWe used the ZIRFON PERL UTP %8@fa)separatorand
silicone gaskets (Arlon, 10-6075FS2-0.015) in all zero-gap alkaline water electrolyzer

experiments.



S2.General electrode preparation

Substrate preparation

Ti foil pieces (20 x 10 x A.mm) were cut and immersed in ethanol within shell type 1 glass
vials (Fisher Scientific, 15 x 45 mm), placed in an ultrasonic bath for 15 minutes, and dried
overnight in a vacuum oven at 60 °C. The exposed electrode surface area was fixed using a
polydimethylsiloxane (PDMS) coating (SYLGARD 184 Silicone Elastomer Kit, Dow). The
coating was prepared by vigorously mixing the curing elastomer base and the curing agent
in a 10:1 ratio for 10 min using a polytetrafluoroethylene (PTFE) rod. Next, this mixtureswa
degassed in a vacuum oven for about 5 minutes or until no bubbles remained visible. The
liquid PDMS mixturewas carefully applied to a 5 mm segment extending from the foil's
center towards its right and rear sides, exposing a 10 x 10 mareaon one side. A5 mm flat
portion was intentionally left uncoated to serve as a clipping region. The PDM®ated Ni

foil pieces were cured in a small oven at 150 °C for 10 min as recommended by the
manufacturer. After curing, the electrodes were kept in aaacuum ovenuntil use. Prior to
electrodeposition, the PDMScoated electrodes were placed inside clean shell type 1 vials
and sequentially cleaned for 15 minutes each in three solutions: (1) ethanol, (2) 3 M HCI,

and (3)Dlwater.

Ni gauze strips(20 x 65 x 0.1 mm)were used as electrodes for zeregap alkaline
electrolyzer tests. The strips were sequentially cleaned in ethanol, 3 M HCI, and DI water for
15 min each inside 50 mL beakers. No PDMS coating was applied, as thaskets defined

the projected geometric area(vide infra).



Film electrodeposition

We deposited electrocatalytic films on Ti foil substrates using a thufilm architecture to
minimize electrical conductivity and mass transport effects* Following previous studies?**
hydroxide catalyst films were cathodically deposited using a tweelectrode configuration
from 20 mM metal(ll) nitrate aqueous solutions. The pH of the plating bath was adjusted to
~3 using 1 M nitric acidA 50 mL glass cell, precleaned with nitric acid, was filled with ~15
mL of the plating bath and purged withN, gas for 5 min. A Ni foam counter electrode
(geometric area: 2 x 2 crf) was positioned 1 cm from the working electrodeTo prevent
cross-contamination, a fresh Ni foam counter electrode was usedor each deposition of the
same film type. The working electrode was secured with a Ti clip holder and aligned parallel

to the counter electrode.

Films were deposited galvanostatically atel mA-cm? for 90 s, corresponding to a total
deposition charge of90 mC-cm? (thickness: ~110 nm). Electrodeposition was performed
without stirring in three 30 s intervals, separated by 10 s resting periods to minimize
concentration gradients.® A constant flow of N gas was maintained in the headspace to
keep apositive pressure within the cell and prevent @from entering. For films containing
codeposited Fe and Co, the total metal content irthe solution was maintained at 20 mM.
For example, NiFe films were deposited from a solution of 10 mM Fe(ll) and 10 mM Ni(ll)
nitrates, adjusted to pH ~3. While nitrate salts of Ni and Co were used directly, fé®ntaining
films were prepared usingFeCh-4H,O and NaNQ to prevent precipitation of insoluble Fe
oxides/hydroxides. This solution was freshly prepared on the dayfd-e film deposition and

purged withN; before and after adding FeCl A stoichiometric amount of NaNQ was added
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to maintain a consistent nitrate concentration across all plating baths After deposition,
films were rinsed with DI water and dried in a vacuum oven until use. fe®ntaining films
were tested immediately after deposition. Co and Fe contents in bimetallic samples were
guantified using energydispersive Xray spectroscopy (EDX)and inductively coupled

plasma mass spectrometry (ICPMS)

Note: Despite the challenges associated with using Ti as a substratgrimarily the
formation of insulating oxide layers that increase contact impedance, we selected Ti to
distinguish between catalyst and substrate effects Based on our experience, Ti also offers
greater convenience andbetter adhesionthan other substrates, such as fluorinedoped tin

oxide (FTOXoated glassor glassy carbon.
Electrode naming scheme
Electrodes are named based on their substrate and initial chemical composition

Substrate abbreviation Threesubstrates were used, Ti foil substrate (TF), screen-printed
electrode with roughened goldworking electrode (Au SPB, and gold interdigitated

array (IDA Auglectrodes.

Chemical composition: Names reflect only the metals initially deposited before
conditioning or aging For example, Niindicates nickel deposition only, while NiFe
refers to nickel and iron bimetallic films. For Fedoped Ni mesh anodes, Fe was

incorporated during a preconditioning step rather than initial deposition.

Chemical phase: Oxyhydroxide films underwent electrochemical conditioning.

Hydroxidefilms refer to as-deposited films that have not been conditioned



S3. General electrochemical methods

Electrochemical cell setup

For three-electrode cell experiments, a 100 mL PTFE cell was used to prevegtassware
contamination in alkaline electrolytes.* The cell was cleaned beforeand after experiments
with 3 M HNQ and rinsedthoroughly with DI water All electrochemical measurements were
conducted using a Gamry Reference 620 potentiostat/galvanostat. Additional potentiostats
were used for specific measurementsa CH Instruments CHI 832 bipotentiostat foin-plane
in situ conductivity measurements, a BioLogic VSR300 potentiostat for on-line ICP-MS
measurements, and a Gamry Interface 1010E potentiostat/galvanostat to monitathe total

cell potential in zero-gap alkaline water electrolyzer experiments

To prevent incidental Pt incorporatior® graphite rods (Gamry, diameter: 6 mm) were
used as counter electrodes in all threeelectrode cell experiments. Counter electrodes were
stored in DI water and periodically cleaned by soaking i8 M HNQ. Each catalytic film
composition (e.g., Ni hydroxide, Co hydroxide) was tested with a dedicated set fsésh and

clean graphite rods and a PTFE cell to prevent crogontamination.

