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Experimental Section

Chemicals

Iridium(IV) chloride hydrate (Strem), chromium(III) acetylacetonate (99.99%, Sigma-Aldrich),
molybdenum(VI) dioxide bis(acetylacetonate) (97%, Sigma-Aldrich), tungsten(VI) chloride
(>99.9%, Thermo Fisher Scientific), indium(III) acetylacetonate (299.99%, Sigma-Aldrich),
oleylamine (>98%, Sigma-Aldrich), sodium oleate (=82%, Sigma-Aldrich), 1-octadecene (90%,
Sigma-Aldrich), n-hexane (295%, Avantor), chloroform (99.8%, Thermo Fisher Scientific), ethanol

(100%, Alcosuisse AG) were used as purchased without any further purification.

Colloidal Synthesis of Ir-M nanoparticles

To synthesize the Ir-M nanoparticles a colloidal synthesis approach was utilized using a
modified literature recipe.! In a typical experiment, 0.1 mmol (or 0.05 mmol for Ir-poor sample,
i.e.,, composition of Ir < 50 at%) of the iridium precursor (IrCls-xH20) and the precursor for the
second metal (M = Cr, Mo, W, In) with the desired molar ratio were dissolved in 3 mL oleylamine
(this mixture is referred to as “Ir-M mixture” below). Next, the Ir-M mixture was sonicated
followed by heating at ca. 80 °C in a sand bath until the complete dissolution of the solid precursors
was achieved. Next, sodium oleate (200 mg) was dissolved in 2 mL 1-octadecene and 1 mL
oleylamine in a separate 50-mL three-neck flask under constant N, flow while stirring at 450 rpm.
Subsequently, the solution was heated to 160 °C (10 °C - min-! ramp rate) to obtain a homogeneous
solution. During the heating step, a drop in temperature (for 2~3 °C) was observed when passing

ca. 125 °C, probably due to the endothermic gel formation.

Next, the as-prepared Ir-M mixture was slowly injected into a three-neck flask. Once the gel was
fully dissolved (the temperature should be increased by ca. 5 °C if there is a gel residue), the
stirring rate was adjusted to 300 rpm. For degassing and dehydration, the flask was evacuated by
vacuum pumping (< 0.25 mbar) for 5 min followed by purging with nitrogen for 2 min. The
evacuation-N; purging step was repeated twice, followed by a heating up of the mixture to 300 °C
(10 °C-min-1) and left stirring in a N, atmosphere for 2 h. Upon completion of the reaction, the

mixture was cooled down to 70 °C.

For removal of the capping ligands, ca. 2 mL hexane and an excess amount of ethanol (ca. 60 ml)
were added to the mixture. The product was separated by centrifugation (8500 rpm, 4.5 min) and
washed with ethanol (30 ml each time); the procedure was repeated 3-5 times. The final product
was dispersed in chloroform or hexane (ca. 10-15 ml). The concentration of the Ir-M colloids was
measured by inductively coupled plasma-optical emission spectrometry (ICP-OES) (see Table S1).

The colloidal solution was stored in a fridge (ca. 4 °C) in a sealed vial.
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Electrochemical Characterization

The electrochemical tests were performed using a three-electrode single-compartment cell. The
catalyst ink (1 ml mixture) contained 200 pg Ir-M colloids (the exact volume of the added colloid
solution was based on the concentration determined by ICP-OES) and 40 pg carbon black (in
tetrahydrofuran) which were dispersed in a total of 990 pL of the solvent (tetrahydrofuran) and
10 pL of Nafion. Next, 10 uL of the catalyst ink was drop casted onto the working electrode yielding
2 UBcatalyst (0T 10 pPgcatalyst cm~2) on the rotating-disk, glassy carbon electrode (0.196 cm?, Pine
Research). The electrodes were dried at ambient condition for at least 12 h prior to the
measurements. The reference electrode was Ag/AgCl (saturated KCI) when using HC104 as the
electrolyte or Hg/HgO (1 M KOH) when using KOH as the electrolyte. A Pt wire or graphite rod was
used as the counter electrode. The experiments were conducted in O;-saturated 0.1 M HClO4 (or

0.1 M KOH, 99.99% KOH).

The reference electrode was calibrated using the same electrolyte as in the electrocatalystic
performance assessment (i.e., 0.1 M HCIO4 or 0.1 M KOH) saturated with H, by measuring the
voltage corresponding to zero current (as an open circuit voltage or from cyclic voltammetry (CV)
scan at 5 mV s-1) for hydrogen oxidation/evolution using a platinum disk electrode. The

relationships between the reversible hydrogen electrode and the reference electrodes are:
VRig = VAg/Agc1 +0.235V (0.1 M HC104)
VRHE = VHg/]-[go +0.860V (0.1 M KOH).

The Ohmic resistance was determined in the high-frequency region (100 kHz ~ 1 kHz) of the
electrochemical impedance spectroscopy (EIS) measurements. Resistances of ~ 23 (0 (0.1 M HCIO04)

~and 46 Q (0.1 M KOH) were applied for the iR correction.

For the catalyst activation step (ie, to convert the metallic phase(s) into IrOx:M) cyclic
voltammetry applying a scan rate of 10 mV s-! within the potential window of 0.85 Vag/agai and
1.40 Vag/agc (1.085 Vrue~1.635 Vrug) was used; the rotation rate was set to 1600 rpm. Overall, the
Ir-M catalysts showed an increasing current over the first 8~10 CVs in 0.1 M HClO4, except Ir3olnzo
for which a clear decrease of the current during continuous cycling was observed. The 10t CV was
reported for activity comparison in this work. At least seven electrodes were measured for each
catalyst/condition to provide accurate statistics for each batch of Ir-M nanoparticles. The
electrocatalytic stability tests were performed using chronoamperometry measurements at 1.55

Vrae (rotation rate 1000 rpm).

