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Materials

KOH electrolytes were prepared froraagenigrade potassium hydroxid&iggma Aldrich,
flakes 89.9% according to the certificate of analysiEhe electrolyte was purified following our
previous protocot.Nickel(ll) nitrate hexahydrate (Thermo Scientific, Puratronic, 99.9985% metal
basis) was used for Fe purificatiand Ni(OH) film electrodepositionStock solutions ofL. M
KOH electrolyte spiked with differentransition metals were prepared usimgn{lll) nitrate
nonaydrate coballl) nitrate hexdydrate manganegdl) nitrate hydrate and copper (ll) nitrate
hydrate (Thermo Scientific, Puratronic;99.9%% metal basis)lron(ll) chloride tetrahydrate
(Themo Scientifi¢ 99.94%metal basis) and sodium nitrafiehermo Scientific99+%) wereused
for films containing codeposited Fe, while cofi#itnitrate hexanydratewas used for films
containing Co Ethylenediaminetetraacetic aci(EDTA) tetrasodiumsalt dihydrate(Sigma
Aldrich, 99.5%) was dissolved in the 1 M KOH electrolyte for ion complexation stuéigsnol
(Pharmcq 99.5%) was used to clean Ni foillNF) substratesHigh-purity hydrochloric acid
(Thermo Scientific, 99.999% metal bgsisas usedo prepare 3 M HCI solutions for Noil
cleaning. Acid dilutions for cleaningglasswareand ICRMS analysis were prepared using
TraceMetal grade nitric acid (Fisher Scientific,-&0%, Fe < 1 ppb)All the electrolytes and acid
dilutions were preparedithd ei oni zed ( DI ) ).viNafoile(TherhalSRiengific, Mg L ¢ m
995%, annealeflwith athickness 00.05 mmwasused aghe substrate for electrocatalytic film
deposition.Potassium chlorideSigmaAldrich, ~3 M KCI saturated with AgGlwas used for

rougheningAu substrates.



Electrocatalytic Film Preparation

Substrate preparation

Ni foil pieces 20x 10 x0.25mm) werecutand immerseth ethanolwithin shell type 1 glass
vials (Fisher Scientific 15 x 45 mm) placed in an ultrasonic bath for h&inutes and dried
overnight in a vacuum oveat 60 °C. The exposed electrode surface area was fixed using a
polydimethylsiloxane (PDMSYoating (SYLGARD 184 Silicone Elastomer Kit, Daw)he
coatingwas prepared by vigorously mixing the curing elastomer base and the curing agent in a
10:1 ratio for 10 min using polytetrafluoroethylene (PTFEdd. Next, his mixture was degassed
in a vawum oven for about 5 minutes or until no bubbles remained visibke.liquid PDMS
mixturewas carefully applied to a 5 mm segment extending from tHe éeihter towards its right
and rear sides, exposing a 10 x 10 iameaon one sideA 5 mm flat porton was intentionally
left uncoated to serve as a clipping regibne PDMScoated Nifoil pieces wereuredin a small
ovenat 150°C for 10 min as recommended by the manufactéfeer curing, he electrodes were
kept in a vacuum oven until usePrior to electrochemical measurements, the PDdt&ted
electrodes were placed inside clean shell type 1 aralsequentially cleaned for 15 minutes each

in three solutions: (1) ethanol, (2) 3 M HCI, and (3) deionized water.

Film electrodeposition

We deposited our electrocatalytic films using a4filim architecture to minimize electrical
conductivity and mass transport effet#s suggestedy previous studie€? hydroxide catalyst
films were cathodically depositatinga two-electrode configuration from a 20 miMckel(I1)
nitrateaqueous solutiohe pH of the plating bath was adjusted to ~3 using 1 M nitric Acx.

mL glass cellcleaned with nitric acidwas filled with~15 mL oftheplating bath angurgedwith



N2 gasfor 5 min. A Ni foamcounter electrod@geometric area: 2 x 2 Grwasfixed ata constant
distance 1 cm) from the working electrode? distinct Ni foam counter electrode was employed

for each deposition of the same type of film to prevent ecoataminéion. The working electrode
wassecuredvith a Ti clip holder an@lignedparallel to the counter electrodgpon cell assembly

the films were deposited galvanostaticallylamA-cni? for 300 s, equivalent to a final deposition
charge of 300 mC-crh(thickness: ~550 nm)Electrodeposition was executaithout stirringin

a sequence of three intervals of 100 s with resting periods of 10 s to minimize concentration
gradients. A constant flow of Mgaswas maintaineéh the headspade sustairpositive pressure

within the cell and prevent rom entering.

For films containing codeposited Fe and Co, the total metal content in the solution was held
at 20 mM. For example, NiFe fiweredeposited from 40 mM Fe(ll) and 10 mM Ni(ll) nitrate
solution andadjusted to pH ~3While nitrate salts of Ni and Co were used directlycbrtaining
films were prepared using FelHO and NaNQ@ to prevent precipitation of insoluble Fe
oxides/hydroxides. This solutiamas freshly prepared on the day of Fe film deposition and purged
with N2 before and afteaddingFeCb. A stoichiometric amount of NaN{vas added teaintain
the total nitrate coremtration constardicross all plating bathg\fter deposition, the films were
carefully rinsed with DI water and dried in a vacuum owuetil use Fe-containing films were
testedmmediately aftedeposition. Co and Fe contents in bimetallic samples qeastifiedby

energydispersive Xray spectroscopy (EDX).



Electrodenaming scheme

Electrocatalytic films follow a specific naming convention basedthlmsubstrate and

chemical compositioriThe naming convention is as follows:

Substrateabbreviation This study used only two substrates, Ni foil substrate @wEyoughened

gold substrat¢Au).

Chemical compositianMetals in the sample name reflect only thosgally depositedbefore
conducting angonditioning or aging procedureorexample, Ni indicates the deposition of nickel

only, while NiFeindicates the deposition of both nickel and ifoe., bimetallic film).

