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1 Methods
Calculations were performed using the projector augmented-wave (PAW) method as imple-
mented in the GPAW program package using the recently developed Bayesian Error Esti-
mation Functional with van der Waals correlation (BEEF-vdW), which has built-in error
estimation capability1. The exchange correlation uses an ensemble of exchange correlation
functionals resulting in an ensemble of energies from which the uncertainty in the adsorption
energies can be calculated. For the hydrogen evolution reaction, metal catalysts of 2 x 2
surface cell with 4 layers separated by 10 Å of vacuum and periodic in x-y direction were
considered. The hydrogen intermediate was adsorbed on an fcc(111) site with a coverage
of 1/4 monolayer. A 10 × 10 × 1 k-point grid was used for the calculations. Rutile oxide
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catalysts were used for both the oxygen evolution reaction and the chlorine evolution reac-
tion. For rutile oxides, we consider a 2×1 surface unit cell and a 4×4×1 k-point grid. The
surface of the unit cell contains two bridge and two cus sites. Adsorbates bind strongly on
the bridge sites than on the cus sites and therefore the bridge site is always occupied with
oxygen and inactive. All the OER and ClER intermediates were therefore adsorbed on the
cus site. We consider a 1/2 monolayer (with respect to only the active cus sites) of the
intermediates on the surface for both the reactions. Metal catalysts are used for the oxygen
reduction reaction. Intermediates OH∗ and OOH∗ are modeled by including an explicit layer
of water to account for hydrogen bonding on a 4-layered

√
3 ×
√

3 configuration for metals
and 2

√
3×2

√
3 configuration for Pt3Ni(111) with 1/3 monolayer (ML) coverage. O∗ is mod-

eled on a 4 layered 2× 2 configuration for metals and 2× 3 configuration for Pt3Ni(111) in
an fcc site with a 1/4 monolayer (ML) coverage. A 6 × 6 × 1 k-point grid was used for the
2× 2× 4 unit cell and the k-points are scaled according to the different unit cells used. For
all the calculations, the bottom two layers were kept fixed and the top two layers with the
adsorbates were allowed to relax with a force criterion of < 0.05 eV / Å. Dipole correction
was implemented in all calculations with metal catalysts. Spin-polarized calculations were
carried out wherever necessary.

2 Adsorption Energy Distribution
Using BEEF-vdW functional, ensemble of adsorption energies for various intermediates in-
volved is generated. We use the following methodology for estimating the combined overall
error in the adsorption energies for various intermediates2 (The methodology is explained
using the adsorption energy of H* for hydrogen evolution as an example).

• First the ensemble of H* adsorption energies for a given metal “X” with respect to a
reference system (one that minimizes the overall prediction error) is calculated. In the
case of Hydrogen evolution, the reference chosen is Rh(111). This is given as:

EH(X|Rh(111)) = EH(X)− EH(Rh(111))

• We then center the distribution around the mean, which is given as:

EH(X|Rh(111)) = EH(X|Rh(111))− 〈EH(X|Rh(111))〉

• This is carried out for all the catalysts (“X”) considered and the combined distribution
is constructed. The standard deviation of this combined distribution is the overall
error in the adsorption energies (σH)
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3 Hydrogen Evolution Reaction

3.1 Reaction Mechanism

H+ + e− + ∗ → H∗

H+ + e− + H∗ → H2(g) + ∗

3.2 Calculation Details

The calculations were done on a 2× 2 surface cell with 4 layers separated by 10 Å of vacuum.
the slab is periodic in x and y direction. The hydrogen is adsorbed on a fcc(111) site. We
considered surface coverage of 1/4 and 1 monolayer. The bottom two layers were fixed and
the top two layers with the adsorbates are allowed to relax. All the structures were converged
with a force criterion <0.05 eV/Å. A 10× 10× 1 k-point grid was used for the calculations.
The adsorption free energy of hydrogen is given as:

∆EH = 1
n
(E(surf + nH)− E(surf)− n

2
E(H2(g))

∆GH∗ = ∆EH + ∆EZPE − T∆SH = ∆EH + 0.24 (eV)

where n is the number of H atoms used in the calculation; n = 1 represents a coverage of
1/4 and n = 4 represents a coverage of 1. The limit where proton transfer is exothermic
(∆GH∗ < 0), the rate constant is independent of ∆GH∗ and the surface coverage is high.
The limit where proton transfer is endothermic (∆GH∗ > 0), the reaction is activated by
at least ∆GH∗ and proton transfer becomes difficult because hydrogen is unstable on the
surface. The exchange current i0 can be expressed in terms of the free energy of adsorption
of hydrogen and charge transfer coefficient α using the following expression3:

i0 = −ek0(1 + exp(|∆GH∗ |/(αkT)))−1

The uncertainty in the descriptor ∆GH∗ is found using the standard deviation of the combined
ensemble distribution of the free energies found using the BEEF-vdW exchange correlation.

