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1 Introduction

Metalloid-doping in SMoSe Janus layers: first-
principles study on efficient catalysts for the
hydrogen evolution reactiont

M. Vallinayagam, & *2® 3. Karthikeyan,® M. Posselt,® D. Murali ® ¢ and M. Zschornak™

B, Si, and Ge dopants are inserted into SMoSe Janus layers (JLs) at Mo, S, and Se as well as at interstitial sites.
Spin-polarized density functional theory calculations are employed to investigate the modified structural
and electronic properties of the layers, the energetics of dopant incorporation, and the effect of doping
on the interaction of the two-dimensional material with hydrogen. The detailed structural analysis
exposes the influence of dopant atomic sizes on lattice distortion. The formation energy E; of dopant X
(X = B, Si, and Ge) at substitutional and interstitial sites is studied for two different chemical
environments: (i) bulk X — or X-rich conditions, and (ii) dimer X, — or X-poor conditions. It is found that
under X-poor conditions, the stability of the dopants is always higher. Doping at the S site is energetically
most favored, with £f < £ < E8€. The electron redistribution in the JLs due to the presence of dopants is
explored using Bader analysis. Atomic sites with a number of electrons different from that on atoms in
pristine SMoSe JLs may be potential hydrogen traps and are therefore interesting for the hydrogen
evolution reaction (HER). Consequently, the interaction of H atoms with these sites is studied and the H
adsorption energy is calculated. While pristine SMoSe JLs repel H, several attractive sites are found in the
vicinity of the dopant atoms. In order to quantify the feasibility of the doped SMoSe JLs for use as
a catalyst for the HER, the free adsorption energy is determined. The data show that all dopants may
improve SMoSe for HER applications. The most favorable sites are B at S and Se, Si at Mo and S, and Ge
at Mo and S. In particular, adsorption and desorption of H on B-doped (at S and Se sites) and on Ge-
doped (at an Mo site) JLs may be rapid. The present results demonstrate the potential of metalloid-
doped SMoSe JLs as efficient HER catalysts.

phase of 2D materials. It has the form MA,, where the transition
metal (M) atomic plane is encompassed by two eclipsing chal-

Transition metal dichalcogenide (TMD)-based two-dimensional
(2D) materials have been strongly in focus recently due to their
various structure-driven electronic and optical properties, suit-
able for a wide range of applications, such as in nano-
electronics,"* spintronics,® gas sensing,*® photocatalysis,"*?
electro-catalysis, electrochemical energy storage,"*™® and
photonics.**** The hexagonal phase is the most common stable
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cogen (A) atomic planes.? Interestingly the out-of-plane mirror
symmetry about the M atomic plane of the 2D materials
significantly controls their electronic structure and hence the
physico-chemical properties. By introducing asymmetric inver-
sion about the M plane, it is possible to extend the variety of
applications further to other domains.**** A break in symmetry
may be realized either by forming a 2D alloy via biased mixing of
different chalcogen elements into the anionic sites, by ordered
doping of different transition metals into the cationic sites, or
by the formation of a new class of 2D materials with the formula
A;MA,, where A; and A, are different chalcogen atoms. These
materials of the form A;MA, are called Janus layers (JLs) and
potentially provide even more sophisticated properties, such as
Rashba-Dresselhaus splitting,>*® magnetism,**=*" and vertical
piezoelectricity.**® In particular, the relativistic phenomenon
of spin-orbit coupling, which is due to the interaction of
moving electrons in the nuclear electric field from the ions in
the 2D planes, leads to the well-known Rashba-Dresselhaus
splitting in asymmetric 2D materials.*® Such splitting effects are
being investigated for application in catalysis processes.*>** In
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addition, the potential difference between the chalcogen planes
induces an internal field, which can be utilized for catalytic
activities.*

Recently, extensive theoretical and limited experimental
studies have reported the photocatalytic activity of many JLs of
various transition metal dichalcogenides."*>**"** Due to the
challenges in synthetic processes, to date, only SMoSe,*>*4495253
SWSe* and SPtSe** JLs have been experimentally realized, using
chemical vapor deposition followed by sulfurization or pulsed
laser deposition of Se. In particular, for the first time, the model
representative of JLs, SMoSe, was experimentally realized from
an MoS, precursor by Lu et al.>*> and from MoSe, by Zhang
et al** Since then, SMoSe has attracted more attention. The
difference in S’s and Se’s electronegativities enables novel
characteristics of this 2D material. Notably, the lifetime of
excitons in the SMoSe JL is longer than that in MoS,.**** Hence,
the electron and hole carriers are sufficiently spatially sepa-
rated, which leading to formation of out-of-plane dipole.
Moreover, adsorbed transition metal atoms on the JL can
improve its intrinsic dipole moment;* thus, it is possible to
tune the carrier recombination rate. In summary, control over
the intrinsic dipole can be utilized to enhance the photo-
catalytic characteristics of SMoSe. On the other hand, the
homogeneous charge distribution on S and Se atomic planes in
SMoSe leads to a lack of activated sites, which are a crucial
requirement for the adsorption process on any catalyst’s
surface, such as hydrogen adsorption in the hydrogen evolution
reaction (HER) to accomplish the water-splitting process.** A
good photocatalyst should possess an appropriate band gap to
absorb visible light, high carrier mobility, conduction and
valence band edge alignments beyond the redox potential, and
activated sites on the surface.>**

