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1. Construction of the Adsorption Energy Grid

In order to create the adsorption energy grid one only has to know the slope of one of the lines and its
offset, given that the rest of the lines are supposed to have the same slope and should be equidistant from
one another. Thus, there are several possible ways to proceed; we chose to use the average slope of all
linear fits in Figure S.1 (~ 0.365 V) and to use the offset of the linear regression for metals (~ -3.50 eV).
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Figure S.1. Linear fits correlating outer electrons and *OH adsorption energies for metals, monoxides and perovskites. The
average magnitude of the slopes in both directions is ~ 0.365 V. The offset of the line for metals is ~ -3.50 eV.
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In Table S.1 we present all the slopes used in the average. As can be noted in Figure S.1, the slopes for
metals, monoxides and perovskites are positive, whereas those of pure elements are negative; therefore,
when averaging we used the absolute values of the negative ones. The average of the data set (~ 0.365 V)
and its standard deviation (~ 0.052 V) are also presented. Note that in this case the standard deviation of
the data is quite small and thus it is appropriate to use the average to represent the whole distribution.

Table S.1. Slopes obtained through linear fitting of the data in Figure S.1. The average of the set and its standard deviation are
also provided.

System Slope / V
M 0.379
MO 0.398
(La/Y)MO; 0.446
(Sr/Ca/Ba)MO; 0.326
Sc 0.303
Ti 0.265
A% 0.360
Cr 0.365
Mn 0.365
Fe 0.458
Co 0.320
Ni 0.381
Cu 0.375
Average 0.365
Std Deviation 0.052

It is known that each group of compounds (metals, monoxides and the two families of perovskites) has its
own straight line of which we know already the slope:

For metals: AE);, =0.365N —3.50 (1)
For monoxides: AEY? =0.365N + A4 ()
For (La/Y)MOs3: AESS MO = 0.365N + B 3)
For (St/Ca/Ba)MO;: AES, “*Y% =0.365N +C 4)

Where N represents the number of outer electrons. Moreover, it is known that each element, e.g. V, has its
own straight line of which we know already the slope:

AE), =—0365N+D (5)
Finally, the lines of elements (negative slopes) and compounds (positive slopes) must cross each other at
integer number of outer electrons. In the case of V, its line must intercept that of metals at a number of
outer electrons of 5 (i.e. the number of valence electrons of V); that of monoxides at 3 (i.e. the number of
outer electrons of V in VO); that of (La/Y)MOs at 2 (i.e. the number of outer electrons of V in LaVOs3 or
YVO3); and that of (Sr/Ca/Ba)MOs at 1 (i.e. the number of outer electrons of V in SrVO3).

Solving these simple equations, one finds 4 =-1.99, B=-1.26, C=-0.53, and D =0.20. The offsets
for the rest of the elements can be found similarly. The Mean Absolute Error (MAE) between the
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predicted *OH adsorption energies of the grid and the actual values found with DFT is ~ 0.20 eV.
Moreover, the MAEs for *OOH and *O adsorption energies are ~0.20 and 0.36 eV, respectively.

2. Adsorption Energy Grids for *OOH and *O

In Figures S.2 and S.3 we present the adsorption energy grids for *OOH and *O. They were calculated in
the same way as that for *OH, described in the previous section of this Supplementary Information.
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Figure S.2. Adsorption energy grid for *OOH adsorbed on various classes of compounds and different chemical elements.

In the case of *OOH, the average slope corresponds to 0.322 V with a standard deviation of 0.057 V.
Moreover, the offset for the metals line is found to be 0.10 eV.

On the other hand, for the *O adsorption energies the average slope is 0.704 V with a standard deviation
of 0.139 V. Moreover, the offset for the metals line is -5.89 eV.

Note that the errors tend to increase when describing the *O adsorption energies. Therefore, for the
purpose of modeling catalytic reactions, descriptors based on the *OH or *OOH adsorption energies
would be more recommendable, as they would provide higher accuracy.
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Figure S.3. Adsorption energy grid for *O adsorbed on various classes of compounds and different chemical elements.

3. Additional Calculation Details

The crystallographic details of the oxide surfaces simulated in this study are the following: (100) surfaces
of perovskites were constructed from their cubic bulk phase (space group Pm3m), and (100) surfaces of
monoxides (MO) from their bulk rock salt phase (space group Fm3m); in both cases, relaxation was
allowed to enable distortions in the octahedral framework due to Jahn-Teller and pseudo Jahn-Teller
effects where appropriate. Metals were modeled in their closest-packed surfaces ((111) for Ni and Cu;
(0001) for Sc, Ti and Co; and (110) for V, Cr, Mn, and Fe), and (110) surfaces of Mn,Oj3 in the bixbyite
phase (space group Ia3). The oxide surfaces used in the calculations are shown in Figure S.4, except for

the (110) of Mn,O3, shown as an inset in Figure S.4.
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a ) Top view MO Top view AMO,

Figure S.4. Top and side views of a) monoxide, MO, (100) surfaces, and b) perovskite, AMO3, (100) surfaces. Adsorption is
considered only on top of surface transition metal atoms. A and M atoms in AMOj; appear in blue and yellow, respectively,

and oxygen atoms appear in red.

