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Searching for catalysts of hydrogen evolution reaction (HER) that can replace Pt is critical. Here, we
investigated the HER electrocatalytic activity of pentagonal PdS, (penta-PdS;) and PdSe, (penta-PdSe,)
by first-principles calculations. Three types of vacancies (Vs;se, Vpa, DVs/se) Were constructed to activate
the inert basal planes of PdS, and PdSe,. The results show that S/Se and Pd vacancies significantly
improve HER performance, and the Gibbs free energy (AGy) of systems can be further regulated by
vacancy concentration. Particularly, PdS, with 2.78% Vs, 50% Vpg and PdSe, with 12.5% Vs display the
optimal AGy value and the highest exchange current density. Further analysis of charge transfer and
band structures were described that the introduce of vacancies efficiently regulates the electronic
properties, resulting in the diminution of bandgap, and accelerates the charge transfer, thereby
contributing to an enhanced electron environment for HER process. Our results provide a theoretical
guidance for the applications of pentagonal transition-metal dichalcogenides as catalysts of hydrogen

rsc.li/rsc-advances evolution reaction.

Introduction

Currently, pollution and the finite nature of fossil fuels make it
extremely important to develop sustainable, recyclable and
clean energy sources."™ Hydrogen energy, prepared by hydrogen
evolution reaction (HER), has attracted a lot of attention as an
environmentally friendly and sustainable energy source.’™*
Platinum (Pt), with minimal over-potential and slightly negative
hydrogen adsorption free energy (AGy), is considered to the
best catalyst of HER."'® However, the scarcity and high price of
Pt limit its large-scale use. Therefore, it is urgent to develop
abundant and inexpensive catalysts of HER that can replace
Pt.17_22

Two-dimensional (2D) transition-metal dichalcogenides
(TMDs) have attracted wide attention because of rich content,
low price, high stability and high catalytic activity.”*>** Many
efforts have been made to use TMDs as alternative catalysts of
Pt.**8 Recently, monolayer palladium diselenide (PdSe,) crys-
tals and palladium disulfide (PdS,) with a novel puckered
pentagonal structure have been demonstrated experimen-
tally,>*** and PdS, has also shown more stable in pentagonal
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phase than in 1T phase.*> Compared to the hexagonal structure,
the puckered pentagonal structure shows some fascinating
characteristics. The pentagonal structure exhibits anisotropy
due to buckling breaking the symmetry of the lattice and
enhances spin coupling.* Besides, it has a wide adjustable
bandgap, ultra high air stability and high electron mobility.**
Our previous work elucidated that the HER catalytic activity of
1T-MX, (M = Pt, Pd; X = S, Se, Te) with metal, non-metal atom
doping and vacancies.”” Lin et al. explored that pentagonal
PdSe, nanosheets show good HER activity and its active sites are
located on boundary atoms.*® Liang et al. demonstrated that
oxidized 2D PdSe, can effectively enhance electronic properties
and electrocatalytic activity.”” Even with some initial explora-
tion, our knowledge of pentagonal PdX, (X = S, Se) is far from
adequate, especially to enhance its HER activity by defect
design. It's worth to reveal the HER catalytic activity of
pentagonal structure to extend the potential replacement of Pt.

Herein, on the basis of first-principles calculations, we con-
structed penta-PdS,, -PdSe, and introduced three types of
vacancies in pristine systems to explore adsorption sites, elec-
trocatalytic performance, vacancy concentration and the origin
of improved HER activity. Three types of vacancies include S/Se
vacancy (Vgse), Pd vacancy (Vpq) and double S/Se vacancies (DVg,
se)- We found that the HER activity can be significantly
improved by vacancies, and vacancy concentration efficiently
regulates the electrocatalytic performance. The origin of HER
activity enhancement was elucidated by electronic properties
and charge transfer.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Computational details