Chemical phase Films designatedas oxyhydroxide €.g, NiOOH) have undergone
electrochemical conditioning, resulting in the formation of the oxyhydroxide phralses
designated as hydroxides.d), Ni(OH)2] have not undergone electrochemical conditionirigese
samplesinclude asdepositedfilms or electrodesagedin KOH electrolyte, as indicateby the

figure description

Deposited chargeUnless stated otherwise, all films were deposited to a final charge of 300
mC-cni®. Films were deposited to a final charge of 50 mC?¢on specific measurementhese

films are regarded akin throughout the text and agdenoted by at" preceding theicomposition

For example, consider the following electrode samples:
NF-NiOOH refers to a Ni(OH) film deposited on Ni foil substrate to a final charge of 300

mC-cni?, thensubjected to electrochemical conditionimdnich resulted in a NiOOH phase.

Au-t-NiOOH refers to a Ni(OH)film deposited oraroughened Au substrate to a final charge
of 50 mC-cm?, thensubjected to electrochemical conditioninghich resultedin a NiOOH

phase.



Electrochemical Measurements

Electrochemical cell setup

Electrochemical tests were performedain00 mL PTFE cellto avoid contamination from
glasswareas deschied in our previous studyThecell wascleanedeforeexperiments with 3 M
HNOs and rinsed with copious DI wateflectrochemicameasurementwere conducted using a
Gamry Reference 620 potentiostat/galvanostatthreeelectrodeconfiguration A graphite rod
(Gamry) was used aa counter electrode to avoid incidental Pt incorporatidrhe counter
electrodewas cleaned periodically bgoakingin 3 M HNQs. Fresh and cleagraphiterodsand
PTFE cellswere used foreach metatcontaining 1 MKOH electrolyte Each tested sample

underwent three replicate measurements.

Fresh KOH electrolyte was used for each electrochemical te$the electrolytes were
standardized and purified according to our previous guideliBeforeelectrochemical tests, the
electrolytes were egassed with higpurity O, for 30 min using a plastic bubbler. Due to
reproducibility concerns, we used magnetic stirring to dislodge bubbles only after degassing the
electrolyte but not during electrochemical teSteck solutions containing 1 M KOH ad@ ppm
of various transition metal cations were prepared by dissolving the appropriate nitrate salts in
purified 1 M KOH. Aliquots were drawn from these stock solutions to achieve the specific
concentrations required for each experiment. For ion compdexstiidies, we prepared a 10 mM
EDTA stock solution and took aliquots to reach target EDTA concentrations. We selected EDTA
concentrations of 0.5 and 1.0 ntbdsed on thé&otal concentration of potential interfering ions in
the KOH electrolyte that couldebcomplexed by EDTA (refer tBigure S5 and Table S6for
details). The mixture of KOH, transition metals, and EDTA was allowed to stabilize for 12 hours

before initiating the tests.
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Reference electrodes

All potentialsveremeasured againstHg/HgO reference electroaath 1 M KOH electrolyte
asthefilling solution (CH Instruments)A separatéig/HgO reference electroaeas used for tests
in purified 1 M KOH to avoid incidental crog®ntaminationPotentials were converted to the

reversiblehydrogen electrode (RHE) according to the equation
0 o . v W ( O P

whereE; is the measured potentiad. Hg/HgO. The value o0’ ;  in 1 M KOH wasdetermined
experimentall\pby measuring the open circuit potential (OCP) for 5 agjainst a saturated calomel
electrodgSCE)used only for this purpos&he value of®’ + Wwas determined by considering

the liquid junction potential difference in tHeCP measurerant according to the following

equation®
(o 0 o’ 0 C

whereEocp is the measure®CP valuel®’ s thehalf-cell standard reduction potential of the
SCE (0.2412 Ws SHE at 25 °CKCl sat), andELspis the liquid junction potential differen¢é.4
mV for KCI sat.]1 M KOH.” The average experimental value & + in1M KOH was

determinedo be108.0 + 2.1 nV. This potential vas periodicallymonitoredto ensure stability
between experimentadditionally, we usel a standard hydrogen electrode (SHE) to calibrate the
saturated calomel electrode and correct for potential drift between measuréfifentSHEwas

made using a platinized Pt electrode in acidic electrolyte having a unit activityasfdH,g) (1

bar). The reversible potential for hydrogen is estimated as the average between forward and reverse

sweeps around the potential of zero current. Moraildatan be found elsewhefé.



Voltammetry and iR compensation

TheOCPwas measurefibr one houbeforeexperimentsor untilthe potential was completely
stable fypically between-0.05 and-0.15 V vs. Hg/HgO, £5 mV variation).Linear sweep
voltammetry (LSV)and CV scansto compare the samples before and adfeictrochemical
conditioningwere recorded at a scan rate5afhV-s'to minimize capacitive contribution€V
scans wer@erformed between 0.15 and 0.8/, Hg/HgO for most measurements, only being
different for Fecontaining electrolytes.€., betweer0.15 and 0.70 Ws.Hg/HgO). The third scan
is reported for LSV and CV recorded before and aftarditioning LSV and CV scansvere
corrected for 85%incompensated resistané®)(using the positivéeedback mode in the Gamry
software.R, wasdetermined using electrochemical impedance spectroscopy (EIS) by identifying
the minimum point of total impedance at high frequencies (between 80 and 30. kHz)
Measurements were takem a stable OCRind an amplitude of 5 mV, where the phase angle
approachgzero andooth capacitive and inductive impedandsscomenegligible®° Figure S1
displays a tymial Nyquist plot measured at the OQMRe value oR, varied from 19t02.4q f or
films deposited on Ni foil substrat®, was monitored periodically among experiments to ensure

good contact with the Ti clip electrode (var.i

NiOOH / Ni foil
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Figure S1.High-frequency Nyquist plots ofreNF-NiOOH electrodemeasured both &ahe OCP

and in the OER active potential ran@ée resultingRy value is displayed for reference. The
Nyquist plot measured at the OCPoftset onthey-axis for clarity

[
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Electrochemical conditioning

For examining the OER catalytic activity, electrochemical conditioning was perforraed
chronopotentiometryCP) at a constant current density of 2.5 mAcfor at least 12 lo favor
the formation of a thin and compduydrous oxide layeon the surfacé' The electrolyte was
stirred with a magnetic stir bar for 5 min after conditioning to dislodge bubbles. Following
electrochemical anditioning, electrochemical measurements were perforviee (nfra). For
examining the electrochemical energy storage properties of Ni(RIB)YOH films deposited on
Ni foil, electrochemical conditioning consisted of galvanostatic ckdispharge (GCD)yxling
testsat 2.5 mA-cn for a total of 1600 cycles. For each GCD cycle, a constant current was applied
to charge/discharge the electrode between the starting potestjdl.(5 Vvs.Hg/HgO)andthe
full-charge potentialthe lattercorresponds tohe OER onset potential angas determined for
each electrocatalytic film exposed to transition metals using the coulovoltam(@&tyynethod

(vide infrg).1? GCD tests at different currents were also performed for each catalytic film.

