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Section S1: Reaction pathways

Fig. S1 illustrates the reaction intermediates and pathways that were considered for OER in
the present work. The equations for the AEM pathway are given in the main text, while the

corresponding equations for the alternative pathways are:

*+H,0(l) > 'O+Hb+H"+ e~ (S1)
AG; = AG.o+np — €URnE

*0+Hb—> "0+H*+e” (S2)
AG, = AG.o — AG.o+1p — €Urne

*0+H,0(l) > "0,+Hb+H"+ e~ (S3)
AGs = AG.o,+1p — AG.o — eUrng

"0, +Hb - 0,(g) +HY + e~ + (S4)

AGy = AGy, — AG.o,+up — €Urng

or

"0+ H,0(l) » 0,(9) + Hb + H* + e~ (S5)
AG3 = AGOZ + AGHb - AG*O - eURHE

*x+Hb > HY +e™ + % (S6)

AG4_ = _AGHb — eURHE

where Hb is a hydrogen atom adsorbed on a bridge oxygen atom of the surface, that is
adjacent to the adsorption site (*). The DFT adsorption energy of an adsorbate (A =*OH, *O +
Hb, *O, *O, + Hb and Hb) is calculated as:

n
AEppr = Esiab+ + 5 En, — Estab — En,0 (S7)

where Eg .+ IS the energy of the slab with the adsorbate, Eg,, is the energy of the bare

slab without the adsorbate, Ey,o, Ey, are the energies of H,O and H: in the gas phase,
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respectively, and n is the number of electrons involved in the reaction. The AEM pathway is
limited by the scaling relation between the adsorption energies of the *OH and *OOH
intermediates (AG.oon = AG.on + 3.2 €V) and therefore requires a minimum potential of
1.6 V.1 For the pathway that involves the reaction steps of eqn (51)—(S4), the corresponding
energy difference between the *O + Hb and *O, + Hb intermediates depend on the element
at the adsorption site. For some elements it is therefore possible to have a more favourable
minimum potential than for the AEM pathway.? Moreover, the formation of O,(g) during the
third step of the OER (eqn S5 and S6) was also considered. The free energy of an oxygen
molecule is set to 4.92 eV. This is to avoid calculating the energy of O,, because it is poorly
described by DFT.3 When calculating the overpotential we assume that the reaction follows

the minimum energy pathway, and as a result, a combination of pathways is also possible.
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Fig. S1 Possible reaction pathways for the oxygen evolution reaction (OER) on the rutile oxides under
study. The cus active site is denoted with an asterisk (*). We assume that the reaction follows the

minimum energy pathway, meaning that a combination of pathways is also possible.



Section S2: Calculations setup

All Density Functional Theory (DFT) calculations were performed using the GPAW software
package, with The Atomic Simulation Environment (ASE) used to set up and analyse the
calculations.*® The exchange and correlation energy is calculated with the RPBE functional,”
utilizing a plane-wave (PW) basis set with an energy cutoff of 500 eV. We used a (2,2,1) k-
point sampling, and the surface was modelled as a 3 x 1 slab of rutile (110). The slabs consists
of four MO, layers (M = transition metal), with the bottom two layers fixed to their bulk
positions For TiO,-coated oxides with one TiO, layer, the top layer of the parent slab was
replaced by TiO, so that the slab still contained four layers. To consider the effect of two TiO»
layers, an extra layer is added so that the slabs contain five MO, layers in total. For the
WyPt1x0, and Wo.46Pdo.540, compositions, we retained four MO, layers and added a single
TiO, layer as the fifth layer. A dipole correction was used to decouple the electrostatic
potentials, and a vacuum region of at least 10 A was added on either side of the slab. The
structures are relaxed until the forces on all atoms are below 0.05 eV A~L. This calculation
setup is identical to the one used in ref. 8, such that the generated data is consistent with the

employed high entropy oxide data.