The computations were performed by using Vienna ab initio
simulation package (VASP) based on density functional theory
(DFT).*® The generalized gradient approximation (GGA) of Per-
dew-Burke-Ernzerhof (PBE) function was adopted to exchange-
correction functional energy. The energy cutoff for the plane
wave basis was set as 450 eV, and a 4 x 4 x 1 k-point mesh was
sampled in Brillouin zones by a Monkhorst-Pack. To avoid the
interactions between two layers, we set a 15 A vacuum space in
the z-direction,*” and the effect of spin was also considered. All
structures were relaxed until the forces on each atom were less
than 0.01 eV A’l, and 10> eV was set to energy convergence
criteria for electronic and ionic iterations. The van der Waals
(vdW) interaction was considered by using optPBE function.*
Considering that Pd is a rather heavy element, the spin-orbit
coupling (SOC) effect was also taken into account in band
structure computations. We built a 2 x 2 periodic supercell
containing 8 Pd atoms and 16 Se atoms for pristine penta-PdS,
and -PdSe, to investigate HER catalytic performance. Different
vacancy concentrations were considered by removing one S/Se
atom from 54 atoms (36 Se), 36 atoms (24 Se), 24 atoms (16
Se), 12 atoms (8 Se), 6 atoms (4 Se) supercells, corresponding to
the vacancy concentrations of 2.8%, 4.2%, 6.3%, 12.5% and
25% for Vgse, respectively. For Vpq, the vacancy concentrations
of 5.6%, 8.3%, 12.5%, 25% and 50% were constructed by
removing one Pd atom from 54 atoms (18 Pd), 36 atoms (24 Pd),
24 atoms (8 Pd), 12 atoms (4 Pd), 6 atoms (2 Pd) supercells,
respectively.

The hydrogen adsorption energy (AEy) is calculated by using
the equation:

1

AE‘H = Ehosl+H - Ehosl - EEHZ (1)

where Epogt, Enostrn, and Ey, represent the total energies of
system, system with adsorbed hydrogen atom, and H, gas
molecule, respectively.

The Gibbs free energy (AGy) is a good descriptor of HER
electrocatalytic performance, which can be expressed as:

AGH = AEH + AEZPE - TAS (2)

where AE,pg is the difference of zero-point energies (ZPEs) and
AS is the difference of vibration entropy between adsorbed
hydrogen and gas phase hydrogen. T is the temperature (T =
298.15 K). The entropy of adsorbed hydrogen is ignored because

o 1
it is too small, so AS can be represented as AS = 755212, where

S%. is the entropy of H, gas molecule.” Therefore, the AGy can
2
be simplified to AGy = AEy; + 0.164 eV.

Results and discussion

The geometric structure of pentagonal PdX, (X = S, Se) consists
of X-M-X three-atom-thick layers, in which M layer is sand-
wiched with two X layers, as shown in Fig. 1a. Each M atom
binds four X atoms in pentagonal phase, and each unit cell

© 2021 The Author(s). Published by the Royal Society of Chemistry
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contains two M atoms and four X atoms (highlighted by shaded
area in Fig. 1a). The space group is P2,/c (no. 14), which exhibits
a smaller symmetry compared to the common 2H- and 1T-
phase. The lattice parameters that we computed are a = 5.46
A, b =5.56 A for PdS,, and a = 5.71 A, b = 5.88 A for PdSe,,
agreeing well with previous theoretical studies (a = 5.47 A, b =
5.57 A for PdS,, a = 5.74 A, b = 5.91 A for PdSe,),” and exper-
imental values of penta-PdSe, (a = 5.75 A, b = 5.87 A).* The
unique puckering structure allows for the existence of two
different metal-nonmetal bonds inside the structure, they are
the bond formed by M with X above pucker (M-X1) and the
bond formed by M with X below pucker (M-X2), respectively.
The bond lengths of M-X1 (dy-x1) and M-X2 (dyx,) are 2.36
and 2.34 A in PdS,, 2.49 and 2.47 A in PdSe,. The difference of
bond lengths between M-X1 and M-X2 contributes to the
diversity of lattice constants (a, b) along the different orienta-
tions in the surface of pentagonal structure. We obtained the
vertical puckered distance (%) of the puckering pentagon is 1.29
A in PdS, and 1.53 A in PdSe,, experimentally measured vertical
thickness of PdSe, is 1.6 A.*

