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Note S1 Calculations of binding energy (Eb) between the TM and WS;
The Ep was calculated to estimate the binding ability, which is defined as:
Eb = E(total) ~E(WS2) — E(TM)
Here, E(total) and E(WS) represent the total energies of the WS, monolayer with and
without the anchored atoms, respectively. E(TM) is the energy of the TM atom in

vacuum. The more negative Ep represents a larger binding strength.



Note S2 The hydrogen evolution reaction (HER)

The total HER can be written as, H" + e — 1/2H..! This reaction occurs at the electrode,
which supplies electrons and provides an intermediate adsorption site. The mechanism
typically involves two steps: * + H* + e — *H (VVolmer step) for the first step, then 2*H

— Hy (Tafel step) or *H + H* + e — * + H (Heyrovsky step) for the second step.

The Gibbs free energy (AG(H)) of hydrogen atom adsorption is defined as AG(H) =
AEH + AEzpe - TAS, where AEH is the hydrogen chemisorption energy, Ezee, and TAS
are the zero-point energy and the entropy contribute to the AG(H), respectively. As it is
well established that Ezpe - TAS = 0.24 eV 1, the expression for AG(H) can be simplified

to AG(H) = AEn + 0.24 eV, as previous studies do.2 Based on Norskov’s assumption,

—ek,

b = expCAGH) TkaT) O

the exchange current (io) expressions,

. —ek,
= 1+ exp(AG(H) / kaT)

, were used for AG(H) < 0 and AG(H) > 0, respectively. 14

As there is no experimental data available, the rate constant, ko, was set to 1, as it was

treated in the references.>”’



Note S3 The four-electron transfer pathways of the oxygen reduction reaction (ORR)

and oxygen evolution reaction (OER) under acidic conditions (pH = 0).

Both associative and dissociative mechanisms® of ORR have been explored. Since the
OER and ORR are thermodynamically and mechanistically reversible, sharing the same
intermediates but proceeding in opposite directions, only the ORR reaction pathways

are presented below.
Associative mechanism:
*+02+H"+e — *OO0H, (a)
*OOH + H* + e~ — *O + H0, (b)
*0O+H"+e — *OH, (C)
*OH + H" +e” — * +H.0, (d)
Dissociative mechanism:
*+0, + H" +& — *O + *OH, (2)
*O +*OH + H" + &~ — *OH + *OH, (b")
*0 +*OH + H" + & — *0 +H.0, (b”)
*OH + *OH + H* + e— — *OH + H20, (")
*O+H"+e — *OH, (c)
*OH + H" +e” — * +H0, (d)

The adsorption free energy of the *OH (AG(OH)), *OOH (AG(OOH)), and *O (AG(0O))

can be evaluated by
AG(OH) = G(*OH) + 1/2G(H2) — G* — G(H20),
AG(OOH) = G(*OOH) + 3/2G(H2) — G* — 2G(H-0),

AG(O) = G(*0) + G(Hz) — G* — G(H20)



The free-energy change, AG, for each step of ORR with the associative mechanism was

obtained by setting AG(02) =4.92 ¢V and AG(H20) =0 eV at 298 K as follows:
AGa = G(*O0H) — G*— G(0,) — 1/2G(H2)
= G(*O0H) — G*— G(02) — 1/2G(Hz) + 2G(H2) — 2G(H2)
= G(*OOH) — G* + 3/2 G(H2) — G(02) - 2G(H>)
= G(*OO0H) — G* + 3/2 G(H2) — 2G(H:20) — 4.92
= AG(OOH) — 4.92
AGp = G(*0O) + G(H20) — G(*OOH) — 1/2G(H>)
= G(*O) + G(H2) — G* — G(H20) — G(*OOH) — 3/2G(H2) +G* + 2G(H20)
= AG(0) — AG(OOH)
AGc = G(*OH) — G(*0) — 1/2G(H2)
= G(*OH) + 1/2G(H2) — G* — G(H20) — G(*O) — G(Hz) + G* + G(H:0)
= AG(OH) — AG(O)
AGq = G(H20) + G* — 1/2G(H2) — G(*OH)
= — AG(OH)
Then the overpotentials for ORR (;0rr, V) can be calculated by the following equation®:
norr = 1.23 V + max (AGa, AGb, AGe, AGa)le
The overpotentials for OER (yjoer, V) are defined by%1*:

noer = Max (—AGa, —AGpb, —AG¢, —~AGg)/e — 1.23 V



Note S4 Calculation of the volcano peak for ORR and OER*?

