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Identifying the active nickel sites and hydrogen
species in the phosphosulfide overlayer on the
Ni>P hydrotreating catalyst: a DFT-D3 study
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Density functional theory (DFT) calculations and an atomistic thermodynamic approach were employed
to identify the active nickel sites and determine the chemical nature of the hydrogen species in the
nickel phosphosulfide overlayer formed on the (0001) and (1010) surfaces of the Ni,P hydrotreating
catalyst. Our results showed that Ni(1) sites are less resistant to sulfur than Ni(2) sites, in agreement with
experimental observations. Under HDS conditions, the fully sulfided (0001) surface of Ni,P was found to
be structurally similar to the (111) surface of the low-activity sulfide NizS,, where closely coordinated Ni
atoms are prone to sulfidation. Non-hydrogenated surfaces were always the most stable, suggesting
that NiH and SH groups are unlikely to form on these surfaces. In contrast, the most stable (1010)
surface was identified as a hydrogenated surface with coordinatively unsaturated Ni(2) atoms
surrounded by SH groups. Depending on the electronegativity of their ligands (S or Ni), the hydrogen
species exhibit either protonic (H°*) or hydridic (H°7) character. Our results suggest that protons within
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1. Introduction

Nickel phosphide (Ni,P) has emerged as a promising candidate
for a new generation of industrial hydrodesulfurization (HDS)
catalysts."” According to the literature, the active phase of the
Ni,P catalyst is a nickel phosphosulfide overlayer that forms
during the HDS reaction.”® " This overlayer can also be gener-
ated by pretreatment with sulfidation agents, such as H,S or CS,
in the presence of H,, or by reducing sulfur-containing precur-
sors, such as nickel hexathiodiphosphate (Ni,P,S)."** ™

The active sites in HDS catalysts are primarily linked to
coordinatively unsaturated metal sites (CUSs), sulfhydryl (SH)
groups, and metal hydrides (MH)."”"'®* CUSs are S>~ anion
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reaction conditions, providing atomic-level insight into the origins of HYD activity in Ni,P catalysts.

vacancies located at the edges or corners of catalyst nanoparticles.
SH groups, on the other hand, result from the dissociative
adsorption of H, onto surface sulfur atoms. These groups behave
as Bronsted acid sites.'®*® MH species are formed when H,
dissociatively adsorbs onto CUSs. Consequently, it is essential
to understand the structural changes of Ni,P under reaction
conditions and the specific catalytic functions of the active sites.

In an early study, Oyama et al. investigated the catalytic activity
of Ni,P supported on low- and high-surface-area siliceous sup-
ports (SiOyL, SiO,-H, and MCM-41) for the HDS of 4,6-
dimethyldibenzothiophene  (4,6-DMDBT).>' Extended X-ray
absorption fine structure (EXAFS) analysis confirmed the presence
of two types of nickel sites: Ni(1), with tetrahedral coordination to
P, and Ni(2), with square pyramidal coordination to P. The
analysis further revealed both Ni(1) and Ni(2) sites are present
in large crystallites, whereas Ni(2) sites are more numerous on the
small crystallites. Catalytic selectivity measurements showed that
small crystallites exhibit higher selectivity toward HYD products,
while large crystallites have higher selectivity toward DDS pro-
ducts. Based on product selectivity, it was concluded that the Ni(1)
sites are primarily responsible for the DDS pathway, while the
Ni(2) sites are highly active for the HYD pathway.

In a later study, Oyama et al. investigated the sulfur-resistant
properties of the Ni,P catalyst in deep hydrodesulfurization.’
EXAFS analysis of spent catalysts revealed that Ni(2) sites are
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bound to sulfur with a lower Ni-S coordination as the particle
size decreased. Based on EXAFS results, the authors concluded
that the active Ni(2) sites on highly dispersed Ni,P catalysts are
much more tolerant of sulfur than the tetrahedral Ni(1) sites.
Furthermore, the higher selectivity for HYD products correlates
with an increased number of surface Ni(2) sites, which pre-
dominate in smaller Ni,P particles.

To elucidate the catalytic mechanism of the HDS reaction on
the Ni,P catalyst, it is essential to understand the state of
adsorbed hydrogen on the nickel phosphosulfide overlayer. To
the best of our knowledge, there are no experimental studies on
the chemical nature of hydrogen species adsorbed on Ni,P as an
HDS catalyst. Only Nelson et al., using density functional theory
(DFT) calculations, have studied the presence of SH groups on
the (0001) surface of the Ni,P catalyst.”” The authors calculated
the free energy changes associated with H,S adsorption and its
dissociation into —-SH and sulfur on the (0001) Ni;P,-terminated
surface as a function of temperature (100-1000 K) under H, and
H,S partial pressures of 5.0 and 0.1 MPa, respectively. Their
results indicated that the relative stability of the adsorbed sulfur
species follows the order H,S < SH < S. These results suggest
that hydrogen bound as an SH group might not be thermody-
namically stable under HDS reaction conditions.

On the other hand, electrocatalysis experiments have shown
that incorporating sulfur improves the performance of Ni,P in
the hydrogen evolution reaction (HER).>>>® Although the HER
and HDS occur under different conditions, both processes
involve hydrogen atoms adsorbed on the surface.*® It was found
that sulfur incorporation accelerates the adsorption rate of
reaction intermediates on the catalyst surface, thereby improving
HER kinetics. Therefore, sulfur incorporated into the catalyst
may act as an activity promoter or selectivity modifier.>”

In this work, we combined DFT calculations with an ato-
mistic thermodynamic analysis to investigate the stability of
hydrogen species on the phosphosulfide overlayer formed on
the (0001) and (1010) surfaces of the Ni,P catalyst under HDS
conditions. Our goal is to elucidate the nature of the active
nickel sites and the chemical characteristics of the hydrogen
species, which are key to understanding the hydrogenation
functionality of the phosphosulfide overlayer.