For HER on the catalyst under acidic conditions, the first
step is the adsorption of H atom via H' + e~ + catalyst — H* —
catalyst (Volmer process), where H* denotes H adsorbed to the
catalyst. The second step is the release of H, molecules, which
can be described as H* — catalyst + H* — catalyst — H, +
catalyst (Tafel process) or H* — catalyst + H' + e~ — H, +
catalyst (Heyrovsky process). The hydrogen evolution activity of
the catalyst can be expressed by the Gibbs free energy (AGy). An
efficient catalyst means that it has the adsorption and desorp-
tion capacity of H and the ability to combine H is neither too
strong nor too weak (|AGyz| = 0). Before exploring the adsorp-
tion behavior of H, we firstly determined the most stable
adsorption site of H, the calculated adsorption energies (AEy)
were summarized in Table 1. For pristine PdS, and PdSe,, three
possible adsorption sites were selected, as shown in Fig. 1b, of
which site 1 shows the lowest adsorption energy. Considering
hydrogen adsorbed at site 1, PdS, and PdSe, show AGg values of
0.96 eV and 1.03 eV, respectively. The positive and large values
of AGy indicate that the intrinsic structure does not adsorb H
well enough to be catalytically inert. To improve the HER
performance, we introduced vacancies in basal plane of PdS,
and PdSe,. The presence of elemental vacancies in materials are
generally inevitable. Based on optimized intrinsic structures of
PdS, and PdSe,, we constructed three types of vacancies: a S/Se
atom was removed from the surface to form S/Se atom vacancy
(Vs/se, Fig. 1¢); a Pd atom was removed from the surface to form
Pd atom vacancy (Vpq, Fig. 1d); two adjacent Se atoms were
removed from the surface to form a double Se atom vacancy
(DVg/se, Fig. 1e). Compared with the intrinsic structure, the
defective structures display some deformation around the
vacancy after optimization, while the deformation is very weak,
and the basic structures still maintain.

Similarly, we considered the possible H adsorption sites near
the vacancy in defective structures. For Vg in PdS, and Vs, in
PdSe, (Fig. 1c), site 1 has the lowest adsorption energy (Table 1),
and when H is placed at site 2 and 5, H will move to the position
of site 1 after optimization. As for Vpq in PdS,, site 5 and 1 have

RSC Adv, 2021, 11, 38478-38485 | 38479
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Fig.1 Top and side views of (a) pentagonal PdX, (X =S, Se), (b) pristine PdX,, (c) PdX, with S/Se-vacancy (Vs/se), (d) PdX, with Pd-vacancy (Vpg),
(e) PdX, with double S/Se-vacancies (DVs/se). The yellow, purple balls represent Pd, S/Se, respectively. The red dashed circles are vacancy sites
and the numbers denote adsorption positions of H considered in this work.

Table1 Adsorption energy of H (AEy/eV) at considered H-adsorption
sites of PdS, and PdSe, marked in Fig. 1

AEy (eV)
H-Adsorption
Defect type sites Pds, PdSe,
Pristine 1 0.80 0.86
2 1.51 1.35
3 0.81 1.01
Vy/se 1 —0.32 0.01
2 J— J—
3 0.94 0.84
4 0.62 0.97
5 J— J—
Vpa 1 —0.43 —0.01
2 —0.40 —
3 0.70 —0.08
4 0.01 0.46
5 —0.52 0.72
DVse 1 0.20 0.50
2 J— J—
3 0.47 0.55
4 0.37 0.97
5 J— J—
6 J— J—
7 —0.54 —0.54

the similar and low adsorption energy, and when the initial
position of H is site 5, the bond length of the H with Se atom at
site 1 is 2.7 A and with Se atom at site 3 is 3.2 A after structural
relaxation, so we consider site 1 as the most stable H adsorption
location for Vpq in PdS,. In PdSe, with Vpq, the lowest energy
positions are site 3 and site 1, when H is adsorbed at site 3, the
H atom will shift to site 1 after structural relaxation, and the
bond length formed with the Se atom at site 1 is 2.8 A, coupled
with the fact that the H adsorbed at site 2 will transfer to site 1,

38480 | RSC Adv, 2021, 1, 38478-38485

which indicates that the site 1 is the most stable adsorption site.
For DV and DVg,, the stable H adsorption sites are only site 1, 3,
4, 7, and site 7 displays the lowest adsorption energy.
Summarily, site 1 is the most stable H adsorption site for single-
vacancy, site 7 is the most stable H adsorption site for the
double-vacancies. Hence, the following discussion is based on
site 1 for Vgsse and Vpq and site 7 for DVg/ge.

