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S1 Methods

First principles calculations were carried out using Quantum Espresso 5.2.0 package.1,2

Generalized gradient approximation was incorporated via the exchange correlation func-

tional parameterized by Perdew-Burke-Ernzerhoff (PBE).3,4 The core electrons are treated

in the Rappe-Rabe-Kaxiras-Joannopoulos ultrasoft pseudopotential method.5 Valence elec-

tron configuration for each element is 4s24p65s2 in Sr, 4d105s25p1 in In, 5d106s26p3 in Bi,

5s25p65d16s2 in La, 5s25p65d14f16s2 in Ce, 5s25p65d14f76s2 in Eu, 3d44s2 in Mn and 2s22p4

in O. Due to strong correlation of d–electrons in Mn, the Hubbard U correction6 was applied

to Mn with a specific value of 4.0 eV, in accordance with some recent calculations on Mn.7

Spin polarization was applied on Mn with spin structure as ferromagnetic, as is reported

about the spin state for experimentally synthesized Ca2Mn2O5.8 The 3×3×1 Monkhorst
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Pack9 reciprocal grid was used to sample out the total energy numerically. In order to ac-

celerate the computation near the Fermi level, a Methfessel-Paxton smearing of 0.01 was

used.10 The Broyden–Fletcher–Goldfarb–Shanno algorithm11 was used for full relaxation of

the atomic positions of both, slab and adsorbed intermediates. Conjugate gradient method

was used for the electronic relaxation and simultaneous DOS, PDOS and Bader charge cal-

culations.12 The wave function kinetic energy cutoff was 30 Ry, for energy accuracy.

To avoid the asymmetric slab induced dipole moments, all the slabs were constructed sym-

metrically considering the (001) plane A–Mn–O (A=Ca/Dopants) as the terminating layer.

The cell was chosen following a series of calculations, to make sure that the boundary ef-

fects are excluded. The inter-adsorbate distance was maintained at more than 5 Å to avoid

adsorbate-adsorbate interactions. The 2X1X5 unit cell was finally chosen after checking for

the adsorption energy of OH on the surface, for different number of layers. Similar size

of unit cells have been used in the previous calculations as well yielding reliable results.13

Surface Mn was identified as the catalytically active site in all the cases and all the adsor-

bates, ∗O, ∗OO, ∗OH and ∗OOH were bonded to Mn. In order to calculate the energy of the

ions in solvent, computational hydrogen electrode14 (CHE) developed by Nørskov et al. was

used as the reference electrode. In accordance with this model, the concerted step of proton

and electron transfer can be converted to the half energy of hydrogen molecule. The same

concept has been applied to estimate the energy of (e− – OH−).

H2O(l) −→ H+(aq) + OH− (1)

From the CHE model electrode theory

H+ + e− −→ 1

2
H2

∆G(H2O) = (H+
aq + e−) + (OH− − e−)

∆G(H2O) = ∆G( 1
2
H2)

+ (OH− − e−)

⇒ ∆G(H2O) −∆G( 1
2
H2)

= (OH− − e−) (2)

S-2



Since the PBE functional predicts over–binded triplet O2–dimer, the O2 free energy at 298.15

K was estimated as:

∆GO2 = 2{∆GH2O −∆GH2} (3)

In a similar way, the free energy of OH− was estimated as:

∆GOH− =
1

2
{∆Gtotal −∆GO2 − 2∆GH2O} (4)

where ∆Gtotal = 4×1.23 eV . Thus, all the electrochemical reaction energies were mapped to

the value with reference to reversible hydrogen electrode (RHE). The thermodynamic and

entropic aspect was included in the 0K electronic energy of the slab+ adsorbate configuration

from the previous works of Montoya et al.15 The equation to calculate Gibbs reaction energy

is:

∆Gr = ∆E0K + ∆ZPE + ∆H0K→298.15K − T∆S0K→298.15K ± neU (5)

in which the ∆E0K is the reaction energy at 0K, ∆ZPE is the reaction energy from zero

point vibration, ∆H0K→298.15K and ∆S0K→298.15K are the enthalpy and entropy contribution

in bringing the system from 0K to 298.15K, ±neU is the electrochemical potential energy

for ‘n’ electrons (system reduction +, system oxidation -) under the electrode potential U. It

should be noted that for our calculations, all the reactions are considered at U=0 and pH=0.