The electrochemically active surface area (ECSA) was estimated by double layer capacitance
measurements. To this end, the working electrode was prepared without the addition of carbon
black (using the same material loading of 2 pgcatalyst) and cycled in a potential window 50 mV
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around the open-circuit potential in O;-saturated 0.1 M HClO4. The following scan rates were used:
5,10, 20, 50, 100, 150, 200 mV st with (10 s rest between each cycle). The ECSA was measured
before and after the catalyst activation cycles (10 CV cycles as described above) to probe the
difference in the ECSA between the pristine and the oxidized Ir-M nanoparticles. The capacitance
current at each scan rate at the forward (anodic) and backward (cathodic) scan was averaged. The
specific double layer capacitance of the iridium oxide surface was selected as 1.18 mF cm-2.2
(Although we acknowledge that the specific capacitance provided in the literature was estimated
in 0.5 M HS04, the selection of the absolute value would not impact the trends discussed in the

work.)

The OER turnover frequency (TOF, unit: s-1) was estimated using the following formula:

TOF =
zFn

where [ is the current (unit: A) measured at a specific potential under OER conditions, z is the
number of charges transferred to form one O, molecule (i.e., z = 4). F is the Faradaic constant (i.e.
96485.3 C/mol-e-) and n is the number of catalytically active sites (unit: mol). Here, we assume a
Faradaic efficiency of 100 % towards OER. For instance, for 2 pg of the monometallic Ir precursor,

n=1x 10-8 mol.

We used three different approaches to define n, resulting in turn in three different estimates of

the TOE.

TOF based on a TEM-based estimation of the surface area

!

TOFsurface = 2 F nsurface

total TEM — based surface area of the catalyst
unit area per single Ir atom

Msurface = 6.023 X 1023

Here, nsurface represent the number of Ir sites at the surface of the nanoparticles. The total surface
area of the catalysts per electrode (i.e., the average surface area of the nanoparticle scaled by the
average number of nanoparticles loaded on the electrode) was derived from transmission electron
microscopy (TEM) images assuming a perfect spherical shape of the nanoparticles, i.e., S = 4mr?
where r is the average radius of the Ir-M nanoparticles. The average number of particles (Nay)

loaded onto a single electrode was calculated using the density of iridium (22.56 g/cm?).
Nay = Vtotal/vl

Vit = m/p (m is the mass of Ir loaded onto a single electrode; p is the density of iridium)
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Vi=4/3 nr3 (ris the mean radius of the Ir-M nanoparticles as assessed by TEM)

The unit area per Ir atom of the (010) crystallographic facet is (3.838 x 3.838 A2) / 2 = 7.365 x

10-16 cm2 for metallic Ir (% is used because there are two Ir atoms located within a (010) facet).

Based on this estimation, TOFsurace is generally seen as an upper boundary of the TOF as the

number of active sites is underestimated.

TOF based on the total Ir loading

I

TOF = —
bulk zF Ntotal

mass of the loaded catalysts (g) X mass fraction of Ir in Ir-M

Niotal = molar mass of Ir (192.217 g mol™1)

where nta is the total number of Ir atoms loaded onto the electrode.

While TOFsurace represents an upper bound for the TOF, TOFpux provides a lower bound.

TOF based on the total IrOy content

TOFk4 is derived from TOFpuk only considering the fraction of metallic iridium that is converted
into IrOy (y, which is estimated from linear combination fitting analysis of the Ir L3;-edge XAS data)

is catalytically active, i.e.,

TOFgy = TOFpui/y

Online electrochemistry-mass spectroscopy (EC-MS

Electrochemistry-mass spectrometry (EC-MS) measurements were performed using an EC-MS
system from Spectrolnlets in which a PTFE electrochemical cell is positioned on top of a
semipermeable silicon membrane chip (Spectrolnlets) to allow gas products to diffuse through
the chip into the MS chamber enabling a real-time detection of desorbed products and their
quantitative analysis.3 Here, 0.1 M HCIO4 was used as the electrolyte, a Pt wire as the counter
electrode and Ag/AgCl (saturated KCl, Pine Research) as the reference electrode. A gold disk (5
mm diameter) was used as the working electrode. The catalyst ink, composed of a Ir-M : carbon
black ratio of 5 : 1 (w/w) was drop cast onto the gold disk to yield a loading of 10 pgcatalyst-

Potentials were controlled by a Biologic SP-300 potentiostat. The working electrode was
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connected through a 100 Q resistor to stabilize the potential. Potentials indicated for the

measurements performed in the EC-MS cell are reported without correction for ohmic losses.

180-labelled 0.1 M HClIO4 was prepared by mixing perchloric acid (70%, Sigma-Aldrich) with
H,0-180 (97% 180 purity, Medical Isotopes, Inc.). To label the catalysts with 180, the electrodes
were cycled 2~3 times from OCV to ca. 1.47 Vrug (to reach a current of ca. 0.2 mA) in 180-labelled
0.1 M HClOg4. To this end, the electrodes were held at a series of incrementally increased constant
currents (2 pA, 5 pA, 10 pA, 25 pA, and 50 pA for 5 min at each current). Afterwards, the electrode,
the membrane and the cell were thoroughly rinsed with deionized water and dried with a flow of
compressed air. Next, the electrodes containing 180-labelled catalysts were cycled in HC104-160 (10
CV cycles in the potential range 1.2 to 1.47 Vrug; the upper voltage was selected as a value to reach
the current ~ 0.2 mA (i.e, ca. 1.47 Vgug). Subsequently, the electrodes were held at a series of
constant currents (5 pA, 10 pA, 20 pA, 50 pA, 100 pA; followed by 100 pA, 50 pA, 20 pA, 10 pa, 5

1A for 2 min at each step). These data were used for an internal calibration of the MS detector.

EXx Situ Characterization

X-ray diffraction patterns were acquired using a PANalytical Empyrean X-ray powder
diffractometer using Cu Ka radiation (A =1.5418 A, 40 mA, and 40 kV). Samples were measured in

the 20 range of 15-95° using a step size of 0.052 with a time duration of 320 s per step.