Several strategies, such as doping with impurities, applying
an external strain or field, inducing defects, or exposing edges,
can significantly enhance the catalytic activity of the MoS,
layer.>®>4%5¢ Among these, doping with impurities is a widely
used strategy in transition-metal chalcogenide-based catalysts.
For instance, Zhao et al. demonstrated that the presence of a Ti
impurity as an adatom in the Se atomic plane, along with an S
vacancy, enhances the photocatalytic performance of SMoSe.’
Additionally, the doping mechanism generates local strain in
the atomic planes of interest, which can activate surface sites
for strong absorption of small molecules. Therefore, structural
manipulation can lead to different charge distributions on
atomic sites, ultimately activating the basal plane. Hence,
doping cationic/anionic dopants at specific atomic sites can
make JLs suitable for HER applications.

Considering the successful experimental fabrica-
tion®>*4495253 and other prominent properties of SMoSe ]Ls,
such as longer exciton lifetime,** in this study we focus on
turning its application towards photocatalytic activity via
doping with metalloid elements (B, Si, and Ge). The doping
mechanism is chosen to redistribute the charges on the S and
Se atomic planes, which is shown to result in the formation of
new active sites for the HER. In this study, firstly the feasibility
of doping of metalloid elements is analyzed in terms of
formation energy to qualify the dopants for further
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investigation. The qualified doping cases are further subjected
to charge-transfer analysis in order to identify the number of
and the possible sites to adsorb H atoms. Then the HER activity
is probed in terms of the change in Gibbs free energy. Overall,
the combined discussion provides knowledge about the prop-
erties of doped SMoSe JLs and the potential candidates of
doping elements that may turn the SMoSe JL into an efficient
catalytic material for HER applications.

The study is organized as follows: the next section describes
the computational settings. Then, the structural changes in the
SMoSe JLs after doping are elucidated. Subsequently, the
feasibility of the formation of doped JLs is explored. Further-
more, the electron redistribution in the environment of the
dopant atoms is analyzed. The interaction of H atoms with
atomic sites near the dopants is studied by calculating the
adsorption enthalpy. Finally, the free adsorption energy is
determined in order to quantify the feasibility of the doped
SMosSe JLs for use as a catalyst for the HER.

2 Computational details

In this work, we carried out spin-polarized density functional
theory (DFT) calculations using the VASP code®” with projector
augmented wave (PAW) pseudopotentials.”® The generalized
gradient approximation (GGA)* is applied to treat the exchange
and correlation effects. An energy cutoff of 600 eV is used to
generate plane waves. PAW potentials of atoms with valence
configurations Mo(4p5s4d), S(3s3p), Se(4s4p), B(2s2p), Si(3s3p)
and Ge(3d4s4p), and respective valencies 12, 6, 6, 3, 4, and 14
are used in the calculations. The atomic positions are optimized
until the Hellmann-Feynman forces on each atom become less
than 10™* eV A™* and the total energies are converged up to
10~° eV. We considered a supercell consisting of 4 x 4 x 1 unit
cells of SeMoS JL, i.e., the supercell contains 16 Mo, 16 S, and 16
Se atoms. Monkhorst-Pack® grids of 16 x 16 x 1and 5 x 5 x 1
k-points are used for Brillouin-zone sampling of the unit cell
and the 4 x 4 x 1 supercell, respectively. Within the supercell,
in the direction perpendicular to the layer, a 15 A vacuum is
used to avoid inter-layer interactions. With these conditions, we
introduce the selected metalloid element X at the (a) Mo site
(X@Mo), (b) Se site (X@Se), (c) S site (X@S), and (d) interstitial
site (X@Int); refer to Fig. 1. Here, we choose only non-hazardous
elements from the metalloid group as dopants, so that they do
not form alloys with elements of the SMoSe JL. The covalent
radii of the dopant elements B (89 pm), Si (111 pm), and Ge (122
pm) change over a broader range in comparison to those of
chalcogenides S (102 pm) and Se (116 pm) and the transition
metal Mo (145 pm). Hence, electron redistribution is expected
close to the dopant atoms due to the strong local strain field.
The vibrational frequencies of attached H atoms are calculated
using the finite-difference approach, as implemented in the
VASP code.”” The symmetrical displacement method is utilized
to reduce the number of displacements. However, due to doping
and H adsorption, the layer assumes P1 symmetry and hence
a total of six displacements are created internally (three in the
positive direction and three in the negative direction). For the
vibrational calculations, the accuracies of the forces on each
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Fig.1 The schematic illustrates X-substitutional (X = B, Si, and Ge) as well as X-interstitial doping in SMoSe JLs before relaxation. Each doping
illustration has both cross-sectional and perpendicular views, along with a polyhedron schematically showing the unrelaxed prismatic coor-
dination that contains the dopant X. The relaxed structures are shown in SFig. 1-3 of the ESI.{

atom and the total energies are set to 5 x 107 eV A" and
1077 eV, respectively.