The OER is a 4-electron exchange process and the Uo for all the steps is estimated as:

1. HO∗ + OH− −→ O∗ + H2O + e−

Uo
1 = ∆G(HO∗)−∆G(O∗)−∆G(H2O)− (e− −OH−)− eU

2. O∗ + OH− −→ HOO∗ + e−

Uo
2 = ∆G(O∗)−∆G(HOO∗)− (e− −OH−)− eU

3. HOO∗ + OH− −→ OO ∗+H2O + e−

Uo
3 = ∆G(HOO∗)−∆G(OO∗)−∆G(H2O)− (e− −OH−)− eU
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4. OO∗ + OH− −→ HO∗ + O2 + e−

Uo
4 = ∆G(OO∗)−∆G(HO∗)−∆G(O2)− (e− −OH−)− eU

For all the calculations on (un)doped Ca2Mn2O5, a 5–atomic layer slab with (001) plane

A–O–Mn exposed layer was constructed with 12Å vacuum layer. The (001) surface with

transition metal ions has been widely used as a catalytically active and stable surface for

simple perovskites in DFT calculations.16,17 We hypothesize this to be the case of Ca2Mn2O5.

The simulation slabs used for DFT calculations were fully oxidized and the structures were

relaxed. This is inline with other calculations considering the fact that the OER process

occurs in KOH where these slabs would expected to be oxidized.

The PDOS for all the pristine catalysts is given in Figures S2 to S5. Only the significant O

p–band, Mn d–band are shown. In case of 30% Ce doped catalyst, a dominant O p–band is

observed near the valence band maximum. The oxygen p–band centre was calculated based

on the PDOS of every system, by intergrating oxygen PDOS over the p–band using:

p− band centre =

∫
E.f(E)dE∫
f(E)dE

(6)

where E is the electronic energy and f(E) is the density of states corresponding to that E.

To get the charge density on the atoms, we have used Bader analysis, which is based upon

partitioning charge density grid into Bader volume by steepest ascent method.18

S1.1 Multiple Regression based predictive model

The supervised machine learning can be divided into two parts: regression and classification,

where regression predicts continuous value outputs and classification predicts discrete out-

puts. Multiple linear regression falls in the first category. This simply corresponds to a linear

relationship between two or more variables. When the number of descriptors/variables ex-

ceeds 1, it falls in the category of multiple linear regression. We used the Scikit–learn library

within python to develop the model.19 The dataset was randomly split into 70% training set
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Table S1: Details of the descriptors used

Descriptor Description
p–band centre Calculated based on the PDOS as p− band centre =

∫
E.f(E)dE∫
f(E)dE

.

Mn–O bond covalency Average Bader charge difference between the surface Mn
and O atoms.

t×% doping
t = rA+rO√

2(rB+rO)
where rA was the radius of the dopant.

This factor was multiplied with percentage doping.
Fermi energy Highest occupied energy level of a material at absolute zero temperature.

and 30% test set. The model was based on the slope that corresponds to the data of the

training set and the y–intercept which again is derived from the training set. The model was

evaluated based on the R2 value. The better the model, R2 approaches 1.

The importance analysis for the variables was also done in order to evaluate how much impact

would a descriptor have on the model. This was done by replacing the value of the descriptor

with an average value and see the difference in R2 before and after the substitution.

S2 Simulated systems
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Figure S1: Different crystal-field splitting of d-electrons states for the square pyramid and
trigonal bipyramid symmetry around the 5 coordinated Mn ions.

The 5-coordinated geometry can show two different kinds of symmetry, square pyramidal
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Figure S2: The partial density of states (PDOS) of the Ce doped Ca2Mn2O5 of the
Mn(dx2−y2), Mn(dz2) and O(pz), where Mn is the catalytically active site.

and trigonal bipyramidal. The covalency of the attached ligands decide which of the two

geometries will be favoured. This leads to the proper tuning of the orbital alignment and

thus controlling the activity of the catalyst. In covalent complexes where presumably the

interactions between the bonded pair of electrons are more important than the bonded–non

bonded electron pair interactions, the trigonal bipyramidal configuration is favoured. On the

other hand, it is essentially the ionic compounds in which the interactions between bonding

electron pairs and the d-shell predominates and in which a square pyramidal geometry exists.

An important point worth mentioning is that the d4 configuration is more stable in the

bipyramidal geometry rather than the square pyramid.

