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DFT Calculations
d-band center

Norskov et al. formulated the d-band center theory, whereby the d-band center is
considered a characteristic indicator of catalytic activity. This principle has been utilized to
anticipate the reactivity of metals, as confirmed by Hammer and Norskov in 1995 1.

To determine the positions of the p- and d-band centers, we used the following equation:
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where P is the d-band density, E is the d-band energy, and P4E is the number of states.
HER

AGys is calculated using the CHE method as follows %:

AGH*=AEH*+AEZPE_TASH (2)

where:

AEy« = total energy for hydrogen adsorption obtained from DFT calculations;

AE7pg = change in zero-point energy of hydrogen between the adsorbed state and gas phase; and
ASy = difference in entropy between the adsorbed and gas-phase hydrogen at room temperature
(T =298.15 K).

The adsorption energy is calculated as follows:

AE,, =E - E E

substrate + adsorbent substrate ~ ~ adsorbent, 3)

where:
Eubstrate + adsorven: = ground-state energy of the substrate adsorbent;
Epsirare = ground-state energy of the substrate; and

E asorbens = ground-state energy of the adsorbent.



The intermediate stage of H,4,, as described by the Volmer and Heyrovsky reactions, is as

follows 3:

Volmer reaction for hydrogen adsorption is expressed as:

H+e +* — H*. 4)
Heyrovsky reaction for molecular hydrogen formation:

H*+H"+e — Hp+ *. (5)
Tafel-expressed HER # :

2H* — Hy+ 2%, (6)

The HER catalytic activity is commonly assessed by analyzing the variations in the AG+«y value
during the Volmer step (Equation 4), which is a crucial aspect of the HER process > 7.

OER

The oxidation performance of the anode in the water-splitting process was evaluated by examining

the OER using the methodology established by Nerskov et al. &°-

The overall OER can be summarized as follows:

40H — 2H,0 + 4e~ + O,, (7)

*OH, "0, and *OOH denote the intermediate species formed upon the adsorption of oxygen species

onto the active sites of the catalyst; G|, AG,, AG;, and AG, represent AG in each step.

OER involves 4e in alkaline media:

OH + * — OH* + ¢ AGy, (8)

OH*+OH~ — O*+ H,0 + ¢~ AG», (9)



O* + OH — OOH* + & AGs, (10)

OOH* + OH™ — O, + * + H,0 + & AG. (11)

The AG in reaction steps (Egs. (8—11)) was determined as follows:

AG = AE + Azpg — TAS — neU + AG(pH), (12)
where:
AE = adsorption energy with oxygen species;
Azpg = changes in zero-point energy;
As = changes in entropy;
T = temperature under standard conditions (298.15 K, p = 1 bar);
—neU = correct bias in electron transfer with —neU as the electrode potential; and

AG(pH) = AKT In[H']; correct free energy based on the H+ ion concentration.



Ul
o

- N W b
©C © © O

Y L
© © O

TDOS (States/eV)

Il NiP@Mos, (up))
Il NiP@Mos, (down)
[ Ni@Mos, (up)
[T Ni@MosS, (down)
I Mos, (up)

Il Mos, (down)

-6 -5 4 -3 -2 -1 0 1 2 3 4
E-Ef (eV)

Figure S1. Calculated spin-polarized total density of states for the 1T -phase NiP@MoS,,
Ni@MoS,, and MoS,, with respect to the stable crystalline structures.



Figure S2. Top view of the "H intermediate adsorbed on different active sites of the 1T phase
MoS,, (a—) Mo and (d—f) S. Green, yellow, and pink colors represent the Mo, S, and H atoms,
respectively.



Figure S3. Top view of the “H intermediate adsorbed on different active sites of the 1T phase of
Ni@MoS;: (a—) Ni, (d—f) Mo, and (g—i) S. Green, yellow, purple, and pink colors represent the
Mo, S, Ni, and H atoms, respectively.



Figure S4. Top view of the "H intermediate adsorbed on different active sites of the 1T phase of
NiP@MoS,: (a—) Ni, (d—f) Mo, (g-i) P, and, (j-1) S. Green, yellow, purple, orange, and pink
colors represent the Mo, S, Ni, P, and H atoms, respectively.