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements were

performed using an Agilent 5100 VDV instrument.

X-ray photoelectron spectroscopy (XPS) data were acquired using a PHI Quantera SXM (ULVAC-
PHI, Chanhassen, MN, USA). A monochromatic Al Ka (1486.6 eV) source with a beam diameter of
200 um was selected. The analyser operated in constant-analyzer energy (CAE) mode. Survey
spectra were acquired with a pass energy of 280 eV, a step time of 20 ms and a step size of 1.0 eV.
High-resolution narrow scans were collected using a step size of 0.1 eV (pass energy of 55 eV). The
binding energy in the narrowly-scanned spectra were calibrated with the peak of Au 4f;,, at 84.0
eV using a gold foil and using the C 1s peak at 248.8 eV for surface adventitious carbon species (C-

C, sp3).

Transmission electron microscopy (TEM) imaging was performed using a FEI Talos F200X
microscope equipped with a high-brightness field-emission gun, a high-angle annular dark field

(HAADF) detector, and a large collection-angle EDX detector.

High-resolution high-angular annular field scanning transmission electron microscopy
(HAADF-HRTSTEM) imaging, selected area electron diffraction (SAED), and Energy Dispersive X-
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ray spectroscopy measurements were performed on a double Cs-corrected JEM-ARM300F Grand
ARM "Vortex," operated at 300 kV and equipped with 2 large-area SDD EDX detectors with a 100
mm? active area. The specimens were prepared by drop-casting a suspension of nanoparticles
onto Cu grids with ultra-thin carbon film. The HRSTEM-HAADF images were denoised using a
plugin in the commercial software DigitalMicrograph from Gatan. Integrated intensity electron
diffraction profiles were obtained by azimuthally integrating SAED patterns using the software

eRDF Analyzer. 5

In situ X-ray Absorption Spectroscopy (XAS)

The XAS experiments were performed at beamline B18, Diamond Light Source, United Kingdom.
The energy of the incident X-ray beam was tuned by a Si (111) channel-cut monochromator, A/AA
~ 5,000. XAS experiments of the reference samples, i.e., iridium powder (99.9% trace metals basis,
Sigma-Aldrich), iridium (III) acetylacetonate (Ir(acac)s) (Biosynth), and IrO; (Pulver, 99 %, Alfa
Aesar) were performed in transmission mode. It is noted that IrO; (Permion) from Alfa Aesar is in
a dihydrate form, i.e., it contains iridium hydroxides. For the Ir-M samples XAS measurements were
performed in fluorescence mode. The Pt Lz-edge of a Pt foil was utilized as reference for the Ir Ls-
edge or W Ls-edge energy calibration (calibrated to 11564 eV) prior to the measurements. An

energy shift of 3.3 eV was applied to all Ir L3-edge spectra.

For each experiment, the Ir-M nanoparticles were dropped onto a piece of carbon paper (ca. 2
Mgearalyst CM-2 without the addition of carbon black). The electrode was mounted into a custom-
made three-electrode cell (with Kapton-plate window) available at the beamline B18. The

electrolyte was 0.1 M HClOs4. The protocol for the in situ XAS measurements was as following:

1) XAS spectra were collected for samples immersed in the electrolyte at an open circuit voltage
(ocv).

2) The electrodes were cycled between 0.85 Vag/agct and 1.40 Vag/aga (50 CV cycles, scan rate 100
mV s-1).

3) XAS spectra were collected again at OCV (labelled as “OCV cycled” in Figure 4).

4) The electrodes were held at a series of constant potentials: 0.9 Vag/agcl, 1.0 Vag/agal, 1.05 Vag/aga,
1.10 Vag/aga, 1.125 Vagagal, 1.15 Vagaga, 1.175 Vag/agal, 1.20 Vag/age, 1.225 Vag/agel, 1.25 Vagyage, 1.30
Vag/agal

5) XAS spectra were collected again at OCV.

Each XAS measurement consisted of three scans. Three XAS spectra were collected for each

condition and averaged prior to their analysis.

The acquired spectra were extracted, calibrated and normalized using the Athena software®¢:
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e The white line (WL) peak positions were determined via the peak fitting function.
The continuum edge step was modelled by an arctangent function centered at the
absorption edge (inflection point of the rising edge) with a height of unity. One
Lorentzian component was employed without constraints in width and Ey position
to represent the average Ir state in each Ir-M catalyst.

e For linear combination fitting (LCF) analysis, each white line was fitted using the
following references: Ir powder, Ir(acac)s;, and IrO;, within the range of -20 eV

before and +15 eV after the edge.

The extended X-ray absorption fine structure (EXAFS) was fitted using the Artemis softwares;

multiple scattering paths were included in the fittings (see Table S2).

Computational details

Density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP).”.8 The projector augmented wave (PAW) potentials (W_py, Ir;, O, H)
were employed® and exchange-correlation functionals were described using the PBE scheme.10 A
plane-wave cutoff energy of 400 eV and a 3 x 2 x 1 Monkhorst-Pack k-point grid was used in all
calculations. Smearing was introduced using the first-order Methfessel-Paxton method with a
smearing width of 0.2 eV. The truncation criterion for electronic steps was chosen to be 10-¢ eV

and the precision mode was set to accurate.

