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HIGHLIGHTS GRAPHICAL ABSTRACT

e Defective engineering is adopted for
design of high-performance NiPS3
catalyst.

e Co-formation of vacancies in both Ni and
S sites is the most effective approach.

o S-substitution-like physisorption of H,O
is observed on a vacant S site.

e The dissociative occupation of OH and H
is observed for vacant sites of S and Ni.

e Origin of defect-dependent catalytic ac-
tivity is wunraveled by electronic
analyses.

ARTICLE INFO ABSTRACT
Keywords: This study investigates the effect of defect engineering on the catalytic activity of a NiPS3 monolayer catalyst for
Hydrogen evolution reaction the hydrogen evolution reaction (HER). Three different types of vacancies on the basal plane of the monolayer are

Defect engineering
Transition metal phosphorus trichalcogenide
Density functional theory

explored through a multi-step mechanism involving the dissociative adsorption of a water molecule and subse-
quent electrochemical adsorption of the dissociated proton. Co-formation of vacancies in both Ni and S sites is
found to be the most effective in enhancing the catalytic performance of the monolayer. A key resource for the
reaction thermodynamics is the S-substitution-like physisorption of a water molecule on a vacant S site, followed
by the dissociative occupation of OH and H into vacant sites of S and Ni elements, boosted by the NiS di-vacancy
configuration with low activation energy barriers. Investigation reveals the highest contribution of bonding or-
bitals to the monolayer-H bond makes it the most desirable defect engineering approach for transition metal
phosphorus chalcogenides with high HER activities. Overall, this study highlights the significance of controlled
defect engineering in augmenting the catalytic performance of NiPS3 monolayer catalysts for HER.
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1. Introduction

Hydrogen evolution reaction (HER) is a pivotal process in the field of
renewable energy and electrochemistry, which refers to the release of
hydrogen gas from a cathode in an electrochemical cell [1,2]. This re-
action plays a critical role in the production of hydrogen fuel and the
development of hydrogen-based energy storage systems. With increasing
global interest in sustainable energy sources and a growing demand for
clean energy technologies, the study of HER has gained significant
attention in recent years. Furthermore, the challenge of achieving an
efficient and cost-effective production of hydrogen through HER has
been a prominent issue, especially in replacing Pt, the well-established
best catalyst [3-5]. With the objective of overcoming this challenge,
intensive efforts have been dedicated to developing two-dimensional
catalysts (e.g., MoS, and VS;) that can improve the efficiency and sta-
bility of the reaction [6-10]. For example, Ye et al. used a combined
approach of oxygen plasma and hydrogen treatments to increase the
surface density of catalytically active sites on MoS; monolayer and ach-
ieve a significant enhancement in its HER activity [6]. Meanwhile, Zhang
et al. synthesized metallic VS, nanosheets with rich defects, using a facile
one-pot solvothermal method [9]. They demonstrated that defect-rich
environments and resultant modification in electronic structures could
significantly enhance the electrocatalytic HER activity.

Recently, another two-dimensional structural family, transition metal
phosphorus trichalcogenides (e.g., MnPS3, NiPS3, MnPS; 5Se; s, and
NiPS; 5Se; 5), have attracted special attention due to their intrinsic two-
dimensional antiferromagnetism [11-14]. Among them, NiPS3 is
considered a promising candidate for HER electrocatalysis. Despite its
potential, its unsatisfactory activity, originating from its semiconducting
nature and the inertness of its basal plane, remains a challenge. Various
experimental studies have been highlighted with an aim of activating
catalytic activity of the basal plane [8,15,16]. For instance, Wang et al.
doped the P site of a NiPS3 monolayer with a non-metal heteroatom, such
as B, C, N, or O, to activate its inert basal plane [15]. Zhang et al. have
enhanced the catalytic activities for water splitting by decorating a
pristine NiPS3 monolayer with single-atom Co [16]. Although there have
been notable developments in enhancing the structural activation of
basal planes through defect engineering, there is still a need to further
explore the chemistry underlying the defect-induced design of transition
metal phosphorus trichalcogenides in order to identify an appropriate
direction for design.

In conjunction with experimental efforts, the integration of computa-
tional protocols is crucial to the development of efficient and cost-effective
catalysts for HER [3,4,17]. With the use of first-principles computational
chemistry, researchers can gain a deeper understanding of the mecha-
nisms and energetics of the reaction. This allows for predictions about the
expected performance of carefully designed, unique catalysts without the
need for extensive synthesis and testing. In addition, computational
studies can provide a deeper understanding of the relationships between
the structure of catalysts and their performance in HER, suggesting desired
design directions and optimization of catalysts with specific properties
and functions. In this study, the activation of the NiPS3 monolayer surface
is systematically designed through the induction of vacancies to gain
insight into the fundamental chemistry underlying the impact of the va-
cancies on its catalytic activity. The first-principles density functional
theory (DFT) calculations are employed to investigate the thermody-
namics of vacancy formation as well as the correlations between the defect
engineering and the catalytic performance of HER on the NiPS3 mono-
layer. Our investigation reveals that the co-formation of vacancies in both
Ni and S sites would be the most effective in enhancing the catalytic
performance of the monolayer, particularly in the adsorptive dissociation
of water molecules and the subsequent electrochemical adsorption of
dissociated protons during multi-step HER mechanisms. Furthermore, the
chemical origin of the vacancy-dependent performance difference is
unraveled through electronic structure analyses.
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2. Computational methods

