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O-doped MoS, nanosheets: a first-principles
studyT
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To gain insights into few layer (FL) van der Waals MoOs3_,S,/MoS,_,O, heterostructures for
photocatalytic applications, we analyze how the concentration (x) and location of anionic isovalent atom
(S or O) substitutions impact their opto-electronic properties and high frequency dielectric constant
profiles. By using density functional theory (DFT) calculations within the HSEO6 functional, we show that
the electronic band gap of FL MoOs_,S, decreases with increasing x, while the dielectric constant profile
and absorption coefficient in the UV-vis range increase. The stronger band gap reductions are obtained
when S-atoms are located in the internal bulk region of FL MoOs_,S, and in interaction with O-atoms of
the neighboring layer. Moreover, the conduction and valence band (CB/VB) levels are shifted to higher
energy values in the case of the edge location (external surface) of these S-atoms. Thanks to the
determination of the thermodynamic diagrams of 4L MoOs_,S, and 6L MoS,_,0O,, we propose optimal
heterojunctions made of 4L MoOs_,S, with either single-layer (SL) or FL MoS, with CB/VB levels
compatible with a Z-scheme working principle and with potentials required for photocatalysis
applications such as the photolysis of water into O, and H,. This study combined with our previous
theoretical investigations on bulk materials and SL provides a thorough analysis of SL-FL MoOs_,S,/
MoS, heterojunctions where the concentration and location of S-atoms in MoOs_,S, are key to design
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1. Introduction

Two-dimensional (2D) materials are the subject of numerous
research studies. Among these materials not only graphene’
but also many other 2D materials such as h-BN,” silicen,’
germanen,” transition metal oxides (TMOs),>® transition metal
dichalcogenides (TMDs),” MXenes,® and phospherene’ are of
keen interest for numerous applications in physics and chemistry.
In particular, 2D TMDs and TMOs are actively investigated, and
recently, their thin films and nanosheets have been realized
experimentally.®” 2D TMOs exhibit various structures depending
on their elemental compositions and configurations while
2D TMDs are typically made of a layer of transition metal
atoms sandwiched between two rows of chalcogen atoms.
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efficient materials for water photolysis.

The availability of various transition metals and their binding
states in 2D TMDs and TMOs enables them to show a wide
spectrum of properties such as metals to wide band gap
semiconductors. The electronic, optical and catalytic properties
of TMDs can be significantly tuned by oxidation. In particular,
because TMOs are promising hole injection layers, a
TMD—-TMO heterostructure can potentially be applied as a
p-type semiconductor'® for applications in p-type FETs''™*?
and gas sensors."*

Molybdenum disulfide (MoS,) and trioxide (MoOs3), as fron-
trunners of TMD and TMO families, have opened up new
horizons because of numerous attractive properties such as
tunable band gaps, high surface-to-volume ratio and mechanical
robustness.””> They are layered materials with strong intralayer
iono-covalent bonding and weak van der Waals interlayer coupling,
which provides an opportunity for tuning the number of stacked
layers. o-MoO; with an orthorhombic layered crystal structure and
a Pnma space group is thermodynamically the most stable phase of
molybdenum trioxide which is an n-type semiconductor with a
wide experimental band gap of ~3.2 eV.'"” On the other hand,
the 2H-phase of MoS, with a hexagonal crystal system and a P6;/
mmc space group exhibits an indirect band gap of about 1.23 €V,
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which may be valuable for photocatalytic applications.'® In
particular, TiO, supported MoS, has been found to catalyze
hydrogen production from water'®?° or alcohol.”’ However, a
margin of improvement is expected for such MoS, based
photocatalysts depending on the targeted reaction.

Compared to their bulk counterparts, 2D a-MoO; and 2H-
MoS, with mono- and few-layer thicknesses could exhibit
different physical and chemical properties (such as the band
gap, charge transport, and catalytic activity), originating from
the confinement in the ultrathin plane. Such single- or few-
layer MoO; and MoS, materials can be obtained by using
various experimental synthesis methods such as mechanical
exfoliation, molecular beam epitaxy and chemical/physical
vapor deposition.**>> MoS, becomes a direct band gap semi-
conductor with an electronic band gap of 1.8 eV when it is
thinned down to a single-layer.>® In the case of TiO, supported
MoS,, density functional theory (DFT) calculations have shown
that the SL interacting with TiO, surfaces through van der
Waals may lead to the formation of type II heterojunctions
providing the potential Z-scheme.?” In contrast, the value and
indirect nature of the o-MoO; band gap keep almost
unchanged from few layers (FLs) to a single-layer (SL).>® Hence,
2D/2D heterojunctions involving MoS, and other materials
have been explored®>*’ in the field of photocatalysis. However,
numerous properties of such heterojunctions remain to be
optimized to improve the photocatalytic performances of these
supported MoS, materials depending on the targeted reaction
water dissociation or CO, reduction. If one focuses on the
optoelectronic properties, a systematic theoretical prediction
of band gaps, levels of the conduction/valence bands (CB/VB)
and the mobility and separation of charge -carriers is
expected.*® This is particularly crucial for the design of relevant
2D/2D heterostructures with appealing optical properties
providing an optimal charge transfer and separation between
both 2D semiconductors such as obtained in the Z-scheme
heterojunction." To address this challenge, it is mandatory to
simulate the evolution of the properties of these 2D materials
(MoS, and MoO3) not only in their pristine state but also after O
or S chemical doping of the heterostructure.