3 Results and discussion

3.1 Structural properties of X-doped (X = B, Si and Ge)
SMoSe Janus layers

Firstly, we optimized the atomic structure of the SMoSe ]JL, as
described in the Computational details section. The relaxed
lattice parameters were found to be a = b = 3.249 A, which is in
agreement with the value (3.249 A) reported in earlier theoret-
ical studies.***~* The metalloid atoms B, Si, and Ge were placed
at the sites shown in Fig. 1, and the respective relaxed structures
are given in SFig. 1-3 of the ESI.7 The detailed structural anal-
ysis shows that each dopant exhibits a unique behavior due to
its atomic size when inserted at different sites. In SMoSe,
a characteristic trigonal prismatic coordination is formed by
three S atoms and three Se atoms with Mo at the center. Upon
introducing the dopant X, a comparable coordination pattern
emerges. When X is at Mo or interstitial sites, the dopant and
neighboring chalcogens bond together, resulting in a prismatic
coordination arrangement. In the case of X at S or Se sites, X
contributes to this coordination with the nearby Mo atoms. In
the analysis of the relaxed structures (see SFig. 1-3 of ESIY), this
distinctive prismatic coordination is used to calculate the
structural quantities, namely the average bond length (),
polyhedral volume (Vyoy), distortion index (djax), and the
effective bond number (N.g), to understand the impact of the
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dopant. The results are shown in Fig. 2. It is noteworthy that the
distortion due to the dopant is a local effect and confined to the
first or second neighbor distance from the dopant. The above-
mentioned structural quantities are calculated using the
VESTA package® and the respective definitions are given in the
ESI, cf. Section 2.1 The polyhedral volume (V,1y) in the pristine
SMoSe JL is about 15 A®. Introducing dopants with different
atomic sizes changes the value of V},,,. Notably, the presence of
B dopants at all doping sites significantly alters the polyhedral
volume. A similar effect is observed with Si and Ge doping at
Mo, Se, and interstitial sites. However, in the case of Si and Ge at
the S site, V,,y remains nearly the same as in the pristine JL,
which indicates that the dopants occupy the lattice site without
further distortions.

The N value shown in Fig. 2 elucidates the local changes
induced by the dopant in the net number of bonds in the
prismatic coordination. It is calculated by connecting the
central atom to its nearby atoms, which are involved in the
formation of coordination. In pristine SMoSe, N is approxi-
mately six, as three S and three Se atoms surround Mo in
a trigonal prismatic coordination. For B doping, both cases
B@Mo and B@Int almost retain the same N as in the pristine
JL. B@Int leads to only small changes in N, but B is pushed
towards the S plane (see SFig. 1d¥). For B@S and B@Se JLs, B is
shifted towards the Mo sublattice (¢f. SFig. 1b and 1ct), which
causes a considerable reduction in N.g The introduction of Si
and Ge dopants distorts the S and Se sublattices when doped at
Mo and interstitial sites, leading to a reduced N.¢ compared to

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The calculated structural quantities, polyhedral volume Vo,
effective bond number N, average bond length [,,., and the distor-
tion index digx, Of the trigonal prismatic coordination containing the
dopant X, as shown schematically in Fig. 1. The data were obtained
from the analysis of the relaxed structures. For X@lnt, the bonds to
neighboring S and Se are considered in the analysis.

that of the pristine JL (see SFig. 2a and d as well as 3a and df).
On the other hand, Si and Ge at S/Se sites persist in occupying
the S/Se sites, leading to a similar N as in the pristine JL.

The I,y in pristine SMoSe is 2.477 A, which comprises the
average bond length of both Mo-S and Mo-Se bonding. Hence,
shrinking/elongation of /,,. depicts the impact of the atomic
sizes of the dopants and the interaction between the dopants
and the layer atoms.

The distortion in the lattice can be further characterized
using the distortion index djqx, which is calculated based on the
different bond lengths / in the prismatic coordination. Since
Ivo_s 15 2.421 A, and Iy;o_se is 2.542 A, the characteristic trigonal
prismatic coordination of the pristine JL has a certain djqx. The
B@Mo dopant lowers this value, indicating that lp_g and lp_ge
are similar. The B@Int dopant induces a similar dj4, as in the
pristine JL, attributed to the fact that B@Int retains the pristine
Netr and B induces only slight distortion. For the B doping at the
chalcogenide sites, the distortion is higher than that in the
pristine JL, since B, as mentioned above, is shifted away from
the doping site. Si and Ge doping at chalcogenide sites results
in a similar djq4 to that of the pristine JL due to the N value. On
the other hand, these dopants on Mo and interstitial sites
produce the largest observed distortion.

