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S1. Additional computational details

The bulk of Sr,MIrOg¢ perovskites was modelled with a periodic cell containing 4
formula units of Sr,MIrQOg4, where all atoms were allowed to relax in all directions. A
plane-wave cutoff of 400 eV was used along with an electronic temperature of 0.2 eV to
facilitate convergence, extrapolating the total energies to 0 K. The search for minimum-
energy structures was performed using the conjugate-gradient optimization scheme, with
iterations carried out until the maximal force on any atom was below 0.05 eV A-l.
Monkhorst-Pack! meshes of 4x4x4 were used to carry out the numerical integration in
the reciprocal space. The Sr,MIrOg perovskites were modelled in their (100) surface facet,
since it is the thermodynamically most stable one and likely the most abundant. This
practice is common when simulating oxide electrocatalysts for the OER.>* Monkhorst-
Pack meshes with 4x4x1 k-points were used for all modelled perovskites. The slab
models contained eight layers (which contain 8 formula units in total), in which the
topmost four and the adsorbates were allowed to relax in all directions, while the
bottommost four were fixed at the bulk equilibrium distances to provide an adequate
simulation of the subsurface region. The distance between repeated images in the vertical
direction was larger than 13 A. The converged geometries appear in section S10. Isolated
molecules were calculated in boxes of 9x10x11 A3, using an electronic temperature of
0.001 eV with further extrapolation to 0 K and considering only the gamma point. All
bulk and slab calculations were spin-unrestricted and considered all possible
antiferromagnetic arranges (i.e. in different planes) of the spins. We do not expect
important changes when simulating all perovskites in their antiferromagnetic phase
(corresponding to the systems at 0 K) or all of them in their paramagnetic phase
(corresponding to the systems above the Néel temperature), as the trends are based on
adsorption energies in which the perovskite slabs appear as reactants and products.
However, we note that this needs not be the case for other properties.> We did not perform
spin-orbit coupling calculations, as those are not customary in electrocatalysis, not even
for heavy elements such as Ir or Au (see again 2—4). Spin-orbit coupling is mandatory for

the assessment of certain physical properties, but not for adsorption energies.



S2. Computational data, d—¢ optimization and Bader charges

In Table S1 we show the adsorption free energies of all the adsorbed intermediates
of the OER (*O, *OH, *OOH) for all the studied Sr,MIrO¢ perovskites. Moreover, the
electrocatalytic symmetry index (ESSI) and the calculated OER overpotential are also
provided. In the last column of Table S2 we show the average Bader atomic charges®
present in Ir in the double perovskite slabs. Extracting oxidation numbers from atomic
charges can be misleading and experts have advised not to do it,”® so only the trends and
not the actual values are to be analyzed. The trends hint toward more oxidized Ir centers
in the order of M = Ni > Co > Fe > Sc, in consonance with the experimental observations

(Figure 1a in the article).

Table S1. Free energies of adsorption of *O, *OH and *OOH (AGo, AGoy, AGoon, in €V), electrochemical-

step symmetry index (ESSI, in V), calculated OER overpotentials (nogr, in V), and average number of d

electrons on Ir centers at the surface, for all the studied double perovskites.

SpMItOs AGo  AGon  AGoon  ESSI megr  delectrons @ Ir

M=Ni 2.12 0.77 3.25 028 044 6.80
M= Co 1.63 0.00 3.40 0.31 0.40 6.85
M =Sc 1.48 0.41 3.50 049 0.79 6.93
M =TFe 1.51 0.30 3.50 0.54 0.75 6.90

In Equations S1-S4 we show how the parameters are introduced into Equations 5-

& from the main text.

AG, =AG,, +5 (S1)
AG, =AG, - AG,, +6 (82)
AG, =AG,py, —AG, 5+ (S3)
AG, =AG, —AG,,, —6—-¢ (54)

We emphasize that the sum of Equations S1 to S4 is AG, =4.92¢V, as in
Equations 5-8 in the main text, which corresponds to the standard equlibrium potential (

E'=123 V) multiplied by the number of transferred electrons per catalytic cicle (
1.23 Vx4e =4.92¢eV).



S3. X-ray powder diffraction (XRD)

Figure S1 shows the XRD diffractograms for Sr,MIrOq (M = Ni, Co, Sc and Fe).

All the samples are pure and exhibit the perovskite crystal structure. The inset of Figure

S1 depicts the evolution of the volume of the unit cell, which increases with M in the

order Co**< Fe3'< Ni?*< Sc3*. This result shows that the size of the cell is determined by

the ionic radii of the M cations and not by that of Ir®/Ir >*, which would have given a

different trend.®

Intensity / a.u.