Figure S1 shows the combined adsorption energy distribution for H* calculated on Au,
Ag, Pd, Pt, Rh, Ir, Ni, W, Co, Cu, Mo, Re, and Nb for fcc(111) facet. Its important to
understand that the reference Rhodium is systematically chosen such that the uncertainty
in the descriptor (σH) is minimized.

3.3 Uncertainty Propagation

Following methodology is used to propagate the uncertainty in the descriptor to the exchange
current:

• Using the uncertainty in the descriptor (σH) calculated using the combined re-centered
distribution of adsorption energies, we now approximate a given computed ∆GH∗ as
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Figure S1: Plot of normalized frequency as a function of the adsorption energy of the inter-
mediate H* relative to Rhodium. The standard deviation of this combined ensemble is σH
= 0.11 eV.

a normal distribution with its mean, µ = ∆GH∗ and standard deviation of σH. This
distribution can be expressed as:

X ∼ N (µ, σ2
H)

• Using this distribution the probability distribution of the descriptor, ∆GH∗ , can be
given by the Gaussian distribution:

px(x|µ, σ2
H) =

1√
(2πσ2

H)
exp

(
−(x− µ)2

2σ2
H

)

• We first sum over all the probability distributions of the descriptor that correspond to
a particular exchange current value i0. This is expressed as:

p̂(i0) =

∫ +∞

−∞
px(x)δ(f(x)− i0)dx

The dirac delta function ensures that we sum over all the descriptors value that cor-
respond to a given exchange current value. This needs to be done for every value in
the gaussian distribution x. The integral accounts for this complete distribution of the
descriptor.

• The probability distribution of the exchange current can now be found by normalizing
p̂

pi0(i0) =
p̂(i0)∫ i0max

−∞ p̂(i0)
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• Expectation value, defined as a probability weighted average, is now obtained using the
probability distribution of exchange current. The expectation value of the exchange
current can be expressed as:

E(i0) =

∫ i0max

−∞
i0pi0(i0) di0

The probabilistic activity volcano and the expectation value for exchange current for transfer
coefficient (α) of 0.5 can be found in the main text and for transfer coefficient = 1 is shown
in the figure S2.

Figure S2: Probabilistic activity volcano for hydrogen evolution with transfer coefficient of
1. The solid black line represents the theoretical exchange current defined by the kinetic
model and the red line represents the expectation value of exchange current.

In all the other reaction discussed further, the theoretical activity volcano is constructed on a
thermodynamic analysis and not kinetic analysis. Hence in order to compare the prediction
efficiency for Hydrogen evolution reaction with the other reactions, we construct a thermo-
dynamic activity volcano and plot the limiting potential as a function of the adsorption free
energy of hydrogen on the surface with its associated expectation value in figure S3

4 Chlorine Evolution Reaction

4.1 Reaction Mechanism

We use the Volmer-Heyvrosky reaction mechanism which occurs as follows:
Cl−(aq.) + ∗ → Cl∗ + e−

Cl∗ + e− + Cl−(aq.)→ Cl2(g) + 2e− + ∗

5



Figure S3: Thermodynamic activity volcano for Hydrogen evolution reaction showing the
limiting potential for the reaction as a function of the adsorption free energy of hydrogen.
The black line shows the theoretical limiting potential and the red line shows the expectation
value of this limiting potential as a function of ∆GH∗

4.2 Calculation Details

The calculations were done on a periodically repeated 4 layered slab for the rutile (110)
surfaces of IrO2, RuO2, PtO2, and TiO2. We consider a 2× 1 surface unit cell and 4× 4× 1
k-point grid. The bottom two layers were fixed and the top two layers with the adsorbates
are allowed to relax. All the structures were converged with a force criterion <0.05 eV/Å.
The surface of the unit cell contains two bridge and two cus sites. Adsorbates bind strongly
on the bridge site than on the cus site and therefore the bridge site is occupied with oxygen.
Hence, we only focus on the cus sites. We use a 1/2 monolayer coverage (with respect to
only the active cus site) of the intermediate on the surface. The adsorption free energy of
chlorine is calculated as:

∆ECl∗ = E(Cl∗)− E(∗)− 1
2
E(Cl2)

∆GCl∗ = ∆ECl∗ + ∆ZPE− T∆S = ∆ECl∗ + 0.37 (eV)

Figure S5 shows the combined adsorption energy distribution for H* calculated on IrO2,
RuO2, PtO2, and TiO2 for (110) facet. IrO2 is chosen as the reference because it minimizes
the uncertainty in the descriptor (σCl).