General information on computational calculations: To model the bulk
structure of two-dimensional layered NiPS3;, we used experimentally
refined structural information (monoclinic structure with a symmetry of
C2/my; lattice parameters: a = 5.76 [o\, b =10.06 f\, c=6.58 1°\, and g =
107°) (Fig. 1) [18]. The geometrically optimized bulk unit cell exhibited
lattice parameters of a = 5.81 /o\, b=10.06 1°\, c=6.74 A and f=106.78°,
which agree well with their experimental values, sustaining its experi-
mental space group. Two-dimensional NiPS3 monolayer models with two
different slab sizes (i.e., (2 x 1) and (3 x 2) slab-like supercells) were then
designed using the optimized bulk unit cell followed by atomic relaxation.
To prevent unrealistic interactions between neighboring images, each
monolayer model contained a vacuum of 20 A along the z-direction. We
also introduced either mono- or di-vacancy by removing Ni and/or S atoms
from the monolayer models (Fig. 1). All bulk and slab calculations were
performed using the Vienna ab initio simulation package with the projector
augmented wave (PAW)24 method with a cutoff energy of 400 eV. The
generalized gradient approximation (GGA) parameterized by Perdew,
Burke, and Ernzerhof (PBE) was applied with spin polarization [19-22].
During geometry optimization, all atoms were fully relaxed with an energy
convergence tolerance of 107> eV per unit cell, and the final force on each
atom was < 0.02 eV/A. To better describe the highly localized d electrons,
we employed the DFT + U approach in Dudarev's approximation with a
Hubbard U correction (U = 4.0 eV) to Ni for all DFT calculations [23,24].
Monkhorst-Pack grid points with 3 x 3 x 1and 1 x 1 x 1 k-meshes were
used for the atomic relaxation of (2 x 1) and (3 x 2) slab supercells,
respectively, while deeper electronic analyses utilized 6 x 6 x 1 k-meshes
[25]. To account for the dispersion correction to potential energy, we used
the zero damping DFT-D3 method for all calculations [26]. Additionally,
we performed climbing image nudged elastic band (CI-NEB) calculations
to obtain the potential energy surfaces along hydrogen evolution pathways
[27]. Notably, NiPS3 is more stable under an anti-ferromagnetic moment
configuration than under a ferromagnetic one, thus the anti-ferromagnetic
configuration was applied to all bulk and slab calculations [28,29].

HER thermodynamics: The Gibbs free energy change (AG,4) of water
dissociation reaction on a catalyst surface can be defined as the following
equations:

AG; = Gx@von) — Gamo (@]

G=E+ZPE —-TS 2)

Here, G«40n) and Gsp,o represent the Gibbs free energies associated
with the H-OH pair and H,O adsorbed on the catalyst surface during the
dissociative adsorption of a water molecule, respectively. The terms, E,
ZPE, S, and T denote the DFT-calculated electronic energy, zero-point
energy, entropy, and temperature (298.15 K in this study), respec-
tively. Following a similar logic, the Gibbs free energy change (AGy+ and
AGop+) associated with the electrochemical adsorption of a dissociated
proton and hydroxyl ions on the catalyst surface can be calculated using
the following equation.

1
AGH* = G*H - G* - EGH2 (3)

AGoy+ = Gron — G+ — Guyo — %GHZ @
Here, G+, G+g, and Gy, describe the Gibbs free energies associated with
the catalyst surface, H adsorbed on the catalyst surface, and an isolated
Hj molecule, respectively. The theoretical exchange current density (ip)
can be calculated using Ngrskov's assumption which states that the rate of
the electrochemical reaction is proportional to the number of active sites
on the catalyst surface and the probability of reaction per site. This can be
expressed as [30]:
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Fig. 1. (a) Bulk model of two-dimensional layered NiPS; structure and top/side views of its slab-like (2 x 1) monolayer supercell. (b) Pristine NiPS3 monolayer model
and its defective models with Ni-, S-, and Ni/S-vacancies. Atoms with blue, pink, and yellow in color depict nickel, phosphorus, and sulfur, respectively.
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eko
1 + exp (|AGy+|/ksT)

)
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Here k is the rate constant that accounts for all factors related to solvent
recombination observed during a proton transfer to the catalyst surface.
In this study, we set ko to one for the sake of clarity in visualization.

