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The hydrogen-evolution reaction is an essential step in the electrochemical production of hydrogen
without the emission of greenhouse gases. For this reaction, alternative catalyst materials that can replace
the platinum of current catalysts are needed. Recent alternatives include two-dimensional materials such as
transition metal dichalcogenides. Here, we show the electronic and electrochemical properties of the two-
dimensional material palladium disulfide (PdS,) with two crystal structures (phases) and the formation of
native point defects. We analyze the differences between the pentagonal (P-PdS;) phase and the octahedral
(17-PdS;) phase, point defects and the Gibbs free energies for hydrogen adsorption from first-principles
calculations. Our results show that the 17-PdS; phase has better catalytic activity than the P-PdS; phase
in the pristine basal plane. In addition, the point defects of lower formation energy in the 17-PdS; phase,
the S vacancies, further improve the catalytic activity for hydrogen production.
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I. INTRODUCTION

Since the discovery of graphene in 2004 [1,2], dozens
of other two-dimensional (2D) materials have been dis-
covered, with varied electronic, optical, and chemical
properties. Among these 2D materials, some of the most
promising technological applications are transition metal
dichalcogenides (TMDs) [3]. In this class, transition met-
als form chemical bonds with chalcogens (S, Se, Te), with
crystal fields that are usually hexagonal prismatic (2H)
or octahedral (17). The most well-known TMD, MoS,,
has the 2H-MoS, crystal structure as the one with the
lowest energy [3,4]. The bulk is a lamellar material that
can be mechanically exfoliated to obtain two-dimensional
crystals. Another way to get MoS; monolayers is through
chemical exfoliation [5]. In this method, Li™ ions are inter-
calated between the layers of MoS,, facilitating the exfo-
liation by ultrasound. However, there is a charge transfer
in the lithiation process, which induces a phase transi-
tion in the MoS;, from 2H to 17 phase [6]. These phases
have very different physical and chemical properties. The
material 2H-MoS; is a direct band-gap semiconductor of
approximately 2.0 eV [7], while 17-MoS, is a metal [8].

Recently, MoS; has been studied due to its catalytic
properties. Although the basal plane of 2H-MoS; is inert
to the hydrogen-evolution reaction (HER), the edges of the
2H-MoS, monolayers are chemically active [9,10]. It was
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also observed that native point defects, such as .S vacan-
cies, significantly increase the kinetics of HER in the basal
plane [11]. The 17-MoS, phase also has excellent catalytic
activity for the hydrogen-evolution reaction and the metal-
lic characteristic that helps in the electron transfer of the
reaction [8,12]. The search for a catalyst for the hydrogen-
evolution reaction has recently become very useful for
producing molecular hydrogen (H,) without the emission
of greenhouse gases. Today, 95% of hydrogen is made
from fossil fuels in steam reforming and coal gasification
[13]. This hydrogen is produced for oil refining, ammonia
production for fertilizers (Haber-Bosch process) and elec-
tric vehicle fuel cells. The production of hydrogen without
emission of greenhouse gases (green hydrogen) can be car-
ried out through the electrolysis of water (2H,O — 2H, +
0;). However, this reaction requires metal catalysts such
as platinum (Pt), an expensive and scarce metal. 2D mate-
rials like MoS, are alternatives to platinum for HER. In
this material, the creation of point defects [14], phase tran-
sition [8], edges [15], and grain boundaries [16] are ways
to control the catalytic activity for hydrogen production.
An exciting and still little explored case is the two-
dimensional material palladium dichalcogenide (PdXj,
X =8, Se). The palladium diselenide (PdSe;) has a unique
crystal structure, which differs significantly from other
TMDs. The PdSe, monolayer has a Cairo pentagonal
tiling (P-PdSe;) crystal structure, in which the transition
metal (Pd) has an approximately square planar crystal field
[17,18]. In 2020, Jakhar et al. [19] and Wu et al. [20]

