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Computional Details on Dissolution Potential and Overpotential
To evaluate the stability of NiN;@MoS, monolayer in realistic reaction
conditions, such as strong acidic media and working potential, we computed the

dissolution potentials (Uy;s, in V) of Ni in N3@MoS, monolayer at pH=0, which was

0

_ 0
Ugs= Uy t+ [E Nibulk ~ (ENiN3@M052 - EN3@M052)]/ "€ here UNiis the

defined as:

standard dissolution potential of Ni in the bulk form (-0.26 V), N3@MoS, is the doped

MoS, monolayer by substituting three S atoms with three N dopants, and #n is the
coefficient for the aqueous dissolution reaction: Ni + 2H* < Ni?** + H,, namely, n
equals to 2. According to this definition, the Ug;s value of Ni in NiN3@MoS, monolayer
is computed to be about 0.30 V.

On the other hand, the overpotential (1) value of OER was obtained according to
the following equation: n = U — Uy, where Uy is the computed equilibrium potential of
OER (Uy=1.23 V), and U is the limiting potential of OER on NiN;@MoS, monolayer
(UL = AGpay/e, V). Since the AG,,x value for OER on NiN;@MoS, monolayer was
computed to be 1.68 eV, the computed Uy is [(1.68 eV)/e — 1.23 V) = 0.45 V]. Thus,
the negative overpotential (—m) of OER on NiN;@MoS, monolayer is —0.45 V, which
is much smaller than the Ugs value of Ni (0.30 V), suggesting that Ni within the
NiN;@MoS, framework can survive under the realistic experimental conditions of

OER, and thus ensuring their excellent long-term stability.
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Table S1. The computed binding energies (Eping, €V), shortest distances between TM
and N atoms (drv.n, A), charge transfer (O, |e|) from TM to substrate, height (4, A) of
TM outward from MoS, monolayer, and overpotential (n, V) for various TMN, (x =

1-3) moieties embedded into MoS, monolayer.

Eving Z3\VAN 0 h n
MnN; -5.68 1.91 1.18 0.42 1.59
FeN; —-6.17 1.92 1.17 0.42 0.87
CoNj; -5.63 1.89 0.98 0.35 0.63
NiNj3 -5.35 1.92 0.81 0.31 0.45
CuN; -3.38 1.98 0.78 0.45 0.85
RhNj; -5.29 2.00 0.38 0.40 1.12
PdN; -3.14 2.17 0.58 0.75 0.65
PtN; -4.19 2.05 0.61 0.89 1.40
MnN, -4.87 1.95 1.10 0.97 1.50
FeN, -4.06 1.85 0.96 0.75 1.45
CoN, -4.99 1.89 0.77 0.81 1.26
NiN, -4.93 1.86 0.64 0.73 0.59
CuN, -3.31 1.94 0.71 0.90 0.89
RhN, -5.13 2.04 0.53 1.45 0.94
PdN, -3.07 2.15 0.42 1.45 0.67
PtN, -4.13 2.11 0.35 1.46 0.91
MnN; -3.27 1.90 0.99 0.95 1.28
FeN; -3.97 1.85 0.82 0.78 0.99
CoN; -4.19 1.82 0.68 0.79 0.98
NiN; -4.57 1.81 0.57 0.72 0.72
CuN, -3.13 1.89 0.61 1.06 0.82
RhN; -4.56 1.90 0.41 1.05 0.89
PdN, -2.92 2.02 0.39 1.41 0.84
PtN; -3.85 1.93 0.26 1.60 1.14
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Table S2. The comparison of overpotential for various reported metal-doped MoS,

materials.

catalysts overpotential

Co-doped MoS, 0.22 V!
Pd,@MoS, 0.32 V2
NiN;@MoS; in this work 045V
Pt@T1-vacancy 0.46 V3
Co-Ni-P@MoS, 0.68 V4
Ni-doped MoS, 1.08 V°
Fe-doped MoS, 1.57 V¢
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Fig. S1. The computed projected density of states (PDOSs) of (a) TMN}, (b) TMN,,

and (c) TMNj; moieties embedded into MoS, monolayer. The Fermi level was set to

zero in red dotted line.