Spectator *O species are sometimes present on the undercoordinated sites (cus)
neighbouring the active site. In ref. 8, spectator *O species were always adsorbed on
neighbouring cus sites, and this is carried over to our use of the dataset. However, in the
remaining calculations, we only add spectator *O species to Os, Ru, and Ir cus sites, while
keeping other neighbouring cus sites empty. This is because pure 0sO,, RuO,, and IrO, (110)
surfaces lie on the strong-binding side of the volcano (AG; < 1.6 eV), so the OER activity is
limited by the conversion of *O to *OOH or *O; + Hb. Due to the slow conversion of *O, the

Os, Ru, and Ir surface sites will, in general, be covered by *O species at OER conditions.



Section S3: RuRhIrOsTi high entropy oxide dataset

The high entropy oxides (HEOs) bare surfaces, *OH, and *O intermediates have been
published as part of ref. 8. The HEO slabs consist of an average composition of
Ruo.2Rho.21r0.20s0.2Tio.202 and they are randomly generated. The adsorption energies for each
active site element is investigated with a substantial and nearly equal amount of data (Fig.
S2). The constituents oxides are conductive, except for TiO,, offering a conductive HEO and
resulting in a structure where charge is readily provided for the OER. Because our conducting
oxides have multiple electrons at, or close to, the Fermi level, we avoid the computational
challenges associated with doped semiconducting oxides, where electrons are localized at
individual dopant sites, and consequently, reactions that require electrons from the surface,
e.g. formation of *OH or O*, depend strongly on the type and number of specific dopants

present in such system.’
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Fig. S2 Number of active sites investigated across Ti, Ru, Rh, Os, and Ir elements of the HEOs data.



Section S4: Description of the model structures

The chemical systems in this study are categorized in four main datasets. Structural and
computational specifications for the slab models used in each dataset are summarized in

Table S1, with further compositional details provided below.

Table S1 Structural specifications for the slab models used in each one of the four datasets studied in
this work. The number of different slabs includes the OER intermediates. Part of the data from the "

Host (HEO) — Guest " has been published in ref. 8.

Dataset Number of Number of Number of Number of
MO:, layers metal atoms | different different slabs
compositions
Host (Pure 4 24 72 452
oxide) —
Guest
Host (HEO) — | 4 24 447 1685
Guest
TiOz-coated | 4 (including1 | 24 (6 Ti) 78 546
metal (Ru, TiOy)
Rh, Ir, Os,
Pd, Pt)
oxides
5 (including 2 | 30 (12 Ti) 78 546
TiOy)
TiOz-coated | 5 (including 30 (6 Ti) 12 204
WPt1402 1TiOy)
and WyPds-
xO02
Total 687 3433




Host (Pure oxide)-Guest

This dataset consists of all possible combinations of eight pure oxide hosts (RuO3, IrO2, RhO,,
0s0,, PdO;, PtO,, TiO,, and Sn03) and nine guest elements (Ru, Rh, Ir, Os, Pd, Pt, Ti, Sn, and
Zr) (see examples on Fig. S3). The lattice constants of the bulk structures of the pure rutile

oxides in this work are given in Table S2.

Table S2 Lattice constants of the pure rutile oxides

System a (A) c(A)
IrO2 4.59 3.19
0s0O2 4.56 3.19
PdO2 4.67 3.21
PtO2 4.65 3.23
RhO2 4.60 3.14
RuO:2 4.57 3.14
SnO:2 4.88 3.22
TiO2 4.70 2.99
WO:2 4.93 2.66
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Fig. S3 Optimised slab models for two examples from the Host (Pure oxide)-Guest dataset. The upper

panels show an Os guest atom on a PtO; host; the lower panels show a Ti guest atom on an IrO; host.