2. Computational details
2.1. Computational methods

DFT calculations were performed using the Vienna ab initio
simulation package (VASP).>®**° The Perdew-Burke-Ernzerhof
exchange-correlation functional with a generalized gradient
approximation was used.’® The projector augmented wave
(PAW) method was used to describe the electron-ion
interactions.®* Standard PAW potentials with a valence electron
distribution of Ni 3d®4s?, P 3s*3p®, S 3s?3p?, and H 1s' were
used. A plane-wave kinetic energy cut-off of 400 eV was
employed. The energy and atomic force convergence criteria
were set to 10~° eV and 0.01 eV A, respectively. The Gaussian
smearing method with a width of 0.05 eV was used to describe
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the partial occupancies of the electronic states. The DFT-D3
correction developed by Grimme et al. was used to capture
dispersion interactions, which are important to the energetics
of catalytic transformations.®*3® Gamma-centered k-point
meshes of 5 x 5 x 9 and 7 x 7 x 7 were used to sample the
Brillouin zone for the optimization of bulk Ni,P and Ni;S,,
respectively. The calculated lattice parameters for bulk Ni,P are
a=b=5.836 A and c = 3.307 A, while for bulk Ni;S, (rhombohe-
dral representation), a = b = ¢ = 4.034 A. These values are in good
agreement with the reported experimental values for Ni,P (a=b =
5.859 A, ¢ = 3.382 A)*® and Ni,S, (a = b = ¢ = 4.082 A).>” All surface
calculations were performed using symmetric slabs. The (0001)
Ni;P, surface termination was modeled using a nine-atomic-
layer (2 x 2) slab with a 3 x 3 x 1 gamma-centered k-point mesh
(Fig. S1a). The (1010) AB Ni,P surface termination was modeled
with ten-atomic-layer (2 x 2) slabs with a 3 x 5 x 1 Monkhorst-
Pack k-point mesh (Fig. Sib). The (111) surface of NizS, was
modeled with eight-atomic-layer (2 x 2) slab with a 3 x 3 x 1
gamma-centered k-point mesh (Fig. S1c). A vacuum space of 20 A
was set to avoid interactions between periodic slabs, and all
atoms were fully relaxed during the calculations. Bader charge®®
and electron density difference (EDD) analyses were performed
to assess the charge distribution and the chemical nature of the
hydrogen species adsorbed on the surface. The EDD was calcu-
lated from the following equation:

Ap = p(surface + adsorbate) — p(surface) — p(adsorbate)
1)

where p(surface + adsorbate) is the electron density of the
whole system, p(surface) and p(adsorbate) are the electron
densities of the surface, and the adsorbate calculated at the
adsorption positions, respectively. The VESTA program was
used to visualize the electron density difference isosurfaces.*®

2.2. Surface models

To construct slab models of the possible structures of the nickel
phosphosulfide overlayer on the Ni,P catalyst, we selected the
(0001) and (1010) surfaces. Papawassiliou et al.,*® using *'P
solid-state nuclear magnetic resonance (ssNMR), high-
resolution transmission electron microscopy (HRTEM), X-ray
diffraction (XRD), and DFT calculations, determined that Ni,P
nanoparticles synthesized under excess phosphorus predomi-
nantly expose these surfaces. For the (0001) surface, the slab
model was constructed from a (2 x 2) supercell with a NizP,
termination. This surface termination has been reported as the
most thermodynamically stable.*’** The surface is described
by a hexagonal supercell (a = b = 11.672 A) and contains eight P
atoms and twelve Ni atoms in the outermost atomic layer,
Niy,Pg (Fig. S1a). These Ni atoms are referred to as Ni(1). On
the surface, the Ni(1) atoms form four three-fold adsorption
sites (Ni; sites), which are labeled as T sites, as illustrated in
Fig. S1. For the (1010) surface, the slab model surface was
constructed from a (2 x 2) supercell with the AB-type Ni,P
termination, which has also been reported as the most thermo-
dynamically stable surface termination.**> The surface is
described by a rectangular supercell (@ = 11.672 A and
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b = 6.614 A) and contains four P atoms and eight Ni atoms in
the outermost atomic layer, NigP, (Fig. S1b). This surface
contains two distinct types of Ni atoms: four Ni(1) and Ni(2).
In Fig. S1b the Ni(2) nickel atoms are represented by light blue
spheres to distinguish them from the Ni(1) nickel atoms. On
the surface, the Ni atoms adopt a zigzag arrangement along the
y-axis. (Fig. S1). This zigzag configuration exhibits two types of
Nij; sites: four T1 sites and four T2 sites. Each T1 site consists of
two Ni(1) atoms and one Ni(2) atom, while the T2 site consists
of two Ni(2) atoms and one Ni(1) atom. It has been shown that
the S atoms are preferentially located at the T1 sites.*> At 50%S,
the S atoms are preferentially adsorbed at the T1 sites in an
alternating configuration. The adsorption energy difference
between T1 and T2 sites was around 1 eV. For the (111) surface
of the Ni;S, catalyst (thombohedral representation), the slab
model was constructed from a (2 x 2) supercell with the Ni3S,
termination. The surface is described by a hexagonal supercell
(a=b=11.360 A), with eight S atoms and twelve Ni atoms in the
outermost atomic layer, Ni;,Sg (Fig. S1c). The surface Ni atoms
also form four Nij; sites, which are also labeled as T sites.