All current densities were calculated based on the projected geometric area. For
catalytic films deposited on Ti foil substrates, the geometric areé~1 cn¥) was defined using
a PDMS coating, which prevented the electrolyte from interacting with the bare Ti foil. This
ensured that only the 4 cm? region containing the electrocatalytic film was converted into
the active NIOOH phase during electrochemical conditioning. Details on the preparation

and application of the PDMS coatingvere adapted from previous sudies,'® and can be



found in Section S2.The geometric area was precisely measured using necontact
profilometry (NCP) with a Keyence \VM1100 optical profilometer. For zeragap alkaline
electrolyzer tests, the projected geometric area was defined by the gaskets and measured
4 cm?, as detailed elsewhere'® The geometric areas for in situ SERS, dime ICR-MS, and

conductivity measurements are specified in their sections below

Fresh KOH electrolytes were prepared and standardizedfor each electrochemical test
following our previous guidelines' Before electrochemical tests, electrolytes were
degassed with highpurity O.for 30 min using a plastic bubbler.To ensure reproducibility,
magnetic stirring was used only afterdegassing to dislodge bubbles but not during
electrochemical tests. A continuous flow of Q or H, was maintained in the headspace
during tests using a three-electrode cell configuration. Note: high-purity H, was used in

electrode discharge experiments under cathodic constant currents (e.gFig. S7).

Unpurified KOH electrolytes were used for variable operation tests to maintain
industrial relevance. Rather than purifying all electrolytes, we aimed to keep Fe impurity
concentrations consistent across experiments as highlighted by previous workg!™3
Purifying all electrolytes, especially 7 M KOH, is more timeonsuming, can introduce Ni
impurities, and deviates from industrial conditions essential to this study. Maintaining a
known Fe concentration in a large batch of electrolyte improved experimental
reproducibility compared to complete purification. For each concentration used in this
study (0.1, 1, and 7 M), a single large batch (~3.5 L) was prepared and analyzed for key
metrics (Table S1). Fe and Ni concentrations were determined using solutiormode

inductively coupled plasma mass spectrometry (ICPMS) following our previous protocal
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Table S1. Properties of KOH electrolytes used in this study

Nominal KOH electrolyte  Concentration Fe concentration Ni concentration
concentration (mol-L?) (ppb) (ppb)
0.1 M (batch #1) 0.100% 0.004 5.2+1.6 1.9+0.7
0.1 M (batch #2)  0.100% 0.005 6.3+£0.9 2.3%20.6
1 M (batch #1)  0.991 £ 0.032 67.2+5.1 23.3+3.7
7 M (batch #1) 6.965+ 0.064 498.2+19.1 105.8+10.2

Uncertainties represent the standard deviation from threesamples from the same electrolyte batch

Reference electrodes

Electrode potentials were measured against Hg/HgO reference electrodes (CH Instruments)
in all experiments. Three Hg/HgO reference electrodes were used, each with a filling
solution matching its intended electrolyte: unpurified 0.1 M KOH, unpurified 1 M K} and

purified 1 M KOH. The reference electrodes were stored separately in plastic containers
filled with their respective electrolytes and were regularly calibrated against a dedicated

saturated calomel electrode (SCE).
Potentials were converted to the reversible hydrogen electrode (RHE) usigg. 1
0 (o v w( O P

where E is the measured potentialvs. Hg/HgO. The value o® ;  KOH was determined
experimentally by measuring the opercircuit potential (OCP) for 5 min againsthe SCE. The

value of O’ ;  was corrected for the liquid junction potential (LJP) according té&q. 2

0o, ©0 © © C
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where Eocris the measured OCP value®’ is the half-cell standard reduction potential of
the SCE (0.2412 Ws. SHE at 25 °C, KCI sat.), an#&. ris the liquid junction potential
difference (€0.1 mV for KCI satp.1 M KOHand 6.4 mV for KCI sat.]1 M KOH* The
experimentally determined values of O’ + weredetermined to be 16.0 +1.8mVin 1M
KOHand 128.3 +4.1mVin 0.1 M KOH These values were periodicallynonitored to ensure

stability between experiments.

Additionally, the SCE was calibrated using a standard hydrogen electrode (SHE) to
correct for potential drift.***®* The SHE was constructed with a platinized Pt electrode in an
acidic electrolyte with unit activity of H* and H,,g (1 bar). The reversible hydrogen potential
was estimated as the average between forward and reverse sweeps around the potential of
zero current. Further details can be found elsewheré*1” An Ag/AgCl reference electrode
(BASi REB, 3 M NaCl) was exclusively used for oline ICP-MS measurements

© 4 =0.209 \). Potentials were converted to the RHE scale usirggs. 1and 2,
replacing O ;  with (0} T and calculating the liquid junction potentials as

described elsewhere!*

General wltammetry measurements and iR compensation

The OCP was measured for one hour before experiments or until the potential stabilized
completely (typically between-0.05 and-0.15 V vs. Hg/HgO, with a £5 mV variation). Unless
otherwise specified, linear sweep voltammetry (LSV) and cyclic voltammetry §J scans
were recorded at slow scan rateq1 or5 mV-st) to minimize capacitive contributions, with

the third scan reported for all measurements.
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Unless otherwise specified, electrode potentials were corrected for 85%
uncompensated resistance (R, using the positive feedback mode in Gamry software. This
iIRcompensation method is essential for testing transition metalbased oxides/hydroxides’
TheEr+«e vValue was estimated usingeq. 3:

O o o
where Eis the electrode potential, and i denotes the current at the corresponding potential.
R, was determined via electrochemical impedance spectroscopy (EIS) by identifying the
minimum total impedance at high frequencies (8630 kHz) Measurements were taken at a
stable OCP with a 5 mV amplitude, where the phase angle approaches zero, minimizing both
capacitive and inductive impedances?*® The value ofR, varied depending on the catalyst
film composition and electrolyte concentration. For instance, R, was typically ~13, Ln Y |
Ni(OH). films deposited on Ti foil substrate and tested inunpurified 0.1 M KOH ig. S14).
Supplementary Nyquist plots in this document show the range dR,values across different
conditions. Importantly, R, was measured after electrode conditioningto ensure the

formation of a thin oxyhydroxide layer

Electrochemical conditioning

The electrodes were conditioned via chronopotentiometry (CP) at a constant current
density to favor the formation of a thin and compact hydrous oxide layer on the surfaée.
The specific current densities and times depend on the type of experiment and cell
configuration and are detailed below for each specific testThe electrolyte was stirred with

a magnetic stir bar(three-electrode cell tests) or circulated at a flow rate of 200 mL-min
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(zero-gap electrolyzer tests)for 10 min before and after conditioning to dislodge bubbles.
Electrochemical conditioning was typically followed by an EIS measuremeninder open-
circuit conditions to measure theR, value (three-electrode cell tests) or the highfrequency
resistance (HFR, electrolyzer experiments) once the active oxyhydroxide phase formed on

the surface. Then.electrochemical measurements were performed
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S4. Simulated shutdown tests to study electrode discharge

Experimental setup

Experiments were carried out in a threeslectrode PTFE cell Kig. S1) using a Hg/HgO
reference electrode and a graphite rod counter electrode. The working electrode consisted
of a Ti foil substrate coated with a transition metal hydroxide film, electrodeposited
galvanostatically (deposition charge:90 mC-cm?, thickness: ~110 nm). Three films were
tested: Ni(OH), NiCo(OH}, and NiFe(OH). The cell contained 40 mL of KOH electrolyte (0.1,
1, or 7 M, depending on thexperiment). After assembly, the OCP was monitored for 300 s
or until a stable response was achievedThe electrode was then conditioned via&CP for 300
s at 5 mA-cn? for anodic tests or€5 mA-cm? for cathodic tests. Following conditioning, a
potentiostatic EIS measurement(DC potential: 0 V, frequency range: 200 to 0.1 kHz, ten
points per decade, AC voltage: 5 mV, with drift correction enablgdvas carried out to
determine the R, value, and the electrode discharge experiment was conducted

immediately afterward.