4.3 Uncertainty Propagation

The methodology used for uncertainty propagation in this case is very similar to the one
described for hydrogen evolution.

• The re-centered distribution of adsorption energies of Cl∗ is used to find the overall
uncertainty in the descriptor (σCl). Each of the calculated descriptor values (∆GCl∗) is
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Figure S4: Visualization of the surface structure of rutile oxides (110 facet). Red and grey
atoms represent oxygen and metal respectively. Bridges are inactive sites and are occupied
with oxygen while the cus sites are the active sites

Figure S5: Plot of Normalized frequency as a function of the adsorption energy of the
intermediate Cl* relative to IrO2. The standard deviation of this combined ensemble is σCl

= 0.12 (eV).

assumed to be a normal distribution with the descriptor value as its mean µ = ∆GCl∗

and standard deviation of σCl which can be represented as:

X ∼ N (µ, σ2
Cl)

• Gaussian distribution is used to find the probability distribution of the descriptor
∆GCl∗ :

px(x|µ, σ2
Cl) =

1√
(2πσ2

Cl)
exp

(
−(x− µ)2

2σ2
Cl

)
• For a given value of limiting potential, we sum over all the probability distributions of
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the descriptors that map to that value of the liming potential. This is expressed as:

p̂(UL) =

∫ +∞

−∞
pxδ(f(x)− UL) dx

• Normalized p̂ defines the probability distribution of the liming potential as is expressed
as:

p(UL) =
p̂(UL)∫ ULmax

−∞ p̂(UL)

• To calculate the expectation value of the limiting potential, a probability weighted
average of limiting potential is calculated.

UEL =

∫ ULmax

−∞
UL p(UL) dUL

5 Oxygen Reduction Reaction

5.1 4e− Reaction Mechanism

We consider the following 4e− associative mechanism for oxygen reduction reaction involving
addition of a proton and an electron in each process.

O2 + 4H+ + 4e− + ∗ → OOH∗ + 3H+ + 3e−

OOH∗ + 3H+ + 3e− → O∗ + H2O + 2H+ + 2e−

O∗ + H2O + 2H+ + 2e− → OH∗ + H2O + H+ + e−

OH∗ + H2O + H+ + e− → 2H2O + ∗

5.2 2e− Reaction Mechanism

Apart from the 4e− process, oxygen can also be reduced though a 2e− pathway in which the
single intermediate, OOH∗, reduces to hydrogen peroxide H2O2. The associative 2− oxygen
reduction proceeds as follows:

O2 + 2H+ + 2e−+∗ → OOH∗ + H+ + e−

OOH∗ + H+ + e− → H2O2+
∗

5.3 Calculations Details

Intermediates OH∗ and OOH∗ are modeled by including an explicit layer of water to account
for hydrogen bonding on a 4 layered

√
3 ×
√

3 configuration for metals and 2
√

3 × 2
√

3
configuration for Pt3Ni(111) with 1/3 monolayer (ML) coverage. O∗ is modeled on a 4
layered 2 × 2 configuration for metals and 2 × 3 configuration for Pt3Ni(111) in a fcc site
with a 1/4 monolayer (ML) coverage. A 6 × 6 × 1 k-point grid was used for the 2 × 2 × 4
unit cell and the k-points are scaled according to the different unit cells used. The bottom
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two layers were fixed and the top two layers with the adsorbates are allowed to relax with
a force criterion of < 0.05 eV/Å. The adsorption energies od the various intermediates was
calculated using the following equations:

∆EO∗ = E(O∗)− E(∗)− (E(H2O)− E(H2))

∆EOH∗ = E(OH∗)− E(∗)− (E(H2O)− 1/2 E(H2))

∆EOOH∗ = E(OOH∗)− E(∗)− (2 E(H2O)− 3/2 E(H2))

The entropy corrections and zero point energy corrections can be found in table S1. The
gas phase values are from ref. 4 and the values for the adsorbed species are taken from
DFT calculations for O and OH adsorbed on Cu(111) from ref. 5 and are assumed to be
same for all the metals and the alloy.4,5 Gas-phase H2O at 0.035 bar is used as the reference
because at this pressure, gas-phase H2O is in equilibrium with liquid water at 298 K. The
entropy correction for the adsorbates on the surface are considered to be zero as the main
contribution to the entropy is from the translational entropy.