This journal is © The Royal Society of Chemistry 2024
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The quantities Negr, diax, Vpoly and lye provide valuable
insights into the structural changes resulting from dopant
incorporation within the JL, which can effectively alter the
electron distribution in the doped layer and can enhance or
originate the potential to trap H ions for HER applications.

3.2 Formation energy of dopant atoms at different sites

For all the atomic configurations with dopant atoms, the
formation energy E; is calculated using the equation®®

Er = Ex+smose — Esmose T My — ix (1)

where Ex.smose and Esyvose are the total energies of the SMoSe JL
with and without the X dopant, respectively. The terms ux and
uy represent the chemical potentials of the dopant X and the
atom removed from the JL. Thus, depending on the doping site,
Uy can be either uyo, us, OF use or zero for the interstitial dopant
configuration when no atoms are replaced by dopants. The
chemical potentials of the S and Se atoms are obtained from the
total energies of the S and Se dimers. The chemical potential of
Mo is calculated from the total energies of bulk Mo as ER
Nuo, Where ESiK is the ground state energy of a-Mo bulk and
Ny, is the number of Mo atoms in the bulk reference system.
Similarly, the chemical potentials ux of X (B, Si, and Ge) are
calculated from the X, and the bulk structures of X, which
respectively represent X-poor and X-rich conditions in the
reaction chamber. Again, we fix the X-poor limit as Ex /2 and the
X-rich limit as ER"™/Nx. In analogy, EX"'" and Ex are the ground
state energies of X, and X dimers, respectively, and Ny is the
number of X atoms in the bulk crystal. From the values of E¢
shown in Fig. 3, it is clear that the formation energy strongly
depends on the reference systems being used to obtain the
chemical potentials of the dopants, ux. Thus, it is essential to
choose specific growth conditions and precursor elements in
the formation process of X-doped SMoSe JLs. Here, we focus on
the special chemical environments illustrated in Fig. 3. It must
be emphasized that alternative routes for doped JL formation
exist and will be investigated in future work.

Fig. 3a shows the energetics of B doping at different sites in
the SMoSe JL. The chemical potential of B is derived from the B
bulk (B-rich conditions) or the B, dimer (B-poor conditions).
The B doping in the bulk region is energetically unfavorable,
i.e., Ef > 0, since the combined process of decomposing the B
bulk and incorporating decomposed B into the JL is energeti-
cally demanding. Utilizing B clusters, particularly B dimers, can
reduce the energy demand for decomposition, and hence
incorporating B can be carried out. Under the B-poor condi-
tions, the doping can be carried out at all considered doping
sites. The stability of different atomic configurations decreases
in the order B@S > B@Se > B@Int > B@Mo. Thus, B substitu-
tion at the S site is more favorable than any other configuration
under B-poor conditions.

The energetics for Si doping at different sites are compared
in Fig. 3b. The energy of Si in the Si bulk determines the ug; of
the Si-rich conditions, while the energy of the Si, dimer deter-
mines that of the Si-poor conditions. Unlike the B doping,
interstitial Si is highly unfavorable compared to Si@S, Si@Se,

J. Mater. Chem. A, 2024,12, 7742-7753 | 7745
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Fig. 3 The formation energy of X (X = B (a), Si (b), and Ge (c)) doping at various relevant sites in the SMoSe JLs. The chemical potentials of Mo, S,
and Se are calculated from the respective bulk and dimers, and those of X are derived from the X bulk (X-rich conditions) and X dimers (X-poor
conditions). Comparing the doping sites, it is depicted that X@S is energetically most favorable. Overall E; can be expressed as EP < Ef' < E&€ for
the X@S doping. In contrast to B, the dopants Si and Ge do not favor interstitials.

and Si@Mo, due to the size effect. Since the atomic size of S is
smaller than that of Se, Si substitutional atoms prefer S sites.
Hence, the E; is more negative for Si@S than for Si@Se. In
addition, Si tends to occupy the Mo atomic sites. Interestingly,
the E¢ of Si@Mo is slightly higher than that of Si@s, differing
only by 110-290 meV per atom across the ug; range. In contrast,
the E of the Si@Mo configuration (Fig. 3b) is significantly (=1-
2 eV per atom) lower than that of Si@Se. Therefore, accounting
for the E¢ of the distinct doping sites, the stability decreases in
the order of Si@S > Si@Mo > Si@Se > Si@Int.

Ge doping (Fig. 3c) leads to higher E; values than in the Si
case and to another sequence of stable X sites: the stability
decreases in the order of Ge@S > Ge@Se > Ge@Mo > Ge@Int.

Considering the most feasible doping site, the S site, for all X
dopants, E;f can be arranged in the order of Ef < B <
Ef°. Interestingly Si can be doped at the Mo site with an excess
of only =300 meV per atom. The X-poor limit supports doping X
at all considered sites.