The slab models of the nickel phosphosulfide overlayer on
the (1010) and (0001) surfaces were constructed following the
surface modification procedure previously reported.*” These
slab models take into account the processes of sulfur adsorp-
tion and the replacement of surface phosphorus by sulfur at the
outermost atomic layer. For the (0001)-Ni;,Pg surface, the
replacement of P by S was evaluated at 0%, 50%, and 100%
of S, where 0%S corresponds to no replacement, 50%S corre-
sponds to replacement with four S atoms, and 100%S corre-
sponds to replacement with eight S atoms. Additionally, sulfur
adsorption was evaluated at coverages of 75%S and 100%S,
which correspond to the adsorption of three and four S atoms,
respectively. Surface terminations are labeled according to the
elemental composition of the outermost layer and the number
of S atoms adsorbed. For the (1010)-NigP, surface, the replace-
ment of P by S was evaluated at 0%, 50%, and 100% of S, where
0%S corresponds to no replacement, 50%S corresponds to
replacement with two S atoms, and 100%S corresponds to
replacement with four S atoms. This surface has two types of
adsorption sites for sulfur: four T1 sites and four T2 sites (Fig.
S1b). For the slab models of the hydrogenated surfaces, we
evaluated the dissociative adsorption of one or two H, mole-
cules, corresponding to hydrogen coverages of 50% and 100%,
respectively.

2.3. Thermodynamic approach

Since HDS operating conditions are sulforeductive conditions
in which H, is more abundant than H,S in the gas phase, PH;
could be produced when P atoms are replaced by S atoms in the
presence of H,. Therefore, the possibility of complete sulfida-
tion of bulk Ni,P to bulk Ni;S, under relevant conditions was
evaluated by the following reaction:

Ni,P(bulk) + 4/3H,S + 3/2H, — 2/3Ni;S,(bulk) + PH; + 4/3H,

(2)
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. . Ni,P—Ni3S;\
and the corresponding Gibbs free energy, (AGSulﬁdation ), is

then given by
CPNiS
NGRS () = (2/D)ER, — R + m(T.p)

Sulfidation
(3)
— (4/3)us(T, p)
where EX and ERil} are the DFT total energies of bulk Ni;S,
and Ni,P phases, respectively. The chemical potential of phos-
phorus, up(T, p), is determined by the chemical equilibrium
with the gas-phase mixture of PH; and H,,

1e(T, p) = i, (T, p) — (3/2)pas, (T, p) 4)

ter, (T, p) and py (T, p) are the chemical potentials of PH; and
H,, respectively, evaluated assuming ideal gas behavior. The
calculations of chemical potentials are more detailed in the SI.

On the other hand, the chemical potential of sulfur, ug(7, p),
is determined by the chemical equilibrium with the gas-phase
mixture of H, and H,S,

ts(Ty p) = t,s(T, p) — wu, (T p) (5)

where uy s(T, p) and 4 (T, p) are the chemical potentials of H,S
and H,, respectively, also evaluated assuming ideal gas beha-
PH,S
PH,
0.01 to 0.05, and the temperature varies between 573 and 700 K.
In this study, we selected 573 K as the working temperature
because several experimental studies using Ni,P catalyst have
performed HDS measurements at this temperature,’**%%13

The possibility of replacing the surface P atoms with S
atoms, as well as the adsorption of S atoms under relevant
conditions, can be described as

vior. Under typical HDS conditions, the ratio ranges from

Ni,P) + (z + a)H,S + (3/22)H, — Ni,P(,_,S,_aS + zPH; + (z + a)H,
(6)

The Gibbs free energy associated with these processes (adsorp-
tion and replacement) can be calculated as follows:

AG(T,p) = By, s..as = ENicp, T 200(T.p) = (z+ @)ps(T, p)
(7)

where Eﬁ?\t’P(H)Skus is the DFT total energy of a slab model

(either the (0001). or (1010) surface), in which z surface phos-
phorus atoms have been replaced by sulfur atoms, in addition
to the adsorption of a sulfur atoms on the Nij sites. Eﬂ?}’p‘_ is the

DFT total energy of the pristine surface, which is taken as a
reference.

On the other hand, the Gibbs free energy change associated
only with S atom adsorption (AGg), is given by

s lab lab
AGa = ENip, s..as — ENip, 5. — aks(T,p) (8)

where % s and EXi% s s are the DFT total energy of

63
sulfided and clean surfaces, respectively. a is the number of S
atoms adsorbed.
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Finally, the dissociative adsorption of H, as NiH or SH
groups on the nickel phosphosulfide overlayer was evaluated
by the following reaction:

Ni,Py_)S._aS + nH, — Ni,Py S, aS_2nH  (9)

and the corresponding Gibbs free energy, (AG$§S>, is given by

Hy __ gslab slab

AGgl = ENip, s as 2 — ENip, 5. s — 210 (T, p)  (10)
slab slab

where ENi,\-P(},,_.)S_-_aS_ZnH and ENiVP(y,:)S_-_aS are the DFT total

energy of hydrogenated and non-hydrogenated surfaces, respec-
tively. n is the number of dissociatively adsorbed H, molecules,
and py(T, p) is the hydrogen chemical potential, where uy(T, p) =

Qs (T, p)-

View Article Online
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3. Results and discussion
3.1. Bulk Ni,P stability under the H,S/H, gas mixture