Table S1: Zero point and entropic corrections at 298 K

TS T∆S ZPE ∆ZPE ∆ZPE − T∆S
H2O(l) 0.67 0 0.56 0 0
OH∗ + 1/2H2 0.20 -0.47 0.44 -0.12 0.35
O∗ + H2 0.41 -0.27 0.34 -0.22 0.05
1/2O2 + H2 0.73 0.05 0.32 -0.24 -0.29
H2 0.41 0.27
1/2O2 0.32 0.05
O∗ 0 0.07
OH∗ 0 0.30

As discussed in section 2, the uncertainty in the adoption energy of the various intermediates
is found from the combined adsorption energy distribution. The uncertainty in the adsorption
energy of O∗ is σO = 0.21 (eV); uncertainty in the adsorption energy of OH∗ is σOH = 0.09
(eV) and uncertainty in the adsorption energy of OOH∗ is σOOH = 0.11 (eV).

5.4 Uncertainty Propagation

5.4.1 4e− Reaction Mechanism

For all the metals facets that bond oxygen intermediate too strongly, the limiting potential
UL can be given by:

UL = ∆GOH∗

For the catalysts that bind oxygen intermediate weakly, the limiting potential is given by:

UL = 4.92−∆GOOH∗
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Figure S6: Normalized frequency as a function of the adsorption energy of the intermediate
(a) O∗, (b) OH∗, (c) OOH∗ relative to Pt(111).

Exploiting the various scaling relations observed for the intermediates involved in the oxygen
reduction reaction, we can use ∆GO∗ ,∆GOH∗ and ∆GOOH∗ as the descriptor to predict the
limiting potential.

(a) Choosing ∆GO∗ as the descriptor

As the limiting potentials of the stronger binding and weaker binding legs of the volcano
are given by ∆GOH∗ and ∆GOOH∗ respectively, we find a scaling relation between these two
quantities as a function of the chosen descriptor, ∆GO∗ . The slope for this scaling is fixed
to 0.5 and can be rationalized based on the bond conservation principles. The uncertainty
in the scaling relation (of the form Y = 0.5*X + C) can be given as:

(σC)2 = E[(Y − 0.5X)2]− (E[Y − 0.5X])2

(σC)2 = E[(0.25X2 + Y2 − XY)]− (E[Y]− 0.5E[X])2

(σC)2 = 0.25E[X2] + E[Y2]− E[XY]− 0.25(E[X])2 − (E[Y])2 + E[X]E[Y]

(σC)2 = (0.25σX)2 + (σY)2 − (E[XY]− E[X]E[Y])

(σC)2 = (0.25σX)2 + (σY)2 − (µXY − µXµY)

Using the scaling relation shown in figure S7, we can now define the limiting potential in
terms of ∆GO∗ as follows:
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Figure S7: Scaling relation between (a) Adsorption Energy of O∗ and OH∗ and (b) Adsorption
Energy of O∗ and OH∗

• For stronger binding leg:

UL = f(∆GO∗) = ∆GOH∗ = 0.5∆GO∗ − 0.39

• For weaker binding leg:

UL = f(∆GO∗) = 4.92−∆GOOH∗ = 2.19− 0.5∆GO∗

The uncertainty in the stronger binding leg is defined by the uncertainty in the scaling be-
tween the adsorption energies of the intermediates O∗ and OH∗ (σO−OH) and the uncertainty
in the weaker binding leg is defined by the uncertainty in the scaling relation between in
the adsorption energies of the intermediates O∗ and OOH∗ (σO−OOH). We use the following
methodology to propagate the uncertainty of the descriptor and the scaling relation to the
predicted limiting potential:

• Using the uncertainty in the descriptor (σO) calculated using the re-centered combined
distribution of the adsorption energy of O∗, we assume each of the calculated descriptor
∆GO∗ values as normal distribution with its value as the mean (µ = ∆GO∗) and the
standard deviation as σO. This distribution is expressed as:

X ∼ N (µ, σ2
O)

• The probability distribution of the descriptor (∆GO∗) normal distribution can be found
using the Gaussian distribution as:

px(x|µ, σ2
O) =

1√
(2πσ2

O)
exp

(
−(x− µ)2

2σ2
O

)

• UL function (f(∆GO∗))should take into account the uncertainty in the scaling relation.
Hence it can be better represented as:
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For stronger binding leg:

UL = f(∆GO∗,Ks) = ∆GOH∗ = 0.5∆GO∗ + Ks

For weaker binding leg:

UL = f(∆GO∗,Kw) = 4.92−∆GOOH∗ = Kw − 0.5∆GO∗

where, Ks = N (µ = −0.39, σO−OH) and Kw = N (µ = 2.19, σO−OOH) are normal distri-
butions. Hence for a given value of ∆GO∗ , we have an ensemble of UL values which
changes the picture of one activity volcano to an ensemble of activity volcanoes with
different peaks. For computational purposes we assume this distribution to be dis-
crete and define the random variables ks ∈ Ks and kw ∈ Kw . The maximum limiting
potential ULmax can be determined by solving the above mentioned two equations si-
multaneously. For a given activity volcano among the ensemble, at the descriptor
value ∆GO∗ = (kw − ks), max limiting potential of ULmax = (ks + kw)/2 is found. The
uncertainty in the descriptor for each of these activity volcanoes is propagated to the
limiting potential in a similar manner as described previously and then is averaged for
all the activity volcanoes for a given descriptor value.