Measurement ofthe open-circuit potential decay

ACPstep was applied for 480 s at the specified current density. Immediately afterward,
afast two-step measurement, combining a CP step (10 s, same current density) followed by
an OCP step (30 s), was performetb capture the rapid discharge of the electrode after the
constant current step. This measurement was performeavith a sampling period of56x10“s.
Next, an OCP measurement lasting 1 hour was recorded, with a sanipd period of 0.25 s.

These three steps constitute a single electrode discharge expinent (e.g., Fig. S2b). For
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example, the fast twostep CP-OCP sequence is illustrated inFig. S2a. Note: 100% iR
compensation for CP steps was carried out manually using theR, value from the initial EIS

measurement and calculated usingEq. 3.

Measurement of corrosion potentials from potentiodynamic polarization tests

Following the electrode discharge experiment, the OCP wasonitored in a subsequent
experiment for 55 minto ensure it stabilized at a constant value Next, apotentiodynamic
polarization test (referred to as a Tafel scari' in the Gamry Framework software under the
DC corrosion packagg was carried out,following established corrosion testing protocols 2’

2 The potential window was set at +150 mV around the stabilized OCP, and the scan was
conducted at a rate 0f0.16667 mV-st with a sampling period of 0.5 sNote: In certain
experiments (e.g.,Fig. S119, the anodic potential was extended beyond 150 mV above the
OCP to maintain a consistent potential window across all measurements and facilitate

comparison.
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S5. Accelerated catalyst degradation tests in a three -electrode cell

Experimental setup

Experiments were carried out in a threeelectrode PTFE cell Kig. S1) using an Hg/HgO
reference electrode and a graphite rod counter electrode. The working electrode consisted
of a Ti foil substrate coated with a transition metal hydroxide film, electrodeposited
galvanostatically (deposition charge:90 mC-cm?, thickness: ~110 nm). Four films were
tested: Ni(OH), Co(OH}, NiCo(OH}, and NiFe(OH). The cell contained 40 mL of unpurified
0.1 M KOH electrolyte After assembly, the OCP was monitored for 300 s or until a stable
response was achieved.The electrode was then conditioned viaCPfor 300 s at 5 mA-cni.
Following conditioning, a potentiostatic EIS measurement was carried out to determine the
R, value (DC potential: 0 V, frequency range: 200 to 0.1 kHz, ten points per decade, AC

voltage: 5 mV, with driftcorrection enabled).

Variable operation tests

An automatic sequence made using the Gamry Sequence Wizamdas used to run the
experiment, structured into three main sections: initial assessment, stability cycling loop,
and final assessment. The initial assessment included three LSV scans t0.85 V vs.
Hg/HgO, 5 mVis?, step size: 1 mV 85% iR compensation using positive feedback and a
potentiostatic EIS measurement conducted at the potential recorded during CP
conditioning (200 kHz to 0.1 Hz, ten points per decade, AC voltage: 5 mV, drift correction

enabled).
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A single stability cycling loop consisted of two CP steps: #0-min step at50 mA-cm?,
followed by a5-min reverse currentstep at €5 mA-cm?. The reverse step was immediately
followed by a potentiostatic EIS measurement at the potential recorded during CP
conditioning (200 kHz to 0.5 Hz, ten points per decade, AC voltage: 5 mV, drift correction
enabled). For steadystate current tests, the cycling loop included only thestep at 50
mA-cm?, extended to15 min; forvariable steps under OCP, the second step was conducted
at 0 mA The loop was repeated 30 times for steadgtate current tests and 60 times for
reverse current tests. In certain reverse current experiments, the test wagopped at earlier
cycles due to a significant increase in cell potential as a safety measure for the potentiostat

For the Ni foil anode experiment, the loop was cycled 120 times

The final assessment included three LSV scans and a potentiostatic EIS measurement
conducted under the same conditions as the initial assessmentExcept for LSV scas, 100%
iR compensation for CP steps was carried out manually using theR, value from the initial

EIS measurement and calculated usindeq. 3.
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S6. Measurement of reverse current effects using in situ SERS

Electrode preparation

Ni(OH), NiCo(OH), and NiFe(OH), films were deposited on screenprinted electrodes
(SPEs), where Au served as both the working and counter electrode. First, the Au SPE was
BaWueagql YHESWDGRACOG! W YeN6WUUT WH! WeGGa! RUNWYy NMMLW
SPE and performing 30CV scans from 10.3 to 1.3 V vs. Ag at 50nV:s!. Films were
cathodically deposited in a twoelectrode configuration from 20 mM metal(ll) nitrate
agueous solutions, with the plating bath pH adjusted to ~3 using 1 M nitric acid. A 50 mL pre
cleaned glass cell was fillel with ~15 mL of the plating bath and purged witN, gas for 5 min.

A Ni foam counter electrode (geometric area: 2 x 2 cthwas positioned 1 cm from the
working electrode, and a fresh Ni foam counter electrode was used for each deposition of
the samefilm type to prevent crosscontamination. The SPE was secured to a Ti clip holder,
ensuring electrical contact only with the working and counter electrode terminals,

restricting film deposition to the gold surfaces

Thin catalyst film s were deposited galvanostatically ate€l mA-cm?for 50 s (total charge:
50 mC-cn?, thickness: ~90 nm,determined by NCP measurementg. After deposition, films
were rinsed with DI water and stored in a vacuum oven until further usémportantly, the
electrodeposited films were not uniformly distributed on the surface, with noticeable
particle agglomerates in certain regions of the rough Au surfacélCP images illustrating this
morphology were reported in our previous study The metal ratio in bimetallic films was

nominally 1:1 according to EDX and IGIMS measurements.
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In situ SERS measurements

Experiments were conducted in a custom electrochemical cellig. S38). Using adedicated

port in the cell design, an Hg/HgO reference electrode was directly integrated into the cell
without the PTFE Luggin capillatyA Ni foam counter electrode(projected geometric area:
1.33 cm?) was placed at the bottom of the cell, while metal hydroxide films deposited on
rough Au SPEs served as the working electrodes positioned at the top of the ¢élist
beneath the visualization window. The window consisted of a circular PFA film (Chemours,
thickness: 0.0005 in) separated from the SPE surface by a PDMS gasket (thickness: 500 pum).
The cell was filled with unpurified 0.1 M KOH (~3 mLypmpletely removing air bubbles.