Host (HEO)-Guest

This dataset consists of near-equimolar HEOs composed of Ti, Ir, Ru, Rh and Os (see examples
on Fig. S4). The bare surfaces and the *OH and *O OER intermediates have been published in

ref. 8, totaling 1341 configurations. In our work, we calculated *O+Hb, *O+Hb, and O2(g)+Hb



for all the bare surfaces where Ti is the adsorption site. These calculations added 344 new

slabs to the dataset.
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Fig. S4 Optimised slab models for two examples from the Host (HEO)-Guest dataset. The upper panels

show an Ir guest atom on a HEO host; the lower panels show a Ru guest atom on a different HEO host.

TiO-coated metal (Ru, Rh, Ir, Os, Pd, Pt) oxides

This dataset consists of TiO;-coated rutile oxides containing Ir, Ru, Os, Rh, Pd, and Pt. We
modelled pure RuO;, RhO,, Ir0,, 0sO,, PdO,, and PtO, substrates, as well as substrates
containing 89%, 78%, and 56% of each oxide, with the remainder being a random mixture of
the other five oxides (see examples on Fig. S5). Both one and two TiO; coating layers were

studied. We examined one of the cus sites as the adsorption site.
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Fig. S5 Optimised slab models from the TiO,-coated metal oxides (M = Ru, Rh, Ir, Os, Pd, Pt) dataset.
Examples show: (a) a pure IrO; substrate and (b) a PdO; substrate doped with a 44% mixture of Ru,

Rh, Ir, Os, and Pt, each coated with one (upper panel) and two (lower panel) TiO; layers.

TiO2-coated WyPt1.x02 and Wo.46Pdo.5402

This dataset examines TiO,-coated rutile binary oxides: WxPt1xO2 (x=0.04, 0.08, 0.12, 0.17,
0.21, and 1) and Wo.46Pdo.540: (see examples on Fig. S6). A single TiO2 layer has been applied.
Two different atomic configurations were studied for each composition. We examined all 3

cus sites as adsorption sites.
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Fig. S6 Top and side view of the optimised slab model for the TiO;-coated Wo.21Pto.790; slab.



Section S5: Fermi level alignment

Fig. S7 shows the total density of states (DOS) together with the summed oxygen-2s projected
DOS (O 2s band) for the bare slabs of each pure oxide considered in this study. We calculate
the O 2s band centroid, Ecenter,02s, by integrating the O 2s band from -25 to -15 eV, where
the main, non-interacting part of the oxygen 2s band lies. Above -15 eV only a small amount
of O 2s states have weight and there is overlap with O 2p and metal d levels. The Fermi level
energies calculated by DFT (Egermiprr) are also marked on Fig. S7. The values of the
Ecenter,02s: Erermiprr, @and the Fermi levels obtained by following the procedure described in
the main text (eqn (7)), Erermi, for the bare slabs of the pure oxides are summarised in Table
S3. In the case of SN0, there is partial overlap between oxygen and tin (Sn) states, which can
affect the quality of the Epermi for systems where the host composition is SnO,. However, the
observations and insights in this work are not dependent on the trends of pure SnO; or

systems where SnO; constitutes the host oxide.

Most of the oxides considered here are conducting, and the position of the Fermi level is
therefore unambiguous. For the semiconducting oxides TiO; and SnO; the Fermi level is
positioned in the middle of the band gap and therefore does not correspond to the energy of
the highest energy electron. However, we note that the band gap is underestimated for both
of these materials (the band gaps obtained from our DFT-RPBE calculations are 1.5 eV for TiO,
and 0.9 eV for Sn0,, compared with the experimental values of = 3.0 eV,° and = 3.6 eV,!

respectively).
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Fig. S7 The total density of states (DOS) (black line) along with the summed oxygen-2s projected DOS
(O 2s band, red peak) for the pure oxides IrO,, OsO,, PdO,, PtO,, RhO,, RuO2, WO,, SnO>, and TiO,. The
blue vertical line corresponds to the Fermi level calculated by DFT (Efermiprr), and the black dashed

vertical line corresponds to the centroid of the O 2s band (Ecenter,025). States corresponding to Sn in the

pure SnO; (panel H) are indicated with an arrow. Occupied levels are shaded.
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Table S3 Centroid of the oxygen 2s band (Ecenter,02s), Fermi level energy calculated by DFT (Eeermi,oer) and
Fermi level energy obtained by following the procedure described in the main text (Erermi, eqn (7)) of

the pure rutile oxides.