Figure S5. Top view of the OER intermediates (*O,"OH, and *OOH) adsorbed on different active
sites of the 1T phase of MoS;: (a—c) Mol, (d—f) S1, (g-1) Mo2, (j-1) S2, and (m—0) Mo3, and (p—
r) S3. Green, yellow, pink, and cyan colors represent the Mo, S, H, and O atoms, respectively.



Figure S6. Top view of the OER intermediates (*O,"OH, and *OOH) adsorbed on different active
sites of the 1T phase of Ni@MoS,: (a—) Nil, (d—f) Mol, and (g—1) S1. Green, yellow, purple,
pink, and cyan colors represent the Mo, S, Ni, H, and O atoms, respectively.
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Figure S7. Top view of the OER intermediates (*O,"OH, and "OOH) adsorbed on different active
sites of the 1T phase of Ni@MoS,: (a—c) Ni2, (d—f) Mo2, and (g-i1) S2. Green, yellow, purple,
pink, and cyan colors represent the Mo, S, Ni, H, and O atoms, respectively.



Figure S8. Top view of the OER intermediates (*O,"OH, and *OOH) adsorbed on different active
sites of 1T phase of Ni@MoS,: (a—c) Ni3, (d—f) Mo3, and (g-1) S3. Green, yellow, purple, orange,
pink, and cyan colors represent the Mo, S, Ni, P, H, and O atoms, respectively.



Figure S9. Top view of the OER intermediates (*O,”OH, and *OOH) adsorbed on the different
active sites of 1T phase of NiP@MoS,: (a—c) Nil, (d—f) Mol, (g-1) P1, and (j-1) S1. Green, yellow,
purple, orange, pink, and cyan colors represent the Mo, S, Ni, P, H, and O atoms, respectively.



Figure S10. Top view of the OER intermediates (*O,"OH, and *OOH) adsorbed on the different
active sites of 1T phase of NiP@MoS,: (a—c) Ni2, (d—f) Mo2, (g—i) P2, and (j-1) S2. Green, yellow,
purple, orange, pink, and cyan colors represent the Mo, S, Ni, P, H, and O atoms, respectively.



Figure S11. Top view of the OER intermediates (*O,"OH, and “OOH) adsorbed on different active
sites of the 1T phase of NiP@MoS;: (a—c) Ni3, (d—f) Mo3, (g-1) P3, and (j-1) S3. Green, yellow,
purple, orange, pink, and cyan colors represent the Mo, S, Ni, P, H, and O atoms, respectively.



Table S1 Calculated AG and n of different active sites for various catalysts.

Catalyst

MOSZ

Nl@MOSZ

NiP@MoS$,

Active
sites

Ni

Mo

W N = WK = WK = WK = WK == WN = WN =~ WN = WhN —

AGy

3.112
3.022
2.632
2.797
2.750
3.022
1.613
1.916
2.269
2.104
2.051
2.019
1.919
1.409
1.435
2.585
1.569
2.757
2.569
2.669
2.808
1.996
1.897
1.621
2.372
2.134
1.967

AG (eV)
AG, AG;
0.682 2.565
0.222 3.404
0.612 3.405
0.403 2.863
1.409 1.942
0.142 3.677
0.829 0.657
0.185 2397
0.692 1.432
0.158 3.166
0.832 2.430
0.579 2.751
1.804 0.875
2337 1.573
2.325 1.970
1.128 2.627
1.722 3.152
0.812 2381
0.722 3.289
1.177 2597
0.737 2.924
1.065 2.074
1.342 2.575
1.252 1.210
1.013 2279
1.729 1.894
1.596 2.094

AGy

—1.439
—1.728
-1.729
—1.143
-1.184
-1.922
1.820
0.422
0.527
—0.508
—0.393
—-0.429
0.323
—-0.399
—0.810
-1.419
—1.523
—1.030
—1.660
—1.523
—1.549
-1.215
—0.894
0.837
—0.745
—-0.837
—0.737

TOER

(V)

1.88
2.17
2.18
1.63
1.52
245
0.59
1.17
1.04
1.94
1.20
1.52
0.69
1.11
1.10
1.40
1.92
1.53
2.06
1.44
1.69
0.84
1.35
0.39
1.14
0.90
0.86
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