Once assembled, the cell was placed directly beneath the microscope objective

Raman measurements werecarried out using a Horiba LabRAM ARAMIS confocal
Raman microscope equipped with a 50x magnification objective (Olympus LMPLFLN). A 633
nm laser was operated at 5% of its total power (2.5 mW). Based on the numerical aperture
of the objective (NA = 0.5), the estimatedaser spot size was ~1.3 yum. Calibration was
verified before measurements using a silicon wafer with a reference peakf 520.7 cm.

Spectra were recorded with a 1 cmresolution, centered at500 cm™.

Spectra collection varied depending on the experiment (1) for multistep
chronoamperometry (CA) runs used to construct polarization curves (e.gkig. S39a),
spectra were collected during each CA step with an acquisition time of 60 s and three
accumulations; (2) for electrode discharge experiments (e.g.,Figs. 3 and S41), each

spectrum was acquired in a single accumulation with a 10 s acquisition timeg3)for variable
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operation experiments (e.g.,Fig. $46), spectra collected during both constant current and

reverse steps had an acquisition time of 60 s with three accumulations

Importantly, Raman signal intensity was significantly enhanced when the laser beam
was positioned near the edges of visible particle agglomerates rather than directly on top.
Researchers replicating these measurements should carefully optimize laser positioning
roughening of the gold substrate, and film electrodeposition as these are critical for

obtaining strong, welldefined signals in SERS measurements

Electrochemical measurements

After assembly, the OCP was monitored for 300 s or until a stable response was
achieved. The electrode was then conditioned via CP for 180 s @5 mA-cm?. Following
conditioning, a potentiostatic EIS measurement was carried out to determine th&, value
(DC potential: 0 V, frequency range: 200 to 0.1 kHz, ten points per decade, AC voltage: 5 mV,
with drift correction enabled). Once the film was oxidized to the metal oxyhydroxide phase,
spectra were collected at various locations toobtain strong metal oxyhydroxide bands
between 450 and 560 cm™. This step was essential to ensure that in situ SERS
measurements were conducted at an optimal location. Once a suitable spot was identified
the electrode was reduced to the hydroxide phase via CP for 180 s€@.5 mA.cm?, after

which in situ SERS experiments were conducted

For multistep CA (e.g.Fig. S39a), multiple constant potential steps were applied from
0to 1.0 V vs. Hg/HgO, each lasting 180 s. LSV scans (ekg. S39b) were recorded fromt

0.1 to 1.5 V vs. Hg/HgO at a scan rate of 1 n®V-with a step size of 0.2 mVElectrode
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discharge experiments(e.g.,Fig. 3a) consisted of two segments: an initial CA step at 0.62 V
(0.72 V for NiFénydroxide) vs. Hg/HgO for 120 s, followed by a reverse current step via &P
0 mA-cm? (OCP),€0.05 mA-cm?, or€0.25 mA-cm? for ~1800s §ome experiments were
stopped earlier if complete reduction was achieved. For variable operation experiments
(e.g., Fig. $46), a single stability cycling loop included &-min CA step at 086 V (0.77 for
NiCo, 0.72 for NiFe hydroxideys. Hg/HgO, followed by a4-min reverse potential step at

either OCP orel.2 V vs. Hg/HgOThe loop was repeated fosix cycles.

Note: Except for LSV scag, 100% iR compensation for constant current and potential
steps was carried out manually using the R, value from the initial EIS measurement and
calculated using Eq. 3. Electrochemical measurements during variable operation were
conducted under potentiostatic control to achieve a consistent cathodic potential during
the reverse step, with the potential adjusted to maintain a current densitglose to 0.5

mA-cm?.
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S7.Chemical composition analysis via ToF -SIMS

Depth profiles and highresolution elemental maps were acquired using an IONTOF
GmbH TOFSIMSM6 instrument under ultrahigh vacuum(D210¢ *Torr). For depth profiling in
negative polarity, a C$beam (40 nA, 0.5 kV) waasedq Y Lt Gz qqlJl We¢ UWEE ¢ WY nl
followed by rasterscanning aN MM LU € LUNak&lithinithe sputtered crater using aBi*
analysis beam (4 pA, 30 keVMHigh-resolution imaging was performed in fasimaging mode,
achieving a lateralresolution of 200 nm with a current of 0.4 nATORSIMS analysis was
conducted ex situ, before and after accelerated catalyst degradation tests in a three
electrode cell under variable operation Figs. S30and S32). Postanalysis films were rinsed

with DI water and dried in a vacuum oven before measurement

NCP was utilized to estimate the average sputtering rate of the catalytic films during
TOFSIMS analysis in negative polarityThe detailed calculation of the sputtering rate and
depth estimation via NCP is covered in our previous work The mean depth of the
NiCo(OH)/TF electrode was315.7 + 44.7 nm, based on an average of 100 line scans in both
the x and y directions. Given a sputtering time of 7385 seconds for this sample, the resulting
sputtering rate was 0.043 + 0.0hm-s*. This sputtering rate was used to estimate depths in
Figs. 4 and S61, as all films had similar thicknesses and metal hydroxide/oxyhydroxide

compositions, leading to comparable densities

A statistical depth profile analysis was performed to estimate the depth distribution
ranges of secondary ion fragments shown ikig. 4 ToFSIMS secondaryion yield plots were

integrated to determine the depth range encompassing 627% of the total secondaryion
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yield, corresponding to one standard deviation from the mearbi, LU n. UTHe_depth
distribution range was determined by identifying the sputtering times at which the dashed
lines at 6827% of the total yield intersected the depth profile. These times were then
converted to depth units (nm) using the previously determined sputtering rate of 0.043 £ 0.01
nm-s?t. The resulting values are shown iffrig. 4as the start and end points of the colored
bars, indicating that 68% of the secondansR Y U WWn | ¢ N G 1J Demtkatiotfgll¥ wjthirdithigt Y U
range covered by the barFigs. S51and S52 show secondaryion yield profiles normalized

to the maximum signal, with dashed lines marking the 68.27% confidence intervatigs. S54

and S55display the corresponding integrated yields within that interval. Supporting notes
provide further details on the procedures used for each plotA more detailed explanationof

this method is available in our previous worR
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S8.In-plane conductivity measurements using IDA electrodes

Film preparation and characterization

NiCo(OH), films were deposited on gold interdigitated array (IDA) electrodes for use as
working electrodes. First, thelDA electrodes were cleaned in 3 M HCI for 10 min, rinsed with
DI water, and allowed to dry. Films were electrodeposited in a twelectrode configuration
from 100 mM metal(ll) nitrate aqueous solutions, with the plating bath pH adjusted to ~3
using 1 M nitic acid. A precleaned 50 mL glass cell was filled with ~15 mL of the plating
bath and purged withN, gas for 5 min. A Ni foam counter electrode (geometric area: 22
cm?)was positioned 1 cm from the working electrode, and a fresh Ni foam counter electrode
was used for each deposition of the same film type to prevent crossontamination. The IDA
electrode was secured to a Ti clip holder, ensuring electrical contact with both electrode

terminals.