Metal oxide Ecenter,02s [€V] Erermiper [€V] Erermi [eV]
IrO2 -19.73 -0.48 0.64
0s0; -19.39 0.12 0.90
PdO> -19.78 -2.09 -0.92
PtO; -19.84 -1.17 0.05
RhO2 -19.52 -1.21 -0.30
RuO2 -19.30 -0.69 0.00
Sn0O; -19.05 -1.04 -0.59
TiO2 -18.81 -1.10 -0.90
WO; -18.65 1.35 1.39

In Fig. S8, we show the distribution of RPBE band gaps for all systems studied. Most systems
are metallic or nearly metallic (band gap <0.15 eV), with the exception of TiO, and SnO; hosts,
which are semiconducting (Fig. S8f). Because RPBE is known to underestimate band gaps, we
also computed non-self-consistent HSEO61? band gaps for the pure oxides (Table S4). The
HSEO6 values differ only modestly from RPBE, except for TiO, and SnO,, where the band gaps
are significantly larger as expected.

We also compared the Egeryi Obtained with RPBE and HSEO6 for the TiO,-coated metal oxides
(Ru, Rh, Ir, Os, Pd, Pt) with a single TiO, overlayer. As shown in Fig. S9, the HSEQ6 Egermi are on
average 0.08 eV lower than the RPBE Erermi Values, although there are significant outliers (up

to 0.4 eV).
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Fig. S8 Band gap distributions for the datasets in our study. The bin size is equal to 0.01 eV.

Table S4 Band gap values calculated with RPBE and HSEQG6 for the bare surface slabs of the pure

0.20

oxides.
System RPBE Band Gap (eV) HSEO06 Band Gap (eV)
IrO2 0.09 0.23
0Os0O2 0.07 0.20
PdO2 0.03 0.11
PtO: 0.10 0.16
RhO: 0.06 0.30
RuO: 0.04 0.22
SnO2 0.86 2.14
TiO2 1.55 3.83
WO: 0.04 0.13
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Fig. S9 Efermi (as defined in egn (7)) difference between HSEO6 and RPBE. The bin size is equal to 0.1
eV. The red dashed line corresponds to the mean of the distribution.
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Section S6: Trends in AG+o and Erermi by guest variation on each host
composition

The variation of the guest element on each pure oxide host composition (Fig. S10) reveals
correlation between AG,q and Epermi in the data where the semiconducting TiO2 and SnO;
are the hosts (Fig. S10a and b). This is attributed to the influence of the guest d states on the
band gap of the host, determining the Egrmi position. The points that correspond to Ti, Sn,
and Zr guests in TiO2 and SnO; hosts do not follow this trend because they do not produce
any states in the band gap of the host. For the rest of the host ensembles (Fig. S10c-h), the

guests do not perturb the Egepmi due to the conducting nature of the hosts.
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Fig. S10 Correlation between the AG.q and the Egqrmi as the guest element is varied for each pure-
host composition. Markers represent different host compositions and colours correspond to different

guest elements, as described in the legend.
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Section S7: Scaling between the adsorption energies of *O and *OH

To derive the scaling relation, we performed a linear fit between AG,q and AG, oy (Fig. S11).
We excluded data where TiO, and SnO; are the host composition from the fits, because they

have adsorption energies that deviate from the general trend, due to their semiconducting

nature.
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Fig. S11 Scaling relations between the adsorption free energies of *OH and *O, AG+c = aAG+on + b,
where a is the slope and b is the intercept, for each of the guest elements under study. The markers
represent different host compositions and colours correspond to different guest elements, as

described in the legend.
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Section S8: Bader charge differences in pure oxide hosts