255 °
< sc*(VI)
o 250-
S
3 245 Fe vl NEL(VI)
O 1 e HS
> Coly(V) Yo @
2401 @
055 060 065 070 075
lonic radii / A

40 6

20 / deg

o 80

Figure S1. X-ray powder diffraction patterns for Sr,MIrOg (M = Ni, Co, Sc and Fe) collected at room

temperature with Cu-Ka radiation. Inset: Evolution of the cell volumes obtained from the Rietveld fits. LS

refers to Low Spin configuration and HS to High Spin Configuration.

S4. Powder Neutron Diffraction (PND)

Table S2. Crystallographic parameters obtained from PND.*

Space Monoclinic Oxygen Ir* M+
<Ir-O> <M-O>
Group B angle Vacancies | (XAS & PND) | (XAS & PND)
Sr,NilrOg P2;/n 89.979(1) 0 6+ 2+ 1.972(13) | 1.986(12)
6+/5+
Sr,ColrOg 12/m 89.970(2) 0 3+/2+ 1.95(1) 1.99(1)
(BVS +5.7)
S1,SclrOg P2;/n 89.9855(9) 0 5+ 3+ 1.99(1) 2.02(1)
St FelrOg 12/m 89.986(2) 0 5+ 3+ 1.96(2) 1.98(2)

* from references 1011




SS. X-ray Photoemission Spectroscopy (XPS)
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Figure S2. Ir 4f core-level region of the initial catalysts.



S6. Electrochemical measurements.
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Figure S3. Current density vs. uncorrected potential for Sr,MIrOg (M = Co, Ni, Sc, Fe).
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Figure S4. Nyquist plot from an electrochemical impedance spectroscopy experiment at open circuit

voltage.



S7. OER trend as a function of the structural distortion.
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Figure SS. (a) Schematics of the tilting of the octahedra, with the M-O-Ir angles detailed. (b) Schematic

view of the IrOg octahedral distortions. b;: individual Ir-O distances. b,,: average <Ir-O> distances.
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Figure S6. (a) Activity trend on Sr,MIrOs (M = Co, Ni, Sc, Fe) with the monoclinic 3 angle. (b) Evolution
of the current density with the monoclinic B angle. (c) Evolution of the current density with the tilting of

the octahedra, calculated as 180°-<M-O-Ir>°/2. The arrows point toward higher OER catalytic activities.



S8. Transmission Electron Microscopy (TEM)

(d)

Figure S7. TEM and HRTEM images of the initial Sr,MIrO¢ (a) M = Ni, (b) Co, (c) Sc and (d) Fe.

By >

Figure S9. TEM images of (a) Sr,NilrOg4 and (b) Sr,ColrOg after 50 OER cycles in acid media.



S9. Surface Area Calculation

The mass specific surface areas, 45, were determined using a spherical geometry
approximation. By TEM we measured the diameter (d) of the particles (Figure S2), and
calculated the volume/area diameter (d,,,) as d,,= 2d°/2d’. Ag was determined using the

following formula:
A =>7xd* > Ltprd>=6>.d*[p>.d’=6/pd,, (S5)

where p is the oxide bulk density following the formula:

B MwxZ

=" S6
NAfo'u (56)

P

where Mw is the molecular weight, Z is the number of formula units per cell (Z = 2 for
P2;/nand Z =2 for 12/m), N, is Avogadro’s number, and V', is the volume of the formula
unit.

N, adsorption-desorption isotherms were recorded at liquid N, temperature with
a Micromeritics ASAP 2000 apparatus to evaluate textural properties. The samples were
degassed at 140 °C under vacuum for 24 h. The specific areas were calculated by applying
the BET method within the relative pressure range P/Py = 0.05-0.30.

The electrochemically active surface area (ECSA) was calculated by the double-
layer capacitance of the perovskites without adding active carbon. We performed cyclic
voltammograms at different velocities close to the “open circuit potential” in an inert gas,
where the measured currents are due to double-layer charging. ECSA was recorded at
200, 100, 50, 20 and 10 mV s! between 0.7 and 0.9 V vs. RHE. The double-layer charging
current (i) is equal to the product of the scan rate (v) and the double-layer capacitance
(Cq): 1= vCyq. If 1. is plotted as a function of v, then the slope is Cg, and ECSA will be
ECSA = Cg/ Cs; where Cg is the specific capacitance of an atomically flat planar surface
of the material per unit area under identical electrolyte conditions. Since this value is not
well established for oxides, we used 0.06 mF/cm? as done in previous works for 0.1 M
HClO,.1213 Table S2 shows the results obtained for ECSA and BET for several

perovskites compared to the values obtained for Ag.