The rutile IrO,(110) surfaces were modelled as periodic four-layer slabs with a 3 x 2 surface
supercell (9.53 x 12.74 A2) and a vacuum gap of about 18 A. The bottom two layers were kept fixed,
and all other atoms were relaxed until all forces were less than 0.05 eV A-1. Coordinatively
unsaturated (cus) Ir atoms were substituted with W atoms to study the effect of W-doping on OER.
The difference in the relaxed lattice parameters of the W-doped and undoped surface supercells
was found to be less than 1%. Therefore, the same supercell size was used for all systems and only

atomic coordinates were relaxed in the final calculations.
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Figures and Tables
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Figure S1. (a) Bright-field TEM images and histograms of the particle size distribution of the as-
synthesized Ir and Ir-M (M = Cr, Mo, W, and In) nanoparticles not shown in Figure 1. (b) HAADF-
STEM images of the selected area of Ir7;sW»s and IrssInzs nanoparticles studied by EDX and the

elemental maps of I, W, In and their overlap, respectively.
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Table S1. Nominal (used for synthesis) and actual ratio determined by ICP-OES analysis between

iridium and the second metal M (M = Cr, Mo, W, In) in the bimetallic Ir-M nanoparticles.

A 1 ‘e .
Nominal ratio of Ir-M ctual composition determined

by ICP-OES

IreoCrio Irg;1Cry

IresCrss Ire4Crse
IrsoCrso IrsoCrsy
Ir30Crzo Ir34Cres
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IrsoMoso [rssMoas
IrsoMo7o [r32Moss
IreoW1o Ire1Wo

Ir75Was [r74W2e
IrsoWso IraseWsa
IrsoWeo Ir3oWe1
Iroolnio Irgolnio
Ir7sIngs Ir77Inz3
Irselnso Ir46lnsa
Irsolnzo Irsolnzo
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Figure S2. Ir-mass-normalized polarization curves collected for Ir and Ir-M (M = Cr, Mo, W, In)

nanoparticles with various Ir/M ratios. Loading: 2 pgcatalys: (catalyst : carbon black=5:1 (w/w)).
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Figure S3. Cyclic voltammograms of Ir and Ir-M (M = Cr, Mo, W, In) nanoparticles with various

Ir/M ratios. Loading: 2 pgcatalyst (catalyst : carbon black=5:1 (w/w)).
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reported Ir-based oxide catalysts based on (a) overall Ir loading and (b) geometric surface area of
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Figure S5. Cyclic voltammograms of Ir7sInzs, Irselnse and Irseln;e nanoparticles (first 10 CV cycles

are shown). Loading: 2 pgcatayyst (catalyst : carbon black =5 : 1 (w/w)). Electrolyte: 0.1 M HC1O..
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Figure S6. Cyclic voltammograms of Irsolnso nanoparticles under alkaline OER conditions (first 7
CV cycles are shown). Loading: 2 pgcatalyst (catalyst : carbon black =5 : 1 (w/w)). Electrolyte: 0.1 M
KOH (99.99%).
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Figure S7. Electrochemical surface area (ECSA) measurements using the double layer capacitance

current in Oz-saturated 0.1 M HClO4. Cyclic voltammograms of (a) pristine and (b) cycled Ir, Ir7sW3s,

and IrysInys nanoparticles measured in the non-Faradaic region with a scan rate ranging from 5

mV s-1 to 200 mV s-1. (c) The averaged anodic and cathodic currents measured at an OCV at each

scan rate. (d) Calculated ECSA of cycled Ir, Ir;sWas, and Irzsinzs nanoparticles (mass loading: 2

UEcatalyst, NO carbon black added).
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Figure S9. Operando EC-MS data for 180-enriched catalysts derived from metallic Ir, Ir7sW2s, and

Ir75Inzs nanoparticles, which show the comparison of the amount of 340, with theoretical amount

of 340; calculated based on the isotopic content of 180 in the electrolyte. The measurements were

performed in 0.1 M HCl04-160 electrolyte.
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From the data shown on the Figure S9, we calculated the excess of 340, with respect to the
theoretical amount based on the abundance of the isotope 180 in the electrolyte. It should be noted
that the data for 340, were scaled using the experimentally observed steady-state 320,/340; ratio
(168-184 for I, IrW and IrIn) obtained during the galvanostatic experiments at a high current
density (0.5 mA cm-2) (to ensure depletion of the 180 label on the catalyst surface), instead of using
the theoretical value of 320,/340, = 250 [ref.2!], to account for any possible contamination of the
electrolyte with the 180 label above the natural abundance level and hence to avoid an
overestimation of the lattice oxygen evolution. It was found that the excess of 180 evolved from the
lattice in form of 340, during the first CV cycle (1.2 Vgug — 1.47 Vrug, 2 mV s-1) on Ir, Ir'W and IrIn
corresponds to ~ 0.04 - 0.3 % of the total oxygen atoms in the catalyst lattice and 0.2 - 0.6 % of
the oxygen atoms on the catalyst’s surface monolayer (calculated (1) based on the known mean
particle diameters, assuming a spherical shape; (2) using the crystallographic parameters of the
(010) plane of rutile IrOz; (3) assuming that all oxygen in the catalyst is present as 180 after
labelling). These data indicate that the lattice oxygen evolution is a rather minor reaction pathway;
this conclusion is consistent with previous studies on sputtered IrOy films which also demonstrate

a negligible role of the pathways involving lattice oxygen in the overall OER activity.22
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Figure S10. In situ Ir Lz-edge XANES spectra of (a) IreoW1o and (b) Irso0Wso and the reference

materials.

S20



—_~
Q

N
—~
(*)
N

Data 11223.5
— Fit ) » Iro,
Residual 112230 L ®) Fitted peak position O
Lorentzian comp. < Linear fit
>
Arctan_background o le}
s 112225 Ir(acac),
:‘(:n‘
9 112220+
X
3
o 11221.5f
=
=
11221.0F |
— " A o
11220.5 L . L L L
11200 112EZr?er 1((1;;;0 11260 0 1 > 3 4
y Oxidation state of Ir
ocv ocv )
(C) 10 ocv cycled OER region (d) 10 ocv cycled OER region
Ir Ir
IrgoWio 08t Ir75IN55
- 0.8 SO @ IrggWog P - @ Irgglngy
E ,,O .O . ||-50W50 E . .
£ 06} o £ 061 > e
% 2 o
g 'l'l GEJ .'.
o 04r P < 04} !
E ':/, ‘. = "
= [ = / .
0.2} o .,. 0.2 @
£ 90 9o g t0dP0 e
:u . /._.N‘ /, //__,
0.0 < P EEN o 1 i 0.0 ! Pt ! 1 1
0.8 1.0 1.2 1.4 1.6 0.8 1.0 1.2 1.4 1.6
Potential (Vgye) Potential (Vgye)

Figure S11. (a) Schematic of the Ir Lz-edge white-line peak fitting approach. (b) White line
position of the Ir references as a function of the formal oxidation state of Ir. Fitted white line peak
shift of (c) Ir-W and (d) Ir-In nanoparticles during the in situ experiments. The hollow rhombus
symbols represent the white line peak shift before and after cycling; the solid circle symbols

represent the white line peak shift during potentiostatic steps.

