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S1. Data collected from the literature

We report in Tables S1 to S3 all the data collected from the literature, grouped by the
number of electrochemical steps above 1.23 eV, i.e. n = 1, 2, 3. For each material, we
specify the family it belongs to, as it is plotted in Figure 1 in the main text, with the
relative color: BaNiOx! in purple; single atom catalysts (SACs) 22 in light green; LSNMR?
in brown; MO in light blue, LaMO3 and SrMO3*° in red and dark green; SroMIrQOg® in
magenta; SrxNayRuO3’ in gray; undoped and doped TiO2® in blue; porphyrins® in orange;

and MO-* in black.

The class of materials labelled BaNiOx includes two Ba-Ni-O phases, BaNiO2 and
BaNiOz7s, with Ni atoms in square-planar and octahedral coordination, respectively.
SACs consist of 26 functionalized graphitic layers with MNjy sites in which M = Cr, Mn,
Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, Au. We note that there are two types of
environments around those sites.?®> LSNMR is an acronym describing the double
perovskite La1sSrosNiMnosRuosOs, a bifunctional OER/ORR catalyst belonging to the
family of doped AA’BB’Os with different cations in the A and B sublattices, in this
particular case La and Sr cations occupy the A and A’ positions and Ni, Mn, and Ru
cations occupy the B and B’ positions.? MO are metal monoxides in the rock-salt
geometry while LaMO3z and SrMOz are perovskite oxides (AMOs) with Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Ru, Ga and Ge in the M position. > As part of the perovskite
family, we also report SroMIrOs which is a double perovskite,® and SrxNayRuO3s’ which
is a Na-doped ruthenium perovskite. The category “doped TiO2” is composed of rutile
Ti0O2(110) with and without surface doping of V, Nb, Ta, Cr, Mo, W, Mn, Fe, Ru, Ir and
Ni.'% The porphyrin catalysts considered here have Cr, Mn, Fe, Co, Ni and Cu as metal
center and -H, -F, -OH, -NH;, -CHgs, and -BH; as ring ligands.!! Lastly, we considered

some dioxide materials, MO,.
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Table S1. Free adsorption energy of adsorption (in eV) of *O, *OH and *OOH, ESSI (in V), a metric for
the breaking of the *OOH-*OH scaling relation yooy 0x (in V), OER overpotential nygx for materials with

n=1,land Il are 1.23 and 1.60 V vs RHE, respectively.