3.3 Electron redistribution due to the presence of dopants

After carefully analyzing the energetics of doping for the JLs, the
interaction between the host atoms and the dopant X atoms is
studied using Bader analysis (BA) to understand the electronic
modifications of atoms within the JLs. In BA, the number g of
electrons of an atom is determined using zero-flux surfaces, as
implemented by Henkelman et al.***” The gain or loss of elec-
trons due to the fact that an atom i is part of the doped or
undoped JL is calculated using the quantity Q;, with

0=2Z—4qi (2)

where g; is the number of electrons on atom i from BA and Z; is
the number of valence electrons, as defined in its

7746 | J Mater. Chem. A, 2024, 12, 7742-7753

pseudopotential. Thus, the negative and positive values of Q;
indicate the accumulation or depletion of electrons on that ith
atom. In the present work, atoms related to prismatic coordi-
nation, as shown in Fig. 4, are the subject of BA. Additionally,
a few example cases are studied using the differential charge
difference approach® and the results are presented in the ESI
to show the similarity between BA and differential charge
analysis.

When we introduce a chemically different X atom at the
substitutional or interstitial sites, the new atomistic arrange-
ment causes local lattice displacements due to the size of the
dopant and electronic modifications affecting the nearest
neighbor atoms. Consequently, this causes a redistribution of
electrons within the atoms of the JL. Gain or loss of electrons
results in a negative or positive Q;, respectively, indicating an
anionic or cationic nature. Atoms that significantly gain elec-
trons (in comparison to atoms in the pristine JL) are potential
sites for the adsorption of hydrogen ions; see Section 3.4. For
the atoms depicted in Fig. 4, the values of Q; were calculated and
the results are given in Table 1. The data for pristine SMoSe are
also listed.

When B is doped at the Mo site or in an interstitial position,
it acquires the cationic state and at the S or Se site, B retains the
anionic state, as of S or Se.

The Si dopants are cationic regardless of the doping site,
mainly due to their reduced electronegativity. However, the
extent of electron acquisition varies depending on the specific
doping site. In the intriguing case of Si@Mo doping, the size of
the Si atom emerges as a critical factor governing the charge
states of the neighboring atoms. The size mismatch between Si
and Mo induces local displacements, leading to significant
alterations in Si-S and Si-Se bond lengths and causing an
increase in the number of electrons surrounding the first

This journal is © The Royal Society of Chemistry 2024
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the unrelaxed structure).

Table 1 The electron redistribution due to the presence of dopants is
computed for Mo, S, Se, and X in both pristine and X-doped SMoSe JLs.
The atoms involved in electron redistribution are shown in Fig. 4. The
values of Q;, see eqn (2), are the average values for Mo, S, and Se. The
electron redistribution yields both cationic Si and Ge (i.e., dopants have
positive Q) irrespective of doping sites. However, the B dopant attains
the anionic state (i.e. dopants have negative Q)) in B@S and B@Se JLs,
and cationic states in B@Mo and B@lnt JLs. In the case of Si@Mo, the S
and Se atoms (the S1-S3 and Sel-Se3 atoms shown in Fig. 4) closest
to Si show a strong gain of electrons (Q; values are shown in boldface),
but there is no significant change in charge on the second nearest
neighbors (S4 and Se4 in Fig. 4; Q; values are shown in normal face).
Note that in this table, Q; for the second nearest neighbors is given only
for Si@Mo

Atom Pristine B@Mo B@S B@Se B@Int
Mo 1.080 1.147 1.0312 1.069 1.019
N —0.628 —0.568 —0.6507 —0.644 —0.590
Se —0.452 —0.399 —0.3967 —0.466 —0.431
B 0.524 —0.349 —0.302 0.150
Atom Si@Mo Si@s Si@Se Si@Int
Mo 1.093 0.745 1.054 0.952
S —1.244 —0.463 —0.643 —0.544
—0.630
Se —0.498 —0.323 —0.468 —0.442
—0.456
Si 0.309 0.206 0.448 0.595
Atom Ge@Mo Ge@S Ge@Se Ge@Int
Mo 1.086 0.926 0.987 0.925
S —0.661 —0.671 —0.657 —0.656
Se -0.471 —0.473 —0.477 —0.471
Ge 0.975 0.091 0.047 0.569

nearest neighbor S and Se atoms, as shown by the values
highlighted in boldface in Table 1. When Si occupies S sites, the
electrons are redistributed from S or Se to Mo. A somewhat

This journal is © The Royal Society of Chemistry 2024

analogous trend, although less pronounced, is observed when
Si occupies interstitial sites.

Though Si and Ge are isoelectronic, the electronegativity and
atomic size of Ge are different from those of Si. These facts
originate a slightly different local distortion around the Ge
dopant than that observed from Si, and therefore different Q;
values.

