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1. Calculation Details for Theoretical Overpotential using CHE Approach
To calculate the OER overpotential, we use the Standard Hydrogen Electrode (SHE: H* + ¢~ —
1/2H,, pH=0, p =1 bar, T = 298.15K) as reference, where we get
AG = 1/2G°[H,] — u[H] — u[e ]SHE=0 1
where G°[H,] is the Gibbs free energy of H; in the standard condition; u[H*] the electrochemical potential

of proton; u[e"]SHE the electrochemical potential of electron in SHE. u#[H*] can be estimated as

u[H]=172G°[Ho] — ple PHF 2
Using Eq. 2, we can derive the AG of an electrochemical half-reaction as described by formula 3.
HA — A+H +e 3)
The AG is given by
AG = G[A] + u[H" ] + u[e’] - G[HA] 4)

Substituting Eq. 2 into Eq. 4, we get

AG = G[A] + 1/2G°[H;] — u[e ]SHE + u[e ] — G[HA]

= G[A] + 1/2G°[H,] — G[HA] + (u[e™ ] — u[e7]5HE)
= G[A] + 1/2G°[H,] — G[HA] —|e|U %)

U is the electrode potential relative to SHE and is given by

U= (u[e P = ple ])/e (6)
Setting AG = 0, U is the standard electrode potential for half-reaction of HA — A + H" + e~. The
theoretical overpotential then be calculated by Eq. 7.

n=U-123V @)
where 1.23 V is the standard electrode potential of OER.

2. Calculation Details for the Free Energy of Dissolved Cations
As we have shown in the main text, the formation free energy (AG,,.) is defined as
*(oxide) + 3H'(aq) + e — *[I-3H(oxide) + Ni%*(aq) ®)

and

AGyae = u[Ni**(aq)] + G(*/-3H) — G(*) - 3u[H'(aq)] — u[e7] ©

S1


mailto:yefeil@fudan.edu.cn

*[] represents a cationic vacancy on »~NiOOH surface. To estimate AG,,, it is essential to calculate the
electrochemical potential u[Ni?>"(aq)]. To this end, we use the standard half-electrode potential
E°(Ni(s)/Ni**)
Ni(s)—>Ni?" + 2¢- )
and
G'[Ni(s)] = u[Ni**(aq)] + 2ule ] = u[Ni**(aq)] — 2eE%(Ni(s)/Ni*)
(10)
With Eq. 10, u[Ni?**(aq)] can be derived from the G°[Ni(s)] and E°(Ni(s)/Ni?*). The contribution of ¢[Ni>']
can be further corrected by a term of 0.059*log(c[M?*]). It should be noticed that PBE+U cannot
correctly describe the free energy of metals, e.g. Ni(s). To avoid directly calculate the energy of Ni(s),
we further use the standard molar Gibbs energy of formation of Ni(OH),(s) to derive the free energy of
Ni(s).
AG(Ni(OH)x(s)) = G°(Ni(OH)a(s)) - G°(Ni(s)) - G°(H) - G(O2)
)
In addition, the binding of O, molecule in PBE is overestimated. We derive G%O;) from G%O,) =
A:G°(H,0) + 2G°(H,0) — 2G°(H,). The approach to correct the free energy of O, has been widely used

in previous literature.!-®

Figure S1. Crystal structure of deprotonating /~-NiOOH.
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Figure S2. Proposed crystal structure of ~NiOOH intercalated with Na* and H,O.

Table 1. Surface energies of »»NiOOH
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Figure S3. Overview of (a) pristine and (b) defective S-NiOOH (0112) surfaces. The black dotted cycle
highlights the cationic vacancy in the first Ni layer. We label the four reactive Ni sites in the unit cell as
a, B, , 0, respectively. Ni*® represents five-coordinated Ni cation; O the bridging O anion; O the three-

coordinated O anion. Indigo balls: Ni; Red balls: O; White balls: H.
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Figure S4. Surface Pourbaix diagram for the pristine f#NiOOH (0112). U is the electrode potential relative
to SHE. The oblique dashed line represents the reversible potential of OER.
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Figure S5. Reaction network for OER on pristine ANiOOH (0112). The solid path denotes the mechanism
of OER, where state 1 is the initial state. The end-on dashed path indicates this pathway is blocked due to the
high free energy cost. The small green or yellow cycles highlight the proton or O, that would release from the
surface in the subsequent step. The translucent atoms belong to the adjacent NiOOH layer. The energy aside
each arrow represents the corresponding free energy change by PBE+U. The bold free energy change indicates
this step is rate-determining. The local environment of the reactive Ni*° site is highlighted in the center of the

figure. Indigo balls: Ni; Red balls: O; White balls: H.
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Figure S6. Reaction network for OER on the defective f~NiOOH. The solid path denotes the mechanism of
OER on the defective /-NiOOH, where state 1 is the initial state. The end-on dashed path indicates this
pathway is blocked due to the high free energy cost. The small green and yellow cycles highlight the proton
or O, that would release from the surface in the subsequent step. The translucent atoms belong to the adjacent
NiOOH layer. The chemical formula and the energy aside on the arrow represent the variation of the chemical
composition and the corresponding free energy change by PBE+U. The bold free energy change indicates this
step is rate-determining. The local environment of the reactive Ni* is highlighted in the center of the figure.

Indigo balls: Ni; Red balls: O; White balls: H.
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Table S2. Free energy changes (AG, in eV) of each elementary step by PBE+U and HSE06 functionals.

AGpgg+y
Elementary step AEpge+yt
(AGhusgos)
pristine
1-2: *H,0—*0OtH+H"(aq) + ¢ 0.14(0.07) 1.74
2—2A: *OH+*OPH+*05,—*OP'OH
0.10(-0.17) 0.03
+*0; H
2A—3: *O*H—*0%+ H'(aq) + ¢ 0.53(0.93)" 2.11
3—4: *O"OH—*0O"0 +H*(aq)te’ -0.36(-0.69) 1.33
4—4A: *OO+H,O(1)+*0*—0
00 e) -0.83 -1.65
+*Oer+*O3cH
4A—1: *O*H+H,0(l)—*H,0+*0%
0.42 2.02
+H*(aq)+e
W. vac.
1—-2: *H,04+*OH—*O'H+*OH
0.30(0.61) 1.90
+H(aq) e
2—2A: *O'H+*OH+*O"—*0QO0H
0.30(0.37) 0.23
+*Oer
2A—3: *OH—*0b +H*(aq)+e -0.04(-0.10) 1.54
3—4: *OOH—*0O0+H"(aq)+e -0.86(-0.71) 0.74
4—4A: *O0+2H,0—0,(g)+*2H,0 0.05 -0.77
4A—1: *2H,0—*H,0*+*0OH
0.25 1.85

HH(ag)te

T The bold free energy change indicates this step is rate-determining.

Y AE is the total energy change directly from DFT calculationsat U=0 V.

Crystal Structure for deprotonating /~-NiOOH in VASP POSCAR format
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Possible crystal Structure for ~NiOOH intercalated with Na* and H,O in VASP POSCAR format
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