OER overpotential and Tafel analysis

The overpotential ) was calculated using the equatien O 'O whereE is the
measured potential (corrected for 85% &1dEey is the reversible potential of the OER (0.306 V
vs.Hg/HgO) 2 All the current densities were calculated from a projected geometric-drear]
defined by the PDMS coatirajnd measured usiragn optical profilometerThis coating effectively
prevented the electrolyte froneacting with the bare Ni foil substraso only the ~1 cn? area
containing the electrocatalytic filnwas converted intothe active NIOOH film during

electrochemical conditionindgn contrast, the rest of tid foil substrateemained unchanged.
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Tafel slopes were estimated using multistep chronoampénpridUSCA) and multistep
chronopotentiometry (MUSCP) methodss these reflect steadyate responses that are more
suitable for Tafel analysis, contrary to traditional potentiodynamic polarization Cdiv&sSCA
measurements were performed by apphabgut 16 potential steps starting from the OER onset
potential with 10 mV increments. Each step lasted 6B80tonly the last 300 s weaseragedor
Tafel analysis. MUSCP measurements were performed by applying a series of current steps
starting from 0.25 mA to 1.50 mA with 0.05 increments, each las3d@ s. The OER

overpotentials were corrected for 100Rdrop using théx, value from EIS as follows:

O i 0O &Y o
wherei is the steadystate current for each steandErne is the electrode potential converted to
the RHE scale. Tafel plots were constructed by plotting the logarithm of the samplattscurre

against the respective OER overpotentiitee OER charge calculated from QV measurements

was also used to construct Tafel plotislé infra).

CoulovoltammetryQV) tests

The QV method wasitilized to determinethe OER onset potentiddased on previously
established methodologiésin brief, asequencef CV scanss executedwith varying vertex
potentials ie., the potential limit of the scan where the sweep direction is reversed) across a
potentialrange(from 0.45 to 0.75 Ws.Hg/HgO) whereredox peaks could mask the OER onset
potential Next, the charge density (in C-@nis calculatedby integrating the area under the
voltammetric response at each vertex potential. When an irreversible reactios) toewharge
consumed during the anodic scaurpassethat of thecathodic scaniesulting in a net positive

charge densityFor these measurements, we optedtfon electrocatalytic filmg(i.e., NF-t-
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NiOOH) with a charge of 50 mC-cfmandan approximate thickness of 80 ni8V scans were
conducted withouiR compensation to circumvent chasgyapping effect$ These QV tests were
performed after electrochemical conditionirig CP (L mA-cm?geofor 5 min) to ensure consistent
and reproducible result¥he charge was measured on the first scan to account for all the redox
active cations irthe film. To achievethe complete reduction of the film before subsequent CV
scans at higher vertex potentials, we &gaph cathodic step ad.5vs.Hg/HgO for 600 seconds

or until the reduction current stabilizethe OER onset potential was determined by plotting the

charge densityi.e., OER charge) against the vertex potential and calculating the first derivative.

Energy storage behavioneasurements

CV scans at different sweep rates were utilizeeMuatethe charge storagkehaviorof the
NF-NiOOH electrodesCV scans around the Rf** redox peakfrom 0.1 to 065 V vs.Hg/HgO)
were measured at varying scan ratesm 10 to 100 mVs? without iR compensation. The

relationship betweetne peak currentwith thescanrate3 was examineds follows

"Q A\,
I T@Al I"C1 TAC
A linear plot oflog i against log yields a slopé. A b value of 0.5ndicateghatcharge storage
is governed by diffusiori.e., Faradaicor redoxcharge storagewith the peak currentesponse
proportionaltot he square r oot oAb valleef 1.8mpiescapacitodike ( i

behavior(i.e., charge storagen the surfade with peak current response proportionathe scan

rate i ~ 3).
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Capacitance measurements from galvanostatic chdiggharge(GCD) cycling

Following electrochemical conditioning diF-NiOOH films through GCD cycling, the total

capacitancé€Cio) below the OER onset potential wastimated as follow®

" 1
36 v
where Q islhe total chargei.e., capacity) ofeachcycland @V i s the potenti a

GCD. Note: as explained previously in the electrochemical conditioning subsection, the potential
window was set based @astarting potentiabf 0.15 Vvs.Hg/HgO andthe full-charge potential
which varied depending on tl2ER onset potentialorresponding to each electrocatalytic film

and determined by the QV methad€¢Tables S1andS2for onset potentiataluesfor each filn).

The total capacitance is determineddach cyclaising the Gamry Echem Analyst software
and therefore, it varies throughout GCD cyclius a plot of the capacitanes.cycle number
is obtained (se€&igure S11c). The Got value corresponding to each film was determined by
averaging the values for the last 100 cycles, whereata capacitance curve stabilzeThis

average Gt value was used to determine theséxvalue ide infrg.

The Gamry Echem Analyst softwareopides additional figures of merit to evaluate the
energy storage properties. The capacity retentia €Bown as %Capacity in the Gamry Echem
Analyst software)s determined as follows:

#oo— 0
1

where Qis the total charge of each cychnd Q is the total initial charge calculated from the
whole GCD cycling experiment. Tremulombic efficiency Qer) is calculated as theatio of the

charge in theharge andlischargestefs for each cycleThe anergyis calculated as the sum of the
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electric power multiplied by timeéThe energy efficiency is calculated as tago ofenergy in the
chargeandthe discharge stsfior each cycleThe Gamry Echem Analyst software providesse

parameters automatically from the GCD cycling test.