Vacancy formation energy: The formation energy (Ef[X]) of a surface
vacancy in a two-dimensional NiPS3 monolayer model can be determined
using the following equation [31]:

E'[X] = E[X] — E[NiPS5] = > “nip; (6)

Here E[X| and E[NiPSs] represent the DFT-calculated energies of NiPS3
monolayer models with and without the neutral surface vacancies,
respectively. Notably, defective sites on S and Ni elements are commonly
observed for NiPSs catalysts [32]. Therefore, either S or Ni element was
removed to create a mono-vacancy type, while the removal of a Ni-S
element pair at their nearest neighboring positions was conducted for the
di-vacancy type. The surface vacancies are named as Vs, Vy;j, and Vy;j_g for
S-, Ni-, and Ni/S-vacancies, respectively, where the integer n; stands for
the total number of vacancies associated with an element, i (i.e., S or Ni)
removed from the catalyst, and y; indicates the chemical potential of the
element, i. The chemical potentials of the constituent elements in NiPSg3
are thermodynamically constrained to model experimental growth con-
ditions. The equilibrium conditions of the chemical potentials for the
growth of NiPS; are defined as:

(-2.71,0) (0,0)
o — NisS,
/ \"\.__ D = Ni3S,
3 \9\7 A ) — NiS,
3 || P-rich %, =t
%/’ S P4S7
PS5
— NiPS
Ni-rich
—
AuN,(eV) (0,-2.71)
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Hy; + Hp + 3ps = E[NiPS3] Q)

Here, i; represents the chemical potential of element i. Using the definition
of the formation energy, AHy(NiPS3) = E[NiPS3] — (E[Ni] + E[P] + 3E[S]),
the equilibrium conditions of chemical potentials can be expressed as:

AH;(NiPS3) = (uy; — EINi]) + (up — E[P]) +3(us — E[S]) = Apy; + App ®)
+3Aug

Here, Ay; = pi; — E; is the change in the chemical potential of an element,
i, relative to its bulk phase energy. Specifically, p; is the chemical po-
tential of the element, i, and E; is the DFT-calculated total energy per
formula unit for its bulk phase compound. Notably, y4;, is predicted from
the afore-mentioned relationship of y;, E;, and Ay;, while E; is computed
by the DFT method and Ay; is obtained for a specified point in Fig. 2a.

Since it is presumed that the bulk phases of Ni, P, and S elements are
not formed, the following conditions must also be satisfied:

Apy; <0 9
Ap <0 10)
Apg <0 an

Following the same logic, bulk phases that compete with NiPSs, such
as NisSy, NisS4, NiSy, P2Ss, P2S7, P4Sy, and NiPS, must also satisfy the
following constraints:
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Fig. 2. (a) Chemical potential space (in gray color) of three constituent elements, Ni, S, and P, enabling the stable formation of two-dimensional NiPS3 monolayer
under the consideration of relevant constraints. (b) The formation energies (in eV) of Vs, Vy;, and Vy;_s at two selected sets of points, namely (b) A-O-B and (c¢) C-O-D,

within the chemical potential space defined in (a).
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AH(Ni3Sy) > 3Apy; + 2Aug 12)
AH; (NisSy) > 3Auy; + 4Aug (13)
AH(NiSy) > Apy; + 20pg (14)
AH;(P>S7) > 2App + 7Apug (15)
AH;(P4S7) > 4Au, + TAu (16)
AH;(P2Ss5) > 2Aup + SAug an
AH;(NiPS) > Ay, + App 4 Apig (18)

Table 1 lists all the DFT-calculated formation energies as defined by
the aforementioned equations. The stable formation of the two-
dimensional NiPS3 monolayer was considered under the constraints
outlined in Fig. 2a, which defines the range of chemical potentials of the
constituent elements. To examine the vacancy formation energies at
different points, two sets of three points were selected linearly within the
defined chemical potential range.

In the surface vacancy formation scenarios, the incorporated va-
cancies were presumed to be neutral, regardless of the vacancy type. For
mono-vacancy scenarios, it is noteworthy that the presence of charged
vacancies is essentially impossible in terms of the charge neutrality of the
designed model systems. For di-vacancy scenario (Ni/S-vacancy), the
total charge of the Ni-S vacancy pair should be neutral, despite the
possibility of oppositely charged states for the Ni and S vacancies. More
importantly, the charge assignment of individual vacancies in the NiPS3
catalyst with a surface di-vacancy would not affect core conclusions on its
computational performance parameters drawn below, considering the
characteristics of the performance depending on the electronic structures
of catalyst surfaces. Notably, the vacancy formation energy may rely on
the charge states assigned in each vacancy for the di-vacancy scenario.
However, this study verifies that the formation of the neutrally charged
surface di-vacancy would be relatively feasible as compared with other
two-dimensional materials, such as C-vacancy in graphene and S-vacancy
in MoS; (Fig. 2). Therefore, it is not necessary to further investigate the
thermodynamic stability for various di-vacancy scenarios with posi-
tively/negatively charged vacancies.