© 2022 American Physical Society


https://orcid.org/0000-0001-7420-0708
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.17.034035&domain=pdf&date_stamp=2022-03-11
http://dx.doi.org/10.1103/PhysRevApplied.17.034035
https://macksim.org/

RAFAEL O. FIGUEIREDO and LEANDRO SEIXAS

PHYS. REV. APPLIED 17, 034035 (2022)

observed the phase transition from P-PdSe, to 17-PdSe;
through the lithiation process. For PdSe,, both P-PdSe;
and 17-PdSe; phases are indirect band-gap semiconduc-
tors. The palladium disulfide (PdS;) also has a Cairo pen-
tagonal tiling crystal structure and it is also expected that
there will be a phase transition from P-PdS, to 17-PdS,
lithiation process. However, the difference in electronic
and electrochemical properties of the P-PdS, and 17-PdS,
phases and the formation of native point defects in these
materials is still unexplored.

In this paper, we investigate the electronic, structural,
and catalytic properties of the two-dimensional PdS, mate-
rial in two different phases: P-PdS, and 17-PdS,. We
analyze the formation of native (neutral) point defects, the
electronic properties of these defects, and their effects on
the catalytic activity for the hydrogen-evolution reaction.
Just as the formation of point defects and phase transitions
in MoS; increase the catalytic activity, in PdS,, the pentag-
onal phase unique to palladium dichalcogenides can result
in high activity catalysis unlike anything seen in other 2D
materials.

II. METHODS

We perform first-principles atomistic simulations based
on the density-functional theory (DFT) [21,22]. The simu-
lations are carried out with the computer code SIESTA [23],
which implements DFT on strictly localized basis sets. We
use the double-zeta polarized basis set and energy shift of
0.02 eV. In addition, we use exchange-correlation func-
tionals on the Perdew-Burke-Ernzerhof (PBE) approxima-
tion [24], norm-conserved pseudopotentials with Troullier-
Martins parameterization [25], and mesh cutoff of 400
eV. For simulations of native point defects and hydrogen
adsorption, we use 4 x 4 x 1 supercells from the primitive
cell for P-PdS; and 4 x 4 x 1 supercells from the orthogo-
nalized unit cell [dashed red line in Fig. 1(c)] for 17-PdS,.
The k points in the Brillouin zone are sampled with the
Monkhorst-Pack algorithm [26] with grid 5 x 5 x 1 for
the supercells. For the density of states calculations, we
use Gaussian smearing of 0.04 eV and a finer k-point
grid of 200 x 200 x 1. All geometries are relaxed entirely
until the convergence of forces less than 0.01 eV/A. All
simulations are performed with collinear spin polarization.

The formation energies of point defects [27,28] are
calculated from the following equation:

AE; (X) = E(PdS; + X) — E(PdS;)
+ npgflpd + NsiLs, (D

where Eq(X) is the total energy of the system X, upg and
Ws are the chemical potentials of Pd and S, and npyq and ng
are the variations in the number of Pd and S in the forma-
tion of the defect. The chemical potentials of Pd and S are
calculated in a scenario rich in Pd (S poor), and rich in S

(S rich). In the first scenario, the chemical potential wpq is
calculated from the total energy of the Pd bulk:

ppd ™" = Eit(Pd), @)
and the chemical potential g is calculated using the total

energy of P-PdS; primitive cell (2 Pd and 4 S per primitive
cell):

S poor Etot(PdS2) - 2M]S>dp00r
Mg = 4 .

€)

In the second scenario, the chemical potential g is calcu-
lated through the total energy of the Sg molecule that forms
the sulfur bulk:

Mg rich _ Etot(SS) ,

5 )

and the chemical potential wpq is calculated from the total
energy of the PdS, primitive cell:

e E (Pdsz)_4MS rich
pp = 5)

The variation in the chemical potential pg in these two
scenarios is

A//LS — /‘Lg rich

1S P = 0.726 eV. (6)
For the investigation of the catalytic activity of the material
for HER, Gibbs free energies for hydrogen adsorption are
calculated:

AGy = Ei(X + H) — Eiot(X) — un + AEzpg — TASH,
(7

where ASy is the entropy variation from the H adsorbed
to the H in the H, molecule, T is the temperature, AEzpg
is the variation of the zero-point energy (ZPE) by the
adsorption of H. The entropy change of the adsorbed
hydrogen is calculated as TASy ~ —(1/2)TASy,, where
ASy, is the entropy of the H, gas given by the NIST-
JANAF thermochemical tables [29]. At T'= 300 K, this
term is (1/2)TASy, = 0.203 eV. The ZPE variation is cal-
culated for hydrogens adsorbed in the 17-PdS, and P-PdS,
phases, compared to the ZPE of the H, molecule. For
P-PdS, this variation is AEzpg = 0.040 eV and for 17-
PdS, the variation is AEzpg = 0.036 V. We note that we
can do the Norskov approximation [30], in which the term
AEzpg — TASy can be approximated by a constant:

AGy = Ei(X + H) — Ee(X) — i + 024 eV.  (8)

We expect that this variation of ZPE between materials,
less than 0.01 eV, will also be maintained for materials
with native defects.
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Structural and electronic properties of PdS,. (a) Ball-and-stick representation of P-PdS,. (b) Electronic band structure and

projected density of states of P-PdS,. (c) Ball-and-stick representation of 17-PdS;. (d) Electronic band structure and projected density
of states of 17-PdS;. Primitive unit cells are shown by the black line, and orthogonalized unit cells by the dashed red line. The Fermi

levels in (b),(d) are shown as dashed black lines.

I11. RESULTS AND DISCUSSION

The two-dimensional palladium disulfide in this work
is studied in the P-PdS, and 17-PdS, phases, as shown
in Fig. 1. The P-PdS, phase has lower energy than the
17-PdS,, with AE = E 7 — Ep = 0.343 eV/(formula unit).
The P-PdS, phase has an orthorhombic unit cell with lat-
tice constants @ = 5.608 A and b = 5.717 A. The 17-PdS,
phase has a trigonal unit cell with and lattice constant a =
3.609 A, this is greater than the 3.068 A of Ref. [31]. This
difference is mainly due to the exchange-correlation func-
tional with correction of the van der Waals interaction and
the difference in the DFT implementation method. Both

phases are semiconductor with indirect band gap, depicted
in Figs. 1(b) and 1(d). The contributions of the Pd atomic
orbitals in the Bloch states are shown through the color
map in the bands, with blue for Bloch states with more
significant contributions from the Pd orbitals. Figure 1
also shows the projected density of states (PDOS) normal-
ized by the number of atoms. Although both phases are
indirect band-gap semiconductors, the band structures are
entirely different. The P-PdS, valence band has an enor-
mous contribution from the Pd orbitals. In comparison,
the 17-PdS, valence band has a significant contribution
from the S. It is expected that the formation of native
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FIG. 2. Geometry of native point defects of P-PdS;: (a) Vpq, (b) Vs, (¢) Vsz, (d) Pds, () Spq, (f) Pdint, (g) Sint. The defect region is

highlighted by the red circle.

point defects has different effects between these materials.
Effects of spin-orbit coupling (SOC) on band structures are
shown in Fig. S1 within the Supplemental Material [32].
The SOC effect of PdS, is much smaller than the platinum
dichalcogenides shown in Ref. [33].

For the P-PdS, phase, native point defects formed by
vacancies (Vpq, Vs, Vsz), substitutional (Pds, Spq) and
interstitial (Pdiy, Sint) defects are investigated. The recon-
struction of the geometries of these specific defects is
shown in Fig. 2. The red circle in the figure highlights

the defect region. There are few local distortions in the
crystal lattice around the defect. For phase 17-PdS;, we
investigate specific defects formed by vacancies (Vpq, Vs),
substitutional (Pds, Spq) and interstitial (Pdiy, Sin) defects,
depicted in Fig. 3. As in the P-PdS, phase, there are
small effects of reconstructions of the geometry around the
defect, highlighted by the red circle.