In addition to exploring active sites, from Table 1 the
concentration of active sites can be quantitatively assessed as
follows. The lattice vectors of the considered 4 x 4 supercell are
d=12.999+ 0j and b = —6.499/ + 11.257/,  which  raises
a surface area of 146.37 A% In this area, the substitution of one X
(B/Si/Ge) dopant reaches the doping concentration of 6.25% of
the respective species and an overall concentration of 2.1 at%,
which corresponds to a surface density of 6.83 x 10> A2, This
value is exclusively due to convergence reasons to prevent
dopant-dopant interaction. While diluting the dopant concen-
tration will not affect the results, increasing the concentration
may lead to energetic deviations, although we still expect
similar results for the 3 x 3 supercell (surface area of 82.33 A?)
with a surface density of 12.14 x 1072 A2,

3.4 H adsorption on pristine and X-doped SMoSe Janus
layers

Three different H adsorption sites are investigated, namely, (a)
Hon S, (b) H on Se, and (c) H on X. The studied H sites on the
relaxed JL with the dopant atom are shown schematically in
Fig. 5. In the H on S and Se configurations, the H atom is placed
on top of S and Se, respectively. In the H on X configuration, H is
attached to the dopant X from either the S or Se atomic plane.
All these sites are studied for H adsorption in X-doped and
pristine JLs. Further, the HER process is quantified by calcu-
lating the change in Gibbs free energy AG.

3.4.1 Enthalpy of H adsorption. A hydrogen evolution
reaction (HER, 2H" + 2e~ — H,)® on a catalyst surface is a two-
step electron-transfer reaction to produce H, at the end. In the
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Fig.5 The figure depicts the relaxed JLs in the structural vicinity of the dopant atom, whereas the positions of H atoms are shown schematically.
In X@Mo JLs, the following non-equivalent sites for H are studied: one where the S or Se atom is closest to X (denoted by 1 and 2), one near the
other S or Se (next) neighbor of X (denoted by 3 and 4), and one near X (denoted by 5 and 6). The non-equivalent H sites considered for X@s,
X@Se, and X@Int are also marked by numbers 1 for Hon S, 2 for H on Se, and 3 for H on X. Note that the present numbering is also used in Table 2.

first step, the proton (H") gets adsorbed on the active site of the
catalyst. Consequently, an electron is transferred to the H' to
form adsorbed H (*H) on the surface. In the Volmer-Tafel
pathway, after two such *H formations on the surface, they react
with each other to form a H, molecule. In the Volmer-
Heyrovsky pathway, the *H reacts with a solvated H' + e~ couple
to form H, on the surface of the catalyst.**”* In both pathways,
the adsorption of H with optimal adsorption enthalpy for the
reaction given in eqn (3) will determine the Gibbs free adsorp-
tion energy of the reaction. Thus, it is important to study the
adsorption enthalpy before we proceed to the calculation of the
change in Gibbs free energy, AG. The above-mentioned mech-
anism of electron transfer on a surface can be written as follows:

*+H +e — *H 3)
where * indicates the surface and *H is the adsorbed H on the
surface. After two such adsorptions, both adsorbed H atoms
may form the H, molecule:

*H + *H — H, (4)

7748 | J. Mater. Chem. A, 2024, 12, 7742-7753

In this study, the most feasible sites for the H atom on the X-
doped JLs and their effect on the HER are investigated (Fig. 5).
For comparison, H on pristine JLs is also considered. To
quantify the strength of adsorption, the adsorption enthalpy E.q
of H is calculated using

(5)

where Ej; ,»y and Ej, are the ground state enthalpy of the JL with
and without an H atom, respectively. The chemical potential uy
of H is calculated based on the equilibrium condition

Eyq = EyLesu — EyL — un

1 . .
EHZ —H" + e, where H is H" + e, since under the standard

temperature and pressure conditions (p = 1 bar, T =298 K) and
assuming pH = 0, the change in Gibbs free energy of the

1 . .
EHZ < H" + e reaction is zero.” The calculated E,q4 values for

different H configurations are given in Table 2.

In the pristine SMoSe JL, the adsorption energies for H on S
and H on Se sites are positive, i.e., adsorption is not favored.
This is primarily due to the chemical inertness of the basal

This journal is © The Royal Society of Chemistry 2024
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Table2 Adsorption enthalpy E,q of H on different sites in the X-doped
JLs. The numbers in parentheses denote the adsorbed H atoms shown
and numbered in Fig. 5. The positive and negative values represent
repulsive and attractive interactions between H and the JLs, ie.,
endothermic and exothermic reactions. All values are in the unit of eV

Pristine B@Mo B@S B@Se B@Int
HonS 1.673 —2.563 (1) 0.322 (1) 0.211 (1) 0.552 (1)
HonSe 2.189 —2.817 (2) 1.096 (2) 0.908 (2) 1.153 (2)
Hon B -1.832(5) —0.373(3) —0.384(3) 2.169(3)
—1.680 (6)
Si@Mo Si@s Si@Se Si@Int
HonsS —0.684 (1) 0.679 (1) 0.379 (1) 1.458 (1)
0.451 (3)
H on Se —0.480 (2) 1.204 (2) 1.291 (2) 2.273 (2)
1.148 (4)
H on Si 1.232 (5) —0.776 (3) —0.826 (3) 2.205 (3)
0.712 (6)
Ge@Mo Ge@S Ge@Se Ge@Int
HonsS —0.428 (1) 0.570 (1) 0.049 (1) 1.211 (1)
H on Se —0.224 (2) 1.072 (2) 0.976 (2) 1.615 (2)
H on Ge 0.672 (5) —0.594 (3) —0.882 (3) 2.248 (3)
0.884 (6)

planes. However, when examining Table 2, it becomes evident
that the X-doped JLs display a more diverse behavior, showing
both endothermic (i.e., E,q > 0) and exothermic (i.e., E,q < 0)
interactions with H. The specific nature of the interaction
depends on the local atomic configuration of the dopant. In the
case of X@Int, for all H sites shown in Fig. 5, only positive values
of E,q are found.