Note: Ni(OH)2/NiOOH electrodeslisplaydistinct redox peaks from CV scans and a nonlinear
GCD profile, indicating faradaic charge storagdi.e., batterytype) rather than true
pseudocapacitive behawj whichfollows a linear dependence on the stored charge with the width
of the potential window>!"*®Thus, our electrodegunction as redoxenhanced electrochemical
capacitor{redox ECs)® It has been suggested that capadity,charge) rather than capacitance
should be used to measure their performancieasapacitance varies with the potential window
used!’1® However, we opted to use capacitance to examine changes in energy storage properties,
aiming to subtract the doublayer capacitancéCq)). Comparing capacitances of different redox
ECs is only validwhen the same potential windovis used. GCD testing of the NFHOOH
electrodes exposed to various transition metal cations was conducted within roughly the same
potential window(see the OER onset potentialsTiables S1landS2). The potential window as
slightly different only for NF-NiOOH electrodesconditioned in Fecontaining KOHdue to the
OER onsetNote that this comparison is valid only amormmparableedox ECs teevaluate
changes in stored charge. Capacitance values derived from our study should not be compared to

other energy storage materials in the literature; instead, capacity should be used.

Electrochemical impedance spectroscqpiS)analysis

PotentiostaticEIS measurementaere performed t@stimatethe charge transfer resistance
(Ret) associateavith the OERand theCq. EIS was measured in the frequency range féohto

10° Hz at an amptude of5 mV. Potentials in the 60 to 0.75 VWs.Hg/HgOrangewere probed
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to comparesimilar current densities before and afdgctrochemical conditionin® EIS fitting

was performed usinggeneral Randles equivalent circuit mgdetluding aterm for the contact
resistanceRigure S2). In this model| Rs representghe series resistancesulting from the sum of

the solution resistance of the electrolyed the electrocatalytic film resistariéé?R. and CPE
denote the impedanaeiginated fronthe contact between the film and #lectrodeclip. Rt and
CPE:represent the total chargensder resistance and the constant phase element, respectively,

characterizing the catalytic interface.

CPE, CPE,
R —) »
_JW\_ - -
—W— —W—
Rct Rc

Figure S2.Equivalent circuit model for EIS data fitting.
Fitted parameters were determinesingthe GamryEchemAnalystsoftware.The G was

calculated according to the following equatr®?3
# #0% 5 X

where¥ max (in st) is the frequency at which the imaginary component of the Nyquist plot reaches
a maximum,n represents the degree of depression of the semicircle compared with an ideal
semicircle and has a value less than 1.0, and@Phe constant phase element usechodel the
chargetransfer process. This value was used to separate (thg €ntribution to the total

capacitance determined through GCD tests as follows:

# # o # W
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Detailed Material Characterization

Film surface characterization

The surface characteristics of the-deposited films were analyzed using rmmomtact
profilometry (NCP) with a Keyence VAX1100 Optical profilometer. Surface roughness and film
thickness were estimated from 3D surface profiles obtained with a 404 nmrdseb0x objective
lens The electrochemically active surface area (ECSA) for the Ni foil substrate was determined
through CV scans at varyirgganrates, conducted in a GBIN solution containing 0.15 M KRF
as supportingelectrolyte?* For these electrochemical measurements, we employed a glass cell
separated by a porous glass frit for the working and counter electrodes. A platinum mesh (2.5 x
2.5 cnf) served as the counter electrode, whilsilverwire enclosed in a Luggin capillafijled
with the same electrolytevas used as the reference electrode. The tip of this capillary was
positioned approximately 1 cm away from the working electrode. The working electrode
compartment contained about 30 mL of solution, and 10 m&used in the counter electrode
compartmento balance the hydrostatic pressuBefore initiating measurements, the electrolyte
was purged with Blgas for 10 minutesA constant flow of Nwas maintained in the headspace
throughout the measuremenmtskeep a positive pressuréollowing best practies outlined in a
prior study?® the OCPwas monitored until it stabilizedypically within 10 min.Next, CV scans
ranging from 10 to 1000 mViswere conducted around +200 mV of the stable OCP y#Re
compensation wasplemented using the current interruption metteod the current sensitivity
was set to 25% higher thaime maximumcurrent at each scan rateverage cathodic and anodic
currents were plotted against the scan,ratel @ allometric function  Ad ) wasfitted to
derive the Cq value fromconstantb. For additional details, please refer Bggure $4 and its

supporting note
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GrazingincidenceX-ray diffraction (GIXRD)

GIXRD was utilized to examine the crystallinity thie asdepositedNi(OH)2 film deposited
on Ni foil. Measurements were conducted on a Rigaku Ultima IV diffractoraqtepped witha
Cu KU (& =ddiatbrsdu@eadq k) and 44 mA The scan rate was 0.5 degs@er

minute, using a thifilm configuration with an incident angle of 0.3°.

Electronmicroscopy ancelectron energy loss spectroscqELS)

Scanningelectron microscopy (SEMinages andEDX elemental maps were acquired using
a Thermo Scientific Apreo 2 microscope to study the morphol®gM imagingwas conducted
at high vacuum 45x10° Torr), a4 nm spot sizea 0.40 nA current, and a 10 kV accelerating
voltage.For high-angle annular d&-field scanning transmission electron microscopy (HAADF
STEM) imaging and EELSnalysis,samples were prepared as follol-NiOOH electrodes
were aged foone weekn 2 mL ofpurified1 M KOH spiked with transition metals (500 pplt3*y
The films werethen conditionedvia CP @ 2.5 mA-cn? for 15 min. Next, he electrodes were
sonicatedfor 5 minin 2 mL of ethanolwithin shelttype 1 glass vialsA total d 7 . vBeree L
dropcast oto Cu grids (Ted Pella, ultrathin C film on Lacey carbon, 400 meshhree 2.5 L
incrementsand allowed talry in a vacuum oven between each stdpADF-STEM and EELS
measurements wereonductedin a JEOL NEOARM probecorrectedtransmission electron
microscope with aberration correctigkll measurements weperformed at an operating voltage
of 80 kV. EDX elemental maps wecapturedvith aJEOL largeangle silicon drifdetector. EELS
measurementidilized aGatan Quantum energy filter widtDual EELSdetectorHAADF-STEM
images were analyzed using tBatanMicroscopy Suite EELS spectiaprocessing was done

using the HyperSpy1.7.3toolbox2®
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Timeof-flight secondary ion mass spectromgfffD~SIMS)