The formation energies of these defects are studied in
scenarios rich in Pd (S poor) and rich in S (S rich). In
these scenarios, the chemical potentials upq and pg vary

FIG. 3. Geometry of native
point defects of 17-PdS,: (a)
VPd; (b) VSa (C) PdSa (d) SPda (C)
Pdin, (f) Sine. The defect region
is highlighted by the red circle.
The point defect is created in
a 4x4x1 supercell of the
orthogonal unit cell shown in
Fig. 1.
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FIG. 4. Defect formation energy: (a) P-PdS,, (b) 17-PdS,.
The defect formation energies are calculated for neutral defects.

according to the abundance of the elements Pd and S. The
values of these chemical potentials are calculated as shown
in Sec. I1.

The formation energies of the native (neutral) point
defects in the P-PdS, phase are shown in Fig. 4(a), whereas
the 17-PdS, phase are shown in Fig. 4(b). We notice
that the minor formation energies (most abundant defects)
in the two phases are quite different. In the P-PdS, phase,
the Sjy defect is the one with the lowest energy (most
abundant) for the entire range of the sulfur chemical poten-
tial. The second-lowest energy defect varies according to

the chemical potential ug, with the Spy defect being the
second lowest energy in the S-rich scenario, and the Pdiy
defect for the S-poor scenario. In 17-PdS, phase, the low-
est energy for the point defect is a sulfur vacancy (Vs),
for the entire region of chemical potential us. The sec-
ond most common defect (second-lowest energy) varies
according to the chemical potential, with Pd;, being more
common in the S-poor scenario, and Spq in the S-rich sce-
nario. It is worthwhile to note that while the S;,; defect is
the one with the lowest formation energy for the P-PdS;
material, it is one of the highest energies for the 17-PdS,.
The electronic properties of the P-PdS, and 17-PdS,
with point defects are shown through the PDOS, depicted
in Figs. 5 and 6, respectively. The electronic states pro-
jected on the S atomic orbitals are shown in orange, and
those projected on the Pd orbitals are shown in green. We
notice that the Vpyq defect in P-PdS; doped the material
with electron acceptors (p-type doping), while the other
point defects in P-PdS; introduce deep impurity levels. In
addition, the Vs, defect raises two levels located in the
middle of the band gap, one filled and one empty. In this
material, the V5 and Pdg defects create peaks in the PDOS
close to the conduction band. The Pd;, defect creates a
peak close to the valence band. For point defects in 17-
PdS,, we note that Vg, Spq, Pdin, and S;,¢ defects introduce
levels located in the middle of the band gap. Adsorption
of impurities in these defects must transfer charge filling
and emptying these localized levels, changing the elec-
tronic properties drastically. For the density of states of
P-PdS, and 17-PdS, with defects and hydrogen adsorbed,
see Fig. S2 and S3 within the Supplemental Material [32].
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Projected density of states for P-PdS, with defects: (a) Vpg, (b) Vs, (¢) Vsa, (d) Pds, (€) Spq, (f) Pdint, (g) Sine. The green

(orange) area represents Pd (S) electronic states. The Fermi levels are shown as dashed black lines.
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The two most common defects of P-PdS, in the S-rich
scenario, Si,; and Spq, slightly alter the electronic proper-
ties of the material. Meanwhile, the most common point
defects of 17-PdS,, Vs and Spy cause more significant
changes in electronic properties, with the appearance of
levels located in the middle of the gap. We observe at least
three peaks in the PDOS of the V5 defect in 17-PdS,, with a
filled state and two empty states; and at least one localized
filled state in the PDOS of the Spy in 17-PdS,.

