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Note S1. Computational Method

All the spin-polarized calculations were performed using the Vienna Ab-initio
Simulation Package (VASP) package!3. The exchange-correlation functional was
described by the Perdew-Burke-Ernzerhof (PBE) functional* within the generalized
gradient approximation (GGA)>. The project-augmented wave (PAW) method® was
employed to treat core electrons, and the cutoff energy of plane-wave basis was set to
450 eV. We constructed p(2x1) rutile-MO, (110) surfaces (M = Cr, Mn, Rh, Ru and Ir),
and a vacuum layer of 15 A was applied to separate each periodic unit cell. The
Brillouin zone was sampled by 3 x 3 x 1 Monkhorst-Pack mesh k-points for all structure
optimizations. In the process of structure optimization, the bottom 2 layers of atoms
were fixed. In order to accurately describe the electron correlation in the localized d-
orbital of metal ions in 3d transition metal oxides, the DFT + U method was adopted’.
The specific applied U values (U= U-J) are shown in Table S1. Here, all Gibbs free
energy (AG) change includes the zero-point energy (AZPE) and entropy (7AS)
corrections, calculated as AG=AE + AZPE — TAS, where AE is the energy obtained from
DFT optimization. The calculation of ZPE and TS involves performing a frequency
calculation on the optimized molecule or adsorbed species, and then they are derived
from the standard partition functions®. Notably, the entropy contribution of the reactant
or product molecule is obtained from the experimental value®.



Table S1 The specific applied U value (U.g) of 3d metals for DFT calculations’.
3d Ct Mn Co Ni
U 279 3.06 342 34




Note S2. Calculation of dissolution energy (AGy) of metal center

To assess the stability of metal center in MOg incorporated in rutile metal oxides,
the dissolution energy (AGy) of metal center was calculated, which can be taken as the
standard to determine the stability of MOg. The dissolution of metal center in MOg can
be displayed as follows:

sur-M + xH,O — sur-vac + MO, + 2x(H"/¢e")
The specific dissolution energy (AGy) of metal center can be written as:

AG4= G(sur-vac) + G(MO,) + 2xG(H"/e") — G(sur-M) — xG(H,0)
in which G(sur-M) and G(sur-vac) correspond to the energy of the perfect surface with
M involved and the defective surface after M dissolves. G(H,0) is the free energy of
H,0 molecule (7 = 298 K). G(H*/e") is the free energy of proton and electron (H*/e"),
which is obtained by referencing it to the free energy of H, using the computational
standard hydrogen electrode at U= 0 V vs. SHE (pH = 0, 7= 298 K) and including a -
eU term from an external potential U. G(MOy) is the energy of the dissolved product.
The dissolved or converted compounds of different metal elements are obtained from
the Pourbaix diagram of Materials Project at U = 1.5 V (vs. SHE) and pH = 0. When
MOy is solid, its energy is obtained from the total energy of its bulk. As MOy is an ionic
compound, its energy is calculated with the Pourbaix diagram in Materials Project.
Taking RuO4-H,O(,q) as the example, we used the Pourbaix diagram of RuOx) as the
standard and calculated G(RuO4-H,O,q)) by following equation:

RuO4-H;0,q) + 4H' + 46~ — RuOy) + 3H,0

G(RuO4 H,0(q)) = G(RuOy) + 3G(H,0) - 2G(Hy) - AG
where AG is the phase transition energy of RuO4 H,O,q) + 4H" + 46— RuOy, + 3H,0
obtained from the Pourbaix diagram. G(RuO,)) is the total energy of the bulk of RuO,
resulting from the DFT calculation. Energies of other ionic compounds were calculated
in a similar way. The dissolution/conversion products and related energies (i.e.,
G(MOy)) in this work are listed in Table S2.



Table S2 Dissolution products (MOy) and the free energy (G(MOy)) of metal center at U=1.5V
(vs. SHE) and pH = 0.