Material family AGy  AGoy  AGooy  ESSI Yoonson Moer  Gmax(1)  Gmax(II) span
V-TiO2 (6¢cM) u/d TiO2 276  0.38 3.97 1.15 0.57 1.15 1.15 0.78 8
V-TiOz (6cM) u/d TiO2 3.40 1.02 4.56 1.15 0.54 1.15 1.15 0.78 8
V-TiO2 (6cM) u/d TiO2 3.46 1.12 4.63 111 0.53 111 111 0.74 8
Nb-TiOz (6¢cM) u/d TiO2 269  0.29 3.80 1.17 0.53 1.17 1.17 0.80 8
Mo-TiOz (5¢cM) u/d TiO2 049 042 3.72 2.00 0.42 2.00 2.00 1.63 5
Mo-TiOz (5cM) u/d TiO2 146  0.61 4.16 1.47 0.55 1.47 1.47 1.10 5
Mo-TiOz (6cM) u/d TiO2 086 0.28 3.83 1.74 0.55 1.74 1.74 1.37 5
W-TiO2 (5¢cM) u/d TiO2 042 034 3.90 2.25 0.55 2.25 2.25 1.88 5
Ru-TiO2z (5cM) u/d TiO2 2.15 1.05 4.19 0.81 0.34 0.81 0.81 0.44 5
Mn-F porphyrins  1.13 0.46 3.70 1.34 0.39 1.34 1.34 0.97 5
Mn-BH> porphyrins 141  0.75 3.94 1.30 0.37 1.30 1.30 0.93 5
Fe-H porphyrins 119  0.63 3.77 1.35 0.34 1.35 1.35 0.98 5
Fe-F porphyrins 137  0.68 3.85 1.25 0.36 1.25 1.25 0.88 5
Fe-CHs porphyrins  1.10 0.57 3.73 1.40 0.35 1.40 1.40 1.03 5
Fe-BH: porphyrins 151  0.88 4.09 1.35 0.38 1.35 0.56 0.19 5
Co-H porphyrins ~ 2.30 1.21 4.09 0.56 0.21 0.56 0.89 0.52 5
Co-F porphyrins ~ 1.97 1.04 4.09 0.89 0.30 0.89 1.07 0.70 5
Co-OH porphyrins  1.65  0.88 3.95 1.07 0.31 1.07 0.70 0.33 5
Co-CHs porphyrins  2.14 1.00 4.07 0.70 0.31 0.70 1.37 1.00 5
Co-NH2 porphyrins  1.26  0.77 3.86 1.37 0.32 1.37 1.84 1.47 5
SrCrOs SrMO3 092 0.75 3.99 1.84 0.39 1.84 0.89 0.52 5
SrMn0O3 SrMO3z 2.29 1.21 441 0.89 0.37 0.89 0.60 0.23 5
SrRuOs SrMOs 2.26 111 4.09 0.60 0.26 0.60 1.77 1.40 2
LaCrOs LaMOs 0.69 0.56 3.69 1.77 0.34 1.77 1.23 0.86 5
LaMnOs LaMOs 139 0.65 3.85 1.23 0.37 1.23 0.64 0.27 5
LaRuOs LaMOz 187 0.74 3.74 0.64 0.27 0.64 0.71 0.34 5
CoO MO 198 0.78 3.92 0.71 0.34 0.71 0.96 0.59 5
Mn-FGM SACs 189 0.88 4.08 0.96 0.37 0.96 0.77 0.40 5
Fe-FGM SACs 211 1.03 4.11 0.77 0.31 0.77 0.48 0.11 8
Co-FGM SACs 2.93 1.22 4.11 0.48 0.22 0.48 0.93 0.56 8
LSNMR@Mn LSNMR 312 096 4.08 0.93 0.33 0.93 0.64 0.27 5
PtO2 rutiles 2.35 1.21 4.22 0.64 0.28 0.64 1.35 0.98 5
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Table S2. Free adsorption energy of adsorption (in eV) of *O, *OH and *OOH, ESSI (in V), a metric for

the breaking of the *OOH-*OH scaling relation yooy 0x (in V), OER overpotential nygx for materials with

n=2,land Il are 1.23 and 1.60 V vs RHE, respectively.