Table S3. Surface area calculated from BET, ECSA and TEM (4y).

BET /m?g! ECSA / m?g! Ag /m2g!
SENilrOg ; 6(2) 29
Sr,ColrOg 1.2 - 1.3
Sr,SclrOg - - 6.8
SryFelrOg 03 7.4(2) 1.6




S10. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

An ICP-OES Analytik Jena PQ 9000 spectrometer was used for the analyses. For the
experiments we used a 1 mm thin graphite wafer (geometric surface of 100 mm?) as

working electrode and we deposited 2 mg of electrocatalyst on both faces.
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Figure S10. ICP-OES analysis of the electrolyte of Sr,ColrOg and St FelrOg after 0, 5 and 50 OER reaction
cycles, showing the degree of dissolution of Sr, M (Co and Fe) and Ir for both samples.
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S11. Optimized geometries.
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0.5000000000000000 -0.0000000000000000 0.2860915785622686

0.5000000000000000

0.0000000000000000

0.1430862400000024

0.5000000000000000 -0.0000000000000000 0.4328389065530059

0.5000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.0035860249999971
0.0065770248718115
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.9964139459999970
0.9916158561626814
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.9964139459999970
0.9934229461281825
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.0035860249999971
0.0083841148373126
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.4964139759999995
0.4934229761281850
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.5035860540000030
0.5083841438373186
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.5035860540000030
0.5065770538718175
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000

0.5000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.0035860249999971
0.0065770248718114
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.9964139459999970
0.9916158561626814
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.4964139759999995
0.4934229761281850
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.5035860540000030
0.5083841438373186
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.9964139459999970
0.9934229461281825
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.0035860249999971
0.0083841148373126
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.5035860540000030
0.5065770538718175
0.7500000000000000
0.7500000000000000

0.0000000000000000
0.2860915785622686
0.1430862400000024
0.4328389065530059
0.2146293670000006
0.4984783984200058
0.0715431200000012
0.3561401276663140
0.0715431200000012
0.3561401276663140
0.2146293670000006
0.4984783984200058
0.0715431200000012
0.3580176028235175
0.2146293670000006
0.4974341873748597
0.2146293670000006
0.4974341873748597
0.0715431200000012
0.3580176028235175
0.0008654109999995
0.2888210346683538
0.0715431200000012
0.3578489359329504
0.0715431200000012
0.3578489359329504
0.1422208250000025
0.4280226560388691
0.2146293670000006
0.4987757068404410
0.2146293670000006
0.4987757068404410
0.2845222881816872
0.0008654109999995
0.0715431200000012
0.3578489359329504
0.0715431200000012
0.3578489359329504
0.1439516539999985
0.4303484423419060
0.2146293670000006
0.4987757068404410
0.2146293670000006
0.4987757068404410
0.2845222881816872
0.0008654109999995
0.0715431200000012
0.3578489359329504
0.0715431200000012
0.3578489359329504
0.1439516539999985
0.4303484423419060
0.2146293670000006
0.4987757068404410
0.2146293670000006
0.4987757068404410
0.0008654109999995
0.2888210346683538
0.0715431200000012
0.3578489359329504
0.0715431200000012
0.3578489359329504
0.1422208250000025
0.4280226560388691

I R R T R I I I T R R T B I T R R R R I R T T R I R T T T R R R T R R R e R T R T T T R T R T e R R
e T e R T R R T T R R T T T T T R T R T R R R R T I R R I e T T T R T R T R T T T T R T R T T T T T R T R T T B R
I L T T R L B e T R L e T B B L I R I e T T T L B e T T B R B L T L e T I I T R R R R
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0.4964139759999995 0.7500000000000000 0.2146293670000006 F F
0.4916158861626839 0.7500000000000000 0.4987757068404410 T T
0.7500000000000000 0.4964139759999995 0.2146293670000006 F F
0.7500000000000000 0.4916158861626839 0.4987757068404410 T T

M =Fe
1.00000000000000

8.0500000000000007  0.0000000000000000 0.0000000000000000
0.0000000000000000  8.0500000000000007  0.0000000000000000
0.0000000000000000 0.0000000000000000 28.1298873849000017