After an initial OCP measurement for 5 min, films were deposited galvanostatically
at €l mA-cm?for 90 T 600 s (total charge:90 T 600 mC-cm-2) without stirring. Depositions
were performed in 30 s intervals, separated by 10 sesting periods to minimize
concentration gradients. After deposition, films were rinsed with DI water and stored in a
vacuum oven until further use.NiCo(OH), films with varying Co content were obtained by
adjusting the Ni:Co ratio in the plating bath while keeping the total metal concentration

constant at 100 mM

Importantly, increasing the Co content while maintaining a constant deposition time

resulted in thicker fimsbeingd Y| JWGI YUWWqVYWGWWaRUNOW WJWE aqaql RHA

S25



conductivity,>*which enhances deposition efficiency. In contrastNi(OH). (0% Co) behaves
as an insulator, leading to chargetrapping effects that limit electron transport and reduce
deposition efficiency, requiring longer times to achieve a given thickness. As Co content
increases, improved electron conductivity facilitates deposition;however, excessive growth
leads to structural instability, making the film susceptible to detachment if the deposition
time is too long. To address this, we optimized deposition times tensure consistent film
thicknesses and prevent peeling Film thickness for each composition was measured via
NCP and incorporated into effective conductivity calculations. The metal ratio in bimetallic
films was determined using ICPMS. A summary of the film properties at increasing Co

contents is provided inTable S2

Table 2. Properties ofNiCo films deposited on IDA electrodes

Co concentration in the Co content from Deposition  Film thickness from
plating bath (mM) ICP-MS (mol%) time (s) NCP {um)
0 0 600 5.009+0.117
0.5 0.9+0.1 600 4.865+ 0.158
1.0 3.2+0 600 5.011+0.726
2.5 10.3+0.8 300 2.596+ 0.554
5.0 13.1+15 240 0.999+ 0.167
10.0 284+ 0.4 240 1.515+ 0.090
15.0 36.8+ 0.9 240 2.075+ 0.020
25.0 48.8+ 0.4 180 1.276+ 0.074
100.0 100.0 90 0.779% 0.085

Uncertainties represent the standard deviation from threedifferent films.
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After testing, the electrodes were dried and the catalyst film thicknesses were
measured. The surface characteristics of the films were analyzed using a Keyence Y100
Optical profilometer. Surface roughness and film thickness were estimated from 3D surface
profiles obtained with a 404 nm laser and a 50 objective lens. The Ni:Co ratio in films
deposited on IDA electrodes was determined bylissolving the films in 3 M nitric acid and

analyzing the resulting solution via solutiormode ICPR-MS.

In-plane conductivity measurements

Electrochemical measurements were performed in a threeelectrode electrochemical
cell (Fig. $7a) using a Hg/HgO reference electrode and a graphite rod counter electrode.
The cell was filled with unpurified 1 M KOH (~25 mL), and a bipotentiostat was used for data
acquisition. A custom IDA electrode adapter was designed to connect one terminal of the
IDA electrode to the green working electrode clip (WEand the other to the yellow working
electrode clip (WE). After assembly, the OCP was monitored for 120 s or until a stable
response was achieved. Then, a series of constant potential steps from0.02 to 0.64 V vs.
Hg/HgOwere applied, each lasting 180 s, with 20 mV increments. Potential stepping was
performed with a 10 mV offset between WEand WE (i.e., WE = WE T 10 mV). A sample
interval of 1 s was used, and the sensitivity (A/V) was increased from-B8o 1E4 as the
current increased with potential stepping. A detailed description of this measurement and
the corresponding plots is available elsewhere Following the multistep CA run, LSV and CV
scans were recorded fromt0.1 to 0.64 V vs. Hg/HgO at a scan rate ofmdV-s! with a step

size of1 mV.

S27



In-plane effective conductivity calculation

As shown inFig. $7b, the catalytic film bridged two adjacent lines of the IDA array. The IDA
electrode consisted of 544 lines (line width: 6.4 um, gap spacing: 4 um, line length: 6.6 mm).

The effectivein-plane conductivity, Uer, was calculated usingEq. 4:°

Q 0
0 af 36

wherew s the IDA gap spacing (4 pumNis the number of electrodes (544)| is the line length
(6.6 mm)," is the film thickness (fromTable S2 A W' ¢ WRt Wa 6 WWGY q UdaegR ¢ G WY n

WE; (0.01 V), andcnq is the in-plane conductivity current:
Q _— v

UsingEq. 4, an effective conductivity value (in S-cm') wasobtained for each potential step.
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S9. Metal dissolution analysis via ICP -MS

Electrochemical flow cell setup

On-line ICP-MS experiments were conducted using ain-house electrochemical flow cell
(Fig. 9) described in a previous work?® An Ag/AgClreference electrode was integrated
directly into the cell without a PTFE Luggin capillary, utilizing a dedicated port in the cell
design. A Pt wire counter electrode was placed downstream of the ceNi(OH),, NiCo(OH),,
and NiFe(OH), films deposited on Ti foil substrates served as the working electrodes
(exposed area defined by the gaske0.1967 cn¥) and were positioned at the top of the cell.
A piece of coppertape was attached to the back of the Ti foil substrate to establish electrical
contact with the alligator clip. All experiments were conducted in unpurified 0.1 M KOH
degassed with highpurity O, gas. The KOH electrolyte was circulated from a plastic
reservoir into the flow cell at a flow rate of 2 mL-mihusing a peristaltic pump(Ismatec Reglo
ICC). Tubing lines (ThermoFisher Scientific, PTFE 1/60D) and pump tubes (Ismatec, 2.79

mm ID Viton) were prerinsed in nitric acid to prevent electrolyte coamination.