material family AGy AGoy AGooy  ESSI Yoonson Moer  Gmax(I)  Gmax(II)  span
TiO2 u/d TiO2 460 2.07 5.08 1.07 0.28 1.30 214 1.40 9
V-TiOz (5¢cM) u/d TiO2 2.35 1.38 4.50 0.54 0.33 0.92 0.92 0.55 5
V-TiOz (5cM) u/d TiO2 317 118 4.67 0.52 0.52 0.76 1.03 0.39 6
Nb-TiO2 (5¢cM) u/d TiO2 214 0.23 3.74 0.53 0.53 0.68 1.05 0.31 6
Nb-TiO2 (6¢cM) u/d TiO2 2.38 0.05 3.59 0.60 0.54 1.10 1.18 0.73 3
Ta-TiO2 (6¢cM) u/d TiO2 217  -0.35 3.37 0.81 0.63 1.29 1.58 0.92 3
Ta-TiO2 (6¢M) u/d TiO2 2.55 0.13 3.64 0.62 0.53 1.20 1.20 0.83 8
Cr-TiO2 (5¢cM) u/d TiO2 243 185 4.87 0.92 0.28 1.21 121 0.84 5
Cr-TiO2 (6¢cM) u/d TiO2 291 1.23 4.76 0.54 0.54 0.62 1.07 0.33 6
Cr-TiOz (6¢cM) u/d TiO2 414 1.72 5.23 0.84 0.53 1.19 1.68 0.94 9
Cr-TiO2 (6¢cM) u/d TiO2 3.84 156 5.04 0.69 0.51 1.05 1.38 0.68 9
Mo-TiOz (6¢cM) u/d TiO2 218 0.62 4.17 0.55 0.55 0.76 1.09 0.39 6
Mo-TiOz (6¢cM) u/d TiO2 235 0.58 4.10 0.53 0.53 0.54 1.06 0.32 6
W-TiOz2 (5¢cM) u/d TiO2 -0.33  -0.23 3.16 1.40 0.47 2.26 2.79 2.05 2
W-TiO2 (6cM) u/d TiO2 0.26  0.05 3.50 1.10 0.50 2.01 2.20 1.64 2
W-TiO2 (6¢cM) u/d TiO2 116 0.05 3.60 0.65 0.55 1.21 1.30 0.84 2
W-TiO2 (6¢cM) u/d TiO2 1.46 0.21 3.71 0.52 0.52 1.02 1.04 0.65 6
Mn-TiOz (5¢M) u/d TiO2 422 206 5.07 0.88 0.28 0.93 1.76 1.02 9
Mn-TiO2 (6¢cM) u/d TiO2 4.20 1.94 5.09 0.87 0.35 1.03 1.74 1.00 9
Mn-TiOz (6¢cM) u/d TiO2 450 201 5.07 1.02 0.30 1.26 2.04 1.30 9
Mn-TiO2 (6¢cM) u/d TiO2 4.48 2.01 5.10 1.01 0.32 1.24 2.02 1.28 9
Fe-TiO2 (5cM) u/d TiO2 3.73 2.10 4.95 0.64 0.20 0.87 127 0.53 9
Fe-TiOz (5cM) u/d TiO2 431 216 5.10 0.93 0.24 0.93 1.85 111 9
Fe-TiO2 (6cM) u/d TiO2 3.98 1.55 5.06 0.76 0.53 1.20 1.52 0.83 9
Fe-TiO2 (5cM) u/d TiO2 3.88 1.50 4.94 0.71 0.49 1.15 142 0.78 9
Ru-TiO2 (6cM) u/d TiO2 298 049 4.53 0.79 0.79 1.26 1.58 0.89 6
Ru-TiO2 (6cM) u/d TiO2 3.83 142 4.96 0.69 0.54 1.18 1.37 0.81 9
Ru-TiO2 (6cM) u/d TiO2 3.90 147 4.95 0.72 0.51 1.20 144 0.83 9
Ir-TiO2 (5¢M) u/d TiO2 181 061 3.68 0.33 0.31 0.64 0.65 0.27 2
Ir-TiO2 (5¢M) u/d TiO2 3.45 1.75 4.68 0.50 0.24 0.52 0.99 0.25 7
Ir-TiO2 (6¢M) u/d TiO2 272 113 4.64 0.53 0.53 0.69 1.05 0.32 6
Ir-TiO2 (6¢M) u/d TiO2 3.78 144 494 0.66 0.52 111 1.32 0.74 9
Ir-TiO2 (6¢M) u/d TiO2 3.64 1.35 4.86 0.59 0.53 1.06 1.18 0.69 9
Ni-TiOz (5¢cM) u/d TiO2 455 203 4.80 1.05 0.16 1.29 2.09 1.35 9
Ni-TiOz (5cM) u/d TiO2 4.59 2.39 5.12 1.06 0.14 1.16 2.13 1.39 9
Ni-TiOz (6¢cM) u/d TiO2 427 203 531 0.91 0.41 1.01 181 1.07 9
Ni-TiO2z (6cM) u/d TiO2 457 208 5.08 1.06 0.27 1.26 211 1.37 9
Ni-TiOz (6cM) u/d TiO2 4.47 2.04 5.06 1.01 0.28 1.20 2.01 127 9
Cr-H porphyrins  0.85  0.26 3.53 0.81 0.41 1.45 1.61 1.08 2
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Table S3. Free adsorption energy of adsorption (in eV) of *O, *OH and *OOH, ESSI (in V), a metric for
the breaking of the *OOH-*OH scaling relation yooy 0x (in V), OER overpotential nygx for materials with

n =3, land Il are 1.23 and 1.60 V vs RHE, respectively.