As shown in Figs. 4a and 4b, strong linear scaling relationships were observed between
the adsorption free energies of *O (AG(O)) and *OOH (AG(OOH)) with respect to *OH
(AG(OH)), with correlation coefficients (R?) of 0.97 for AG(OOH) vs. AG(OH) and
0.90 for AG(O) vs. AG(OH), respectively, as follows:

AG(OOH) = 0.84AG(OH) + 2.97 (R?=0.97)
AG(0) = 1.39AG(OH) + 0.78 (R? = 0.90)

According to Table S4, the potential-determining step (PDS) of ORR for most systems
is the formation of the second H.O molecule, except for Pd@WS;, where the formation

of *OOH is the PDS.

When the formation of the second H-O molecule is the PDS, the overpotential for the

ORR can be calculated as:
norr = AGgle + 1.23 V
= AG(OH)/e + 1.23 V
When the formation of *OOH is the PDS, the ORR overpotential is:
norr = AGale +1.23V
= (AG(OOH) - 4.92)/e + 1.23 V

At the volcano peak, these two expressions yield the same #orr, from which the optimal
AG(OH) and corresponding 7orr at the volcano apex are determined to be 1.06 eV and

0.17 V, respectively.

Similarly, for the OER, Table S4 shows that the PDS is typically the reaction of *O with
a second H2.0 molecule to generate *OOH and H*, except for Co@WS; and Pd@WS..
For Co@WS;, the PDS is the formation of O, but the energy difference between O-
formation and *OOH formation is within 0.1 eV, so the *OOH formation step is

reasonably treated as the PDS. For Pd@WSy, the dissociation of *OH into *O and H*



is the PDS.

When the formation of *OOH and H* is the PDS, the OER overpotential is calculated

as:
noer = —~AGple — 1.23 V

= AG(OOH) — AG(0O) - 1.23 V
When the dissociation of *OH is the PDS, the OER overpotential is:
noer = —AGele — 1.23 V

= AG(O) — AG(OH) — 1.23 V

At the volcano peak, both expressions give the same #ogr, resulting in an optimal

AG(OH) of 1.50 eV and a corresponding #oer 0f 0.14 V.



Note S5 Calculations of formation energy (Ef) and the dissolution potential (Ugiss) for

TM@WS..

The thermodynamic stability and electrochemical stability were evaluated by the

formation energy (Es) and the dissolution potential (Ugiss), defined as®®:
Et = E(total) ~E(WS2) — E(TM-bulk)
Udiss = uo— Ei/ne

Where E(total) and E(WS) are the total energies of WS, with and without the TM atom,
respectively, and E(TM-bulk) is the energy of the TM atom in their bulk. U® denotes
the standard dissolution potential of bulk TM, and n is the number of electrons involved

in the dissolution. The values of U® and n comes from the previous literature.*3



Table S1 Zero-point energy corrections and entropic contributions (at 298.15 K) to

the free energies.

species AEzre (eV) TAS (eV)
H20 0.56 0.67
H2 0.27 0.40
*OCOH 0.42 0.216
*OH 0.32 0.09

*O 0.05 0.11




Table S2 Charge transfer amounts (Q(TM), e) of TM atoms, the Fe-S bond length
(d(Fe-S), A) and the adsorption free energies (AG, eV) of the O, OH and OOH. A

negative Q(TM) indicates electron transfer from the TM atom to the WS> substrate.

Q(TM) d(Fe-S) AG(OOH) AG(O) AG(OH) AGH)
U=0 -0.56  2.145/2.145/2.145 2.92 0.27 -0.63 0.07
U=1 -0.56  2.153/2.152/2.152 2.83 0.25 -0.65 0.002
Uu=2 055 2.165/2.163/2.163 2.50 0.25 -0.67 -0.07
U=3 —0.53 2.170/2.169/2.169 2.46 0.24 -0.72 -0.17

Uu=4 -0.52 217412174 12.174 2.39 0.20 -0.80 -0.30




Table S3 Binding energies (Eb, V) of TM atoms at the S-top (En(S)), hollow (Esx(H)),

and W-top sites (Eb(T)) on WS, formation energy (Es, €V), and dissolution potential

(Udiss, V) of TM@WSo. Also listed are the d-band centers (eq, €V) and charge transfer

amounts (Q(TM), e) of TM atoms. A negative Q(TM) indicates electron transfer from

the TM atom to the WS, substrate.

En(S) En(H) En(T) Es Udiss &d Q(TM)
Fe -0.92 —2.07 —2.44 3.01 -1.96 -1.13 —0.56
Co -1.49 —2.51 —3.00 2.64 —1.60 -1.13 —0.43
Ni —2.30 -3.39 —3.91 1.67 -1.10 —1.04 —0.36
Ru —2.07 —2.52 —3.47 4.10 -1.59 —1.54 —-0.31
Rh —2.41 —2.68 —3.49 3.09 —0.94 -1.63 —0.18
Pd —2.00 —2.09 —2.45 1.87 0.01 -1.70 —0.15
Os —1.81 —2.18 —3.13 5.91 0.10 —1.64 —0.30
Ir —2.48 —3.00 —3.44 4.52 —0.35 -1.99 —0.11
Pt —2.88 —2.59 —3.23 3.10 -0.37 —2.26 —0.024




Table S4 H adsorption free energy (AG(H), eV), electron transfer to the adsorbed H
atom (AQ(H), e), integrated crystal orbital Hamilton population between TM and H
(ICOHP(TM-H)), adsorption free energy of the second H atom (AGsec(H), €V), and
energy barrier for Hz formation (AEn2, €V) on TM@WS..