Electronic analysis: To elucidate the impact of vacancies of the elec-
tronic structure of NiPS3 monolayer, p-band centers (¢p) of S and P atoms
were calculated using the following equation:

ff; ep,de

=& (19)
I p,de

Ep

Here, Er represents the Fermi level (which, for simplicity, we set to 0 eV),
pp stands for the local density of states (LDOS), and ¢ is an energy width of
the p orbital. In addition, the LDOS of each monolayer model was
examined to understand the vacancy-dependent binding strength of
protons adsorbed electrochemically onto the catalyst surfaces.

Table 1
DFT-calculated formation energies of NiPS3 and its competing
phases for the chemical potentials space of three constituent

elements.
Compound Formation energy (eV)
NiPS3 —2.71
NizS, —2.20
NigSs -2.69
NiS, —-1.05
P,Ss -1.22
P,S; -1.20
P4S; -2.30
NiPS —1.04
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3. Results and discussion

This study analyzes the impact of defects on the catalytic stability and
performance parameters of NiPSs, to better understand the potential ef-
fects of defective surfaces that may be generated during experimental
catalyst development processes. Surface defects, represented by va-
cancies, are systematically designed, and considered with variations in
the type of vacancy, as illustrated in Fig. 1. The first section of the study
discusses the thermodynamic stability of catalyst surfaces with various
mono- or di-vacancies with the aim of assessing the feasibility of surface
vacancy formation. The subsequent section further analyzes the intro-
duction of thermodynamically feasible vacancies on the catalyst surfaces
to decipher the effect of local vacancies on catalytic HER activity.

Notably, the surface vacancies designed in this study may be deacti-
vated by various resources, including the adsorption of hydroxyl ions or
other impurity ions on vacant sites. However, it is noteworthy that the
main goal of this study is to understand the catalytic performance asso-
ciated with the dissociative adsorption of HyO and subsequent hydrogen
adsorption on distinct surface vacancies of NiPS; monolayer. A deep
analysis of the potential degradation of the vacant sites is therefore
beyond this work. Nonetheless, we explored for a potential degradation
arising from the adsorption of hydroxyl ions on S vacancy exposed on the
surface of NiPS3 monolayer, because the hydroxyl ions are involved
during the process of the dissociative adsorption of HyO. The adsorption
free energies of a hydroxyl ion on the S vacancy sites of S mono-vacancy
and NiS di-vacancy scenarios are revealed to be positive, indicating the
thermodynamic instability of the adsorption behaviors (Fig. S17). The
small atomic size of oxygen relative to sulfur seems to significantly lower
the electronic overlap with local surface atoms, leading to the weakening
of the adsorption strength. Therefore, it is evident that the hydroxyl ions,
produced by the dissociative adsorption of H,O on the catalyst surface,
would not trigger the degradation of catalytically active vacancies.

3.1. Assessing thermodynamic feasibility of vacancy formation

The vacancy formation energies of three distinctive vacancy types,
namely Vg, Vyj, and Vyj_s, were investigated to unravel their relative
thermodynamic stability (Figs. 2b and c). Notably, the most stable
configuration was identified by examining the vacancy formation ther-
modynamics of all available configurations for each vacancy type. An
analysis of the vacancy formation energies of NiPS3 monolayer at two
different three-point sets (i.e., A-O-B and C-O-D) reveals the relative
thermodynamic stability on the three distinctive defective surfaces. The
NiPS3 monolayer with Vg is predicted to be the most plausible defective
surface over the almost entire chemical potential space for the A-O-B line
and at about 75% of the chemical potential space for the C-O-D line. In a
previous experimental study, Tong et al highlighted that two-
dimensionally layered NiPS3 structures contained a majority of va-
cancies in S sites with a minor number of Ni-induced vacancies, which is
in great agreement with our computational analysis [32]. This validates
the reliability of our computational protocol for accurately predicting
vacancy formation thermodynamics. Furthermore, the NiPS3 monolayer
is predicted to preferentially form mono-vacancy rather than di-vacancy
over the entire chemical potential ranges for both the descriptive points,
A-O-B and C-O-D, indicating a potentially weakened stability of
di-vacancy arising from a repulsive interaction between neighboring
vacancies. Notably, the discussed trend in the vacancy formation ther-
modynamics is independent of the surface coverage of vacancies.

The feasibility of S vacancy formation in NiPSs is further evaluated by
comparing its thermodynamics with the formation of defective surfaces
in various two-dimensional materials. The formation energies of C-va-
cancy in graphene [33] and S-vacancy in MoS; [34] have been reported
to be 7.69 and 5.85 eV, respectively, which are higher than the vacancy
formation energies (0.80-2.96 eV) in NiPSs (Figs. 2b and c). This implies
that vacancy formation in NiPS3 structures would be relatively feasible
under experimental conditions. Therefore, understanding the effect of all
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surface vacancies (i.e., Vs, Vi, and Vyi_s) on HER performance is crucial
in suggesting a desired direction of defect-induced surface modulation.