• Now for an ith activity volcano relationship in the ensemble we sum over all the prob-
ability distribution of the descriptor that map to that value of the limiting potential.

p̂i(UL) =

∫ +∞

−∞
pxδ(f(x)− UL) dx

• Normalized (p̂)i defines the probability distribution of the liming potential which is
expressed as:

pi(UL) =
p̂i(UL)∫ (ULmax )i

−∞ (p̂)i(UL)

• To calculate the expectation value of the limiting potential, a probability weighted
average of limiting potential is calculated.

UELi =

∫ (ULmax )i

−∞
UL pi(UL) dUL

• This is done similarly for every member of the activity volcano ensemble and then is
averaged over the ensemble for a given ∆GO∗ .

Using this approach, we construct the probabilistic activity volcano with the corresponding
expectation value of the limiting potential as shown in the figure S8.

(b) Choosing ∆GOH∗ as the descriptor
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Figure S8: Probabilistic activity volcano for 4e− oxygen reduction reaction using ∆GO∗ as
the descriptor. The Prediction Efficiency of this descriptor for the criterion of achieving
limiting potential greater than that of Pt(111) is 0%.

The uncertainty in the intercept of the scaling relation (which is of the form Y = X + C)
between the adsorption energies of intermediate OH∗ and OOH∗ has been shown in the figure
3(a) can be found in the following way:

(σc)
2 = E[(Y − X)2]− (E[Y − X])2

(σc)
2 = E[(Y 2 +X2 − 2XY )]− (E[Y ]− E[X])2

(σc)
2 = E[Y2] + E[X2]− 2E[XY]− (E[Y])2 − (E[X])2 + 2E[X]E[Y]

(σc)
2 = (σY)2 + (σX)2 − 2(E[XY]− E[X]E[Y])

(σc)
2 = (σX)2 + (σY)2 − 2(µXY − µXµY)

Using the scaling relation between the intermediates OH∗ and OOH∗ shown in the paper,
we can define the limiting potential on terms of the chosen descriptor ∆GOH∗ as follows:

• For the stronger binding leg:

UL = f(∆GOH∗) = ∆GOH∗

• For the weaker binding leg:

UL = f(∆GOH∗) = 4.92−∆GOOH∗ = 1.81−∆GOH∗

The uncertainty in the stronger binding leg is now defined by the uncertainty in the ad-
sorption energy of the intermediate OH∗ (σOH) and the uncertainty in the weaker binding
leg is defined by the uncertainty in the scaling relation between the intermediates OH∗ and
OOH∗ (σOH−OOH). The following methodology was used to propagate the uncertainty in the
descriptor and the uncertainty in the scaling relation to the limiting potential:
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• Each of the calculated descriptor value ∆GOH∗ is assumed as a normal distribution
with its value as the mean and the standard deviation given by the uncertainty in the
descriptor (σOH). This normal distribution can be represented as:

X ∼ N (µ, σOH)

• Using the Gaussian distribution, the probability distribution of descriptor can be found

px(x|µ, σ2
OH) =

1√
(2πσ2

OH)
exp

(
−(x− µ)2

2σ2
OH

)

• In order to account for the uncertainty in the scaling relation, the function of limiting
potential for the weaker binding leg (defined by scaling) can be better represented as:

UL = f(∆GOH∗ ,Kw) = Kw −∆GOH∗

where Kw = N (µ = 1.81, σOH−OOH) is a normal distribution. Hence a given descriptor
value generates an ensemble of predicted limiting potentials, giving rise to an ensemble
of activity volcanoes. A discrete distribution of random variables kw ∈ Kw is generated
to computationally simulate this problem. For a given activity volcano among the
ensemble, the maximum limiting potential of kw/2 is found for ∆GOH∗ = kw/2. The
probability distribution of limiting potential for a given activity volcano among the
ensemble is found averaged over the whole ensemble for a given descriptor value as
discussed for ∆GO∗ as the choice of descriptor.