Group 8 transition metal catalysts (nickel, palladium, and
platinum) are highly susceptible to sulfur poisoning, with
nickel being the most susceptible to sulfide formation.**™*>
However, nickel phosphide-based catalysts have been shown to
be highly resistant to sulfur poisoning.>”'>*® Given that Ni,S,
is the most stable stoichiometry of nickel sulfide under HDS
reaction conditions,””™*° we investigated the relative stability of
bulk Ni,P over bulk Ni;S, in the presence of the H,S/H, gas
mixture. Bulk Ni,P belongs to the hexagonal crystal system with
the P62m space group (Fig. 1a). It is characterized by the
presence of two distinct types of Ni atoms, denoted as Ni(1) and
Ni(2).>*° Ni(1) atoms have a quasi-tetrahedral coordination

Bulk Ni,S,
Crystal System: Trigonal
Space giroup: R32

Bulk Ni,P f
Crystal System: Hexagonal
Space group: P62m

3Ni 2S
a=b=c=4.034A |
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Fig. 1 Optimized crystal structure of (a) bulk NiyP, (b) bulk NizS, in the rhombohedral representation, and (c) bulk NisS; in the hexagonal representation.
Blue, light blue, pink, and yellow spheres are the Ni(1) nickel, Ni(2) nickel, phosphorus, and sulfur atoms, respectively. (d) Phase diagram for the complete
sulfidation of bulk Ni,P to bulk NizS; as a function of up(T, p) and us(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 PHz at PH, = 1 and 10 bar. The red dotted line

DPH,S

corresponds to typical HDS partial pressures ratio, =0.01.
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geometry with the four nearest-neighbor P atoms, while Ni(2)
atoms exhibit a square pyramidal coordination geometry with
the five nearest-neighbor P atoms. In Fig. 1a the Ni(2) nickel
atoms are represented by light blue spheres to distinguish
them from the Ni(1) nickel atoms. Bulk NisS, belongs to the
trigonal crystal system with the R32 space group. It can be
described in both rhombohedral (Fig. 1b) and hexagonal
(Fig. 1c) lattice representations. This bulk only has one type
of Ni atom, which has a quasi-tetrahedral coordination geome-
try with the four nearest-neighbor S atoms.

Fig. 1d shows the phase diagram of the free energy change
for complete sulfidation of bulk Ni,P to bulk Ni;S, as a function
of up(T, p) and pg(T, p). The regions of stability of the bulk
phases are represented by the distinct colored areas. The red
dotted line in Fig. 1d represents a typical HDS p;—zs ratio. It is

Hy

observed that the complete sulfidation of Ni,P to Ni3S, may
occur when up(7, p) is lower than —6.77 eV. At 573 K, this
condition is met when ppy, is lower than 3 x 107'* bar with
pu, = 1 bar or when ppy, is lower than 10~ bar with py =
10 bar. PH; is a very strong phosphiding agent, and conse-
quently, competition could exist between the sulfidation and
phosphidation processes. Our findings suggest that bulk Ni,P
will not undergo complete sulfidation to bulk Ni;S, as long as
there is a trace amount of PH; in the gas phase. This result
correlates with the sulfur resistance observed in Ni,P catalysts
under HDS conditions.*”>4¢

3.2. Phosphosulfide overlayer on the (0001) surface

We revisited the adsorption and replacement processes of
sulfur atoms on the (0001) surface by calculating the free energy
change as a function of the phosphorus and sulfur chemical
potentials, up(7T, p) and us(T, p). The analysis was carried out
considering the thermodynamic limit in which bulk Ni,P trans-
forms into bulk Ni;S,. Fig. 2a presents the corresponding free
energy phase diagram. The stability regions of the different
surface compositions are indicated by the different shades of
green. Fig. 2b-d show the top view of the corresponding surface
structures. Surface terminations are labeled according to the
elemental composition of the outermost layer and the number
of S atoms adsorbed. In Fig. 2a, the red dotted line represents a
typical HDS % ratio, while the blue dotted line indicates the
2
phase boundary between the bulk Ni,P and Ni;S,. The (0001)-
Ni;,Pg_4S, (0001)-Ni;,P,S,_4S, and (0001)-Ni;»Sg_4S surfaces
are the most stable at a [% ratio of 0.01. All of these surfaces
Hy

have all Ni; sites covered by S atoms. The findings of this study
are consistent with those previously reported.*”

Note that the (0001)-Ni;,Sg_4S surface is the most stable at
very low PH; partial pressures. In the context of HDS experi-
ments, the presence of PH; in the gas mixture has not been
detected, suggesting that only a trace amount of PH; might be
produced by the replacement of surface P atoms by S atoms. In
contrast to the bulk phase, a very low ppy, enables the gradual
replacement of all surface P atoms with S atoms, resulting in

This journal is © the Owner Societies 2026
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Fig. 2 (a) Phase diagram of the most stable (0001)-Ni.P,_.,S,_S, surface
composition as a function of up(T, p) and us(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 PHz at py, = 1 and 10 bar. The red dotted line corresponds to the
PHyS
PH,
indicates the phase boundary between the bulk Ni,P and NizS,. Top view
of the optimized structures of the (2 x 2) supercell: (b) (0001)-Nij,Pg_4S,
(c) (0001)-Ni12P4S4_4S, and (d) (0001)-Ni;Sg_4S surfaces. Blue, pink, and
yellow spheres are the nickel, phosphorus, and sulfur atoms, respectively.