4. Trends in Adsorption Energies among Different Coordination Numbers within a Given Oxide

Surface

Finally, we discuss the activity trends in the adsorption properties of inequivalent active sites with
different coordination numbers within a given oxide surface. In this case we consider the (110) surface of
Mn,03. We studied again the *O, *OH, and *OOH adsorption on top of different surface Mn atoms
which are surrounded by different number of O atoms (inset of Figure S.4). Roughly linear correlations
were observed between the adsorption behavior at the specific Mn sites (A, B, C and D in Figure S.4) and
the number of O atoms coordinated to it. The x-axis in Figure 3.b is the weighted average of inequivalent

oxygen atoms coordinated to the Mn atom, defined as:

Nt _(Nlc+N2c+N3c)/3 (6)

otal

Where Nic, Nac, Nic, are the number of oxygen atoms coordinated to the Mn atom at distances 1C, 2C
and 3C, respectively. Figure S.4 shows that the number of O atoms per transition metal is able to describe
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the trends in the adsorption characteristics for a given surface, when all atoms are supposed to have the
same formal oxidation state (+3 in this case). An increase in coordination of the transition metal atom
reduces its possibility to create new bonds, resulting in a weakening of the interaction strength between
the surface and the adsorbate similar to the cases analyzed in the main text.
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Figure S.4. Relations between adsorption energies of *O (blue), *OH (red) and *OOH (green) with respect to the oxygen
number per transition metal over the Mn,O; (110) surface. The inset in shows a side view of the surface with the inequivalent
adsorption sites as A, B, C and D. The plot shows that the adsorption energies are systematically influenced by the number of
oxygen ligands that each inequivalent site at the surface has. Thus, within a given facet, when the oxidation states are all the

same, the trends can be captured by the coordination numbers.
5. Counting the Number of Outer Electrons

Here we present further details of the way we count the number of outer electrons of the metal ions
throughout the manuscript for the particular case of Cr. The electronic configuration of pure Cr is: 1s” 25>
2p° 3s? 3p° 4s' 3d>. Thus, it has 5 + 1 = 6 valence electrons. Cr*" has lost 2 electrons, so it has 6 — 2 = 4

outer electrons. Since Cr’* has lost 3 electrons, it has 6 — 3 = 3 outer electrons. Cr*' has lost 4 electrons,
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so it has 6 — 4 = 2 outer electrons. The case of Ni is analogous, so pure Ni has 10 outer electrons, Ni* has
8, Ni*" has 7, and Ni*" has 6. In Figure S.5.a we present the orbital splitting and the allocation of the outer
electrons of Ni2+, Ni** and Ni4+, which correspond to the Ni ions present in NiO, LaNiO; and SrNiOs.
Note that the orbital splitting shown in Figure S.5 is typical of octahedral complexes, with 3 orbitals of
low energy and two orbitals of high energy. Moreover, in Figure S.5.b we present a summary of the

orbital splitting and the distribution of outer electrons in the transition metal ions in LaMOj5.
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Figure S.5. Orbital Splitting and ground state electronic distribution of the outer electrons of a) the Ni ions in the oxides

considered in this study. b) The M?*" transition metal ions present LaMOj.

From Figs 1 and 2 in the main text and S.5 here, we conclude that the decrease of the number of outer
electrons for a given metal ion results in a weakening of the adsorption energies, while the opposite is true
for different metal ions of the same oxidation state. This is because a decrease in the number of outer

electrons of a given metal implies its further oxidation, which in turn decreases the reactivity (see Fig.
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S.5.a). On the other hand, for a given oxidation state and different metal ions, increasing the number of
outer electrons implies the filling of antibonding states (see Fig. S.5.a), which also decreases the

reactivity. Interestingly, the effects have the same magnitude, as evidenced by the existence of the grids

shown in Figs 3, S.2, and S.3.




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles false

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJDFFile false

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends false

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage false

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile (Color Management Off)

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 150

  /ColorImageDepth 8

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /FlateEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 150

  /GrayImageDepth 8

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /FlateEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /FlateEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /FRA <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENG ()

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.276 779.528]

>> setpagedevice