(c) Choosing ∆GOOH∗ as the descriptor

The scaling relation relating the adsorption energy of OOH∗ and OH∗ can be exploited to
define the limiting potential in terms of a single descriptor ∆GOOH∗ . Hence the limiting
potential can be given as:

• For the stronger binding leg:

UL = f(∆GOOH∗) = ∆GOH∗ = ∆GOOH∗ − 3.11

• For the weaker binding leg:

UL = f(∆GOOH∗) = 4.92−∆GOOH∗

Hence the uncertainty in the strong binding leg is defined by the uncertainty in the scaling
relation and the uncertainty in the weaker binding leg is a function of the uncertainty of the
descriptor. To propagate this uncertainty, we follow a similar approach as described for the
∆GOH∗ as the descriptor.

• Every calculated value of descriptor is assumed to be normal distribution with the
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µ = ∆GOOH∗ and standard deviation of σOOH∗ . This distribution is expressed as:

X = N (µ, σOOH∗)

• The probability distribution of the descriptor can be expressed using the Gaussian
distribution as:

px(x|µ, σ2
OOH) =

1√
(2πσ2

OOH)
exp

(
−(x− µ)2

2σ2
OOH

)

• To incorporate the uncertainty in the scaling relation the limiting potential for the
stronger binding leg can be represented as:

UL = ∆GOOH∗ −Ks

where Ks = N (3.11, σOH−OOH) is a normal distribution of the scaling intercept. Hence
the uncertainty is propagated to an ensemble of activity volcanoes which is then aver-
aged to find the probabilistic activity volcano with the expectation value of the limiting
potential.

5.5 2e− Reaction Mechanism

The metals that bind oxygen intermediates too strongly, removal of OOH∗ is the potential
determining step and the over potential is given by:

UL = ∆GOOH∗ −∆GH2O2

The activity of the materials binding weakly to the catalysts is associated with the activation
of O2 and the limiting potential is given by:

UL = ∆GO2 −∆GOOH∗

Here the formation energies of hydrogen peroxide and oxygen is found using the thermo-
dynamic tables as 3.56 eV and 4.92 eV respectively to avoid the well known issues related
to the calculation of molecular reaction energies using DFT. The obvious descriptor for the
activity would be ∆GOOH∗ , but due to the known scaling between the adsorption energy
of OH∗-OOH∗ and O∗-OOH∗, ∆GOH∗ and ∆GO∗ can also be used the descriptors for the
limiting potential.

(a) Choosing ∆GO∗ as the descriptor

The limiting potentials for both the weaker and stronger binding legs are expressed in terms
of the chosen descriptor (∆GO∗) using the scaling relation as:

• For stronger binding leg:

UL = f(∆GO∗) = ∆GOOH∗ − 3.56 = 0.5∆GO∗ − 0.83
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• For weaker binding leg:

UL = f(∆GO∗) = 4.92−∆GOOH∗ = 2.19− 0.5∆GO∗

The uncertainty in the limiting potential is now associated with the uncertainty in the
descriptor σO as well as the uncertainty associated with the scaling relation σO−OOH. In
order to propagate the error in both these quantities we follow the uncertainty propagation
framework we discussed earlier

• Each of the calculated descriptor values ∆GO∗ is assumed to be a normal distribution
centered around its value and having a standard deviation of σO. This distribution is
now represented as:

X ∼ N (µ, σ2
O)

• The probability distribution of X can be obtained using the Gaussian distribution as:

px(x|µ, σ2
O) =

1√
(2πσ2

O)
exp(
−(x− µ)2

2σ2
O

)

• In order to account for the uncertainty in the scaling relation, as described earlier,
we consider an ensemble of activity volcanoes and hence the limiting potential can be
better represented as: For stronger binding leg:

UL = f(∆GO∗ ,Ks) = 0.5∆GO∗ + Ks

For weaker binding leg:

UL = f(∆GO∗ ,Kw) = Kw − 0.5∆GO∗

where, Ks = N (−0.83, σO−OOH) and Kw = N (2.19, σO−OOH) are normal distribution
defining the ensemble of activity volcanoes. For each member of the activity volcano,
we propagate the uncertainty in the descriptor and find the probability distribution of
limiting potential p(UL) and the expectation value of the limiting potential as

UEL =

∫ ULmax

−∞
UL p(UL) dUL

Unlike the case of 4e− process, where ULmax for each of the activity volcano in the
ensemble is determined by the Ks and Kw distribution, for 2e− process, the maximum
limiting potential is cut off at the equilibrium potential of 0.68 V for all the activity
volcanoes. By taking an average over the entire ensemble, we find the overall expec-
tation value of the limiting potential using ∆GO∗ as the descriptor and taking into
account the uncertainty associated with both the descriptor and scaling.