typical HDS partial pressure ratio, =0.01. The blue dotted line

the formation of a phosphosulfide overlayer on the (0001)-
Ni;,Pg surface termination. Therefore, our results suggest that
the (0001)-Ni;,Sg 4S surface could be the most stable surface
termination under HDS reaction conditions. In this regard,
Oyama et al. used EXAFS technique to study the structural
properties of supported Ni,P catalysts after the HDS reaction of
4,6-dimethyldibenzothiophene.® According to EXAFS line shape
analysis, catalysts with shorter Ni-Ni bond lengths are more
likely to form a phosphosulfide phase. It was found that the
tetrahedral Ni(1) sites are less resistant to sulfur than the
square-pyramidal Ni(2) sites. On the (0001) surface, the Ni(1)
atoms are closely coordinated with another two Ni(1) atoms
and, therefore, may be prone to sulfidation. For the Ni,P
catalyst, the active sites are believed to be the coordinatively
unsaturated surface nickel atoms belonging to the phospho-
sulfide phase. Our results suggest that the (0001)-Ni;,Sg_4S
surface could not be active under HDS conditions because the
Nij; sites, which consist of Ni(1)-type atoms, would be blocked
by sulfur atoms.
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It is noteworthy that the surface structure of the (0001)-
Ni,;»Sg_4S surface of Ni,P closely resembles that of the (111)-
Ni;,Sg_4S surface of Ni;S, (Fig. 3a and b). Both surface termina-
tions share the same composition and feature Ni; sites, where
each Ni atom is bonded to two surface S atoms. The Ni-Ni bond
distances are 2.646 A and 2.558 A, respectively. On the (0001)-
Ni;,Ss_4S surface, the Ni; sites are capped above by an S atom
and below a P atom. On the (111)-Ni;,Sg_4S surface, the Nij sites
are capped above and below by an S atom. This results in an
almost regular trigonal bipyramid. It is well known that Ni;S,
catalysts exhibit very low activity in various hydrotreating
reactions.””*®>" In this regard, Aray et al. used DFT calculations
to investigate the surface stability of the low-index Miller surfaces
and the equilibrium morphology of the Ni;S, catalyst.*> It was
found that only the (111) and (111) type surface faces are exposed

under HDS conditions. The S-covered surfaces were the most
stable in the whole range of the PHys
PH,

suggested that the surfaces of the NisS, catalyst may not have
coordinatively unsaturated metal sites available for the reaction.
For comparison, we calculated the Gibbs free energy change

associated with S atoms adsorption (AGygs) on the (0001)-Ni;,Sg

ratio. These findings
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Fig. 3 Top and side views of the optimized structures of the (2 x 2)
supercell: (a) (0001)-Niy»Sg_4S and (b) (111)-Niy»Sg_4S surfaces. Blue, pink,
and yellow spheres are the nickel, phosphorus, and sulfur atoms, respec-
tively. (c) and (d) AGSgs as a function of pus(T, p), respectively. The
dependence of us(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 the
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typical HDS partial pressure ratio, = 0.01. The clean surfaces are taken

PH,
as a reference.

7336 | Phys. Chem. Chem. Phys., 2026, 28, 7331-7343

View Article Online

PCCP

and the (111)-Ni;,Sg surfaces as a function of ug(T, p) (Fig. 3c
and d). The clean surface was taken as a reference. Additionally,
AGjqs was calculated for the (0001)-Niy,Pg and (0001)-Niy,P,S,
surfaces (Fig. S2). It is observed that the fully covered surfaces
(with four S atoms adsorbed) are the most stable across the
entire range of evaluated us(T, p). For example, at =573 K and
PH>S
PH,
the fully covered surface shows the following trend: (111)-
Ni;,Ss_4S (1.06 eV) ~ (0001)-Ni;,Ps_4S (1.05 eV) > (0001)-
Ni;,P,S,_4S (0.63 eV) > (0001)-Ni;,Sy 4S (0.46 eV). For the
(0001) surface, vacancy formation becomes energetically more
favorable as surface P atoms are replaced by S atoms; this is due
to the strain effect exerted by the S atoms.*” Within our
thermodynamic framework, surfaces with coordinatively unsa-
turated sites consisting of spatially isolated Ni; ensembles may
not be stable under HDS conditions.

= 0.01, the energy required to create a sulfur vacancy on

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

Dissociative adsorption of H, onto the nickel phosphosulfide
overlayer can lead to the formation of SH or NiH groups.
Fig. 4a-d show the optimized structures of the hydrogenated
surfaces resulting from the dissociative adsorption of one and
two H, molecules on the (0001)-Ni;,Sg_4S and (111)-Ni;,Ss_4S
surfaces. Fig. S3 shows the configurations evaluated for the
dissociative adsorption of one H, molecule on the (0001)-
Ni;,Sg_4S surface. When the SH group forms, the sulfur atom
binds to two of the three Ni(1) atoms at the Ni; site. This leaves
the third Ni(1) atom coordinatively unsaturated. Fig. 4e and f