Fig. S12 shows the Bader!?® charge difference at the adsorption site for the different
combinations of guest elements and pure oxide hosts. The data follows the trends expected
from the HEOs data (Fig. 3a and 3b); a change in Bader charge of the adsorption site atom
upon adsorption of *OH (Aq,oy) and *O (Aq.q) is observed for the elements that can access
higher oxidation states than 4+, while for Ti, Sn and Zr the change in the charge is close to 0.
The only exceptions to this trend are the Sn sites in OsO; and IrO; hosts, which still exhibit a
significant change difference. This could be related to a change in the oxidation state of Sn,
upon incorporation in OsO; and IrO; hosts, e.g. that Sn changes to 2+ while some nearby Os

atoms increase their oxidation state.
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Fig. S12 Bader charge difference (Aq,,) at the adsorption site atom in the data where the host

composition is a pure oxide after (a) *OH and (b) *O adsorption.
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Section S9: Change in distance between adsorption site and oxygen atom

beneath

Fig. S13 shows the change in the distance between the adsorption site atom and the oxygen
atom beneath it, upon adsorption of *OH (Ad,oy) and *O (Ad,p) for the different
combinations of guest elements and pure oxide hosts. The data follows the trends expected
from the HEOs data (Fig. 3c and 3d); a large displacement upon adsorption of *OH and *O is
observed for the elements that cannot access higher oxidation states than 4+, i.e. Ti, Sn and
Zr, while only small changes are observed for the elements that can access higher oxidation
states. A few points behave slightly differently than expected, namely some Pt and Pd
adsorption sites which in some cases exhibit negative displacements. Moreover, some Sn sites

exhibit only minor displacements, and the underlying cause remains unclear.

(a) (b)
osl ¥ 1.0 . B
— _ v s
< ® << 0.8 Q
—_ = ®
x 0.6 =
9 ° 3 e
3 * ., * 3 06{4
g 0.4 A g [¢]
g § * & 04 ° o
@ kol &
5 0.2 i o| © e
= o ® @| £ o2 : 4 L
q, g ¢ ¢ 2 ¢ =
<) 2 g @ .
c 0.0 o 5
o © o
S & 00 °
O o © o o ©
m] (]
-0.2 A a -02 & a
Ti Sn Zr Ir Os Pt Pd Rh Ru Ti Sn Zr Ir Os Pt Pd Rh Ru
Guest Guest

P ———» Rh Os Ir Ti Ru Pd Pt Sn Zr
X o Rh Os Ir Ti Sn Ru Pd Pt HEOs
o o a v o O o P >

Fig. S13 Change in the distance (Ad,,) between the adsorption site atom and the oxygen atom

directly beneath it after (a) *OH and (b) *O adsorption.
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Section S10: Scaling relation between *OH and *OOH for Ti guest sites

Fig. S14 and Table S5 demonstrate the scaling relations obtained for the adsorbates on the Ti
guest sites of the HEOs data. Notably, the *OH intermediate is consistently more
thermodynamically stable than the *O + Hb, with only a few exceptions (Fig. S14a). When
comparing the energies of the three possible intermediates of the third step of the OER, it
becomes evident that Ox(g) + Hb and *O, + Hb are generally more favorable pathways than
*OOH (Fig. S14b), enabling activities beyond the limitations of the conventional volcano (Fig.
S14c). Thisis related to the absence of linear scaling with the adsorption free energies of *OH,
in contrast to *OOH intermediate, which exhibits a moderate correlation with *OH (see Table
S5). As a result, these data points deviate from the expected volcano trend. Conversely, in
the few cases where *OOH is the most stable intermediate, the less favorable scaling with