The red circle in Figure S11a indicates the inflection point of the first-derivative of the raw
spectrum, which is the center of the arctangent background. The maximum of a single Lorentzian-
shaped component is given as the solid green circle. Note that the oxidation state deduced from
the fitting of the white line peak position represents the average oxidation state of Ir in the catalyst,

i.e., includes metallic Ir and IrOy.
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Ir, (b) Ir75W3s, () Ir7sings, and (d) Irselnse nanoparticles. (e) The determined surface composition

of Ir9, Ir3+ and Ir** species in the nanoparticles at different reaction stages.
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Figure S$13. Ex situ X-ray photoelectron W 4f core spectra of (a) IrgoW1o, (b) Ir7sWzs, and (c) IrsoWso
and In 3d core spectra of (d) Irgolnio, (€) IrzsInzs, and (f) Irsolnso at different reaction stages. The

Wx+ component in the W 4f core region represents W species with oxidation states below 4+.23
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Figure S14. In situ W Ls-edge (a) XANES spectra, (b) first derivative of the XANES region, (c)

EXAFS k2 x(k) spectra and (d) the Fourier-transform of k% x(k) spectra of Ir;sWys. (e) The

experimental and fitted Fourier transform of the EXAFS data of Ir7;sW3s at 1.53 Vgyg for an R-space
of 1.0 - 2.0 A and k-space range of 3.0 - 9.0 A-1 (using Hanning window, dk=0.5 A-1, dR=0.5 4,
S0=0.7, 02 = 0.005) with the single scattering path of 06.1 in WO3 (CIF 84140).
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The fitted R(W-0) = 1.817(1) A (of W-species in Ir;sW3s) is between that of W40, (R(W-0) =
1.927 &) and W6+03 (R(W-0) = 1.744 A), implying the mean oxidation state of W is between +4

and +6 (in good agreement with ex situ XPS data, Figure S13) .

The peak at ca. 2.7 A (without phase correction) originated from multiple scattering processes
within the first shell of the W-0 octahedra.2* The W-W shell at ca. 3.3 A (without phase correction)
is assigned to edge-shared W-0 octahedra, whereas the absence of W neighbours at 3.7 & (without
phase correction, corner-shared octahedra) supports the fact that no crystalline WO phases are
formed.25 26 These features indicate that the local environment of W in IrOx:W is different from

that of WO; and WOs.
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Table S2. In situ Ir Lz-edge EXAFS best-fit parameters for the Ir;, [r-W and Ir-In catalysts for an R-
space of 1.1-3.0 A and k-space range of 3.0-12.5 A-1 (using Hanning window, dk=0.5 A-1, dR=0.5
A and S¢=0.67). The Debye-Waller factors (62) of the Ir-0 and Ir-M shells were fixed to 0.005 and

0.004, respectively (except for Irso0Wso and Irsglnsg). AE(Ir-M) was defined as AE(Ir-0).

Material Scattering Reaction stage CN (:2 Ae R R factor

path (A%) (eV) (A)

ocv 1.1(1) 8.1(6) 1.95(1) 0.003

OCV (cycled) 2.0(1) 7.4(6) 1.958(8) 0.003

1.16 VruE 2.1(2) 6(1) 1.95(1) 0.008

1.26 VruE 2.2(2) 7(1) 1.95(1) 0.007

1.31 VruE 2.2(1) 7.2(7) 1.944(8) 0.004

1.36 VruE 2.2(2) 7(1) 1.94(1) 0.011

Ir-0 1.38 Vrue 2.2(2) 0.005 7(1)_ 1.95(1) 0.011

1.41 Vrue 2.3(2) 7(1) 1.95(1) 0.008

1.43 VruE 2.4(2) 7.0(9) 1.943(9) 0.007

1.46 VruEe 2.4(2) 7(1) 1.94(1) 0.010

1.48 VruE 2.6(2) 7.6(1) 1.953(9) 0.007

1.51 Vrue 2.4(2) 7(1) 1.94(1) 0.009

" 1.56 VruE 2.5(3) 6(1) 1.94(1) 0.003

ocv 10.4(2) 8.1(6) 2.700(2) 0.003

OCV (cycled) 8.6(2) 7.4(6) 2.698(3) 0.003

1.16 VruE 8.2(3) 6(1) 2.694(4) 0.008

1.26 VruE 8.1(3) 7(1) 2.699(4) 0.007

1.31 Vrue 8.5(2) 7.2(7) 2.698(3) 0.004

1.36 VruE 7.9(3) 7(1) 2.696(5) 0.011

Ir-M 1.38 VRruE 7.8(3) 0.004 7(1) 2.700(5) 0.011

1.41 VRrue 7.9(3) 7(1) 2.700(4) 0.008

1.43 VruEe 7.9(3) 7.0(9) 2.699(4) 0.007

1.46 Vrue 7.5(3) 7(1) 2.699(5) 0.010

1.48 VruE 7.6(3) 7.6(1) 2.700(4) 0.007

1.51 VruEe 7.5(3) 7(1) 2.698(5) 0.009

1.56 VruEe 7.5(4) 6(1) 2.689(6) 0.003

ocv 1.4(7) 0.008 7(1) 1.96(2) 0.006

OCV (cycled) 2.2(3) 7(1) 1.96(1) 0.021

IrooW1o Ir-0 1.16 VRruE 2.2(3) 0.005 7(1) 1.96(1) 0.025

1.26 VruE 2.3(3) 8(1) 1.96(1) 0.022

1.31 Vrue 2.2(3) 6(1) 1.95(1) 0.024
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1.36 VruE 2.5(3) 7(2) 1.96(1) 0.035