It is obvious that three types of vacancies bring about
a drastic decreasing effect in AGy, as shown in Fig. 2. We con-
structed the same vacancy concentration in two systems. For
PdS,, the AGy of 6.3% Vg reduces to —0.16 eV, which indicates
an efficient regulation of hydrogen absorption. 12.5% Vpq and
DV, vacancies more intensely modulate the AGy, showing more
negative AGy values of —0.27 and —0.38 eV, respectively
(Fig. 2a). For PdSe,, 6.3% Vg, and 12.5% Vpq have similar AGy
values of 0.16 and 0.15 eV (Fig. 2b), DVg, has a largely negative
AGy value of —0.37 eV and shows the strongest influence on
AGy. It is noticed that double vacancies give rise to largely
negative AGy value both in PdS, and PdSe,. The |AGy| value of
PdSe, with metallic vacancy (Vpq) is much closer to zero than
that of PdS,, displaying a superior HER activity. Considering the
approximate |AGy| value of systems with Vg or V., we observe
that non-metallic vacancies result in a similar influence on PdS,
and PdSe,.

We took Vgse and Vpq vacancies to explore the influence of
vacancy concentration on AGy, 2.8%, 4.2%, 6.3%, 12.5% and
25% vacancy concentrations were constructed for Vs,
accordingly, 5.6%, 8.3%, 12.5%, 25% and 50% vacancy
concentrations for Vp4. Considering that the change in supercell
size has an effect on the position of the double vacancies,
coupled with the existence of interaction between two vacan-
cies, we cannot be sure that it's an isolated effect of the vacancy
concentration for the change of AGy, so only the single vacancy

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HER free energy diagrams of pristine and defective (a) PdS; and (b) PdSe,. The illustration represents the adsorption process of H.

with different concentrations was adopted in this study. The
curves of AGy value with different vacancy concentrations were
plotted in Fig. 3. The results show that with the increase of Vg/s.
concentration, AGy; values display a decrease tendency (Fig. 3a).
PdSe, with Vg, exhibits better HER performance than PdS, with
Vs. The AGy value is more sensitive to low Vg, concentration,
and in the case of high concentration, Vg, concentration has
little effect on the AGy. It is also seen that the AGy values
decrease first and then increase with increasing Vpgq concen-
tration both in PdS, and PdSe, (Fig. 3b). PdSe, shows good HER
activity with Vpq concentration in the range between 5.6% and
25%, and PdS, reaches the optimal AGy value (—0.04 eV) at 50%
Vpq concentration.

In order to intuitively represent the hydrogen evolution
activity of the defective structure with different vacancy
concentrations, we calculated the exchange current density (i),
which characterized the transfer efficiency of protons from
solution to catalyst surface. Under standard conditions (pH =
0 and T= 300 K), if AGy < 0, i, can be calculated by the following
formula:

1

1 +exp( —4Gy/kT) 3)

i() = —Gk()

(a)

1.2

1.0- —8—V-PdS,

] —e—V,-PdSe,
0.6

0.4 4

AGy (eV)

0.2
0.04
-0.2

041

Defect concentration (%)

Inversely, if AGy > 0, i, is represented as

1

ok
o= ek +exp( —AGu/kT)

exp( —AGy/kT) (4)

where k is the Boltzmann constant and k, is the rate constant (k,
= 200 per s per site). For pristine PdS, and PdSe,, the AGy
values of 0.96 and 1.03 eV have log i, of —33 and —34 A per site,
respectively. The other calculated results were represented by
volcano curve plotted in Fig. 4a. Among them, PdS, with 2.78%
Vs, 50% Vpq and PdSe, with 12.5% Vg, are located at the top of
the volcano curve, indicating the optimal AGy value and the
highest exchange current density (~10"'® A per site). In
particular, PdS, requires only a small concentration of S vacancy
to achieve excellent hydrogen evolution activity. The change of
vacancy concentration will lead to the variation of electron
environment, and it is important to reveal the inherent charge
transfer properties. We calculated the Bader charge of adsorbed
H in different vacancy concentrations. As shown in Fig. 4b,
there are two cases of charge transfer: when H is adsorbed on
PdS,, the electrons are transferred from H to PdS, in most cases;
and when H is adsorbed on PdSe,, the adsorbed H gets elec-
trons from PdSe,. This is because the electronegativity of the
atoms connected to H is different, and the electronegativity of S