M MOy G(MOy) / eV
Cr HCI‘O4'(aq) -40.07
Mn MnOy, -21.43

Co CoOxy -17.23

Ni Ni** (o) -3.25

Ru RuO4-H,O(,q) -46.32

Ir II‘O42'(aq) -32.64




Note S3. Calculation of OER overpotential

To assess the activity of oxygen evolution reaction (OER), the general reaction
mechanism of OER was considered as follows!%-12:

H,O+* 2 *0OH+H"+¢
*OH 2 *O+H" + e

*O+ H,O ~ *OOH + H* + ¢
*OOH = *+H + ¢

where * represents the active site, and *OH, *O and *OOH are the adsorbed OH, O and
OOH, respectively. The OER activity is evaluated by calculating the overpotential.
Firstly, we calculated the free energy of each elementary reaction in OER, and the free
energies of the above four steps are written as:

AGl = G[*OH] —elU - ka(1n10) X pH

AGZZ G[*O] — G[*OH] —eU- ka(lIllO) x pH

AG3 = G[*OOH] — G[*O] —elU— ka(hIlO) x pH

AG4: 492 — G[*OOH] —eU- ka(h’IIO) X pH

Gixj (X=*0H, *O and *OOH) 1s the adsorption Gibbs free energy of the corresponding
oxygen-containing intermediate, which have included the zero-point energy (AZPE)
and entropy correction (TAS). Gx; were calculated relative to H,O and Hyat U=0V
(vs. SHE), pH = 0 and 7= 298 K. Due to the difficulty of GGA-DFT in calculating the
bond energy of O,, the experimental formation energy of two H,O molecules (4.92 eV)
was used to calculate the energy of O,. The free energy of proton and electron (H"/e")
is obtained by referencing it to the free energy of H, using the computational standard
hydrogen electrode at U= 0V, pH =0 and 7= 298 K. In addition, the effect of pH on
the reaction was taken into account; k,7(In10)xpH term is introduced to correct the
error caused by pH change. The theoretical overpotential # of OER can be obtained by
comparing and analyzing the steps with the largest free energy values. The calculation
formula of overpotential 7 is as follows:

n=Max[AG), AG,, AG;, AGu,]/e — 1.23
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Fig. S1 Relationship of the dissolution free energy (4G,) of metal site as a function of /,//. of MOs

octahedron (M = Co, Ni, Ru).

Analysing the D value, it can be that the change in D of the MOy octahedron mainly comes from
the equatorial M-O bonds of MOg (/., indicated by black values in Fig. 2b), while the polar M-O
bonds (/,, indicated by orange values in Fig. Fig. 2b) undergo relatively small changes. It can be

expected that /,//. could also has a relatively good correlation with stability of the MOg octahedron.

To further verify the correlation between stability and /,//., we scaled the dissolution free energy

(4Gy) of MOg as a function of /,//. (Fig. S1), and found a relatively good relationship between the

CoOg, NiOg, and RuOg units. As /,//, increases, 4G, becomes more positive, indicating improved

stability.
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Fig. S2 Relationships between the dissolution free energy (AGy) of metal center of MOy and the
number of electrons (Ag) transferred from the metal center of MOg (M=Co, Ni, Ru) to the

surrounding O atoms.
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Fig. S3 Relationships of the overpotential # and (a) D and (b) V of CoOg, NiOg and RuOg

incorporated in different rutile metal oxides, respectively.
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Fig. S4 (a, b) Relationships of adsorption free energies (Gyx;) of the key intermediates (X = *OH,
*O and *OOH) of OER on standard rutile or perovskite oxides, in which the blue lines represent
the relationship between Gso; and «onj. (a) represent the condition that the slope (a) of the
relationship between is less than 1.0; (b) represent the condition that the slope (o) of the relationship
between is greater than 1.0. (c) Relationships of Gix; on the distortion of MOg upon incorporation
into different rutile metal oxides.