Depth profiles andhigh-resolution elemental maps weaequired usingn IONTOF GmbH
TOF-SIMS 5 instrumentin ultrahigh vacuum 10 °Torr). For depth profilingin negative
polarity, a C$ beam(40 nA, 0.5 kV) was applied to sputem areao8 0 0 | 23Téeh,aBi*m
analysis beam (4 pA, 30 keV) was used to rastanan area ofl00 x 100 £ rAcentered within
the Cssputterectrater In positive polarity,an O>" beam (40 nAl kV) wasused instead of Cs
The instrument was configured to fastaging mode for highiesolution imagingachieving a
lateral resolution of approximately 200 nm and a currei@@# nA For TORSIMS analysis,
NF-NiOOH electrodesvere aged foone weekn 2 mL ofpurified 1M KOH spiked with transition
metals {00 ppb Fé&', Cc?*, and Mit*). After aging, he films were conditionediia CP @ 2.5
mA-cm? for 10 min. The samples were rinsed with DI water and dried in a vacuumuatien

analysis.

Inductively coupled plasma mass spectrom@@p-MS)

Solutionmode ICPMS was employed to measuremetal concentrations in the KOH
electrolyte.We conducted a 1000x dilution routias outlinedn our previouswork.! Samples
were collected from the electrochemical cell atspeeifd i nt er val s, wi th each
in volume. This dilution was essentiab enhance instrument stability and optimize plasma
performancealue to thecomplexity of the 1 M KOH matrix, which has high total dissolved solids
primarily consisting oK* and Na. This process ensured that the detection limits for all analytes
remained in the low ppb rang8olutionmode ICPRMS measurements were conducted on an
Agilent 7500cespectrometeequipped with a quadrupole mass analyzer acadllsion/reaction

cell. The method was optimized by tuning the plasma in no gas, He,,andd¢s toeliminate
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unwanted polyatomic interferences. The accuracy and precision of the method were verified by
analyzing quality control and spiked samples pregpadrom reference standards. Calibration
curves for the isotopes under investigation were also established. A comprehensive explanation of

this methodology is availabisewhere

X-ray photoelectron spectroscopyPS)

XPS analyseswere carried out with aPHI VersaProbe 4instrument using a
nonmonochromatitg  Kdurce(1253.6 eV) Using a Mg source overtraditional Al source is
critical to prevent the overlap between DNIM Auger features and Fe 2p peaks, which would
otherwise make Fe detection impossibiEhe base pressumd the instrumentvas~10° Torr.
High-resolution spectra were collectoveran analysis area 250 x250 ¢ riusing goass energy
of 10 eV. The charge neutralizer was not employed injgosiditioned samples to prevent partial
reduction of the NIiOOH phasAdditionally, Ar* sputteringwas conductedbr 30 son one NF-
NiOOH electrodesample toinvestigate its impact on the reductiohthe NiOOH phase (see
Figure S27). Samples containing other transition metals were analyzed withdwpAittering.
Binding energy calibration was carried out using the C 1s peak for adventitious hydrocarbons at
284.8 eV. Data analysis was performed using CasaXPS soffiieepectral fitting parameters
for the C 1s, O 1s, Ni 2p, Fe 2p, and Co 2p peaks were adopte@revious studie¥’ 2° Fitting
components were modeled ugia combination of Gaussian (70%) and Lorentzian (30%) profiles,
denoted as GL(30) in CasaXHir fitting the spectraf transition metal peaka,standard Shirley
type baseline was employed. This baseline featured variable offset levels at the high bindi

energy endpoint.
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For sample preparation, the methodology was consistent with that useBLfSrsamples.
Immediately after electrochemical conditioning, the electrodes were immerseepirdéd DI
water to remove residual KOH electrolyte. A circular section with a diameter of ~3 mm was
excised from the electrode and situated atop an Al crucible with a droplet of DI water. This
assemblage was then placed on the XPS holder and dried threpegied cycling between
atmospheric pressure and low vacuum (>50 Torr), facilitated by a sorption pdepdrying,
the chamber was evacuatedatbigh vacuum and transferred to the main XPS analysis chamber.
This procedure was followed to minimize tamination and mitigate surface exposure to air-post

conditioning.

Raman spectroscopy

Measurements wegerformedn a HoribaLabRAM ARAMIS confocal Raman microscope
equipped witha 100x magnification objectiv@wo lasers at 532 artB3 nmwereemployed at
50% oftheirtotal powerwitha s pot si ze of Eaghgpectumiwasadc@dedat 1 & m
a 1 cm! resolutionby averaging three scarsachlasting60 s.At least three locations on each
sample were examined, and the resulting spectra were averaged. A calibration check against a
value of 520.7 cmusing asilicon wafer was conductgatior to measurement®ostconditioned

NF-NiOOH electrodesvere preparechithe same manner as for TGRS experiments.