AG(H) Q(H) ICOHP(TM-H) AGsec(H) AEH2

Fe 0.07 0.39 —2.10 —0.21 0.59

Co 0.11 0.14 —2.29 —0.52 0.81
Ni 0.68 0.23 —1.96 ---

Ru —-0.19 0.16 —2.58 —0.08 0.68
Rh —-0.27 0.07 —2.65 ---
Pd 0.83 0.13 —2.26 -
Os —0.64 0.21 —2.84 ---
Ir —-0.76 0.11 —2.93 ---

Pt —0.01 0.08 —2.47 —0.87 1.29




Table S5 The potential-determining steps (PDS) for the ORR and OER on TM@WS:.

PDS (ORR) PDS (OER)
Fe *OH+H,0+H*+e—2H,0 *O+H,0+2H"+2e'—>*OOH+3H"+3¢"
Co *OH+H,0+H"+e—2H,0 *O0OH+3H"+3e >0 +4H" +4¢"
Ni *OH+H20+H"+e—2H-0 *O+H,0+2H"+2e'—*OOH+3H"+3¢
Ru *OH+H,0+H"+e—2H,0 *O+H,0+2H"+2e'—>*OOH+3H"+3¢"
Rh *OH+H,0+H"+e—2H,0 *O+H,0+2H"+2e'—>*OOH+3H"+3¢"

Pd  Oz+4H"+4e —>*OOH+3H"+3¢" *OH+H0+H"+e'—*O+H0+3H"+3¢"
Ir *OH+H0+H"+e'—2H,0 *O+H0+2H"+2e'—>*OOH+3H"+3¢e"
Pt *OH+H.0+H"+e'—2H,0 *0+H0+2H"+2e"—»*OOH+3H"+3¢"




Table S6 Adsorption free energies of *OOH (AG(OOH), eV), *O (AG(0), eV), and
*OH (AG(OH), eV), along with the calculated overpotentials for ORR (7orr, V) and
OER (noer, V). Also listed are the magnetic moment on the TM site upon *OH
adsorption (Mg, pgs) and the amount of charge transferred to the *OH species (AQ(OH),

e).

AG(OOH) AG(O) AG(OH) norr HOER Ms Q(OH)

Fe 2.92 0.27 —0.63 1.86 1.33 2.39 0.51
Co 2.77 0.60 —0.22 1.45 0.92 1.55 0.44
Ni 3.50 1.88 0.58 0.65 0.32 0.64 0.44
Ru 2.75 0.10 —-0.21 1.44 1.34 154 0.45
Rh 3.29 1.17 0.62 0.61 0.8 1.04 0.43
Pd 413 2.80 1.32 0.44 0.33 0.41 0.39
Os --- —1.24 —0.62 1.85 4.15 0.45

Ir 2.76 0.31 —0.20 143 1.14 0.96 0.40

Pt 3.57 1.67 0.60 0.63 0.58 0.41 0.36
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Fig. S18 Correlation between the magnetic moment on the TM site upon *OH

adsorption (Mg, pus) and the overpotentials for OER and ORR on TM@WS:.
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Fig. S20 Projected density of states and crystal orbital Hamilton population of
TM@WS; systems upon *OH adsorption: (a, b) Fe, (c, d) Co, (e, f) Ni, (g, h) Ru, (i, j)
Rh, and (k, I) Ir.
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Fig. S21 Projected density of states (PDOS) of the d orbitals of TM atoms and the O 2p
orbitals of the TM@WS: with adsorbed OH. Panels correspond to (a) Fe@QWS3, (b)
Co@WSy, (c) NiI@WS, (d) Ru@WS: and (e) Rh@WS, (f) PdA@QWS, (g) Ir@WS,
and (h) Pt@WSy, respectively.
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Fig. S22 Ab initio molecular dynamics (AIMD) simulations at 600 K for (a) Fe@QWSy,
(b) Co@WS3, (c) Ni@WSg, (d) Ru@WS, and (€) Rn@WSy, respectively.
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Fig. S23 Ab initio molecular dynamics (AIMD) simulations at 600 K for (a) Fe@WS, (b)
Co@WSy, (c) Ni@WS;, (d) Ru@WS;, (e) Rn@WS,, (f) PA@WS,, (g) Pt@WS,, respectively,

respectively.
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