As well as the generation of point defects in MoS;
increasing the catalytic activity of the basal plane for HER,
it is also expected that defects in PdS, may increase cat-
alytic activity when compared to pristine materials. For
pristine materials, Gibbs free energies are 1.22 eV for
P-PdS; and 0.55 eV for 17-PdS,. These Gibbs free ener-
gies are calculated in a dilute adsorbed hydrogen regime.
Defects in PdS; alter these free Gibbs energies, as shown
in Fig. 7. For the P-PdS, phase the Vpq and Vg defects
decrease AGy to —0.19 eV, the Vg, defect to 0.45 €V,
Pds decreases to 0.46 eV, Spq decreases to 0.66 eV, Sy
to 0.71 eV, and finally, the Pd;,; defect decreases the AGy
to 1.17 eV. All point defects increase the catalytic activ-
ity for HER. For the 17-PdS; phase, the point defect that
optimizes the catalytic activity for HER is the vacancy
of S (Vs), which decreases the AGy to 0.30 eV. The
other defects of 17-PdS, change the AGy as follows:

Pdg decreases to 0.34 eV, Spq decreases to 0.55 eV, Pd;y
increases AGy to 0.68 eV, Vpq changes to —1.01 eV, and
Sint changes to —3.37 eV. Unlike P-PdS, phase, in 17-
PdS, phase there are point defects that improve (Vs, Pds,
Spq), and defects that worsen (Pdiy, Sint, Vpa) the catalytic
activity.

._.
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FIG. 7. Gibbs free energy diagram for hydrogen adsorption.
(a) Native defects in P-PdS,. (b) Native defects in 17-PdS,.
Optimal catalytic activity is achieved at AGy = 0.
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It is worthwhile to note the relationship of the most
common point defects (lower formation energies) and their
catalytic activities (lower | AGy|). In the P-PdS, phase, the
most abundant defects (Siy, Spq) have a AGy of approx-
imately 0.7 eV, which is better than the basal plane of
the pristine material (AGy = 1.22 eV). In phase 17-PdS;
the most common defect (Vs) is also the one that best
optimizes the catalytic activity, AGy = 0.30 eV. There-
fore, 17-PdS, with relevant concentrations of point defects
is expected to have excellent catalytic activity for the
hydrogen-evolution reaction.

Finally, we analyze the evolution of the crystal structure
of the P-PdS, and 17-PdS, (pristine) with the adsorption
of several hydrogen atoms. The Gibbs free energies vary
widely with the number of H adsorbed. In P-PdS,, it varies
from 1.22 to —1.42 eV, for 1 and 27 hydrogens adsorbed
on the 4 x 4 supercell. In 17-PdS,, it varies from 0.57 to
—0.53 eV, for 1 and 28 hydrogens adsorbed on the orthog-
onalized 4 x 4 supercell. This considerable variation is
caused by the formation of complex structural defects with
the adsorption of H, as shown in Fig. 8. When we increase
H adsorbed in the basal plane, the number of complex

AG,, (eV)

PR T I

g -
L. I ¢ %Jk»ix @k&xx(
*#s*#
###«#’
oy o 0 Sl S
6t 0
AR AT K ptky

defects increases. These defects are difficult to associate
with those shown in Figs. 2 and 3. This number of adsorbed
atoms can be controlled by the partial pressure of the acid
solution in which the catalyst is immersed. It can also
be tuned for optimization of catalytic activity and phase
engineering, and point defect formation.

The phase engineering and formation of defects in PdS;
can be compared with another two-dimensional material
from the group of transition metal dichalcogenides, the
MoS,. For MoS,, a 2H to 17T’ phase transition occurs with
the Li* ion intercalation process. The 2H-MoS; phase is
inert to HER (AGy = 2.0 eV) [14], while the 17"-MoS,
phase is active with a AGy of approximately 0.06 eV [34].
This more abrupt change occurs due to the transition in
the electronic properties of MoS,, from the semiconductor
phase (2H) the metallic phase (177). For PdS,, both P-
PdS; and 17-PdS; phases are semiconductor, so we have a
slightly smaller change in Gibbs free energies for hydrogen
adsorption, from 1.22 eV (P-PdS,) to 0.57 eV (17-PdS,).
We can compare PdS, with point defects with MoS, also
with point defects. Although the basal plane of pristine
2H-MoS, is inert for HER, native point defects such as

x:*# "’('d)xc##
RS o0 S T S5 T
###* ####
,#*J«J‘
¢;5¢:J¢:5* # }t;*;

oL | -
PO o otHuom ot &S 1T-PdS, &4 1TPas, & e 1T-Pds,
pr 0
[ 4
44 420 o o °3 b P S b;‘»,lr_,b

$O 4 $ 94
bAoA b &
Ba
X

e

A A b
~‘ < ~‘ P-PdS, <

FIG. 8.

e
*.