3.2. Two key steps of HER

HER is initiated under alkaline conditions by the dissociative
adsorption of a water molecule on the surface of a catalyst. This process
produces a proton and a hydroxide anion, which are subsequently
adsorbed on the catalyst surfaces of the cathode and anode, respectively
[35,36]. To analyze the HER activity and resultant performance, it is
useful to consider the two main steps involved: (i) the dissociative
adsorption of a water molecule on a NiPS3 monolayer and (ii) the elec-
trochemical adsorption of the dissociated proton on the NiPS3 mono-
layer. The type of vacancies present in the NiPS3 monolayer can
significantly influence the efficiency of these steps and therefore affect
the overall performance of the HER reaction.

3.3. Vacancy-induced enhancement in HER: dissociative adsorption of
water molecule

1st step of the dissociative adsorption of a water molecule: In the first step
of the dissociative adsorption, a water molecule goes through the phys-
isorption on an active site of each catalyst surface, triggering dissocia-
tion. The energetic stabilization of this process is calculated to range from
—0.14 to —0.55 eV for NiPS3 monolayer models presented in this study
(Fig. 3). The Gibbs free energy change resulting from the physical
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adsorption thermodynamics, including vibrational and entropic contri-
butions, is determined to range from —0.10 to 0.87 eV for all models
(Fig. S1). Notably, the active site is chosen based on the identification of a
globally stable adsorption site among all available sites. Clearly, the
pristine NiPS3 monolayer exhibits physical adsorption primarily through
an electrostatic interaction of P (catalyst) — O (water) with negligible
contributions from interactions between S (catalyst) and H (water)
(Figs. S2a and S2e). The centrally positioned Ni atoms do not participate
in the physical adsorption owing to geometrical hindrance, despite their
electron-donating nature (Figs. S1, S2a, and S2e).

Further analysis reveals the effect of vacancies in the catalyst surface
on the physical adsorption strength of a water molecule (Figs. S1 and S2).
The incorporation of S mono-vacancy is found to have a beneficial effect,
reducing the Gibbs free energy change by 0.090-0.102 eV depending on
the surface coverage of the vacancy, due to a fundamental change in the
binding characteristics (Figs. S1, S2b, and S2f). This is because the
removal of an electron-withdrawing S atom exposes the geometrically
hindered Ni atoms, facilitating a significant electronic transfer from the
electron-donating Ni atoms to the O atom of the adsorbed water molecule
through an S-substitution-like formation of the O atom (Figs. S2b and
S2f). In contrast, the removal of a centrally positioned Ni atom in the
monolayer has a detrimental effect on the electronic transfers between
the monolayer and water, exhibiting a relatively small visual cloud
compared to the pristine monolayer (Figs. S2¢ and S2g). Notably, pre-
vious studies on the HER activity of defective MoS; monolayers have also
highlighted that the performance of S vacancy configuration is superior
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Fig. 3. DFT-calculated relative energy profiles (with computed transition state (TS) levels) associated with the dissociative adsorption of a water molecule on two-
dimensional NiPS; monolayer models with (a) no vacancy, (b) Vs, (¢) Vi, and (d) Vyis. All available pathways associated with the dissociative adsorption are

considered for each vacancy type.
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(b, f) S mono-vacancy, (c, g) Ni mono-vacancy, or (d, h) NiS di-vacancy. In (e-h), areas with orange and green in color indicate the electron-rich, and electron-deficient
areas, respectively. Atoms with blue, pink, yellow, red, and white in color depict nickel, phosphorus, sulfur, oxygen, and hydrogen, respectively.

to that of transition metal vacancy configuration [37-39]. Surprisingly,
the co-removal of neighboring Ni and S atoms to form a NiS di-vacancy
dramatically improves the physical adsorption thermodynamics with a
lower free energy change than the S mono-vacancy configuration, despite
the co-existence of a detrimental Ni vacancy (Fig. S1). Deeper analysis
reveals that the additional removal of a Ni atom neighboring the S va-
cancy enables hydrogen atoms of the water molecule to form hydrogen
bonds with neighboring S atoms through self-reorientation (solid circles
with red color in Fig. S2h). This is the main reason for the unexpected
stabilization of the physical adsorption of the water molecule.

2nd step of dissociative adsorption of water molecule: The second step
involves the subsequent dissociation of the physically adsorbed water
molecule into a pair of a proton and a hydroxide anion. The impact of
vacancy-induced dissociation is analyzed from both thermodynamic and
kinetic points of view (Fig. 3 and Table 2). This chemical decomposition
process is completed by adsorbing each decomposed species onto its
stable site. It is quite clear to see that the Gibbs free energy change and
relevant transition state associated with dissociation strongly depend on
the vacancy type and reaction pathway. Detailed pathways associated
with dissociation are described in Figs. S3-S6. The dissociation of a water
molecule adsorbed on pristine NiPSs monolayer has a Gibbs free energy
change of 0.88 eV, which is relatively high as compared with 0.26, 0.57,
and —0.91 eV (at their most stable pathways) with the incorporation of
Vs, Vi, and Vyji_s on the monolayer, respectively. Furthermore, six out of
the nine possible dissociation pathways for NiPS3 monolayer with Vi s
are thermodynamically exothermic, with Gibbs free energy changes
ranging between —0.37 and —0.91 eV. These findings indicate that all the
defective sites would play a crucial role in decomposing the adsorbed
water molecule, with an emphasis on the synergistic effect of neigh-
boring vacancies.