The figure S9 shows the probabilistic activity volcano with the expectation value of the lim-
iting potential for 2e− oxygen reduction reaction using ∆GO∗ as the descriptor.
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Figure S9: Probabilistic activity volcano for 2e− oxygen reduction reaction using ∆GO∗ as
the descriptor. The large uncertainty in the descriptor value as well as the scaling relation
results in reduced differentiability among materials based on the limiting potential.

(b) Choosing ∆GOH∗ as the descriptor

Using the scaling relation between the adsorption energy of the intermediates OH∗ and
OOH∗, the limiting potential for 2e− ORR can be obtained by the single descriptor ∆GOH∗

as follows:

• For the stronger binding leg:

UL = f(∆GOH∗) = ∆GOOH∗ − 3.56 = ∆GOH∗ − 0.45

• For the weaker binding leg:

UL = f(∆GOH∗) = 4.92−∆GOOH∗ = 1.81−∆GO∗

To propagate the uncertainty in the descriptor σOH and the uncertainty in the scaling rela-
tion σOH−OOH, we use the same approach described for ∆GO∗ descriptor. The uncertainty
in the descriptor is propagated by assuming the calculated descriptor value to be a normal
distribution and the uncertainty in the scaling is propagated by considering an ensemble of
activity volcanoes.

(c) Choosing ∆GOOH∗ as the descriptor

Since an activity volcano for 2e− ORR with ∆GOOH∗ as the descriptor does not involve scal-
ing, only the uncertainty in the descriptor needs to be propagated to the predicted limiting
potential. The uncertainty propagation methodology will therefore be exactly the same as
discussed for hydrogen and chlorine evolution reaction which involved a single intermediate
in the reaction mechanism. Since there is not uncertainty with respect to scaling that needs
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to be considered, it is expected that ∆GOOH∗ behaves as the most efficient descriptor for 2e−.

6 Oxygen Evolution Reaction

6.1 Reaction Mechanism

Oxygen Evolution reaction proceeds with the following associative mechanism:

H2O(l) + ∗ ⇀↽ OH∗ + H+ + e−

OH∗ ⇀↽ O∗ + H+ + e−

O∗ + H2O(l) ⇀↽ OOH∗ + H+ + e−

OOH∗ ⇀↽ ∗ + O2(g) + H+ + e−

The * represents an coordinately unsaturated site (cus) on the rutile oxide (110) surface as
shown in S4.

6.2 Calculation Details

The calculations were done on a periodically repeated 4 layered slab for the rutile (110)
surface of IrO2, RuO2, PtO2, TiO2, VO2, CrO2, and MnO2. As discussed in section 4,
we consider a 2× 1 surface cell and 4× 4× 1 k-point grid. We allow the system to relax
keeping the bottom 2 layers fixed and allow the top 2 layers with the adsorbates to move. The
equations for the adsorption free energy of the intermediates remain same as that discussed
in the section 5. Using the methodology discussed in section 2, we find the uncertainty in
the adsorption free energy using the combined adsorption energy ensemble. The uncertainty
in the adsorption energy of O∗ is σO = 0.21 (eV); uncertainty in the adsorption energy of
OH∗ is σOH = 0.16 (eV) and uncertainty in the adsorption energy of OOH∗ is σOOH = 0.16
(eV).
The ZPE and entropy corrections can be found in table S2. For the adsorbed species the
ZPE is obtained from ref. 6 and was calculated for an adsorbate at the cut-site of RuO2 and
is considered to be same for each oxide.6

6.3 Uncertainty Propagation

For all the catalysts that bind the intermediates weakly, the limiting potential is given as:

UL = ∆G2 = ∆GO∗ −∆GOH∗

For all the catalysts that bind the intermediates strongly, the limiting potential is expressed
as:

UL = ∆G3 = ∆GOOH∗ −∆GO∗
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Figure S10: Normalized frequency as a function of the adsorption energy of the intermediate
(a) O∗, (b) OH∗, (c) OOH∗ relative to VO2.

Using the scaling relation between the adsorption energies of the intermediates OH∗ and
OOH∗ the limiting potential can be expressed in terms of a unique descriptor: ∆G2 or ∆G3.
The descriptor that gives a higher prediction efficiency is the one desired to be used.