display AG™2 as a function of uy(T, p). The non-hydrogenated

diss

surface was taken as a reference. We also calculated AG:gS for
the (0001)-Ni;,Pg_4S and (0001)-Ni,,P,S, 4S surfaces (Fig. S4).
The configurations evaluated for the dissociative adsorption of
one H, molecule on the (0001)-Ni;,Pg_4S and (0001)-Ni;,P,S,_4S
surfaces are shown in Fig. S5 and S6, respectively. It is observed
that the weakest hydrogen adsorption occurs on the (111)-
Ni;,Ss_4S surface. For example, at T = 573 K and py, = 10 bar,
the energy required for the dissociative adsorption of one H,
molecule shows the following trend: (111)-Ni;,Sg 2S_2SH
(097 eV) > (0001)-Niy,Pg 2S_2SH (0.68 €V) > (0001)-Niy,P,S,_
2S_2SH (0.62 eV) > (0001)-Ni;,Sg_2S_2SH (0.39 eV). For the
dissociative adsorption of two H, molecules on fully sulfur-covered
surfaces, the corresponding energy trend is: (111)-Ni;,Sg 4SH
(1.94 eV) > (0001)-Nij,Ps_4SH (1.44 eV) > (0001)-Niy,P,S, 4SH
(1.34 eV) > (0001)-Ni;»Sg 4SH (1.05 eV). For the (0001) surface,
hydrogen dissociative adsorption surface becomes energetically
favorable as surface P atoms are replaced by S atoms. Nevertheless,
non-hydrogenated surfaces are always the most stable, which sug-
gests that SH groups are unlikely to form on these surfaces.

3.4. Phosphosulfide overlayer on the (1010) surface

Fig. 5a shows the phase diagram of the free energy change for
the processes of adsorption and replacement by S atoms on the
(1010) surface as a function of up(T, p) and us(T, p). The stability
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a function of uy(T, p), respectively. The dependence of uy(T, p) with the gas phase H, is translated into pressure scales for T = 573 K. The non-
hydrogenated surface was taken as a reference. Coordinatively unsaturated nickel atoms are marked by a red asterisk.

regions of the different surface compositions are indicated by
the different shades of green. Fig. 5b-g show the top views of
the corresponding surface structures. In all of these surfaces, S
atoms are preferentially adsorbed at the T1 sites. In Fig. 6a, the
PHos
pH,
blue dotted line indicates the phase boundary between the bulk
Ni,P and Ni;S,. The (1010)-NigP, 28, (1010)-NigP,S,_2S, and

red dotted line represents a typical HDS ratio, while the

(1010)-NigS,_2S surfaces are the most stable at a PHaS Latio of
P,

0.01. All of these surfaces have the Nij; sites partially covered by
S atoms in an alternating configuration. The findings of this
study are consistent with those previously reported.*” It is
observed that the (1010)-NigS,_2S surface is the most stable at
very low PH; partial pressures. Therefore, our results suggest
that the (1010)-NigS,_2S surface could be the most stable sur-
face termination under HDS reaction conditions. On the (1010)-
NigS,_2S surface, each T1 site consists of two Ni(1) atoms and
one Ni(2) atom, with the Ni(1) atoms shared with the next T1
site. As a result, on the uncovered T1 sites, only the Ni(2) atoms
are coordinatively unsaturated (Fig. 5f). Our findings are

This journal is © the Owner Societies 2026

consistent with the EXAFS results by Oyama et al. that showed
the square-pyramidal Ni(2) sites bind to sulfur with a lower Ni-S
coordination.® Therefore, the nickel phosphosulfide phase
contains coordinatively unsaturated Ni(2)-type atoms available
for the HDS reaction.

3.5. Dissociative adsorption of H, onto the phosphosulfide
overlayer on the (1010) surface

Fig. 6a shows the phase diagram of the free energy change for
the dissociative adsorption of one and two H, molecules on the
(1010)-NigS,_2S and (1010)-NigS,_4S surfaces as a function of
uu(T, p) and ug(T, p). The (1010)-NigS,_2S surface is taken as a
reference. For example, the dissociative adsorption of two H,
molecules in the (1010)-NigS,_4S surface was calculated as

AGg = EXibs, asu — Exiys, os — 4un (T, p) — 2us(T, p). Fig. 6b-
d show the optimized structures for the most stable hydroge-
nated surfaces. Fig. S7 shows the configurations evaluated for
the dissociative adsorption of one H, molecule on the (1010)-
NigS,_2S. When H adsorbs to form an SH group, the S atom

binds in a bridging position between the Ni(1) and Ni(2) atoms.
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phase boundary between the bulk Ni;P and NizS,. Top view of the optimized

PH,S

PH,
structures of the (2 x 2) supercell: (b) (1010)-NigP4_2S, (c) (1010)-NigP,_4S,

=0.01. The blue dotted line indicates the

(d) (1010)-NigP,S,_2S, (e) (1010)-NigP»S,_4S, (f) (1010)-NigS4_2S, and (g) (1010)-NigS4_4S surfaces. Blue, light blue, pink, and yellow spheres are the Ni(1)
nickel, Ni(2) nickel, phosphorus, and sulfur atoms, respectively. Coordinatively unsaturated Ni(2) nickel atoms are marked by a red asterisk.

Similarly, when the H atom adsorbs to form a NiH species, it
occupies a bridging position between the Ni(1) and Ni(2) atoms.
For the (1010)-NigS,_2S surface, the dissociative adsorption of
one H, molecule produces two SH groups, leading to the (1010)-
NigS,_2SH surface (Fig. 6b). When the SH groups form on this
surface, two Ni(1) atoms become coordinatively unsaturated. On
the other hand, the dissociative adsorption of two H, molecules
produces two SH groups and two NiH groups, leading to the
(1010)-NigS,_2SH_2NiH surface (Fig. 6¢). For the (1010)-NigS,_4S
surface, the dissociative adsorption of two H, molecules pro-
duces four SH groups, leading to the (1010)-NigS, 4SH surface
(Fig. 6d). We also calculated the phase diagram of the free energy
change for the dissociative adsorption of H, on the