ICP-MS measurements

Solution-mode ICRMS was used to measure metal concentrations in unpurified 0.1 M
KOH electrolyte. Measurements were performed on an iCAP RQ IBFS (Thermo Scientific)
equipped with a single quadrupole mass analyzer. The spectrometer was configured to
detect ®°Ni, “8Ti, >’Fe, and®*Co isotopes. A collision/reaction cell was operated in kinetic
energy discrimination (KED) mode to minimize the presence of polyatomic interferences

(e.g.,*°Ar*®0OH for >°Co, **Si*’OH for “¢Ti, “°Ar'®OH for >’Fe), with a He collision gas flow rate of
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5 mL-mint. A parallel flow nebulizer Burgener Research PEEK Mira Mjstvas used with a
gas flow rate of1.08 L:min* and Pt sample and skimmer cones (Thermo Scientific). A 3rBm
high-matrix insert was used.Plasma power was set to 1548 W, and the quartz cyclonic spray
chamber temperature was maintained at 2.55 °C. Calibration curves for the target isotopes
were prepared from reference standards in semiconductoigrade KOH (0.1 M) at
concentrations ranging from2.5 to 500 ppb. Ni, Co, Fe, and Tstandards (SigmaAldrich,
metal concentration: 1000 mgL?, ICP-MSstandard in 2% w/wnitric acid) were prepared in
unpurified 0.1 M KOH and fed through the electrochemical cell at2 mL-min? each
experimental day. A detailed explanation of ICPMS method optimization is available

elsewhere.1%6

Electrochemical measurements

After assembly, the OCP was monitored fol20 s or until a stable response was
achieved. The electrode was then conditioned via CP foBOO s at 0.5 mA.-cnt. A
potentiostatic EIS measurement was carried out to determine thdx, value. An initial LSV
scan was recorded from 0.25to 0.6 V vs.Ag/AgCI at a scan rate of5 mV-s* with a step size
of 0.5 mV. For variable operation experiments (e.g.Fig. 5, a single stability cycling loop
included a 3-min CP step at 1.35mA-cm?, followed by a 3min reverse current step atel.35
mA.cm2. The loop was repeated for five cycledNote: 85% iR compensation for CP steps
was carried outmanually using theR, value from the initial EIS measurement and calculated

usingEq. 3
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ICP-MS data analysis

The distance between the flow cell outlet and ICRMS inlet was optimized to minimize signal
broadening, reducing the response delay to 2 s, which was accounted for when plotting
electrochemical response alongside metal concentrations. Isotope intensities vere
converted into concentration (ng-L'*) using the slope and intercept from calibration curves.
Concentrations were normalized by the projected geometric area ifigs. 5, S61, and S62.
To convertthe concentration of the dissolved metal into the electrolyte(Caiss, Hg-L?) into
dissolution rates (rqiss, Ng-s?), Eq. 6was used:

i O ;o ¢

QT

where g is the flow rate (in mLmin-t), and 1/60 is aconversion factor to express the rate in

seconds.
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S10.Accelerated catalyst degradation tests in a zero-gap electrolyzer

Electrode preparation

Ni gauze was used as the Ni mesh electrodes for variable operation tests in the zeyap
alkaline water electrolyzer. Nickel gauze pieceg20 x65 x 0.1 mm) were cut and cleaned
following the procedure outlined in the general electrode preparation sectionTwo pieces

were assembled into the electrolyzer, serving as th®, and H; electrodes.

Fe-doped Ni mesh anodes were prepared by conditioning a Ni gauze strip &nKOH
electrolyte containing a known concentration of Fe. A threelectrode PTFE cellKig. S1) was
used, with a Hg/HgO reference electrode, a graphite rod counter electrode, and the Ni gauze
strip as the working electrode. The electrolyte consisted of purified KOH spiked wiffe*"to
reach a concentration of 1 mM (~ 55.85 mg Fet). The Ni gauze strip was immersed so that
35 mm was wetted by the electrolyte, yielding a projected gevetric area of 7 cm? Fig.
S80b). The working electrode was conditioned using CV cycling through a sequence built in
the Gamry Sequence Wizard. CV conditioning was performddm 0.2 to 0.56 V vs. Hg/HgO
at ascan rate of10 mV:stand a step size of 1 mVA total of 1000 cycles were conducted in
20 intervals of 50 cycles, allowing Fe incorporation into the porous Ni oxyhydroxide film
formed during cycling Potentiostatic EIS measurements (DC potential: 0 V, frequency
range: 200 to 0.1 kHz, AC voltage: 5 mV, drift correction enabled) andeérmediate CV scans
(0.2t0 0.56 V vs. Hg/HgO, 5 m¥* scan rate, 1 mV step size) were performed every 50 cycles
to monitor the experiment (Fig. S80a). After conditioning, the Fedoped Ni mesh anode was

rinsed with DI water, dried, and stored for further use
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Zero-gap water electrolyzer experimental setup

We used the zeregap alkaline water electrolyzer reported in our previous studi,
incorporating a fewupdates to the cell design and flonsystem. A new acrylic endplate with
a dedicated port for the Hg/HgO reference electrode was fabricated using computer
numerical control (CNC) machining (Fig. S63a). Note: The working electrode (WE) was
always positioned on this endplate to enable electrode potential measurement, with the

Hg/HgO reference electrode tip placed 1 mm from the Ni mesh electrode serving as the WE

The 3D modelof this endplate is freely available on GitHub. Thecell was assembled as
outlined in our protocol,’° placing the separator between two gaskets (thickness: 0.4 mm)
with Ni mesh electrodes on each side Kig. $3b). The endplates featured an integrated

PDMS gasket to ensure a secure seal.

Once assembled, the electrolyzer was integrated into the flow systenf{g. S$63c, d).
Two 250 mL PTFE vessels served as electrolyte reservoirs, with modified caps fitted with
barbed connectors (3/16 inch) for tubing connections. The system used higiemperature
silicone tubing (Fuel Cell Store, 4 mm ID x 6 mm OD) and peristaltic pumps (KAMOER)
equipped with Norprene chemical tubing (3.2 mm ID x 6.4 mm OD) to circulate electrolyte
at a flow rate of200 mL-min. A digital thermostatic water bath (JOANLAB, 6 L) maintained
electrolyte temperature, with stainless-steel thermocouples ensuring accurate monitoring.
The silicone tubing was carefully connected to the electrolyzer's barbed fittings following

the flow scheme inFig. S63d.