Ar),—,i

#.
,bz

###4, A X

+, 1(9) ﬂ i i
1.
Jr pt
v

%  P-PdS, % Y <

(a) Gibbs free energy for hydrogen adsorption for pristine P-PdS, and 17-PdS; as a function of the number of H atoms

adsorbed. Geometry of 17-PdS, with (b) 7 H, (c) 19 H, (d) 28 H atoms adsorbed. Geometry of P-PdS, with (e) 7 H, (f) 19 H, (g) 28

H. Pd atoms are shown in green, S in yellow, and H in black.
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S vacancies in 2H-MoS, significantly decrease the AGy
that makes the material a catalyst for this reaction [14].
However, an optimal AGy occurs only with a high con-
centration of defects (approximately equal to 13% of S
vacancies). This high concentration of defects makes it
difficult to apply this material for applications in hydro-
gen synthesis. The P-PdS; and 17-PdS, materials shown
here are studied with much lower defect concentrations,
such as 1.6% of S vacancies. These low concentrations
of defects are easier to form naturally in PdS, synthesis
or induced by processes such as plasma beams. It should
also be noted that the chemical exfoliation of MoS,, in
addition to inducing the 2H to 17" phase transition, also
creates defects in the basal plane of the material [35]. Thus,
we expect that the P-PdS; to 17-PdS, phase transition
can also create native defects that increase the catalytic
activity for HER. The most common defects would be
those with lower formation energy, such as S vacancies,
which are also, so that optimize the AGy for the electro-
chemical production of hydrogen. The 17-PdS, material
obtained through the phase transition by lithiation must
contain point defects that will make it an excellent catalyst
for the hydrogen-evolution reaction.

We investigate the adsorption of several hydrogen atoms
in the basal plane of PdS, to determine point defects
through the formation of H,S instead of H, [36]. The
formation of H, S could create defects such as sulfur vacan-
cies. In fact, we observe the formation of defects in PdS,,
but not directly related to the formation of S vacancies. The
observed defects are more complex and vary the Gibbs free
energy in a nononotonic way.

IV. CONCLUSION

The two-dimensional PdS, can have its electronic and
catalytic properties for HER adjusted through a phase engi-
neering (P-PdS; and 17-PdS;) and through the formation
of native point defects, i.e., vacancies, substitutional and
interstitial defects of elements that make up the material
itself (Pd and S). It is found that the basal plane of 17-
PdS, (pristine) has a higher catalytic activity than P-PdS,,
and that native point defects such as Vs, Pdg, and Spq can
further increase this catalytic activity. The most abundant
point defect of 17-PdS, (lower formation energy) is also
the one that best optimizes the hydrogen-evolution reac-
tion. Finally, variations in the basal plane covering with
H atoms change the Gibbs free energy drastically due to
more complex defects involving hydrogen. In general, the
unique crystal structure of the two-dimensional materials
that is only found in palladium dichalcogenides (Cairo
pentagonal tiling) is more inert to the hydrogen-evolution
reaction than the 17-PdS; crystal structure. However, it
is essential to note that monovacancies (Vs and Vpq) are
more reactive in P-PdS, than in 17-PdS,. The unique
crystal structure of PdS, (P-PdS,) differs widely from the

17-PdS; phase when point defect formations and their
consequences on electronic and catalytic properties are
analyzed. Two-dimensional palladium dichalcogenides are
being recently studied for applications in nanoelectronics
[37], solar cells [19], and thermoelectric devices [38]. In
this work, we show that an application of these materials
can be found when there are point defects or phase transi-
tions, the electrochemical production of green hydrogen.
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