Regarding the boundary between the four rate-determining steps, we have marked them with the
dash black line, as shown in Fig. 3b. From Fig. 3b, we can find that as the adsorption strength of
metal site is weak, resulting in the difficult activation of H,O, the H,O deprotonation is rate-
determining. With the increase of the binding strength of metal site, the rate-determining step
changes to the further *OH deprotonation (*OH — *O + H*/e") or the O-O coupling step (*O + H,O
— *OOH + H*/e"). At standard rutile or perovskite oxides, there is a universal scaling relationship
between the adsorption energies of *OOH and *OH, Gpoon=Gon+(3.240.2)!13, and the gap
between Gsoony and Gpxom; is a constant. Thus, the slope (a) of the relationship between the
adsorption energies of *OH and *O determines the rate-determining step of *OH — *O + H*/e" or
*O + H,0 — *OOH + H/e". As a is less than 1.0 (see the blue solid line, Fig. S4a), at the range of
the weak adsorption strength of metal site, the rate-determining step is *OH — *O + H*/e"; as the
adsorption strength of metal site increases to some extent, the rate-determining step changes to *O
+ H,0 — *OOH + H*/e". As a is greater than 1.0 (see the blue dashed line, Fig. S4b), the contrary
tendency can be obtained, and the step of *O + H,O — *OOH + H¥/e" could become rate-
determining first when the adsorption strength of metal site is relatively weak. Here, as a
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consequence of the distortion of MOg upon incorporation into different rutile metal oxides, we can
find a deviation from the dependence with a smaller slope of 0.85 (Gpoon=0.85Gpomt3.06,
R?=0.95, see the red line in Fig. S4c) compared to the universal scaling relationship observed in
standard MOg in rutile or perovskite oxides. Combining with the relationship between G+o; and
Grrony (Gpo=1.65G=on7+0.78, R?=0.94, see the blue line in Fig. S4c), one can see that at the
adsorption strength of metal site of MOy incorporated in rutile metal oxides is relatively weak, the
rate-determining step is *OH — *O + H'/e-, and gradually changes to *O + H,O — *OOH + H*/e
with the increase of the adsorption strength. When the binding strength of metal site increases to
some extent, the conversion of *OOH (*OOH — O, + H*/e") will become rate-determining for the

too strong adsorption of *OOH at that time.

11



—_
o
—_—
(=2
—

54 54
00H
%4 % OOH
5 T n—a = 2 I}
o E o T - |_1
[ e ol
£ 31 a g | W
w w n=1.2v
5 §3-
Ez { [0V e 9 '*E_ n=0.92V
= -
2 | @ @ 2
- onv| | 22y |, P
@ o
@
0 T T T T T T T T T T
0.94 0.96 0.98 1.00 094 096 098 1.00 1.02 1.04
.’,E,/Ie i'p/.'e
(c)
4
OOH A
5
23]
>
o n=0.69 V
Q
= n=0.56 V
=
£ 2
.Lg. 1A o Om O
S
£
0 T T
0.95 0.96 0.97
";/"e

Fig. S5 Correlation of adsorption energies of *OH, *O and *OOH with /,//. of (a) CoOg, (b) NiOs
and (c) RuOg, respectively.
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Fig. S6 Projected crystal orbital Hamilton population (pCOHP) between the Co-O and Co-OH
bonds on CoOg units with O, S and Se ligand involved, with negative (bonding) contributions at the
up position and positive (antibonding) contributions at the down position.
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Fig. S7 Projected density of state (PDOS) for Co 34 in different CoOg units with O, S and Se ligand
involved and the corresponding O 2p in the adsorbed *OH and *O, respectively.

To clearly illustrate and understand the different performance of the CoOg units with O, S and Se
ligand heteroatoms incorporated in MnO,, we conducted the detailed electronic structure analysis
for them. First, we performed the projected crystal orbital Hamilton population (pCOHP) to
quantitatively analyse the interaction between Co site and the key intermediate (*OH and *O) in the
rate-determining step (*OH — *O + H*/e"). As shown in Fig. S6, compared with the pure CoOsg, it
can be found that the introduction of S ligand changes the Co-O and Co-OH bonds, and even slightly
weakens the Co-O bond, thus leading to the relatively high overpotential # to some extent. In
contrast, the Se ligand can strongly change them, especially improving the interaction between the
*Q intermediate and the Co site. The greater degree of enhancement of the Co-O bond than the Co-
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OH bond facilitates the rate-determining step of *OH — *O + H*/e". This can be rationalized by the
stronger ability of the O species to capture electron than the OH species. To further understand the
better role of Se ligand than O and S ones, we calculated the projected density of state (PDOS) for
different CoOg units (Fig. S7) to examine the hybridization state between the O-containing species
and Co site. From Fig. S7, one can confirm that the overlap of the Co 3d and O 2p orbitals of O and
OH species in CoOg unit with Se involved is more than that in CoOg units with O or S involved,
verifying the better bond strength of Co site in CoOg unit with Se involved and thus facilitating
OER.
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Table S3 Overpotential () of MOg incorporated in different rutile metal oxide substrate.

MOy Substrate n
Co CrO, 0.79
Co IrO, 0.44
Co RhO, 0.59
Co MnO, 0.78
Co RuO, 0.40
Ni CrO; 1.02
Ni IrO, 0.93
Ni RhO, 0.97
Ni MnO, 1.20
Ni RuO, 0.92
Ru CrO, 0.65
Ru IrO, 0.56
Ru RhO, 0.64
Ru MnO, 0.85

Ru RuO, 0.59
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