For surfaceenhanced Raman spectroscopy (SEB&)erimentsthin Ni(OH). films were
deposited on scregurinted electrodes (SPE) with Aserving as bottworking and counter
electrodes (Metrohm DropSens, 220BFirst, the Au SPE was electrochemicatiyighenedy
placing~100 Leof 0.1 M KCI solution, saturated with AgCl, onto the SHHirty cyclic

voltammetry scans were carried out fred3 to 1.3 Ws.Ag at 50 mV-&. Next, a thin Ni(OH)
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film was deposited galvanostatically at a cathodic curresit ofA-cm? for 50 s (total chargés0
mC-cni?). The film was deposited using a tetectrode configuratiowith the SPE as the working
electrode and Ni foam (2 x 2 émeometric area) as the counter electrdde SPE was secured

to a Ti clip holdergstablishing electrical contact exclusively with the SR¥orking and counter
electrodeterminals, thus ensuring film deposition only on the gold surfadésr the deposition,

the films were rinsed with deionized (DI) water and stored in a vacuum oven until further use.
Before SERS measurements, tleéectrodeswere aged for one week ipurified 1 M KOH
electrolytespiked with transition metal4@0 ppb M™) andconditionedelectrochemicallywia CP

@ 1 mA-cm for 5 min. The resulting electrocatalyst consisted of a thin NiOOH film deposited

on Au(Au-t-NiOOH).
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Supporting Figures and Tables
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Figure S3. Film characterization of thesalepositedNF-Ni(OH)2 film: (a) NCP optical image, (b)
profile graph near the edge of the film with estimated thickness, (te&ihtcolor map (d) 3D
topographic view, (e) SEM images at different magnifications, (f) EDX elemental mapping, (g)
GIXRD pattern The pattern for th&li foil substrate is shown (in gray) for reference

S22



a20 F —1000mY s ——200mVsT | b 6 o = 09523 T
5, —750mVs’  ——100mVs’ ’ .- -9
zF ——B00mVs!  ——50mV s 4} b=00072 - J
15¢ ¢ somvs! —a2smvst 1 R2=0.9999 - =79 uF
s 301 x 2 ) 400mVs!  ——10mvs’ <§L Y 2 Cy=72n
- TE e . Sathodic 300mv s’ 2F - - 1
:_:1 0 i nodic : 9o -
= 10 100 1000 c [* ]
qt) Scan rate (mV s™') o O @ 9 b
a 5F ) 5 Q-
— o2t 0-,0 |
e
of : a4l =094 0 g La=TauF |
3 b = 0.0074 el
2=
st = ] 6| Re=09999 i
-0.2 -0.1 0.0 0.1 0.2 0 200 400 600 800 1000
Electrode potential (V vs. OCP) Scan rate (mV s™)
r-r - - 1~ T+~ T~ 1" 1.0F I I 1 I I I 1 -
c 5.0 Ni foil substrate 7 d - ]
< [ 1MKOH (Purified) 3 0.5F 3
‘-‘g‘" 40F 5mvs’ - 'g‘” ; ]
< [ < 0.0F 3
E a0} E ]
> r > 4 o
'd(f: : - ‘i *0.5_— y
S 20k Initial —\ é r ]
© 3 o i
*S *%- -1.0F —_
= 1.0 - 4 £ r Ni foil substrate
o | /\ 6 -1.5¢ 1 M KOH (Purified)
0.0f = After GV - i S5mvs’
P B B SR S PR 20, e e e 1]
13 14 15 16 17 11 12 13 14 15 16 1.7
Electrode potential (V vs. RHE) Electrode potential (V vs. RHE)

Figure $A4. Electrochemical characterization of the Ni foil substrate. Estimation of the BHCSA
CHsCN with 0.15 M KPE electrolyte: (alCV scans near tHeCPand (b) anodic (red) and cathodic
(blue) currents (at 0 ¥s.OCP) as a function of the scan rate. (c) LSV and (d) CV scans before
and after prolonged CV cycling to examine the oxidation resistance of the bare Ni foil substrate.

Supporting Note: The aweragedoublelayer capacitancéCq) for the Ni foil substratevas
determined through three separate measurements and yielded a valtie dfUsing a specific
capacitance value dfl ¢ Fcm? in CHsCN/KPFs electrolyte?* the estimated ECSA is 0.65 &ém
Based on geometric area measuremesitsgoptical microscopy, the roughness fadgtot.04 Ni

foil substrates wereleanedand stored in a vacuum oven at 58 °C for five days pridZqto
measurementsTo examine the substrateoxidation resistance CV cycling was conducted
following our guidelines. Even afterl600 CV cyclesthe redox peak intensities of the Ni foil
substrate remained notably lower than those of the electrocatalyticiipositecbn Ni foil (see
Figures 1and4 in the main manuscript). Thigsultsuggests that the Ni foil substrate did not
significantly cortribute to the observed redox signals after film conditioning. Additiontiky,

OER currentlecreaseafter cycling, which is expected occurin Fe-purified KOH electrolyte:°
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Figure Sb. Concentrations ofhe primary elements found in unpurified apdrified 1 M KOH
electrolytesused in this studyUncertainty bars indicate the standard deviation derived fingen
replicatesolutionmode ICPMS measurements.

Supporting Note: Our purification process successfuthgcrease$e and Co impurity levels,
leaving Mn and Cu concentrationachanged. For tests involving Kfrand Cé"* spiked into the
KOH electrolyte, the added volume from stock solutions was adjusted to account for existing Mn
and Cu in the purified electrolyte. Apiked electrolytes were formulated usthg same purified
KOH electrolyte ensuring that overall ion concentration and composition remained consistent,

with only the spiked cation varying.
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Figure $6. Electrochemical characterization BiF-NiOOH electrodesin purified 1 M KOH
electrolyte: (a) linear sweep voltammograms before and &ferconditioning, (b) cyclic
voltammogram after electrochemical conditioni(@ multistep chronopotentiometry test near the
OER onset, (d) corresponding Tafel plaing data from (c), (e) multistep chronoamperometry
test near the OER onset, €frresponding Tafel plot using data from (e).
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Supporting Note: Peaksshown in Figure S6b correspond to the Bode scheme of the
Ni(OH)2/NiOOH system There aredur prominent anodic peaks and one cathodic peak. Beaks
andas are attributed to thgNiOOH phase, where peal indicates the oxidation d-Ni(OH),

to ¢NiOOH. Peakas is associateavith the formation ohigh-valent Nispecieslikely NiO.133°
Peakaz corresponds to the transformationbelli(OH); to theb-NiOOH phasé:'® Peakas arises
from thedecrease in OER current after aging and corresponBsNi®OH.2*2 In the cathodic
scan, peak: is attributed to the reductiosf gNiOOH to U-Ni(OH)2.2%3! The observedack of
symmetry can be attributed tona@nor shoulderresultingfrom the reduction ob-NiOOH to b-
Ni(OH).2.213 Moreover, he increase in theiensity of peakas andas after extended CV cycling
(Figures S11b andd) is attributed to the overcharge of thehaseand transformation di-NiOOH