(b)

1.2

—&— V,-PdS,
Vps-PdSe,

1.0
0.8+
0.6
0.4+

AGy, (eV)

0.2
0.0+
-0.2 1

-0.41

Defect concentration (%)

Fig. 3 AGy values of defective (a) PdS;, and (b) PdSe; as a function of vacancy concentration.
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Fig. 4
with different vacancy concentrations.

is larger than that of Se, which has an effect on the Bader charge
of adsorbed H and thus affects the value of AGy. This is also
consistent with our previous study.*

Based on previous investigations, we know that the vacancies
give rise to the variation in electronic properties, consequently
the improved catalytic performance. As shown in Fig. 5a, the
total density of states (TDOS) of defective PdSe, shows that
a large gap state is generated near the Fermi level compared to
pristine system, resulting in the bandgap reduction. These new
states are attributed to the states resulting from vacancies that
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(a) The exchange current density ig as a function of AGy values. (b) The relationship of AGy with Bader charges of adsorbed H in PdS/Se,

are introduced into pristine system. The gap states are benefi-
cial to electron transfer and the conductivity of defective
structures and this change may convert the system from being
semiconductor to exhibiting metallic properties. We analysed
the projected density of states (PDOS) of three defective PdSe,
structures in Fig. 5b-d. It is found that the gap states near the
Fermi level are mainly contributed by 4d orbital of Pd and 3p
orbital of Se near vacancies. From TDOS and PDOS, it demon-
strates that the vacancies effectively modify the electronic
structure and increase the occupied states of d and p electrons

(a) ;m —— penta-PdSe,
—V,
501 Voo

DOS

PDOS

-1 0
Energy (eV)

Fig. 5

0
Energy (eV)

0
Energy (eV)

(a) Total density of states (TDOS) of pristine PdSe, and three defective structures. Projected density of states (PDOS) of Pd 4d and Se 3p

orbitals in PdSe, with (b) Vse, (c) Vpg and (d) DVse. The insets denote the positions of special Se, Pd. For Vs, indicates the Se atom closest to

vacancy.
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near the Fermi level, thus affecting the adsorption of H and
improving the hydrogen evolution activity.

To further explore charge transfer mechanism between
defective structures and H, the differential charge transfer
density (Ap(r)) of pristine PdSe, and three defective structures
were calculated. The Ap(r) is calculated as

Ap(r) = pcat+H(r) - pcat(r) - pH(V) (5)

where peaen(7), peat(r), and py(r) denote charge density of cata-
lyst with adsorbed H, without H and H atom, respectively. The
calculated Ap(r) results were plotted in Fig. 6. On pristine
systems without adsorbed H, Se has a negative charge and Pd
has a positive charge. After the adsorption of H atom, p elec-
trons with a negative Ap(r) appear around Pd atom (Fig. 6a),
which indicates that the adsorption of H leads to a slight
backward charge transfer of systems. Meanwhile, for PdSe,, the
adsorption of H causes electrons to transfer from the substrate
to H, and the introduction of vacancies arouses more electrons
to transfer and a redistribution. That is to say, the introduction
of vacancies promotes rapid charge transfer, which is respon-
sible for the improvement of HER activity.

The band structures of PdS, and PdSe, at different vacancy
concentrations were calculated to explore the effect of vacancy
concentration on electronic properties. As the SOC has
a significant impact on the electronic properties, especially for
heavy atoms, we firstly considered the influence of SOC on the
band structures of PdS, and PdSe,, taking 12.5% Vs and Vg, as
an example. Comparing the bands obtained with and without
SOC (Fig. S1t1), there are splitting bands in the band structures
due to the spin-orbit coupling, and the SOC effect slightly alters
the bandgap value, a bandgap difference of 0.02-0.03 eV ob-
tained in two cases. While we believe that the SOC effect in PdS,
and PdSe, is not obvious and especially will not affect the
variation trend of electronic structure resulting from the
introduction of vacancies, thereby in the subsequent band
structure calculations, the SOC is not included.