S6



1.8 L. Goonr= 0.95 Goye + 3.13 &V PN
2_ AL
Lo LR?=0.93 NiNFyRhN,
- qu'*CuN
~ 32 NiNNin YMnN,
Z 30 RWN%.WC“N
Tasf Fele.\.’!n vFeN
g PtNywy FeN,
ger PtNy PAN; (i NCUN,
< N 3
24 F ¥YMnN,
b CoN L RbN,
' CONZ‘,.“"
20 g
PIN,¥
18 F
-4 -12 -0 08 06 -04 02 00 02 04 06
AGgy(eV)

(2)

AGy, (V)

3.0

235

2.0

-1.0

Goe=1.63 Goye +1.69 €V o
e »MRhN
R2=0.85 CuN; NiN 2
NiN
L o \?"kFeN'l APdN
uNpp Ah -
[ 24 dl}‘:N‘./ M;Nz ACuN
CoNpA N
! FeN,a “N\FeN2
' MnN
f PtN,=&PtN RhN
PN, .2
s Rﬂr\i3
CoNyk MnN,
CoN, A
-1.6 -14 -1.2 -10 -08 -06 -04 -02 00 02 04 06 08
AGgys(eV)

(b)

Fig. S2. The scaling relationships for Gibbs adsorption free energy of (a) OOH" vs OH"

and (b) O" vs OH" species on TMN,@MoS, (x = 1-3) materials.
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Fig. S3. The computed free energy profile for OER on NiN;@MoS, catalyst with

solvent effect.
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Fig. S4. The computed free energy profiles for OER on TMN; and TMN, moieties

embedded into MoS, monolayer.
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Fig. S5. The computed reaction pathway for the diffusion of single Ni atom on
NiN3;@MoS,, and the atomic configurations of the involved reactant, transiton state,

and product.
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(a) Ebind =—-4.07eV (b) Ebind =-5.03¢V

Fig. S6. The optimized structures and the corresponding binding energies for (a) Ni,
and (c) Ni; clusters anchored on doped MoS, monolayer with three N atoms. Cyan,

yellow, purple, and blue balls represent Mo, S, TM, and N atoms, respectively.
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Fig. S7. The variations of temperature and energy versus the time for AIMD

simulations of NiN;@MoS,, which is run under 500 K for 10 ps with a time step of 1

fs. Schematic diagrams of the atomic configurations after dynamics simulation (top and

side views) are also given.

S13



03k
02 F @“k

0.1} 1/3

().() Jrreerrmrnennmimeninaniainianaanaanan e

-0.1 @

AG of rection (eV)

02 f

‘S
&

03 F

IR S R——

3x10% 3x10%°  3x10%®  3x10°°  3x10%*  3x10%* 3x10%°
Pressure of O, (Pa)

Fig. S8. Reaction Gibbs free energy of NiN3@MoS; (s) + 1/2 O, (g) — N3;@MoS; (s)
+ 1/4 Ni40O4 (s) on NiN3/MoS, surface versus O, pressure under 298 K, light yellow

and light blue regions represent the formation of Ni SAC and Ni4O,4 oxide, respectively.

The formation of Ni oxide on NiN3;@MoS, monolayer can be written by:
NiN;@MoS; (s) + 1/2 O, (g) — N3@MoS; (s) + 1/4 NizO4 (s), in which the pressures
of the solid states NiN3;@MoS,, N;@MoS,, and Ni;O, were set as zero. Thus, the partial

O, pressure for the formation of Ni oxide on NiN3;@MoS,; monolayer can be determined

AG

as follows:34 2 , where AG is the free energy change for the formation

of Ni oxide , kg is the Boltzmann constant, and T is the reaction temperature.
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Fig. S9. The computed band structures of (a) pristine MoS, monolayer and (b)

NiN3;@MoS, monolayer. The Fermi level was set to zero in dotted red line.
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