Sr Fe Ir O
16 8 8 48
Selective dynamics
Direct
0.0000000000000000

0.0000000000000000

0.0000000000000000

-0.0000000000000000 0.0000000000000000 0.2864278153983272

0.0000000000000000

0.0000000000000000

0.1430862400000024

-0.0000000000000000 0.0000000000000000 0.4321129091169274

0.0000000000000000

0.5000000000000000

0.0000000000000000

-0.0000000000000000 0.5000000000000000 0.2864278153983272

0.0000000000000000

0.5000000000000000

0.1430862400000024

-0.0000000000000000 0.5000000000000000 0.4321129091169274

0.5000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.0035860249999971
0.0018862664198085
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.9964139459999970
0.9950264937798349
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.9964139459999970
0.9981137045801856
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.0035860249999971

0.0000000000000000
0.0000000000000000
0.0000000000000000
0.0000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.5000000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.7500000000000000
0.7500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.0035860249999971
0.0018862664198085
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.2500000000000000
0.9964139459999970
0.9950264937798349
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.7500000000000000
0.4964139759999995
0.4981137345801880
0.7500000000000000
0.7500000000000000
0.7500000000000000

0.0000000000000000
0.2864278153983272
0.1430862400000024
0.4321129091169274
0.0000000000000000
0.2864278153983272
0.1430862400000024
0.4321129091169274
0.2146293670000006
0.4973626071614730
0.0715431200000012
0.3555461238288824
0.0715431200000012
0.3555461238288824
0.2146293670000006
0.4973626071614730
0.0715431200000012
0.3573147725189098
0.2146293670000006
0.4977936103762828
0.2146293670000006
0.4977936103762828
0.0715431200000012
0.3573147725189098
0.0008654109999995
0.2866211769926554
0.0715431200000012
0.3574738235618511
0.0715431200000012
0.3574738235618511
0.1422208250000025
0.4278141863719814
0.2146293670000006
0.4998392206916381
0.2146293670000006
0.4998392206916381
0.2854873482051603
0.0008654109999995
0.0715431200000012
0.3574738235618511
0.0715431200000012
0.3574738235618511
0.1439516539999985
0.4288020486807506
0.2146293670000006

m 54 " 8" 4" S 4" A" S99 T S "S99S5 7S9™"S==S"=+-=™="wm=H+ -®M="+og™="5 T 54T 4 ™
R B B e B e R B B B B I R T e e B B I M e B B B B B e B R B R B R R e e T e M- R SR R B [ U R R R
R T T T B L L T T L e T T R R I T T L R R I R
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0.0049734772201590 0.7500000000000000 0.4998392206916381
0.2500000000000000 0.5035860540000030 0.2146293670000006
0.2500000000000000 0.5049735062201651 0.4998392206916381
0.7500000000000000 0.2500000000000000 0.2854873482051603
0.7500000000000000 0.2500000000000000 0.0008654109999995
0.4964139759999995 0.2500000000000000 0.0715431200000012
0.4981137345801880 0.2500000000000000 0.3574738235618511
0.7500000000000000 0.9964139459999970 0.0715431200000012
0.7500000000000000 0.9981137045801856 0.3574738235618511
0.7500000000000000 0.2500000000000000 0.1439516539999985
0.7500000000000000 0.2500000000000000 0.4288020486807506
0.5035860540000030 0.2500000000000000 0.2146293670000006
0.5049735062201651 0.2500000000000000 0.4998392206916381
0.7500000000000000 0.0035860249999971 0.2146293670000006
0.7500000000000000 0.0049734772201590 0.4998392206916381
0.7500000000000000 0.7500000000000000 0.0008654109999995
0.7500000000000000 0.7500000000000000 0.2866211769926554
0.5035860540000030 0.7500000000000000 0.0715431200000012
0.5018862954198144 0.7500000000000000 0.3574738235618511
0.7500000000000000 0.5035860540000030 0.0715431200000012
0.7500000000000000 0.5018862954198144 0.3574738235618511
0.7500000000000000 0.7500000000000000 0.1422208250000025
0.7500000000000000 0.7500000000000000 0.4278141863719814
0.4964139759999995 0.7500000000000000 0.2146293670000006
0.4950265237798375 0.7500000000000000 0.4998392206916381
0.7500000000000000 0.4964139759999995 0.2146293670000006
0.7500000000000000 0.4950265237798375 0.4998392206916381

I T I T R R R R R T T R T T R R R
R R R R I R R R T T T T R R B e T R R |
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