In the X@S and X@Se doped JLs, the H on X configuration
(site 3) exhibits an attractive interaction with E,q < 0. On the
other H sites (1 and 2), E,q is positive. The difference between
the values of E,4 on site 3 for the B, Si, and Ge dopants may be
explained in terms of atomic size and the corresponding value
of Q;.

Intriguingly, the interaction of H with X@Mo-doped JLs
reveals a fascinating diversity, which is heavily influenced by the
specific X dopant introduced. In the case of B@Mo, a strong
attraction is found for H on S and Se sites (1 and 2) which
corresponds to the most negative E,q found in this work. H on
other tested sites (3 and 4) has a similar E,q and hence E.q4
values are given only for sites 1 and 2. For H on B (sites 5 and 6),
an attractive interaction is obtained.

In the case of Si on the Mo site, H is attracted at sites 1 and 2
but repelled at sites 3 and 4. Remarkably, such distinguishable
sites are available only through Si doping, whereas B and Ge
doping does not lead to such differences, which may be
explained by the atomic size and electronegativity. Further-
more, H is repelled at sites 5 and 6 for Si@Mo as well as in the
Ge@Mo case. For Ge@Mo, H is attracted at sites 1 and 2, but the
corresponding E,q is less negative than in the case of Si@Mo.
However, like in the B@Mo case, H on sites 3 and 4 exhibits
a similar E,q.

This journal is © The Royal Society of Chemistry 2024
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In conclusion, the above findings highlight the intricate
interplay between the dopants and H in SMoSe JLs, empha-
sizing the potential for tailoring catalytic properties by strate-
gically introducing dopants at different doping sites.

3.4.2 Gibbs free energy and exergonic behavior. We calcu-
lated the Gibbs free absorption energy AG using the formula™7?

AG = E,g — TAS — AZPE (6)

where E,q4 is the adsorption enthalpy (eqn (5)), which is equal to
the enthalpy change (due to adsorption) in the ground state,
AZPE is the change in zero-point energy of H during the
adsorption, Tis the temperature (273.15 K) and AS is the change
in entropy. The term AZPE is computed as

AZPE = ZPE(H*) — ZPE(H) 7)

where ZPE(H*) and ZPE(H) are the zero-point energies of the
adsorbed H and H, molecule, which are calculated using

o . 1 .
respective vibrational frequencies w as ZE hw;, where 7 is the
i

Planck constant.” The vibrational entropy of the adsorbed H
(i.e., the H* atoms) is small, and the entropy of adsorption of

1. 1 1 . .
EHZ isASy = — ESO(HZ), where ESO(HZ) is the entropy of H, in

the gas phase under standard conditions.” In this work, AS is
set to —0.205 eV, which is the value for standard pressure and
temperature conditions, according to the NIST database.” The
calculated values of each quantity in eqn (7) are given in Tables
1-4 in the ESIf for the pristine, B-, Si-, and Ge-doped SMoSe JLs,
respectively.

The results are summarized in Fig. 6. A negative or positive
AG indicates an attractive or repulsive interaction, respectively,
between H and the JL. It should be noted that a too-negative AG
value may hinder the potential application of the specific JL for
the HER, as it requires high energy to separate H from the JL.
Hence, to be a good candidate material for the HER, the AG of
the adsorbed H on the material surface has to be only slightly
negative.”>”*”” The calculated AG’s of H on S and Se sites of the
pristine JL show large positive values, as visible in Fig. 6a, which
means that the pristine SMoSe JL is unfavorable for HER
applications.

For B@Mo (Fig. 6a) and its structural vicinity (sites 1-6),
there is a strong affinity of H towards the B, S, and Se sites.
However, this interaction proves excessively potent, with AG
values ranging from —1.3 eV to —2.4 eV, rendering B@Mo
unsuitable for the HER (Fig. 6a) since H desorption is energy
demanding in these cases. The case of B@Int does not signifi-
cantly affect the HER properties of the doped layer, as for all H
configurations AG is positive. On the other hand, B@S and
B@Se lead to a reduction in AG compared to the pristine JL.
However, for B@S and B@Se (sites 1 and 2), AG is still positive
for H on S and Se, whereas H on B (site 3) shows a lower value at
approximately —0.01 eV. Remarkably, this is even a lower
negative value than the reported AG for the highly efficient Pt
catalyst (—0.09 eV)’*”* and makes B@S and B@Se doping an
ideal doping choice for HER applications.
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Fig.6 The calculated Gibbs free energy of H adsorption (for standard temperature and pressure conditions) on (a) B-doped, (b) Si-doped, and (c)
Ge-doped JLs. The reference levels of H" + e~ and 1/2 H, are set to zero. From left to right, AG is given for the pristine, X@Mo-, X@S-, X@Se-, and
X@lnt-doped SMoSe JLs, respectively. The numbers near the markers represent the H sites shown in Fig. 5.