*OH leads to higher overpotentials. This has also previously been observed on doped Ti0,.*
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Fig. S14 Scaling relations between the adsorption free energy of *OH with those of (a)*O+Hb, and
*0, and those of (b) *OOH, *O,+ Hb and O,(g)+Hb on Ti guest sites of the HEOs data. Black points in
(a) and (b) show *OH vs *OH (self-scaling) for reference. The lines indicate the best linear fits. (c)
Negative theoretical overpotentials (—n) of the Ti sites as a function of the free energy of the second
catalytic step (AG:) of the OER. Points are colored by the most stable intermediate in the third step
of the OER (*OOH, *0; + Hb, or Oz(g)+Hb). The volcano plot line is generated by employing the

known scaling relation of AG,goy = AG.oy + 3.2 €V.
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Table S5 Equations of the scaling relations between the adsorption free energy of *OH with those of

*0O+Hb, *O, *OOH, *O, + Hb and O(g)+Hb on Ti guest sites of the HEOs data.

Scaling relation R2

AG*o+Hp = 1.63AG*oH - 0.33 0.66
AG+o = 1.94AG+on + 0.46 0.83
AG+ooH = 0.65AG+oH + 3.83 0.48
AG+02+Hp = -0.17AG*on + 4.59 0.01
AGo2(g)+Hb = -0.30AG+0H + 4.50 0.05
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Section S11: Scaling relations and conventional volcano plots for the TiO»-

coated metal (Ru, Rh, Ir, Os, Pd, Pt) oxides

Fig. S15 shows the scaling relations between *OH and each of *OOH, *O; + Hb, and O3(g) +
Hb (see the resulting scaling relation equations in Table S6) of the TiO,-coated metal (Ru, Rh,
Ir, Os, Pd, Pt) oxides with one TiO overlayer, along with the theoretical overpotentials (1) as
a function of the free energy of the second catalytic step (AG,) of the OER. The systems that
exceed the volcano prefer the O;(g) + Hb pathway, due to the lack of scaling with *OH, as also
observed for the single Ti sites data. The systems that prefer the *OOH pathway have lower

activity than expected from the volcano trend due to less favourable scaling between *OH

and *OOH.
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45}
4.0f & —0.5}
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Fig. S15 (a) Scaling relations between the adsorption free energy of *OH with those of *OOH, *O, +
Hb and O3(g)+Hb on the TiO, coated oxides with one TiO, overlayer. Black points show *OH vs *OH
(self-scaling) for reference. The lines indicate the best linear fits. (b) Conventional volcano plots of the
TiO2 coated oxides data. The volcano plot line is generated by employing the known scaling relation

of AG*OOH =~ AG*OH + 3.2 eV.
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Table S6 Equations of the scaling relations between the adsorption free energy of *OH with those of

*OOH, *0O, + Hb and O(g)+Hb on the TiO, coated oxides covered with one TiO; overlayer.

Scaling relation R2

AGroon = 0.74AG+oH + 3.66 0.56
AG*02+Hp = -0.08AG+*oH + 4.49 0.01
AGoa(g)stb = -1.05AGrop + 5.23 0.66
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Section S12: D3-corrections

To investigate the effect of van der Waals interactions on our systems, we added the D3-
correction®® to our RPBE calculations for all TiO,-coated metal oxides (Ru, Rh, Ir, Os, Pd, Pt)
(single TiO, overlayer). As shown in Fig. S16, the RPBE-D3 results yield a roughly constant shift

of 0.25 eV in AG; relative to RPBE, while the trend with Egermi is essentially unchanged.

3.0 - 1 .

/3 RPBE
I RPBE-D3

~15 -10 -05 00 05 10
Erermi [eV]

Fig. S16 Correlation between Egermi and AG, for the TiO,-coated metal oxides (M = Ru, Rh, Ir, Os, Pd,
Pt) dataset (single TiO, overlayer) with RPBE (yellow) and RPBE with D3 corrections (blue). Black lines
correspond to the best linear fits.
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