Under alkaline conditions, the dissociative adsorption of water mol-
ecules on a catalyst surface is well-known to be the rate-determining step
for the catalytic HER [40-44]. Further analysis of the kinetic behavior
associated with the dissociation of water molecules adsorbed on a NiPS3
monolayer reveals that the thermodynamic enhancement induced by
vacancies can be boosted by kinetic benefits (Fig. 3 and Table 2). Spe-
cifically, the activation energy barriers for the S mono-vacancy config-
uration range from 0.45 to 1.70 eV, depending on the pathways, with the
most stable pathway having an activation energy barrier of 0.45 eV. For
the Ni mono-vacancy configuration, the most stable pathway has a lower

Table 2

Gibbs free energy changes (AGg;s) for the dissociation of a water molecule
adsorbed on pristine NiPS3 monolayer model and its defective models and DFT-
calculated activation energy barriers (E,) for the reaction. (*: the most stable
pathway).

Pristine material AGgis (V) E, (eV)
PATH 0.88 1.44
S mono-vacancy AGgs (eV) Ea (eV)
PATH1_S* 0.26 0.45
PATH2 S 1.07 1.28
PATH3_S 1.25 1.13
PATHA4.S 0.58 1.30
PATHS_S 0.72 1.70
Ni mono-vacancy AGy;s (eV) E, (eV)
PATH1_Ni* 0.57 1.40
PATH2 Ni 1.23 2.28
NiS di-vacancy AGy;s (eV) E, (eV)
PATH1_NiS 0.68 1.04
PATH2 NiS 0.20 1.17
PATH3_NiS —0.86 0.15
PATHA4_NiS* —-0.91 0.81
PATHS5_NiS —0.62 0.67
PATH6_NiS —0.67 0.36
PATH7_NiS —0.62 0.93
PATHB8_NiS -0.37 1.20
PATHO9 NiS 1.06 1.48

activation energy barrier (1.40 eV) than the pristine NiPS3 monolayer.
Interestingly, the NiS di-vacancy configuration, which shows the most
significant enhancement in the reaction thermodynamics, has activation
energy barriers ranging from 0.15 to 1.48 eV, depending on the pathway,
with the most stable pathway having an activation energy barrier of 0.81
eV. More importantly, the second and third most stable pathways, which
have negative Gibbs free energy changes, have the lowest activation
energy barriers (0.15 and 0.36 eV, respectively) among all the possible
reaction scenarios described in this study.

Consequently, the dissociative adsorption of a water molecule on a
NiPS3; monolayer can be most efficiently achieved by the incorporation
of a NiS di-vacancy. (i) NiS di-vacancy can enhance the activation
process of the physical adsorption of the water molecule on the
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monolayer with Gibbs free energy changes close to zero. (ii) The sub-
sequent dissociation of the water molecule adsorbed on the monolayer
can be further assisted by the incorporated NiS di-vacancy, which offers
both thermodynamic and kinetic benefits. From a thermodynamic
perspective, the NiS di-vacancy configuration dramatically lowers the
reaction thermodynamics, even producing negative Gibbs free energy
changes (i.e., exothermic reaction) for several pathways. This implies
that the di-vacancy configuration utilizing the synergistic effect of
neighboring vacancies would be best suited for the stable formation of
an electrochemically dissociated proton. From a kinetic perspective, the S
mono-vacancy configuration is predicted to have the most significant
reduction in the activation energy barrier for the dissociation of a water
molecule adsorbed on the NiPS3 monolayer when considering the most
stable pathway for each vacancy configuration. This trend is however
not consistent with the results from other (promising) metastable
pathways. The NiS di-vacancy configuration is particularly highlighted
to have the lowest activation energy barriers through pathways which
offer the secondly and thirdly most significant thermodynamic benefits.
This implies that the dissociation of a water molecule adsorbed on the
NiS di-vacancy configuration can be kinetically boosted once the global-
minimum active site is already occupied by another water molecule.
Considering the importance of dissociative water adsorption as a key
step for determining HER kinetics together with the highlighted ther-
modynamic benefits, the NiS di-vacancy configuration is concluded to
be the most desirable for the dissociative adsorption of a water molecule
on a NiPS3 monolayer.

S vacancy Formation
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Origin of vacancy-induced enhancement in the dissociative adsorption of
water molecule (Fig. 4): The dissociated species, namely proton and hy-
droxide anion, play a crucial role in stabilizing the electronic structure of
the NiPSs monolayer with Vg or Vyj_g, through the S-substitution-like
formation of a hydroxide anion on the monolayer with active electronic
transfers. Under the NiS di-vacancy configuration, both the S and Ni
vacancies are even rigorously stabilized by hydroxide anion and proton,
respectively, leading to exothermic dissociation thermodynamics. In
contrast, the NiPS3 monolayer with no vacancy or with Vy; (i.e., the
removal of Ni atom deep inside the monolayer) exhibits surficial elec-
tronic transfers of P (catalyst) — O (water) and S (catalyst) — H (water),
which results in relatively weak stabilization in the dissociation ther-
modynamics. Therefore, the vacancy-induced enhancement in the
dissociative adsorption of a water molecule is mainly attributed to the
stabilization of the dissociated species through active electronic transfers
between the catalyst and water molecule.