7338 | Phys. Chem. Chem. Phys., 2026, 28, 7331-7343

(1010)-NigP,_2S, (1010)-NigP,_4S, (1010)-NigP,S,_2S, and (1010)-
NigP,S, 4S surfaces (Fig. S8). The configurations evaluated for
the dissociative adsorption of one H, molecule on the (1010)-
NigP,_2S and (1010)-NigP,S, 2S surfaces are shown in Fig. S9

and S10, respectively.
PHys
H,
while increasing pp,, results in two phase transitions at the
most stable surface. First, the (1010)-NigS,_2S surface appears,
and then the (1010)-NigS,_4SH surface. The hydrogenated sur-
face (1010)-NigS;_4SH is stable at py;, above 10 bar. Hydroge-
nated surfaces resulting from the dissociative adsorption of H,
PH,S

on the (1010)-NigS, 2S surface become stable at lower .
H,

As shown in Fig. 6a, keeping the ratio constant at 0.01

This journal is © the Owner Societies 2026
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Fig. 6 (a) Phase diagram of the most stable hydrogenated surface com-
position for the (1010)-NigS4_2S and (1010)-NigS4_4S surfaces as a func-
tion of uy(T, p) and us(T, p). The dependence of the chemical potentials
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=0.01. Top view of the optimized structures of the (2 x 2) supercell:

ratios and higher py . For instance, the (1010)-NigS,_2SH surface
is stable at py, above 10 bar, while the (1010)-NigS,_2SH_2NiH
surface is stable at py, above 100 bar. These results imply that
surfaces with coordinatively unsaturated Ni(1) atoms, or with H
atoms adsorbed in a bridging position between the Ni(1) and
Ni(2) atoms, may only be stable under strong reducing condi-
tions. This trend was also observed on the surfaces with 0% and
50% of replacement with S (Fig. S8). On the other hand, the
energy required for the dissociative adsorption of two H, mole-
cules on fully sulfur-covered surfaces at 7'= 573 K and py, = 10
bar follows the trend: (1010)-NigP, 4SH (—0.07 eV) > (1010)-
NigP,S, 4SH (—0.14 eV) > (1010)-NigS, 4SH (—0.42 eV). These
results suggest that replacing surface phosphorus atoms with
sulfur promotes the H, dissociation process.

As mentioned above, Oyama et al. attribute the high HYD
activity observed in small particles to the presence of S-resistant
Ni(2) sites.® Therefore, we used a (2 x 4) supercell to explore the
stability of surfaces with SH groups and coordinatively unsatu-
rated Ni(2) atoms. The (2 x 4) supercell size is an expansion
along the y-axis. We evaluated the dissociative adsorption of
one, two, and four H, molecules, corresponding to hydrogen
coverages of 25%, 50%, and 100%, respectively. The surface
compositions evaluated were the (1010)-Ni;eSg_4S, (1010)-
Ni;Ss_6S, and (1010)-Ni,Ss_8S surfaces, which correspond to

This journal is © the Owner Societies 2026
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sulfur coverages of 50%, 75%, and 100%, respectively. The
supercell models are shown in Fig. S11. Fig. 7a shows that the
(1010)-Ni;Sg_2S_4SH and (1010)-Ni;¢Sg_6SH_2NiH surfaces are
PH:S ratio of 0.01. The
PH,
(1010)-Ni;6Ss_6SH_2NiH surface is only stable at py, above 10*
bar. Additionally, it is found that the (1010)-Ni,sSs_4SH surface,
which has coordinatively unsaturated Ni(1) atoms, is not stable
under any reaction conditions (Fig. S12). Surfaces with H atoms
adsorbed in a bridging position between the Ni(1) and Ni(2)
atoms, such as the (1010)-Ni;¢Sg 4SH_4NiH surface, are only
DPH,S
PH,
(1010)-Ni;Sg_8SH surface is the most stable hydrogenated sur-
face. These results suggest that hydrogenated surfaces, such as
(1010)-Ni,Sg_2S_4SH, which have coordinatively unsaturated
Ni(2) atoms, may be stable under HDS reaction conditions. Note
that the SH groups surround the Ni(2) atoms (Fig. 7b). These
findings may help explain the high HYD selectivity observed at
Ni(2) sites, as reported by Oyama et al® Organosulfur com-
pounds adsorbed on Ni(2) sites could react with H atoms from
adjacent SH groups, which may result in the formation of
hydrogenated intermediates and subsequent C-S bond cleavage.
A detailed kinetic analysis of the HDS reaction mechanism,
however, is beyond the scope of the present work.

To gain insight into the chemical nature of the hydrogen
species on the surface, we performed Bader charge and electron
density difference analyses. The formal charges of the different
adsorbed species on the surface are H, SH™, and S*>~ The
stabilization of hydrogen as a proton involves an oxidation
process, as it is accompanied by the oxidation of S atoms within
the SH group. In contrast, the stabilization of hydrogen as a
hydride corresponds to a reduction process.”> The Bader
charges (q) of the surface atoms for the (1010)-Ni;Ss_6S,
(1010)-Ni;6Sg_2S_4SH and (1010)-Ni;6Ss_6SH_2NiH surfaces
are summarized in Table 1. The hydrogen atoms are character-
ized by a different Bader charge, which reflects their chemical
identities. For the (1010)-Ni;¢Sg_2S_4SH surface, when H
adsorbs as a proton (H') to form SH groups, each H atom
carries a low positive charge of +0.04e. The charge on the S
atoms is found to be more negative as S anions (—0.48e) than as
SH groups (—0.30¢). For the (1010)-Ni;6Sg_6SH_2NiH surface,
when H adsorbs as a hydride (H), each H atom carries a
negative charge of —0.17e. Cai et al. reported the Bader charge
analysis of hydrogen atoms adsorbed on the RusS, catalyst. They
found that hydrogen atoms bonded to sulfur atoms carry a
positive charge ranging from +0.02e to +0.15¢, whereas those
adsorbed on ruthenium atoms exhibit a negative charge of
approximately —0.20e.'® The Bader charges obtained in our
study are consistent with their results in terms of both magni-
tude and sign. We also calculated the EDD to illustrate the
redistribution of electron density due to the interaction
between these species and the surface. Fig. 8a and b show
the EDD plots for the (1010)-Ni;cSg_2S_4SH and (1010)-
Ni;6Sg_6SH_2NiH surfaces, respectively. The densities of the
S, H, and SH species were used as adsorbate references. In