In our previous theoretical works, we showed that the
optoelectronic properties of «-MoO; and 2H-MoS, bulk systems
can be tuned with anionic isovalent-atom substitutions.*>
By using DFT calculations within the HSE06 functional, we
first revealed that S-doping of a-MoO; may significantly reduce
the band gaps and increase the charge carrier mobility of the
pristine material, while 2H-MoS, properties are less sensitive to
O-doping. In addition, we identified the potential interest of
creating a 2D heterojunction between S-doped o-MoO; layers
and 2H-MoS, layers.** While the MoO3/MoS, 2D heterostructure
belongs to the type III heterojunction associated with a metallic
character, substituting oxygen atoms by sulfur atoms in the
MoO; SL enables us to switch from a type III heterojunction to
a type II heterojunction.?® Moreover, it was highlighted that the
band gap and charge transfer within the heterostructure are
intimately correlated with the S concentration at the interface of
MoO;/MoS,. This previous finding may open new routes for the
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design of 2D MoO;/2D MoS, SL heterojunctions with the
potential Z-scheme behavior. However, the formation of such
controlled 2D stacked SLs is challenging to synthesize experi-
mentally, whereas FLs could be formed more easily. Therefore, it
is legitimate to investigate how the opto-electronic properties of
such MoO;/MoS, FL heterostructures differ from SLs. Moreover,
forming such FL structures increase the number of possible
configurations depending on S-doping element positions inside
the MoO; layered structure which may lead to different
opto-electronic properties for a given dopant concentration. As
a consequence, one key question for the photocatalysis applica-
tion is to determine which configurations must be favored to
generate the most appropriate optoelectronic properties and
which configurations may be detrimental. Hence, the present
report aims at addressing the structural and opto-electronic
properties of S-doped MoO; FLs and O-doped MoS, FLs in order
to assess the future potential of harnessing novel 2D nano-
materials as more efficient visible-light-driven photocatalysts.
We will particularly pay attention to various properties: electro-
nic band gaps, valence and CB/VB edge positions and optical
absorption coefficients in the UV-vis range. Also, high frequency
dielectric constants will be determined since they are important
and challenging properties not so often addressed in the litera-
ture for these 2D materials. We will show how these properties of
individual MoO; and MoS, components can be effectively modu-
lated by S- and O-substitution and which optimal MoOj;_,S,/
MoS,_,O, heterostructures could be proposed in order to match
some targeted parameters required for the water photolysis reac-
tion. Before this, the next section will present the details of the
methodology and computational setup used to compute the
crystal structures and the electronic properties, the optical proper-
ties and the high frequency dielectric constant.

2. Methods

2.1. Geometry optimizations and electronic properties

The two reference supercells used for the non-doped 6L MoS,
and 4L MoO; slabs are reported in Fig. 1. This choice of the
number of layers of MoO; and MoS, slabs results from the best
compromise for MoO; and MoS, according to the 3 following
parameters. First, the slab should be thick enough to have
different edges, pre-edges and bulk sites for impurity substitution.
Then, the physical properties of the slabs such as the binding
energy, electronic band gap and dielectric constant do not change
with the increase in the number of layers. In this case, the
properties of few-layered materials are close to their bulk phase
(see Table S1, ESIt). Lastly, the hybrid functional makes the
calculations rather CPU time consuming. Hence, we must select
a minimum number of layers that fulfills the two previous
conditions for both systems.