(a) Choosing ∆G2 = ∆GO∗ −∆GOH∗ as the descriptor

Using the scaling relation we can determine magnitude of the potential determining step
(GOER) as:

GOER = max[∆G2,∆G3]

= max[(∆GO∗ −∆GOH∗), (∆GOOH∗ −∆GO∗)]

= max[(∆GO∗ −∆GOH∗), (3.05− (∆GO∗ −∆GOH∗))]

= max[∆G2, 3.05−∆G2]

Hence the limiting potential is given as:
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Table S2: Zero point and entropic corrections at 298 K for rutile oxides (110)

TS T∆S ZPE ∆ZPE ∆ZPE − T∆S
H2O(l) 0.67 0 0.56 0 0
OH∗ + 1/2H2 0.20 -0.47 0.50 -0.06 0.41
O∗ + H2 0.41 -0.27 0.34 -0.22 0.05
1/2O2 + H2 0.73 0.05 0.32 -0.24 -0.29
H2 0.41 0.27
1/2O2 0.32 0.05
O∗ 0 0.07
OH∗ 0 0.36

• For stronger binding leg:
UL = 3.05−∆G2

• For weaker binding leg:
UL = ∆G2

Hence the uncertainty in the stronger binding leg is defined by the uncertainty in the scaling
relation where as for the weaker binding leg is described by the uncertainty in the descriptor
value. The uncertainty propagation method is similar to as described in oxygen reduction
reaction with ∆GOH∗ as the descriptor. Following methodology was used:

• The calculated descriptor value ∆G2 is assumed to be normal distribution with the
mean given by its value and the standard deviation of σG2 ,

σG2 = σ2
O + σ2

OH − 2(µO×OH − µOµOH)

X ∼ N (µ, σG2)

• The probability distribution of the descriptor can be expressed using the Gaussian
distribution as:

px(x|µ, σ2
G2

) =
1√

(2πσ2
G2

)
exp

(
−(x− µ)2

2σ2
G2

)

• The uncertainty in the scaling is incorporated by considering an ensemble of activity
volcanoes as discussed earlier, hence the limiting potential of the stronger binding leg
is now expressed as:

UL = Ks −∆G2

where Ks = N (3.05, σOH−OOH) is a normal distribution of the scaling intercept. Un-
certainty in each of the activity volcano in the ensemble is propagated in a similar
way as described earlier and then averaged over the whole ensemble. The probabilistic
activity volcano and the expectation value of the limiting potential obtained from this
analysis is shown in the main text.
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(b) Choosing ∆G3 = ∆GOOH∗ −∆GO∗ as the descriptor

Using the scaling relationship, we can determine the magnitude of the potential determining
step (GOER) in term of ∆G3 as follows:

GOER = max[∆G2,∆G3]

= max[(∆GO∗ −∆GOH∗), (∆GOOH∗ −∆GO∗)]

= max[(∆GO∗ − (∆GOOH∗ − 3.05)), (∆GOOH∗ −∆GO∗)]

= max[∆3.05−G3,∆G3]

Using this, the limiting potential can be predicted using a single descriptor ∆G3 :

• For stronger binding leg:
UL = ∆G3

• For weaker binding leg:
UL = 3.05−∆G3

The uncertainty is propagated by assuming the descriptor value to be a normal distribution
value with the mean given by it s value and the standard deviation of σG3 . This is represented
as X ∼ N (µ, σG2). The uncertainty in the scaling is incorporated in a similar way as described
earlier by considering an ensemble of activity volcanoes each corresponding to a different
scaling intercept. Using this approach we construct the probabilistic activity volcano with
∆G3 as the activity descriptor and find the expectation value of the limiting potential as
shown in S11

Figure S11: The probabilistic activity volcano for oxygen evolution reaction using
∆G3 = ∆GOOH∗ −∆GO∗ as the descriptor.
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7 Approaches to Improve Prediction Efficiency
As discussed in the paper, we see prediction efficiency can be improved by using (i) hybrid
descriptors (ii) hybrid material references.

We showed earlier that VO2 and Pt(111) reference minimized the overall uncertainty in
the descriptor for oxygen evolution reaction and oxygen reduction reaction respectively.
Here we show that using a combination of 2 descriptors for reference enables improv-
ing the prediction efficiency. Using a simple space search over the various combinations
of the references, we find that a reference of (0.4∆G2,TiO2 + 0.6∆G2,RuO2) for OER and
0.3∆GOH∗,Pt(100) + 0.7∆GOH∗,Pd(111) for ORR gives higher prediction efficiency.

Figure S12: Comparing the prediction efficiency obtained using a single descriptor reference
to a hybrid descriptor reference. From the plot it can observed that choosing a hybrid
reference of (0.4∆G2,TiO2 + 0.6∆G2,RuO2) instead of the single reference of ∆G2,VO2 improved
the prediction efficiency and the prediction limit.
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Figure S13: Comparing the prediction efficiency obtained using a single descriptor reference
to a hybrid descriptor reference. From the plot it can observed that choosing a hybrid ref-
erence of 0.3∆GOH∗,Pt(100) + 0.7∆GOH∗,Pd(111)instead of the single reference of ∆GOH∗,Pt(111)

improved the prediction efficiency and the prediction limit.
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