Si@Int (Fig. 6b), similar to the B dopant and pristine JL,
provides only unfavorable sites due to the positive AG value for
all H configurations. Focusing on Si@Mo, we encounter two

distinct H sites on S (1 and 3) and two distinct H sites on Se (2
and 4), ¢f. Fig. 5. It is intriguing to note that for sites 1 and 2, the
AG values range from —0.2 to —0.1 eV, and for H on sites 3 and 4
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AG is positive. Notably, the AG values of H on sites 1 and 2 are
comparable to those observed for graphitic carbon-nitrogen-
doped graphene interfacing layers.” Finally, in Si@S and
Si@Se, only site 3 is favorable, as the interaction with H
becomes exergonic with a AG of —0.22 eV. In contrast, the
remaining H configurations (sites 1 and 2) exhibit an ender-
gonic nature. In comparison to B, Si doping at Mo, S, and Se
provides potential sites for H adsorption and stays a potent
candidate for doping for HER applications.

Despite being isoelectronic with Si, Ge exhibits subtle
differences in its interaction with H due to its higher electro-
negativity and larger atomic size (Fig. 6¢). Similar to Si and B,
Ge@Int is also unsuitable for HER applications as AG > 0. In
contrast to Si, for Ge@Mo, the AG values for H on sites 1 and 3
as well as those for H on sites 2 and 4 are similar. The AG values
of H on S and H on Se, cf. Fig. 6¢c, are —0.05 eV and 0.05 eV,
respectively (sites 1 and 2). Hence, the S plane of Ge@Mo JLs
can effectively retain H in the HER, making Ge@Mo doping an
optimal candidate for the HER. For Ge@S and Ge@Se, the
interaction between H and Ge (site 3) is attractive, with
a strength of —0.12 and —0.30 eV. The H-S and H-Se interac-
tions (sites 1 and 2) are endergonic. Hence, Ge@S provides an
optimal adsorption site on top of Ge in comparison to the
stronger interaction site in Ge@Se. As a result, the Ge doping at
Mo or S is recommended for HER applications.

The preceding findings underscore the significant advan-
tages of X-doping of SMoSe JLs for use in the HER. Also, the
findings provide insightful motivation for selecting appropriate
doping cases for further applications that involve electron-
transfer processes, such as H,O reduction under different
chemical conditions.

4 Conclusions

Spin-polarized first-principles calculations were carried out to
explore whether B, Si, and Ge-doped SMoSe JLs can be used as
potential catalysts in the hydrogen evolution reaction (HER).
The dopant atoms X (X = B, Si and Ge) were inserted at Mo, S,
Se, and interstitial sites. The analysis of the relaxed JLs
demonstrates the effect of the atomic size of the dopants on the
alteration of the layer structure in their structural vicinity.
Furthermore, the formation energy Ef for substitutional and
interstitial doping was studied for two different chemical envi-
ronments: (i) bulk X - or X-rich conditions, and (ii) dimer X, - or
X-poor conditions. The X-poor conditions yield lower E¢ values
in all cases investigated. Our results show that doping at the S
site is energetically most favored. For X@S, the Ef can be
arranged in the order Ef < Ef' < Ef*. Interestingly, the value for
Si@Mo differs from that for Si@S only by about 290 meV per
atom, hinting at the possibility of Si@Mo doping. The differ-
ences in electronegativities and atomic sizes between the
dopant and host atoms lead to electron redistribution, which
was explored using Bader analysis. Atomic sites with a number
of electrons different from that on atoms in the pristine SMoSe
JL may be potential hydrogen traps and are therefore interesting
for the HER. Hence, the interaction of H atoms with these sites
was studied and the H adsorption energy E,q was calculated.

This journal is © The Royal Society of Chemistry 2024
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While the pristine SMoSe JL repels H, several attractive sites
were found in the structural vicinity of the considered dopant
atoms. Finally, the Gibbs free adsorption energy AG was
determined in order to quantify the feasibility of the doped
SMosSe JLs for use as a catalyst for the HER. Upon comparing the
calculated AG values for various dopants and H configurations,
it becomes evident that all dopants may play a vital role in
improving SMoSe for HER applications. The AG values imply
that B on S and Se sites, Si on Mo and S sites, and Ge on Mo and
S sites are most favorable. Remarkably, the adsorption and
desorption of H on the B-doped JLs (doped at S and Se sites) and
H on Ge-doped JLs (at the Mo site) should show rapid kinetics.
This finding signifies an encouraging step towards improving
the performance of SMoSe JLs in HER applications.
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