3.4. Vacancy-induced enhancement in HER: electrochemical adsorption of
proton

The activation of a dissociated proton on the surface of a catalyst is a
crucial step in determining the HER activity, through either Heyrovsky
or Tafel scheme associated with the subsequent evolution of a hydrogen
molecule. The effect of the afore-mentioned vacancies on the adsorp-
tion of hydrogen on NiPS3 monolayer is therefore investigated to assess
the potential of defect engineering in enhancing HER activity (Figs. 5
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0.8 \ §
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S vacancy Formation

NiS di-vac

Fig. 5. Gibbs free energy changes associated with the adsorption of a hydrogen atom on two-dimensional NiPS3; monolayer ((2 x 1) supercell) with no vacancy or with
vacancies (i.e., Vs, Vi, and Vy;_s). Atoms with blue, pink, yellow, and white in color depict nickel, phosphorus, sulfur, and hydrogen, respectively.
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and S7-S12). For a reference system, the pristine NiPS3 monolayer
exhibits a relatively weak hydrogen adsorption, with free energy
changes of 1.54 and 1.03 eV associated with the hydrogen adsorption at
P and S sites, respectively (Figs. 5, S7a, S8a, and S9). This intrinsic
adsorption strength is compared to that of Pt, the best-known HER
catalyst, which has a mild free energy change (—0.09 eV), causing a
thermodynamic barrier against subsequent evolution of a hydrogen
molecule [45]. Therefore, investigating the effect of vacancies on
hydrogen adsorption is crucial for understanding their potential in
enhancing the overall HER activity.

The incorporation of a vacancy in NiPS3 monolayer however drasti-
cally enhances the HER activity (Figs. 5 and S7b-S7d). The incorporation
of S mono-vacancy enables the hydrogen adsorption thermodynamics to
range between 0.32 and 1.63 eV, indicating a potential benefit in the
HER activity for Ni, P1, and S3 adsorption sites (Figs. 5, S7b, S8b, and
S10). Moreover, the Ni mono-vacancy configuration exhibits better
hydrogen adsorption thermodynamics for all S adsorption sites, with free
energy changes closer to zero than the pristine NiPS3 monolayer (Figs. 5,
S7c, S8¢, and S11). Most impressively, the NiS di-vacancy configuration
has multiple adsorption sites near the hydrogen adsorption thermody-
namics (—0.09 eV) of a reference catalyst, Pt, with an emphasis on the
presence of an ideally suitable adsorption site, namely S6 (Figs. 5, S7d,
S8d, and S12). This active site consistently exhibits the hydrogen
adsorption thermodynamics within —0.09 to 0.09 eV, regardless of the
vacancy coverage. This suggests that achieving hydrogen adsorption
activity of NiPS3 monolayer comparable to that of Pt catalyst requires
state-of-the-art design of its local surface geometry.
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The impact of vacancies on the HER activity is further highlighted by
well-established volcano plots depicting the correlation between hydrogen
adsorption thermodynamics and exchange current density (Fig. 6) [46,47].
The exchange current density of the pristine NiPS3 monolayer with weak
hydrogen binding unambiguously increases with the incorporation of a
vacancy configuration, demonstrating the best performance on S5 and S6
sites of NiS di-vacancy configuration. Notably, these sites exhibit perfor-
mance parameters comparable to or even higher than the well-established
best catalyst, Pt (111) surface, although considering the unavailability of
information on other crucial parameters, such as structural durability [48].
This underscores the consistency in the trend of the thermodynamic (i.e.,
hydrogen adsorption strength) and kinetic (i.e., exchange current density)
properties depending on the type of vacancy.