Following our previous guidelines? fresh 7 M KOH electrolytes were prepared using

polypropylene volumetric flasks. To align with industrial conditions, unpurified KOH
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electrolyte was used. To maintain a constant Fe concentration, the 7 M KOH batch was
spiked with iron nitrate to reach nominally 500 ppb FgTable S1), as recommended
previously.’*12The electrolytes were degassedwith high-purity O, (anolyte reservoir) and H
(catholyte reservoir) during initial OCP measurements usinga plastic bubbler. The
electrolytes were circulated through the system and into the electrolyzer to remove any
trapped air within the porous foam electrodes until the system reached the targeted flow

rate and tem perature.

The separatorwas prepared following our previous protocol® Discs (34 mm diameter)
were precisely cut from an A4 sheet using a precision blade on a plastic cutting board.
Before use, separators were conditioned in 7 M KOH electrolyte for at least 12 hours in an

airtight plastic container.

Potentiostat configuration

Electrochemical tests were conductedwith two potentiostats operating simultaneously
(Fig. 63d). The main potentiostat (P1) was connected in a threelectrode cell setup,
where the Nimesh electrode under study Q. or H; electrodes) acted as the WE, the other Ni
mesh electrode as thecounter electrode (CE) and thereference electrode (REglligator clip
was connected to the Hg/HgO reference electrode placed on the endplate with a dedicated
RE port. The second potentiostat was connecteah a two-electrode cell setup and was used
only to monitor the total cell potential using an OCP measurement. The CE and Ritgator
clips were connected to theelectrode used as the CE, while the WE adjator clips were

connected to the electrode tested as WE for that experimen(see Fig. S63c).
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Estimation of the reverse current for variable operation tests

The cell was assembled to estimate the ionic resistance through the electrolyzer
manifold, as shown inFig. 64, with a 7.6 cnmtlong silicone tube connecting the anodic and
cathodic endplates. The Ni mesh electrodes were assembled as usual, while the separator
was replaced with a 1 mmthick circular plastic sheet to block the internal ionic pathway,
forcing ion flow exclusively through the manifold. The electrolyte was circulated at 50 °C
with a flow rate 0of200mL-min. lonic resistance was measured using potentiostatic EIS (DC
potential: OCP, frequency range: 200 to 0.1 kHz, ten points per decade, AC voltage: 5,mV
drift correction enabled) with potentiostat P1 and a multimeter. The higifirequency
| Jt Rt q¢ U Wbic[ Ab Ws ¢t WU Yo ¢orbaction cuttENtNLkQasHb0idte® FO= Lt |, K
with the ion conduction resistance, Ron, through theG ¢ UR N Y G T Ws ¢t Wt qRG ¢ qIT

law:

‘Q :O_ .
Y
where Ecoirepresents the total cell potential. Considering a total cell potential of ~2 V during
the constant current step in variable operation tests (e.g.Fig. 68a) and using the lower
limit of the ion conduction resistance bl Y Wt , b 9 Wa Gold thhbiuctioR Guéremtdidwing

to overcome this resistance is ~0.25 mA when applyingq. 7. This value was used as the

reverse current in the variable operation tests.

Note: This approach provides an approximate estimation of the reverse current wur
variable operation tests. Significant variations in ionic resistance were observed, attributed

to gas bubbles in the manifold, fluctuations in flow rate, and temperature gradients, all of
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which influence the magnitude of shunt currents?’?® We strongly recommend that
researchers assess this factor carefully for their specific cell architecture, as this value
should not be extrapolated to other systems without prior verification. Additionally,

alternative methods for simulating reverse currents should be explored

Extended variable operation experiments

Tests were conducted using an automated sequence in the Gamry Sequence Wizard,
structured into three main sections: initial assessment, stability cycling loop, and final

assessment

Initial assessment: First, the OCP was monitored for 2 hours or until a stable response was
achieved. Theelectrolyte reservoirs were degassed, Bowing the systemto reach the target
temperature. Next, the electrolyzer was conditioned usinga steady current of 60 mA
(corresponding to a current density of 15 mA-cmbased on a 4 cnig, geometric electrode
area)for 24 h,closely monitoring the cell voltage until stabilization This step ensured the

formation of the active electrocatalytic phase and consistat operating conditions.

Galvanostatic EISwas used to measure the highfrequency resistance (HFR)which
accounts for the ion conduction resistance, Rqn, from the electrolyte and separator, and the
electronic resistance, R., from the electrocatalytic film and the contact resistances

between the electrode, current collector, and electrolyzer terminalsz°

(&2°Y Y m
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Galvanostatic EISwas conducted at 15 mA-cm?, with an AC amplitude of 5 mA over a
frequency range of100 kHz to 1 Hz with drift correction enabled. The HFR was obtained
from the high-frequency intercept of the Nyquist plot with the real axis? HFR valuesranged
typically between 10 and 200 , -cm?at 50 °C in7 M KOH(e.g., Fig. $65¢). Next, full Nyquist
plots were recorded usinggalvanostatic EIS at the preconditioning currentlensity of 15
mA-cm? (frequency range 100 kHz to 0.5 Hz, AC amplitude: 5 mA, drift correction

enabled).?! This measurement was repeatedhree times for reliability.

Next, multistep CP runs were used to construct full-cell polarization curves. Each
constant current step lasted 600 s, followed by galvanostatic EIS at the same current (100
kHz to 0.5 Hz, AGmplitude: 5 mA) The initial current step was set at 4 mA, after which we
used the Gamry Sequence Wizard to systematically increment the current using sequence
loops. The first loop comprised steps from 8 to 32 mA in 8 mA increments, while the
subsequent loop ranged from40 to 600 mA in 40 mA incrementsAn example ofthis
procedure is available in our protocol*® Average cell voltages were derived from the final 60
s of each step to construct the polarization curvesThe HFRmeasured ateach step was
usedto calculate the iR-corrected potential, Eree, fOr each corresponding cell voltageEc,

based onEq. 9*
O 0O Q( &2 (@)
where i is the current applied at each step. Examples of polarization curves and

corresponding HFR valuesare shown inFigs. $65-S67 and S81-S82.
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Tafel slopes were obtained from thaR-free polarization curves to evaluate the kinetics
of water splitting. The Tafel slope was determined by plotting th&-free cell potential in the

y-axis against the logarithm of the current densityj)Xin thex axis:3233

0 ol 1@ # p T
whereb s the Tafel slope (V-deé), and C is they-axis intercept. Linear fitting was conducted
in the low-current-density regionbelow 30 mA-cm?. In contrast to our previous work in
which the two-electrode cell setup prevented dstinguishing the contribution of each
reaction to the Tafel slope our endplate with a RE port allowsis to measure the electrode
potential for the O, and H, electrodes separately. Thus,Tafel slopes shown inFig. 65e

represent the combined HER and OER contributions, whilgig. S66f shows the anode ©-