material family AGy, AGoy  AGoon ESSI  Yooujon  Mokr Gax(D)  Grax(II)  span
Nb-TiO2 (5cM) u/d TiO2 1.38 -0.08 3.39 0.44 0.51 0.78 1.31 0.41 3
Nb-TiO2 (6¢cM) u/d TiO2 2.33 0.10 3.61 0.38 0.53 1.00 1.13 0.63 3
Ta-TiO2 (5¢M) u/d TiO2 1.50 -0.51 3.04 0.58 0.55 0.78 1.74 0.63 3
Ta-TiO2 (5¢M) u/d TiO2 1.86 -0.02 3.52 0.42 0.54 0.65 1.25 0.34 3
Ta-TiO2 (6¢M) u/d TiO2 2.33 0.07 3.60 0.39 0.54 1.03 1.16 0.66 3
Cr-TiOz (5¢cM) u/d TiO2 3.44 1.61 5.14 0.48 0.54 0.60 1.45 0.34 7
Mn-TiOz (5¢cM) u/d TiO2 3.38 1.92 4.82 0.38 0.22 0.69 1.13 0.32 7
Fe-TiO2 (6¢cM) u/d TiO2 3.81 1.55 5.06 0.46 0.53 1.03 1.37 0.66 7
Ru-TiOz (5cM) u/d TiO2 3.55 1.73 5.12 0.48 0.47 0.59 1.43 0.35 7
Ni-F porphyrins ~ 3.43 1.85 4.93 0.41 0.31 0.62 1.24 0.25 7
Ni-OH porphyrins ~ 3.21 1.58 4.78 0.36 0.37 0.40 1.09 0.03 7
Ni-NH: porphyrins  3.10 1.32 4.46 0.26 0.34 0.55 0.77 0.18 7
Cu-OH porphyrins ~ 3.69 1.62 4.94 0.42 0.43 0.84 1.25 0.49 7
SrFeOs SrMOs 2.98 1.67 4.70 0.34 0.29 0.49 1.01 0.12 7
SrCo0Os SrMOs 3.00 1.54 4.44 0.25 0.22 0.31 0.75 -0.06 7
LaFeOs LaMO3 2.74 1.25 4.55 0.29 0.42 0.58 0.86 0.21 7
LaNiO3 LaMO3 3.09 1.54 4.61 0.31 0.31 0.32 0.92 -0.05 7
BaNiOs.a1 BaNiOx 3.54 1.93 5.00 0.44 0.31 0.70 1.31 0.34 7
BaNiO2 BaNiOx 3.46 1.85 4.78 0.36 0.24 0.62 1.09 0.26 7
SrzsNawsRuO3 SrxNayRuOs  3.16 1.56 4.43 0.25 0.21 0.37 0.74 0.00 7
SreisNazisRUO3 SrxNayRuOs  3.31 1.59 4.76 0.36 0.36 0.49 1.07 0.12 7
Sr7RugO24 SrxNayRuOs  3.38 1.58 5.02 0.44 0.49 0.57 1.33 0.24 7
SreNaiRugO24 SrxNayRuOs  3.44 1.62 4.79 0.37 0.36 0.59 1.10 0.24 7
IrO2 rutiles 1.65 0.29 3.45 0.31 0.35 0.57 0.94 0.20 3
RuO: rutiles 2.72 1.35 4.35 0.22 0.27 0.40 0.66 0.03 7
MnO2 rutiles 3.20 1.84 5.04 0.45 0.37 0.61 1.35 0.24 7
Sr2ColrOs Sr2MIrOe 1.63 0.00 3.40 0.41 0.47 0.54 1.23 0.20 3
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S2. Free-energy span model

The potential-dependent free-energy spans are calculated on the basis of the adsorption

energies of *O, *OH and *OOH as follows:1°

span, (U) = AGo,(U) — AGoon (U) (S1)
span, (U) = AGo, (U) — AGo (V) (S2)
spans(U) = AGo, (U) — AGoy (V) (S3)
spany(U) = AGo, (U) — AGy,o (U) (S4)
spans(U) = AGoon(U) — AGo (V) (S5)
spang = AGoon (U) — AGon(U) (S6)
span; (U) = AGoon(U) — AGp,o (U) (S7)
spang(U) = AGo(U) — AGoy (V) (S8)
spang(U) = AGy(U) — AGy,o (V) (S9)
spanyo(U) = AGoy(U) — AGy, o (U) (S10)

where AGy,o = 0 at all potentials and AG,, = 4.92 eV at 0 V vs RHE. The effect of the
potential on the adsorption energies is evaluated by means of the computational hydrogen
electrode.! The descriptor G,,4, () is calculated as the largest positive span in Equations

S1-S10:

Gmax(n) = max (Spani(U)) (S11)
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