1.38 VruE 2.7(3) 8(1) 1.97(1) 0.027

1.41 Vrue 2.7(3) 8(2) 1.96(1) 0.036

1.43 Vrue 2.9(3) 7(2) 1.96(1) 0.036

1.46 VruEe 3.0(3) 7(2) 1.95(1) 0.039

1.48 VruE 3.1(3) 8(1) 1.96(1) 0.033

1.51 VruE 3.2(3) 8(2) 1.96(1) 0.042

1.53 Vrue 3.3(3) 8(1) 1.96(1) 0.032

1.56 VruE 3.2(3) 7(1) 1.95(1) 0.034

ocv 10.0(8) 0.005 7(1) 2.697(4) 0.006

OCV (cycled) 6.6(4) 7(1) 2.695(6) 0.021

1.16 VruE 6.3(4) 7(1) 2.691(7) 0.025

1.26 VruE 6.3(4) 8(1) 2.695(6) 0.022

1.31 VruE 6.4(4) 6(1) 2.692(7) 0.024

1.36 VruE 5.9(5) 7(2) 2.696(8) 0.035

M 1.38 Vrue 6.0(4) 8(1) 2.699(7) 0.027
1.41 Vrue 5.3(5) 0.004 8(2) 2.697(9) 0.036

1.43 Vrue 5.4(5) 7(2) 2.691(9) 0.036

1.46 VruEe 5.2(5) 7(2) 2.692(9) 0.039

1.48 VruE 5.0(4) 8(1) 2.699(8) 0.033

1.51 Vrue 4.9(5) 8(2) 2.69(1) 0.042

1.53 VruE 4.8(4) 8(1) 2.698(8) 0.032

1.56 VruE 5.0(5) 7(1) 2.693(8) 0.034

ocv 1.2(5) 7(1) 1.97(3) 0.0032

0OCV (cycled) 2.7(4) 8(2) 1.97(2) 0.0041

1.16 VruEe 2.9(4) 8(2) 1.97(2) 0.040

1.26 VruE 3.0(5) 8(2) 1.97(2) 0.048

1.31 VruE 2.8(4) 8(2) 1.96(2) 0.040

1.36 VruE 2.9(4) 8(2) 1.96(2) 0.043

- 1.38 Vrue 2.8(4) 0.005 7(2) 1.95(1) 0.040
1.41 VruEe 2.9(4) 9(2) 1.97(2) 0.047

frosWs 1.43 VruEe 2.9(4) 8(2) 1.96(1) 0.039
1.46 Vrue 3.1(4) 8(2) 1.96(1) 0.038

1.48 VruE 3.0(3) 9(2) 1.97(1) 0.033

1.51 Vrue 3.2(4) 9(2) 1.97(1) 0.042

1.53 VruE 3.2(4) 11(2) 1.99(1) 0.039

1.56 VruEe 3.0(4) 9(2) 1.96(1) 0.037

M ocv 9.7(7) 0.004 7(1) 2.698(8) 0.0032
OCV (cycled) 6.5(6) 8(2) 2.70(1) 0.0041
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1.16 Vans 6.8(6) 8(2) | 2.705(9) | 0.040
1.26 Vane 7.0(7) 8(2) 2.70(1) | 0048
1.31 Vens 6.6(6) 8(2) | 2.704(9) | 0.040
1.36 Vans 6.4(6) 8(2) 270(1) | 0,043
1.38 Vane 6.3(6) 72) | 2699(9) | 0.040
141 Vens 6.2(6) 9(2) 270(1) | 0,047
1.43 Vans 6.2(6) 8(2) | 2701(9) | 0039
1.46 Vine 5.9(6) 82) | 2702(9) | 0038
1.48 Vans 6.1(5) 92) | 2705(9) | 0.033
1.51 Vene 5.8(6) 92) 270(1) | 0.042
1.53 Vene 5.7(6) 11(2) | 271(1) | 0039
1.56 Vans 6.0(5) 92) | 2.703(9) | 0037
0Cv 2.7(7) 73(7) | 267(2) | 0035
OCV (cycled) | 33(3) 12(2) | 201(1) | 0033
1.16 Vans 32(3) 11(2) | 199(1) | 0036
1.26 Vane 3.003) 8(2) 197(1) | 0.041
1.31 Vens 31(3) 8(2) 196(1) | 0.035
o 1.36 Vans 320) | 9D 196(1) | 0.031
1.38 Vane 3.2(4) 8(2) 196(1) | 0.050
141 Vens 33(3) 1002) | 198(1) | 0.040
1.43 Vine 35(3) 11(2) | 198(1) | 0037
1.46 Vans 3.6(4) 102) | 197(1) | 0055
1.51 Vens 37(3) 8(2) 195(1) | 0.044
1.56 Vine 3.6(3) 702) 195(1) | 0.041
IrsoWso
0Ccv 8.4(6) 73(7) | 2553(9) | 0.035
OCV (cycled) | 4.8(4) 12(2) | 2716(9) | 0.033
1.16 Vine 5.0(5) 11(2) | 2712(9) | 0036
1.26 Vans 5.0(5) 8(2) | 2703(9) | 0.041
1.31 Vans 5.1(5) 8(2) | 2702(9) | 0.035
1.36 Vi 4.8(4) o) | 2703(8) | 0.031
M 1.38 Vrae e | o™ 8(2) 269(1) | 0.050
141 Vans 4.6(5) 1002) | 271(1) | 0040
1.43 Vene 45(5) 11(2) | 2.714(9) | 0037
1.46 Vans 3.9(6) 102) | 270(1) | 0055
151 Ve 21(5) 8(2) 269(1) | 0044
1.56 Vans 21(5) 72) 2.69(1) | 0.041
oCcv 37(2) 12(1) | 202(1) | 0022
Irssinzs | Ir-0 OCV (cycled) | 48(3) | 0.005 10(1) | 200(1) | 0024
1.16 Vans 29(3) 1) | 201(1) | 0026
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1.26 VruE 4.8(3) 10(2) 2.00(1) 0.032
1.31 Vrue 4.9(3) 9(1) 1.99(1) 0.027
1.36 VruE 49(3) 10(1) 1.99(1) 0.030
1.38 VruE 49(4) 11(2) 2.00(1) 0.038
1.41 Vrue 5.0(3) 10(1) 1.99(1) 0.030