Table S3 has the data on the p-band centre. As can be seen that the p-band centre is

way below the -1.8 eV mark to show instability in OER reaction conditions.20 The p-band
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Figure S3: The partial density of states (PDOS) of the Sr doped Ca2Mn2O5 of the
Mn(dx2−y2), Mn(dz2) and O(pz), where Mn is the catalytically active site.

centre and the covalency data also depict the inability of the lattice oxygen to take part in

the catalysis.21,22
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Figure S4: The partial density of states (PDOS) of the Bi doped Ca2Mn2O5 of the
Mn(dx2−y2), Mn(dz2) and O(pz), where Mn is the catalytically active site.
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Figure S5: The partial density of states (PDOS) of the In doped Ca2Mn2O5 of the
Mn(dx2−y2), Mn(dz2) and O(pz), where Mn is the catalytically active site.
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(a) (b) (c)

(d) (e) (f)

*OH *O *OOH

Figure S6: Atomic structures of pristine (a,b,c) and 30% Ce doped (d, e, f) Ca2Mn2O5 with
adsorbed ∗OH, ∗O and ∗OOH, respectively. The colour code is: deep blue is Ce, limegreen
is Mn, Cyan is Ca, Red is O. Adsorbed oxygens are in ice blue colour to differentiate them
from lattice oxygen. White ball represents hydrogen. The dotted line shows non–covalent
interaction between adsorbed ∗OOH and lattice oxygen.
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Table S2: The standard equilibrium potential (in eV) for the four steps of OER process
corresponding to the (un)doped catalysts

System Uo
1 Uo

2 Uo
3 Uo

4

Ca2Mn2O5 1.12 1.49 1.20 1.22
Sr 10% 1.11 1.46 1.19 1.28
In 10% 1.11 1.49 1.21 1.23
Bi 10% 1.12 1.47 1.21 1.24
La 10% 1.11 1.49 1.18 1.24
Ce 10% 1.16 1.46 1.18 1.23
Eu 10% 1.15 1.45 1.24 1.19
Sr 20% 1.11 1.47 1.21 1.24
In 20% 1.11 1.49 1.21 1.22
Bi 20% 1.12 1.47 1.20 1.24
La 20% 1.12 1.47 1.20 1.24
Ce 20% 1.17 1.42 1.23 1.21
Eu 20% 1.13 1.41 1.29 1.21
Sr 30% 1.11 1.47 1.20 1.25
In 30% 1.13 1.46 1.23 1.21
Bi 30% 1.15 1.44 1.21 1.24
La 30% 1.14 1.45 1.19 1.25
Ce 30% 1.21 1.37 1.32 1.13
In 40% 1.12 1.45 1.22 1.24
Bi 40% 1.16 1.43 1.21 1.24
La 40% 1.16 1.43 1.21 1.23
Ce 40% 1.20 1.39 1.22 1.22
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Table S3: The data that was used for generating the linear regression based model. The
eg filling was not the part of the final model owing to its inaccuracy in predicting the
overpotential (η).

System η Fermi level eg filling p-band centre t×%dope Covalency
Ca2Mn2O5 0.26 2.23 1.03 -2.19 0.00 0.57
10%Sr 0.23 2.48 1.02 -2.23 0.09 0.67
20%Sr 0.24 2.25 1.02 -2.07 0.18 0.62
30%Sr 0.24 2.62 1.02 -2.23 0.27 0.64
10%In 0.26 2.42 1.02 -2.25 0.08 0.57
20%In 0.26 2.46 1.02 -2.17 0.15 0.46
30%In 0.23 2.50 1.03 -2.42 0.23 0.51
40%In 0.22 2.95 1.03 -2.65 0.30 0.43
10%Bi 0.24 2.31 1.02 -2.11 0.08 0.56
20%Bi 0.24 2.60 1.02 -2.22 0.17 0.48
30%Bi 0.21 3.02 1.02 -2.46 0.25 0.53
40%Bi 0.20 3.27 1.02 -2.57 0.34 0.53
10%La 0.26 2.30 1.02 -2.04 0.08 0.60
20%La 0.24 2.48 1.02 -2.11 0.17 0.52
30%La 0.22 3.11 1.03 -2.55 0.25 0.46
40%La 0.20 3.56 1.03 -2.70 0.34 0.40
10%Ce 0.23 2.47 1.03 -2.76 0.08 0.46
20%Ce 0.19 3.11 1.03 -2.62 0.17 0.41
30%Ce 0.14 3.34 1.04 -2.58 0.25 -0.03
40%Ce 0.16 4.24 1.02 -3.02 0.33 -0.06
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