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S1. Surface models
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Figure S1. Top and side view of the (2x2) supercell of: (a) (0001) surface and (b) (1010)
surface of Ni,P, and (c) (111) surface of NisS,. Red and green circles represent the Nis sites
present on these surfaces. Blue, pink, and yellow spheres are the nickel, phosphorus, and
sulfur atoms, respectively. In the (1010) surface the Ni(2) atoms are represented by light

blue spheres.

s2. #p(T'P) and #s(T'P) calculations

The chemical potential of phosphorus, ”P(T'p), is determined by the chemical

equilibrium with the gas-phase mixture of PH3 and H,,

up(TP) = ppyy (T'P) - (3/ Z)MHZ(T.p) 1)

T, T,
MPH3( P) and MHZ( P) are the chemical potentials of PH; and H,, respectively, evaluated

assuming ideal gas behavior.
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Pf3 and ~ "2 are the DFT total energies of the PH; and H, molecules, including zero-point

Z‘PH3(T'pO) and Z‘HZ(T'?’O)

vibrations. are the changes of the chemical potentials at different

temperatures, which are obtained from thermodynamic tables.’ Ppi, and PH, are the partial
pressures of PH; and H,. Thus, #p(T'P) s a function of temperature and partial pressures of
the PH3/H, gas mixture, which can be directly related to the experimental conditions.

The permitted “P(T'P) range is evaluated into two limits, P-poor and P-rich
environments. The P-poor environment limit is defined as the point at which the bulk Ni,P

reduces into metal Ni and PH3; in the presence of Hy:

Ni,P(bulk) + 3/, H,~2Ni(bulk) + PH, (s4)

The P-rich environment limit is set at the point beyond which the phosphorus starts to
deposit:

PH3~P(bulk) + 3/, H, (5)

Thus, the appropriate variation range for #p(Tp) is

NLZP Ni P P (86)

Nip phulk phulk
where, 22, Niand © P are the DFT total energies of bulk Ni,P, metal Ni and white

phosphorus, respectively.

On the other hand, the chemical potential of sulfur, “S(T'p), is determined by the

chemical equilibrium with the gas-phase mixture of H, and H,S,

#s(T\p) = py, s(T'P) =ty (T'P) (S7)
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wher are the chemical potentials of H,S and H,, respectively, also

evaluated assuming ideal gas behavior. Therefore, “s(T"P) is given by

Pu.s

ug(T,p) = |AE™! + Ajig(T,p°) + RTln(—z)
Py
2

(S8)

where AE™ s the difference between the DFT total energy of the H,S and H, molecules

Emol _ Emol . 0
( HpS Hz), including zero-point vibrations. 2#s(T'P") is the difference between the thermal

| [0s(T") = T (10 = (1)

contributions to the chemical potentia and are obtained

from thermodynamic tables." PH,s and PH, are the partial pressures of H,S and H,. Large

pHZS pHZS

values of PH, ratio correspond to sulfur-rich conditions, whereas small values of PH, ratio
relate to strongly reducing conditions, in which H, is more abundant than H,S in the gas

phase.



S3. Phosphosulfide overlayer on the (0001) surface
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Figure S2. 2Gads as a function of “s(T"P) for the (a) (0001)-Ni,,Pg, (b) (0001)-Ni,P,S,, (c)
(0001)_Nii,,Sg, and (d) (111)-Ni;,Ss. The dependence of “s(T"P) with the gas phase H,S/H,
mixture is translated into pressure scales for T = 573 K. The red dotted line corresponds to

PH25

the typical HDS partial pressure ratio, PH, 0.01. The clean surface is taken as a reference.

S4. Dissociative adsorption of H, onto the phosphosulfide overlayer on the (0001)

surface

AE= +0.51 eV
Figure S3. Top view of the optimized structures for the configurations evaluated of the
dissociative adsorption of one H, molecule on the (0001)-Nij,,Sg 4S: (a) (0001)-
Ni;»Sg_2S 2SH and (b) (0001)-Ni,,Sg 3S_1SH_1NiH surfaces. Blue, yellow, and white
spheres are the nickel, sulfur, and hydrogen atoms, respectively. Coordinatively unsaturated

nickel atoms are marked by a red asterisk.
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Figure S4. ACdiss as a function of “4(T'P) for the (a) (0001)-Ni,P,_4S (b) (0001).
Ni;,P,Ss_4S, (c) (0001)-Ni,,S; 4S, and (d) (111)-Ni,,Ss_4S surfaces. The dependence of
#y(T.p) with the gas phase H, is translated into pressure scales for T = 573 K. The

nonhydrogenated surface was taken as a reference.
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Figure S5. Top view of the optimized structures for the configurations evaluated of the