1.43 VruE 5.1(3) 10(1) 1.99(1) 0.031
1.46 VruEe 5.3(3) 9(1) 1.98(1) 0.023
1.48 Vrue 5.2(4) 10(1) 1.99(1) 0.035
1.51 VruE 5.2(3) 10(1) 1.99(1) 0.031
1.53 VruE 5.3(3) 10(1) 1.99(1) 0.027
1.56 VruEe 5.4(3) 10(1) 1.99(1) 0.029
ocv 3.4(4) 12(1) 2.69(1) 0.022
OCV (cycled) 1.9(5) 10(1) 2.69(1) 0.024
1.16 VruE 2.0(4) 11(1) 2.69(1) 0.026
1.26 VruEe 1.9(5) 10(2) 2.68(1) 0.032
1.31 Vrue 1.8(5) 9(1) 2.68(1) 0.027
1.36 VruE 1.7(5) 10(1) 2.69(1) 0.030
1.38 VruE 1.4(5) 11(2) 2.68(2) 0.038
Ir-M 0.004
1.41 Vrue 1.4(5) 10(1) 2.68(2) 0.030
1.43 VruE 1.4(5) 10(1) 2.69(2) 0.031
1.46 Vrue 1.3(5) 9(1) 2.69(2) 0.023
1.48 VruEe 1.0(6) 10(1) 2.70(3) 0.035
1.51 VruE 0.9(5) 10(1) 2.70(3) 0.031
1.53 Vrue 0.9(5) 10(1) 2.68(3) 0.027
1.56 VruE 0.9(5) 10(1) 2.70(3) 0.029
ocv 2.2(3) 11(3) 1.96(2) 0.039
OCV (cycled) 6.3(3) 10(1) 2.00(1) 0.011
1.16 VruE 6.2(4) 11(1) 2.00(1) 0.017
1.26 VruE 6.1(4) 10(1) 1.99(1) 0.019
1.31 Vrue 6.3(3) 9(1) 1.98(1) 0.010
Ir-0 1.38 VruE 6.4(3) 0.006 9(1) 1.97(1) 0.013
1.41 Vrue 6.4(3) 9(1) 1.97(1) 0.012
Irsolnso
1.43 Vrue 6.6(4) 9(1) 1.97(1) 0.013
1.46 VruE 6.6(4) 9(1) 1.96(1) 0.015
1.48 Vrue 6.7(4) 9(1) 1.97(1) 0.013
1.56 VruE 6.8(8) 9(3) 1.96(2) 0.052
ocv 5.7(6) 0.006 4(2) 2.66(1) 0.039
Ir-M 0OCV (cycled)
Teves N/A N/A N/A N/A N/A
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1.41 Vrur
1.43 Vrug
1.46 VRrug
1.48 VruE
1.56 VruE

T For Irsolnsg, the fitted results of the Ir-M shells show a high standard deviation which indicates

the possible absence of Ir-M shells (here denoted as N/A).
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Figure S15. EXAFS derived interatomic distances of monometallic Ir and (a) Ir-W or (b) Ir-In as a
function of the applied potential. Grey area indicates the fitted Ir-Ir interatomic distance (i.e.,

2.706(3) A) of the Ir reference (Sigma-Aldrich).
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Figure S16. Ir Lz-edge WL peak positions, LCF-derived Ir® fractions, fitted Ir-M and Ir-O
coordination numbers, fitted Ir-0 interatomic distances for IreoW1o and IrsoWso as a function of
potential in 0.1 M HClO4. The baseline of the first panel indicates the peak position of the fitted
metallic Ir reference (11220.72 eV). All spectra were acquired in fluorescence mode, except for

the Ir, Ir(acac)s, and IrO; references. Loading: 2 mgcatalyst cm-2 (on carbon paper).
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Figure S17. k2-weighted Ir Lz-edge EXAFS data in k-space of (a) Ir, (b) Ir7sWos, (c) IrzsInzs, and

(d) Irsolnso compared to that of the reference materials.
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Figure S18. Fraction of metallic Ir in the Ir-M catalysts after potentiostatic experiments as

determined by LCF.
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Table S3. Comparison of TOF (unit: s-1) of Ir, Ir;sWzs, and IrzsIngs and representative Ir-based

electrocatalysts found in the literature (see also Figure 5b). The listed TOFsrf.ce are based on (1)

Brunauer-Emmett-Teller (BET) surface area (if provided in the literature) of the electrocatalysts

or (2) the reported particle size, Ir content, and catalyst loading for the nanoparticles (following

the calculation method described in the Experimental section), unless mentioned otherwise.