to ¢NiOOH when the upper potential limit lies beyond 0.¥3/Hg/HgO (~1.63 Ws.RHE).313
Thus, the NFNiIOOH electrode, followingCP conditioning in Fepurified 1 M KOH, consists of

a mixture of gandb/b phaseswith the former predominatinglote thatheredox pealpositiors

in Figure S6b align with the fact that th&/gphase appears at more negative potentials than the

b/b phase’l' 34
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Table S1.Electrachemicalperformancef NF-NiMOOH electrodesfter electrochemical conditioning in purified 1 M KOH
electrolytespiked with transition metal cations

Sample d @ 10* EIS Ret EIS Czdl Eonset, 0oer ~ Tafel slope:* b value Crot, GC.ZA Qet*?  Cred

(mV) (q (mF-cm=) (Vvs.RHE) (mV-dec™) (mF-cm) (%) (%)

NiOOH (Purified KOH) 4540 8.42(1.68) 30.39(1.68) 1.566 114.0 0.557 103.3 99.5 19.3
NiOOH (100 ppb Fe3*) 330.5 2.91(1.58) 32.77(1.58) 1.446 37.0 0.595 99.6 98.5 13.6
NiOOH (100 ppb Co?) 4272 4.78 (1.68) 21.92(1.68) 1.564 80.4 0.548 145.5 98.4 25.3
NiOOH (100 ppb Mn?*) 439.7 6.55(1.68) 25.05(1.68) 1.566 92.7 0.536 126.7 97.9 18.2
NiOOH (100 ppb Cu?*) 448.1 9.74(1.68) 22.88(1.68) 1.566 118.9 0.546 105.6 98.6 21.6
NiFeOOH (Purified KOH) 329.8 1.85(1.58) 17.10(1.58) 1.466 329 0.860 - - -
NiCoOOH (Purified KOH) ~ 409.2 4.70(1.68)  56.2 (1.68) 1.548 68.9 0.686 2230 99.7 19.98
NiCoOOH (100 ppb Fe®*) 330.6 1.66 (1.58) 82.5 (1.58) 1.446 37.2 0.672 139.3 99.6 23.5

Thetable displays average values calculated from three replicate measurdandfitS;results, values in parenthesis reflect the applied potential(&RHE);
*OER overpotential at 10 mA-Cfge,
*MUSCA and MUSCP average;
- “Cior: Total capacitance;
A Qei: Coulombic efficiency;
YCrt Capacity retention after 1600 GCD cycles.

Supporting Note: Measurements of the total capacitance for NiFe¢@ising GCD were not conducted because tR&Rredox peak

significantly overlapped with #89¢OER current, compromising the accuracy of these measurements.
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Figure S7. Linear sweep voltammogramsf NF-NIOOH electrodesbefore and afterCP
conditioningin purified 1 M KOH electrolyte spiked witlransition metal cations (1Gipb M™):
(a) F€", (b) Ca*, (c) Mr?*, and (d) Cd&'.
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Figure S8. Coulovoltammetryanalysis of th€®©ER onset potential and Tafel slopé\#-t-NiOOH
electrodesfter CPconditioring in purified 1 M KOH electrolyte: (a) CV scans along with electric
charge plots at varying vertex potentials, (b) CV and electric charge plot depicting the OER charge
across the vertex potential range, and (c) Tafel slope calculation based on the OER abag)

close to the OER onset.
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Figure 9. Coulovoltammetry plots showing the OER onseNé&ft-NiOOH electrodesfter CP
conditioningin purified 1 M KOH electrolyte spiked witktransition metal cations (100 ppd'ijt
(a) F€", (b) Ca*, (c) Mr?*, and (d) Cd&'.

Supporting Note: We acknowledge the challenge of comparing results obtained froa NF
NiOOH electrodes used for QV measurements with those from thick&i®EH electrodes. As
previously mentioned, we employed thin films to redelz@rgetrapping effects during continuous

CV cycling. Note, howeverthat QV measurements were solely conductepré@ide an initial
estimateof the full charge potentigEsc), which was then used to optimize the potential window
during GCD cycling.Then, we optimized thEs valuethrough coulombic efficiency resul¢see
Figure S1landTables S1andS2) to minimize OER contributions to the chatgjischarge profiles

and capacitancestimationdrom GCD conditioning. QV measurements using thin NiOOHh8lI

only providean initial assessment of the OER onset and do not affect our interpretation of GCD

conditioning results.
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Figure S10. Energy storag@ropertiesof NF-NiOOH electrodes(a) CV scanst varying scan

rates aftelCP conditioningin purified 1 M KOH electrolyte, (b) linear dependence of the anodic

peak on thecanrate CV scansafterCPconditioning in purifiedl M KOH electrolyte spiked with
transition metal cations (100 ppb"\t (c) Fe**, (d) Ca*, (e) Mr?*, and (f) Cé*.

Supporting Note: We acknowledge possiblebias in measurements involving -Eentaining

KOH, given the noticeable overlap of the OER current with the Ni redox Péakacluded these

data as the peglotential remained distinguishatidelow 100 mV-3g.
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Figure S11. Energy storagepropertiesof NF-NiOOH electrodes aftelGCD conditioning in
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Figure S13. EIS analysis oNF-NiOOH electrodes afte€P conditioningin purified 1 M KOH
electrolyte spiked witlransition metal cations (100 ppb™§t (a) Nyquist plots, (c) Bode plots.