electrode) Tafel slope and Fig. S57f shows the cathode (H electrode) Tafel slope

Stability cycling loop: Thevariable operation test simulates electrode behavior during a
shutdown by incorporating areverse currentstep between constant current steps. A single
stability cycling loop consisted of two CP steps: d0-min step at 480 mA (corresponding to
a current density of 120 mA-.cn%), followed by a 5min reverse current step atel mA
(corresponding to a current density ofe0.25 mA-cm?). A galvanostatic EIS measurement
immediately followed the reverse stepat 15 mA-cm?(frequency range 100 kHz t00.5 Hz,
AC amplitude: 5 mA, drift correction enabled). The electrolyzer underwent this testfor 240

cycles (i.e.,60 h of uninterrupted operationplus the time required for EI$

Final assessment. The same experimental routine carried out during the initial assessment

was repeated: (1) galvanostatic EIS to measure the HFR, (2) full Nyquist plot using
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galvanostatic EIS and (3)multistep CPdivided in two current loops (from 8 to 32 mA and 40
to 600 mA)to construct polarization curves, followed by galvanostatic EIS at each current
step. Polarization curves and Nyquist plotdrom the initial and final assessmentswere used

to compare the electrolyzer performance before and aftevariable operation tests

For the high current density experiments, we applied the same stability cycling loop,
with the only change being a 10ninute step at 4 A (1 A-crf}, followed by a Bminute reverse
Hel | WOqWt qldGLWE q Lké Ravbibefornins lodRV lhaver suply Katsusada
R4k-80)was used in a twoeelectrode setup. Galvanostatic EIS (15 mA-ciyj was performed
separately withthe Gamry Reference 620 potentiostat immediately after the reverse step.
Electrode potentials were monitored using two Gamrypotentiostats with Hg/HgO reference

electrodes on each side of the zeregap electrolyzer.

Ex situX-ray photoelectron spectroscopyanalysis

XPS analyses were carried out with a PHI VersaProbe 4 instrument using a
UYUGYUYHG! YOGcqRHW~NWu, W Yel HUWeINZP OIS WIJé b OWOH |
is critical to prevent the overlap between Ni LMM Auger features and Fe 2p peaks, which
would otherwise make Fe detectiormore challenging? The base pressure of the instrument
was ~10° Torr. Highresolution spectra were collected over an analysis area of ~250 x250

(P using a pass energy of 10 eV. The charge neutralizer was not employed to prevent partial
reduction of the NiOOH phase. Binding energy calibration was carried out using the C 1s
peak for adventitious hydrocarbons at 284.8 eV. Data analysis was performed ing

CasaXPS software. The spectral fitting parameters for the O Imd Ni 2p peaks were
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adopted from previous studies*™¢ Fitting components were modeled using a combination
of Gaussian (70%) and Lorentzian (30%) profiles, denoted as GL(30) in CasaX®Standard
Shirley-type baseline was employed to fit the spectra of transition metal peaksThis

baseline featured variable offset levels at the high binding energy endpoint.

We adhered to postoperation disassembly guidelines as recommendec?’
disassembling cells inside a watertight container filled with DI water to maintain separator
hydration. After unscrewing the stainless steel bolts, the components were carefully
removed from the assembly. The electrodes were precisely cut and dried for pestortem
XPS analyss, following the ex situ XPS analysigrotocol detailed in our previous work®
Drying was conducted through repeated cycling between atmospheric pressure and low
vacuum (>50 Torr) using a sorption pump to minimize contamination and limit surface

exposure to air posttesting.

Ex situ ICRMS measurements

Solution-mode ICRMS was used to measure metal concentrations in KOH electrolyse

Tel RUDW2¢!I REHGUWYGUI ¢qRYUWqUt at WOWEGUHE! Ya! qldW
reservoirs at specified intervals. A 10x dilution routine was applied, followed by matrix
neutralization with 2 wt.% nitric acid, as outlined in our previous workThis step was critical

for enhancing instrument stability and optimizing plasma performance, given the high total

dissolved solids in the KOH matrix. This approach ensurgfiat detection limits remained in

the low ppb range for all analytesMeasurements were conducted in arAgilent 7500celCP-

MS equipped with a quadrupole mass analyzer and a collision/reaction cellThe complete
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analytical procedure, experimental setup, quality control routines, and results from two

previous analytical projects are detailedon this website.
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Supporting Figures, Tables, and Schemes

Simulated shutdown tests tostudy electrode discharge

CE:
v / Graphite
< : : bar

Figure S1. Three-electrode PTFE cell used to test simulated shutdowns and reverse currents

in unpurified KOH electrolyte. The working electrode (WE) consisted of transition metal

hydroxide films deposited on Ti foil substrates with @ cm? exposed area The counter

electrode (CE) was a graphiterod, while the reference electrode (RE) wasmHg/HgO

DadWHq! YT ODWs RqéWe WnRIOGRUNWY YieqRYUWY n WMION W~ A LN
electrolyte concentration. The cell design ensures a fixed electrode spacing (nominally 2

cm) in all experiments.
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Figure S2. Open circuit potential decay transients for Ni(OH)Y/TF electrodes following
galvanostatic polarizationat increasinganodic current densities. Profiles are presented on
(a) short and (b) long timescales. Dashed arrows indicate the increase in anodic current
density (5 to 100 mA-cn¥). Experiments were conducted in unpurified 0.1 M KOH electrolyte
at 20 °C.
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Figure S3. Open circuit potential decay transients for Ni(OH)Y/TF electrodes following
galvanostatic polarization at an anodic current density of 50 mA-cm. Experiments were
conducted at increasing concentrations of unpurified KOH electrolyte at 20 °CProfiles are
presented on (a) short and (b) long timescales.
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Figure $4. Open circuit potential decay transients for Ni(OH)Y/TF electrodes following
galvanostatic polarization at an anodic current density of 50 mA-cm. Experiments were
conducted at two temperatures: 20 and 50 °C Profiles are presented on (a) short and (b)
long timescales. Experiments were conducted in unpurified 0.1 M KOH electrolyte.
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Figure Sb. Open circuit potential decay transients for Ni(OHY/TF, NiCo(OH)TF, and

NiFe(OH)Y/TF electrodesfollowing galvanostatic polarizationat an anodic current density of

50 mA-cm?. Profiles are presented on (a) short and (b) lortimescales. Experiments were

conducted in unpurified 0.1 M KOH electrolyteat 20 °C.
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Figure S6. Open circuit potential decay transients for Ni(OHYTF and Ni foil electrodes
following galvanostatic polarizationat an anodic current density of 50 mA-cm. Profiles are
presented on (a) short and (b) long timescalesExperiments were conducted in unpurified

0.1 M KOH electrolyteat 20 °C.
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