Material Overpotential TOFsurface TOFrox TOFpuk Reference
(mV)
Ir 0.7 0.18 0.09
Ir7sWos 1.46 0.34 0.22 This work
Ir75Ings 270 0.81 0.20 0.17
1T-IrO; 27
(2D-material) 3.00 0.15
N/A
SrCooolr 0.103.5 2.5a 0.03 15
Ir 1.63 0.57 0.29
Ir7;sWs 3.76 1.05 0.68 This work
Ir751n25 1.82 0.60 0.48
Mass-selected 1.540.8b 0.36 3
Iro.1Tao902.45
[r7eRhzz 1.15¢ 0.50 28
(nanoparticles)
IrNiO N/A 0.348 19
(nanoparticles)
O-IrVMn/IrO 300
“IrVMn/IrOx 0.56 0.27 29
(nanoparticles)
Amorphous Ir N/A N/A 0.105 20
nanosheets
Li-IrOy 0.31 0.0647 31
W0,991r0,0103.5 103d 0013d 32
II‘Oz
32
(plasma oxidized) 047 0.01
[r-Ir0y/C 0.0953 N/A 33

(2D-material)

aBased on the authors’ assumption of a 10 nm reconstructed layer involved in the reaction.

b Active surface Ir atoms were estimated by 13CO-stripping in an EC-MS setup.
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¢ The TOF reported when normalized by the measured ECSA was ca. 5.2 s1. The TOFsurface value
re-calculated here are based on the reported particle size, Ir content, and catalyst loading.

d The TOFsurace Of Wo.99I10.0103.5 was calculated using the number of metal atoms on the catalyst
surface, whereas TOFy,x was based on all Ir atoms in the catalyst.
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Figure $19. Various OER mechanisms considered for unsubstituted and W-substituted IrO; (110).
The reaction intermediates for pathways LOM2 and LOM3 were identified as unstable, no

potential energy minimum was found.

S35



P , 25
o I 8r Iro, *Ho site ;
_‘i,;; e, ~H* S 5} - 1W-substituted =~ m—r—m— * ; 124
@ @ = —— 2W-substituted :
B ar i
2 2 R : —
/el o 31 o : (o) 2
-~ LOM =S o 3.52 : = c
R 2 *0 | o
% 2 | : -
, 2 : %
® ®/ _ o 1r ; 2
O, *OH : 7
-e-, —H* R +H2C')-| 0 |e— : E
= -e7, ~H* ]

Reaction coordinate

Figure S20. The proposed LOM reaction mechanism and the calculated free energy diagram and

OER overpotentials for unsubstituted and W-substituted IrO; (110).

Table S4. Comparison of DFT-computed reaction free energies and OER overpotentials via AEM,

LOM and I12M pathways for unsubstituted and W/In-substituted IrO; (110).

AG1 AG; AG3 AGy ToER
(eV) (eV) (eV) (eV) v)
AEM
Unsubstituted 0.07 1.70 1.19 1.96 0.73
1W-substituted 0.12 1.63 1.37 1.80 0.57
2W- substituted 0.10 1.56 1.46 1.79 0.56
1In- substituted 0.68 2.90 -0.66 2.00 1.67
2In- substituted spontaneous formation of *Ocys-*Ocus dimer
LOM
Unsubstituted 0.07 1.70 3.33 -0.19 2.10
1W-substituted 0.12 1.63 3.64 -0.47 2.41
2W- substituted 0.10 1.56 3.52 -0.26 2.29
12M
Unsubstituted -0.04 0.03 1.72 3.21 1.98
1W-substituted -0.13 -0.57 0.76 4.87 3.64
2W- substituted -0.06 -0.60 0.69 4.90 3.67

The reaction intermediates for pathways LOM2 and LOM3 (Figure S19) were identified as

unstable, no potential energy minimum was found.

For all three models (unsubstituted IrO,, 1W-substituted, 2W-substituted, see Figure 6a in the
main text), the AEM pathway is associated with the lowest overpotentials.
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Figure S21. Schematics showing atoms for which the Bader charges were calculated (Table S5).
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Figure S22. Projected density of states (PDOS) of Ir 5d and O 2p in unsubstituted, 1 W-substituted,
2 W-substituted and 1 In-substituted IrO-.
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Table S5. Bader charges of O, I, W and In and the Ir 5d-0 2p band-center difference of the

different catalyst models examined.

Bader charges (eV) Band center difference
AGo 0 Ir Wor In Ir 5d-0 2p
Undoped 1.77 -0.48 1.88 N/A -0.60
1W-substituted 1.75 -0.49 1.82 2.71 -0.52
2W-substituted 1.66 -0.49 1.83 2.67 -0.43
1In-substituted 3.58 -0.47 1.88 1.81 -0.79

2In-substituted

spontaneous formation of *O¢ys-*0cus dimer

Single-site substitution

}“b cus

al»b bri

J"‘b cus-cus

,L.,, cus-bri-1

cus-bri-2

J—»b cus-sub fl'*b

sub-sub

Figure S23. Screening of a series of possible configurations of 1W- and 2W-substituted IrO;

models (“sub” stands for subsurface).
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Table S6. Comparison of DFT-calculated reaction free energies and corresponding OER
overpotentials via the AEM pathway for different 1W- and 2W-substituted IrO; (110) models.

AEM AGq(eV) AGz(eV) AGs(eV) AGsi(eV) moer (V)
Unsubstituted IrO, 0.07 1.70 1.19 1.96 0.73
1 W-substituted IrQ, cus 0.12 1.63 1.37 1.80 0.57
1 W-substituted IrO, bri 0.02 1.69 1.26 1.95 0.72
1 W-substituted IrO,, sub 0.18 1.54 1.28 1.92 0.69
2 W-substituted IrO;, cus-cus 0.10 1.56 1.46 1.79 0.56
2 W-substituted IrO, cus-bri-1 0.05 1.63 1.39 1.85 0.62
2 W-substituted IrO, cus-bri-2 0.07 1.65 1.38 1.82 0.59
2 W-substituted IrO2, cus-sub 0.15 1.58 1.45 1.75 0.52
2 W-substituted IrO2, sub-sub 0.37 1.54 1.28 1.73 0.50

The OER steps associated with the respective AG values are presented in Figure S19.
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