Supporting Note: The Nyquist plag in Figure S13a feature two semicircles. The higher
frequency semicircle is associated with the contact impedance between the working electrode and
the titanium clip?® The prominentlower-frequency semicircleesults fromthe electrochemical
interactions at the interface between the electrocatalyst and the elecrblytequivalent circuit

corresponding to this system is showrfrigure S2
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Figure S14.Electrochemical characterization NF-NiFeEOOH electrodes after CP conditioning

in purified 1 M KOH electrolyte: (a) linear sweep voltammograms before and after electrochemical
conditioning, (b) CV scans from 10 to 100 mV,s(c) Tafel slope from multistep
chronopotentiometry, (d) Tafel slope from multistep chronoamperometryovoltammetry
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Figure S15.Electrochemical characterization BF-NiCoOOH electrodes after CP conditioning
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Figure S16.Electrochemical characterization BF-NiCoOOH electrodes after CP conditioning
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Figure S17. Electrochemical performance bfF-NiOOH electrodes conditioneid purified 1 M
KOH electrolytespiked with increasing Réconcentratioa (a) CP conditioningcurves at 2.5
MA-cmZgeq (0) OER overpotentialat 2.5 mA-cnfgeoWith increasingFe®* concentration(c)
Nyquist and (d) Bode plots from EIS analysis, () OER overpotentials at 10 mgoand (f)

averageTafel slopes with increasing HeconcentrationlUncertainty bars indicate the standard

deviation derived from three replicate measurements.
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Figure S18. Electrochemical performance BiF-NiOOH electrodes conditioneid purified 1 M
KOH electrolytespiked with increasing Gbconcentratios (a) liner sweep voltammograms, (b)
total capacitance ovemultiple cycles, (c) Nyquist and (d) Bode plots from EIS analysis, (e)
galvanostatic chargdischarge profilesat 2.5 mA-cnfge, along with correspondinghalf-
discharge and fuktharge potential valueat increasingCo?* concentrations. Uncertainty bars
indicatethe standard deviation derived from three replicate measurements.
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Figure S19. Observedrends ofdifferent electrochemical parameteicer NF-NiOOH electrodes
after conditioning in purified 1 M KOH electrolyte spiked with increagdod’ concentrations(a)
OER overpotentials at 10 mA-ctp, (b) average Tafel slopes, (c) total and (d) relative
capacitance contributions estimated from Bl GCDmeasurementdJncertainty bars indicate
the standard deviation derived from three replica¢@surements.

Supporting Note: The height of the barshownin Figure S19crepresents the total capacitance
measured from GCD conditioning. The,Gletermined from EIS analysis, was subtracted from
the total capacitance to estimate the redox capacitdfigare S19d shows the relative

contributions of @ and Gedoxto the total capacitance.
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Table S2.Electrochemical performance oFNNiMOOH electrodes after electrochemical conditioning in purified 1 M KOH
electrolyte spiked witincreasing F& and C3* concentrations.

sample d @ 10* EIS Ret EIS C;u Eonset, oer  Tafel slopej* b value Cot, GE:ZD Qe Cred

(mV) (q (mF-cm™) (V vs. RHE) (mV-dec™) (mF-cm™2) (%) (%)

NiOOH (Purified KOH) 4540 8.42(1.68) 30.39 (1.68) 1.566 114.0 0.557 103.3 995 163
NiOOH (100 ppb Fe?*) 330.5 2.91(1.58) 32.77(1.58) 1.446 37.0 0.595 996 985 13.6
NiOOH (250 ppb Fe?*) 302.7 2.13(1.58) 31.23(1.58) 1.446 29.2  0.589 - - -
NiOOH 500 ppb Fe3*) 291.0 1.93(1.58) 35.47(1.58) 1.446 27.5 0.605 - - -
NiOOH (1000 ppb Fe®*) 282.0 1.83(1.58) 31.84(1.58) 1.466 27.1 27.1 - - -
NiFeOOH (Purified KOH) ~ 329.8 1.85(1.58) 17.10 (1.58) 1.466 329 0.860 - - -
NiOOH (100 ppb Co?*)  427.2 4.78 (1.68) 21.92 (1.68) 1.564 80.4  0.548 1455 984 183
NiOOH (250 ppb Co?*) 434.8 5.00(1.68) 29.87 (1.68) 1.564 94.3 0.546 160.0 98.0 325
NiOOH (500 ppb Co?*) 4417 6.57 (1.68) 30.63 (1.68) 1.564 95.6 0.548 168.9 975 339
NiOOH (1000 ppb Co?*) 461.8 11.47 (1.68) 29.38 (1.68) 1.564 98.4  0.529 1747 98.8 454
NiCoOOH (Purified KOH) 409.2 4.70(1.68) 56.2(1.68) 1.548 68.9 0.686 223.0 99.7 19.98

The table displays average values calculated from three replicate measurémé&i&results, values in parenthesis reflect the applied potential{#aRHE);
*OER overpotential at 10 MA-Cgeq,

*MUSCA and MUSCP average;

“Qefr: Coulombic efficiency;

YCret Capacity retention after 1600 GCD cycles.
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Figure S20. Raman spectra ™F-Ni(OH)2 electrodesfteragingfor 7 daysin purified1 M KOH

electrolytespikedwith transition metal cations (100 ppb™\ A reference spectrum ahe as
depositedNi(OH): film is also includedSpectraare offset orthey-axis for clarity Laser: 532 nm.
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Figure S21. lon sputtering of aNF-NiOOH electrodeafter CPconditioningin purified1 M KOH
electrolytespikedwith 100 ppb of C&'": (a) optical image(b) 3D topographic view, and (c) 2D
heightcolor map of the etching crater area (300 x 30¢)reated by the Cdon sputtering
beam; (dsingle line scashowing the height difference between the bottom of the etching crater
and the surroundings.

Supporting Note: We utilized NCP to estimate the average sputtering rateNégdOH
electrocatalytic films during TOBIMS analysisn negative polarity (Csbeam) For theNF-
NiOOH + Cc&* sample shown inFigure S21, the mean deptivas calculated to be 539 + 92 nm
based on an averagealfiundredine scans in both x and y directions. Given a sputtering time of
9600 seconds for this sampthe resulting sputtering rate is 0.056 + 0.01 nimWe used this
sputtering ratéo estimatahe depths ifrigures 6andS22, as all thdilms essentiallyconsisted of

the saméNiOOH compositionthereby having comparable densities.
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