the most stable hydrogenated surfaces at a—=

stable under strong reducing conditions. At high
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Fig. 7 (a) Phase diagram of the most stable hydrogenated surface composition for the (1010)-Ni;gSg_4S, (1010)-Ni;Sg_6S, and (1010)-Ni;gSg_8S

surfaces as a function of uy(T, p) and us(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 red dotted line corresponds to the typical HDS partial pressure ratio,

1%:0.01. Top view of the optimized structures of the (2 x 4) supercell of the hydrogenated surfaces: (b) (1010)-NijgSg_2S_4SH, (c) (1010)-
Hy

NiySg_4SH_4NiH, (d) (1010)-NiyeSg_6SH_2NiH, and (e) (1010)-Ni;Sg_8SH hydrogenated surfaces. Blue, light blue, yellow, and white spheres are the

Ni(1) nickel, Ni(2) nickel, sulfur, and hydrogen atoms, respectively. Coordinatively unsaturated Ni(2) nickel atoms are marked by a red asterisk.

Table 1 Bader charges (q) of the species adsorbed on the (1010)-
Ni1gSs_2S_4SH, and (1010)-Ni;6Sg_6SH_2NiH surfaces

Surface gs* (¢) gsu” (€) Gssy” () quesmy’ () au’ ()
(1010)-Ni (S 2S_ 4SH  —0.48 —0.26 —0.30  +0.04 —
(1010)-Ni,¢Ss_6SH_2NiH — —0.26  —0.28  +0.02 —0.17

—-0.26 —0.31 +0.05

“ gs charge of the adsorbed S atoms. ? gg;; charge of the SH groups.
¢ gssm charge of the S atoms in the SH groups. “ gy(sm) charge of the H
atoms in the SH groups. ¢ gy charge of the H atoms in the NiH especies.

these plots, the blue regions represent electron density accu-
mulation, and the red regions represent electron density deple-
tion. For instance, the electron density accumulates on the
adsorbed H atoms on the (1010)-Ni;¢Sg_6SH_2NiH surface,

7340 | Phys. Chem. Chem. Phys., 2026, 28, 7331-7343

which is consistent with a hydridic character. Additionally,
the redistribution of electron density differs between the SH
groups due to the local chemical environment that each SH
group experiences in its immediate surroundings (Fig. 8b).
Overall, these hydrogen species exhibit either proton or hydride
character, depending on the electronegativity of their ligands
(sulfur or metal)."®

4. Conclusions

In this work, we carried out a comprehensive theoretical analysis
of the structural and electronic properties of the active nickel
and hydrogen species on the phosphosulfide phase formed on
the (0001) and (1010) surfaces under HDS reaction conditions.
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Fig. 8 EDD plots for the adsorption of the S, H, and SH species on the (a)
(1010)-NiyeSg_2S_4SH and (b) (1010)-NiySg_6SH_2NiH surfaces. The blue
and red regions represent the electron density gain and loss, respectively.
The EDD was plotted using an isodensity level of 0.0035e Borh™. Blue,
light blue, yellow, and white spheres are the Ni(1) nickel, Ni(2) nickel, sulfur,
and hydrogen atoms, respectively.

The fully sulfided (0001) surface of Ni,P, composed of Ni(1)-type
atoms, closely resembles the (111) surface of the low-activity
sulfide Ni;S,, suggesting that surfaces with spatially isolated Ni;
ensembles that are not covered by sulfur are unlikely to be
thermodynamically stable. Additionally, hydrogenated (0001)
surfaces are not stable because, upon SH group formation, the
sulfur atom binds to two of the three Ni(1) atoms within the Niz
site, leaving the third Ni(1) atom coordinatively unsaturated.

On the (1010) surface, the SH groups were identified as the
stable form of hydrogen adsorption. The (1010)-Ni,sSg_2S_4SH
surface, which has coordinatively unsaturated Ni(2) atoms
surrounded by SH groups, was the most stable under HDS
conditions. Hydrogen stabilization as a hydride, with H atoms
adsorbed in a bridging position between the Ni(1) and Ni(2)
atoms, only occurred under strong reducing conditions. Our
results indicated that the formation of the proton-hydride pair
may not occur under reaction conditions. Instead, only the
proton species within SH groups are likely to play an active role
in facilitating hydrogenation reactions on the nickel phospho-
sulfide overlayer formed on the Ni,P catalyst. It should be
emphasized that the surface structures identified in this work
correspond to thermodynamically stable surfaces under equili-
brium assumptions, rather than a unique description of the
dynamic catalytic surface under reaction conditions.

Overall, these findings offer insight into processes occurring
at the catalyst surface that may influence HYD selectivity at
Ni(2) sites. Organosulfur species adsorbed at these sites may
interact with protons from nearby SH groups, potentially form-
ing hydrogenated intermediates and facilitating subsequent
C-S bond hydrogenolysis.
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