Origin of vacancy-induced enhancement in hydrogen adsorption thermo-
dynamics: The local DOS (LDOS) of the p orbital for a specific element was
further analyzed alongside crystal orbital Hamiltonian population
(COHP) analysis to understand the influence of the vacancy configura-
tion on hydrogen adsorption thermodynamics (Figs. 7, S13, S14, and
S15). It is noteworthy that the computational protocol employed in this
study accurately predicts the electronic DOS of the pristine NiPSg
monolayer with a deviation of 0.01-0.04 eV from its experimental (1.60
eV) and computed (1.63 eV) bandgaps in previous studies, thus vali-
dating its reliable predictive ability (Fig. S13a) [49-51]. Moreover,
incorporating a mono- or di-vacancy is predicted to decrease the bandgap
of the pristine NiPS3 monolayer, indicating vacancy-induced enhance-
ment in the electronic conductivity, with Ni element removal having a
more significant impact (Fig. S13) [52].
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Fig. 6. The volcano plots of two-dimensional NiPS3 monolayers ((2 x 1) supercell) with (a) no vacancy or with vacancies (i.e., (b) Vs, (¢) Vy;, and (d) Vni_s).
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The LDOS of active P sites, namely P, P1, P, or P1 sites for NiPS3
monolayer with no vacancy, Vs, Vi, or Vyi_s in Fig. S8, respectively, reports
p-band centers of —5.64, —4.27, —5.70, and —4.00 eV for the NiPS3
monolayer with no vacancy, Vs, Vy;i, or Vij_s, respectively (Fig. 7e). Further
analysis of the correlation between hydrogen adsorption thermodynamics
(AGpy+) on the active site and p-band center reveals that a higher p-band
center would result in stronger hydrogen adsorption, implying a decrease in
the contribution of the anti-bonding orbital (Fig. 7f) [53-55]. From the
chemical point of view, COHP, which partitions the band-structure energy
into orbital-pair interactions, is defined as bond-weighted DOS between a
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pair of adjacent atoms. The integrated projected COHP (IpCOHP) shows the
contribution of a specific (chemical) bond to the bond-structure energy.
Therefore, a COHP diagram indicates bonding and antibonding contribu-
tions to the band-structure energy and IpCOHP describes the strength of the
bond. Specifically, the integrated COHP analysis (i.e., -IpCOHP) consis-
tently shows higher -IpCOHP values (and hence shorter P-H bond lengths)
for stronger hydrogen adsorption (Fig. 7f). These findings suggest that the
vacancy dependence of hydrogen adsorption strength originates from
distinct characteristics of local electronic structures near the vacancies.
These correlations further apply to active S sites, as evidenced by the
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Fig. 7. Top views associated with the hydrogen adsorption for two-dimensional NiPS3 monolayers ((2 x 1) supercell) with (a) no vacancy or with vacancies (i.e., (b)
Vs, (©) Vii, and (d) Vnis). (e) The LDOS (p orbital) of an active P site for the hydrogen adsorption with a depiction of p band center for each of them and (f) resultant
correlations of the free energy change of the hydrogen adsorption on each active P site with -I[pCOHP and p band center.
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analysis of DFT-calculated p-band centers and ~-IpCOHP values for active S
sites (Figs. S14 and S15). However, an exception to the above correlation is
observed in the Ni mono-vacancy configuration, where unexpectedly lower
—IpCOHP values are observed for stronger hydrogen adsorption sites (i.e.,
S1-S3sites) (Fig. S15b). This suggests that hydrogen adsorption behaviors
at these sites are predominantly contributed by a couple of hydrogen bonds
with S atoms that are not directly involved in the S-H bonding (Fig. S16).

One might suspect an experimental feasibility of the high-
performance catalyst, NiPS3 monolayer with NiS di-vacancy, designed
in this study. However, the experimental development of NiS di-vacancy
on the surface of the NiPS3 monolayer was already proven to be possible
in a previous study [32]. Specifically, they employed a simple
ball-milling treatment with ultrasonication to create NiS di-vacancies on
nickel and sulfur sites of the NiPS3 nanosheets. This indicates that the
generation scenario of the NiS di-vacancy described in this study would
be an experimentally feasible scenario, beyond a product of ideal model
design.

4. Conclusions

This study utilized first-principles calculations to investigate the
impact of a defect engineering approach on the HER activity of a NiPS3
monolayer catalyst. Three different types of vacancies (S-, Ni-, and
NiS-vacancies) were designed to explore their influence on the basal
plane of the monolayer during a multi-step mechanism involving the
dissociative adsorption of a water molecule and subsequent electro-
chemical adsorption of the dissociated proton. The investigation
revealed that the co-formation of vacancies in both Ni and S sites
would be the most effective in enhancing the catalytic performance of
the monolayer.

The study highlighted conclusive remarks on the core observation.
First, the S-substitution-like physisorption of a water molecule on a
vacant S site, followed by the dissociative occupation of OH and H into
vacant sites of S and Ni elements, was the key resource for the reaction
thermodynamics boosted by the NiS di-vacancy configuration. Second,
the kinetic benefit of the NiS di-vacancy configuration was rationalized
by exceptionally low activation energy barriers at a couple of metastable
but thermodynamically exothermic pathways of the dissociative
adsorption of a water molecule. Third, the vacancy dependence of the
hydrogen adsorption strength was verified to originate from the distinct
characteristics of the local electronic structures near the vacancies.
Specifically, the NiS di-vacancy configuration showed the highest (least)
contribution of the bonding (anti-bonding) orbitals to the monolayer-H
bond. Overall, these findings provide insight into desired defect engi-
neering for transition metal phosphorus chalcogenides with high HER
activities. This study will be further extended to other chalcogenide
monolayers in future work with the aim of generalizing the core ob-
servations associated with the exceptional enhancement in the perfor-
mance of NiPS; monolayers arising from the incorporation of di-
vacancy.
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