dissociative adsorption of one H, molecule on the (0001)-Nij,,Ps 4S: (a) (0001)-
Nij,Pg_2S 2SH, (b) (0001)-Nj;,Pg 3S 1SH _1PH and (0001)-Ni,Ps_3S 1SH_1NiH
surfaces. Blue, yellow, and white spheres are the nickel, sulfur, and hydrogen atoms,

respectively. Coordinatively unsaturated nickel atoms are marked by a red asterisk.
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Figure S6. Top view of the optimized structures for the configurations evaluated of the
dissociative adsorption of one H, molecule on the (0001)-Nj,,P,S, 4S: (a) (0001)-
Ni,P4S,s_2S 2SH, (b) (0001)-Ni,P,S,_3S_1SH_1PH, and (c) (0001).-
Ni;,P4+S,_3S_1SH_1NiH surfaces. Blue, yellow, and white spheres are the nickel, sulfur, and
hydrogen atoms, respectively. Coordinatively unsaturated nickel atoms are marked by a red

asterisk.



S5. Dissociative adsorption of H, onto the phosphosulfide overlayer on the (1010)
surface
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Figure S7. Top view of the optimized structures for the configurations evaluated of the
dissociative adsorption of one H, molecule on the (1010)-NijS, 2S surface: (a) (1010)-
NigSs_2SH, (b) (1010)-NjgS, 1S_1SH_1NiH, and (c) (1010)-NjzS, 2S_2NiH. Blue, light blue,
yellow, and white spheres are the Ni(1) nickel, Ni(2) nickel, sulfur, and hydrogen atoms,
respectively. Coordinatively unsaturated Ni(1) and Ni(2) nickel atoms are marked by a red

asterisk.
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Figure S8. Phase diagrams of the most stable hydrogenated surface composition for the (a)
(1010)-NjgP,_2S and (1010)-Nj;P, 4S, (b) (1010)-NjzP,S, 2S and (1010)-NjsP,S, 4S, and
(c) (1010).NjgS, 2S and (1010)-NigS, 4S surfaces as a function of “u(T'P) and #s(T'P) The
dependence of the chemical potentials with the gas phase is translated into pressure scales
for T =573 K on the upper x-axis for the H,S/H, mixture and on the right y-axis for H,. The

szs

red dotted line corresponds to the typical HDS partial pressure ratio, PH; = 0.01.
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Figure S9. Top view of the optimized structures for the configurations evaluated of the
dissociative adsorption of one H, molecule on the (1010)-NisP, 2S surface: (a) (1010)-
NisP,_1S_1SH_1NiH, (b) (1010)-Nj;P, 1S _1SH_1PH, (c) (1010)-NjsP, 2SH, and (d)
(1010)-NjsP,_2S_2NiH. Blue, light blue, pink, yellow, and white spheres are the Ni(1) nickel,

Ni(2) nickel, phosphorus, sulfur, and hydrogen atoms, respectively. Coordinatively
unsaturated Ni(1) and Ni(2) nickel atoms are marked by a red asterisk.
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Figure $10. Top view of the optimized structures for the configurations evaluated of the
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dissociative adsorption of one H, molecule on the (1010)-NisP,S, 2S surface: (a) (1010)-
NigP,S, 1S_1SH_1NiH, (b) (1010)-NigP,S, 2SH, (c) (1010)-NjsP,S, 1S_1SH_1PH, and (d)
(1010)-NjgP,S, 2S_2NiH. Blue, light blue, pink, yellow, and white spheres are the Ni(1)
nickel, Ni(2) nickel, phosphorus, sulfur, and hydrogen atoms, respectively. Coordinatively

unsaturated Ni(1) and Ni(2) nickel atoms are marked by a red asterisk.
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Figure S11. Top view of the optimized structures of the (2x4) supercell: (a) (1010).
Ni16Ss_4S, (b) (1010)-Nj,Ss_6S, and (c) (1010)- Ni;sS,_8S surfaces. Blue, light blue, and
yellow spheres are the Ni(1) nickel, Ni(2) nickel, and sulfur atoms, respectively.

Coordinatively unsaturated Ni(2) nickel atoms are marked by a red asterisk.

The (1010)-Nj,;Ss_4S surface, for instance, is equivalent to the (1010)-NisS, 2S.
Four of the eight T1 sites are covered by S atoms in an alternating pattern, resulting in four
coordinatively unsaturated Ni(2) atoms. The (1010)-Nj,sS; 8S surface is equivalent to the
(1010)-NizS,_4S, where all the T1 sites are covered by S atoms. On the other hand, the
(1010)-Ni,Ss_6S surface contains two coordinatively unsaturated Ni(2) atoms because six

of the eight T1 sites are covered by S atoms.



Figure S12. Top view of the optimized structure of the (10—10)-Ni1688_4SH surface. Blue,
light blue, yellow, and white spheres are the Ni(1) nickel, Ni(2) nickel, sulfur, and hydrogen
atoms, respectively. Coordinatively unsaturated Ni(1) and Ni(2) nickel atoms are marked by

a red asterisk.
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