From the calculated results of band structures (Fig. S21) and
the bandgap values (Table 2) of PdS, and PdSe, with different
vacancy concentrations, it is found that with the increase of
vacancy concentration, the band states would approach to the
Fermi level and the position of the valence band maximum
(VBM) and the conduction band minimum (CBM) would also

View Article Online
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Table 2 The minimum bandgap values (eV) of Vs/se, Vpg in PdS, and
PdSe, with different vacancy concentrations

Vs/se Pds, PdSe, Vpa Pds, PdSe,
0 1.21 1.43 0 1.21 1.43
2.8% 0.83 0.86 5.6% 0.11 0.40
4.2% 0.71 0.74 8.3% — 0.31
6.3% 0.69 0.67 12.5% — 0.31
12.5% 0.39 0.43 25% — —
25% — — 50% — —

change accordingly, thus resulting in the decrease of the
bandgap, which leads to the enhancement of the adsorption
capacity of H near the vacancy site.

For PdS,, the intrinsic structure has an indirect bandgap of
1.21 eV, which is consistent with previous studies,> and after
the introduction of S vacancy, the bandgap gradually decreases
with the increase of the vacancy concentration, and exhibits
metallicity when the Vg concentration reaches to 25%. In
comparison, PdS, with Vpq displays a smaller bandgap and
shows metallic properties as soon as the concentration
increases to 8.3%. The intrinsic PdSe, has an indirect bandgap
of 1.43 eV, agreeing well with the experimental value.*® Simi-
larly, the bandgap of PdSe, with Vg, decreases with vacancy
concentration and appears metallicity at 25% Vs, concentra-
tion. For PdSe, with Vpg, it shows metallicity only when the
vacancy concentration increases to 25%. It's found that PdS,
with Vpq reveals the stronger metallic than PdSe, under the
same Vpq concentration, which is also consistent with our
calculated HER performance. We noticed that the hydrogen
adsorption capacity gradually increases when the bandgap is
decreasing, and when the defect concentration reaches a certain
value, the bandgap no longer changes and the hydrogen
adsorption capacity then changes very little, which is also
consistent with our calculated HER activity (Fig. 3). The HER
adsorption capacity of Vg increases continuously with the defect
concentration, while the H adsorption capacity of Vpq does not
continue to enhance when reaching 5.6% PdS, and 12.5% PdSe,
and shows a slightly increasing trend. The existence of vacancy
efficiently regulates the electronic properties, resulting in the
diminution of bandgap, and accelerates the charge transfer,

O
®L D3

O

~

O ,(\)

O

Fig.6 Differential charge density of (a) pristine PdSe, and PdSe, with (b) Vs, (€) Vpg, (d) DVse. The orange regions represent charge accumulation
and the blue regions stand for electron depletion. The red dashed circles indicate the positions of vacancies.
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thereby contributing to an enhanced electron environment for
HER process.

Conclusions

We explored the HER activity of penta-PdS, and -PdSe, by first-
principles calculations. The most stable adsorption site of H
was determined by comparing the adsorption energy of possible
sites. Our results show that the S/Se and Pd vacancies can
significantly improve HER performance of PdS, and PdSe,, and
the origin of improvement in HER activity was elucidated
through density of states and charge transfer. Moreover, the
influence of vacancy concentration on the HER performance
was investigated. The AGy values display a decrease tendency
with the increase of Vg5, concentration, and PdSe, with Vg,
exhibits better HER performance than PdS, with Vg. It is also
found that the AGy; values decrease first and then increase with
increasing Vpq concentration both in PdS, and PdSe,. PdS, with
2.78% Vg, 50% Vpq and PdSe, with 12.5% Vs, are located at the
top of the volcano curve, indicating the optimal AGy value and
the highest exchange current density. Further analysis of Bader
charge and band structures were described that the increase of
vacancy concentration reduces the bandgap and affects the
electron environment. Our results provide a theoretical guid-
ance for electrocatalytic applications of pentagonal transition-
metal dichalcogenides.
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