The geometry optimizations of all pristine and substituted
MoO; and MoS, layered structures were performed by using
the ab initio CRYSTAL17 code®* within periodic boundary condi-
tions and localized Gaussian-type function basis sets (BSs).
The convergence criterion for the geometry optimization was fixed
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Fig. 1 The unit cells of (a) 4L a-MoOs and (b) 6L 2H-MoS,. The purple,
red and yellow balls in the geometrical models represent the Mo, O and
S atoms, respectively.

at 10~ '° Ha per unit cell. The following BSs were used: Mo_
SC_HAYWSC-311(d31)G_cora_1997*" (for Mo atoms), S_86-
311G*_lichanot_1993*¢ (for S atoms) and O_8-411d11G_
valenzano_2006°" (for O atoms). For the exchange-correlation
potential, the PBE functional®® has been adopted and the
van der Waals contributions were described by using the
semi-empirical Grimme D3 approach®® with optimized scaling
factors.®* The tolerances for the evaluation of Coulomb and
exchange series were set to 8 x 8 x 8 x 8 x 16.>* Since ordinary
DFT within the PBE/GGA functional underestimates the elec-
tronic band gap, all the electronic properties were computed
via single-point calculations by using the range separated
hybrid Heyd-Scuseria-Ernzerhof (HSE06) exchange correlation
functional®®*' on the PBE optimized geometries using CRYS-
TAL17. The wave functions were converged with a SCF energy
convergence criterion of 10~ '° Ha per unit-cell and the recipro-
cal space for the unit-cell of pristine FL MoS, and FL MoO;
systems is sampled according to a sublattice with a 12 x 12 k-
point mesh. The k-point mesh sampling was progressively
reduced as the size of the SL and FL unit cells increases for
the doped materials (Tables S2 and S3, ESIY).

Due to the large number of structures and their large
number of atoms, it was not possible to make systematic
phonon analyses. However, to check for the relevance of the
various FL MoO;_,S, and MoS,_,O, systems simulated, their
relative thermodynamic stability was analyzed through three
types of descriptors: (i) binding energy (Tables S1 and S2, ESIY),
(ii) reaction energy and (iii) thermodynamic phase diagram.
The equations for the reaction energy of S/O exchanges in FL
MoO;_,S, and MoS,_,O, with H,S/H,O and for the grand
potential approach used for the determination of thermo-
dynamic phase diagrams of FL MoO;_,S, and MoS, ,O, as a

H
function of T and In {M} are reported in the ESL{ 2.2.

p(H2S)
The approach follows the original one proposed in ref. 42 and
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applied earlier for the sulfo-reduction of MoS, slabs** and more
recently for the MoO;_,S, and MoS,_,O, bulk materials.>?

2.2. Optical properties

The absorption coefficient is evaluated from the dielectric
matrix &,p(w) using the Kramers—Kronig transformation.** The
optical properties were evaluated within the HSE06 functional
by using the Vienna ab initio simulation package (VASP)**™*’
with a kinetic energy cut-off of 500 eV for the plane wave basis
set and the project augmented wave (PAW)*® pseudopotentials
for Mo, O and S atoms. The previously PBE optimized struc-
tures with CRYSTAL were used for the optical calculations with
a 20 A vacuum distance in order to avoid interactions with
images of the systems along the thickness of the nanosheets.
We set a denser k-point mesh size of 24 x 24 x 1 I'-centered
Monkhorst-Pack®® to evaluate optical properties. For more
details about the calculations of optical properties, see our
previous studies.**?

2.3. High frequency dielectric constant profile ¢, (2)

In order to extract the optical (high frequency) dielectric con-
stant profile along the out-of-plane direction (z-axis) in 2D
systems, we followed a DFT scheme based on polarization
variations in response to a finite electric field.**>* This method
was performed® ™ to calculate the dielectric constant profile
using the local orbital SIESTA*® code within the simple LDA®’
or GGA®*® functionals so far. For the first time, in our previous
work, we performed this method using the CRYSTAL results of
the electronic density within the range separated the hybrid
functional HSE06.*! As detailed in ref. 50 and 52, the calculation
of the microscopic dielectric profile requires applying an exter-
nal electric field, we analyzed the band gap evolution of each 2D
layered MoO; and MoS, structures as a function of this external
electric field applied perpendicularly to the layer planes (Fig. S1,
ESIT). Then, we checked that the induced dipole in 2D MoO; and
MosS, layered structures scales linearly with the number of layers
for very small external electric field, Eey = 0.025 eV A1 as shown
in Fig. S2 (ESIt). Hence, all dielectric constant profiles (¢..) are
calculated for E.q = 0.025 eV A~'. For more details about the
calculations of the dielectric constant profile, the reader should
refer to our previous work.*

3. Results

3.1 Pristine structures of few-layer MoO; and MoS,

3.1.1 Structural and electronic properties. To model the FL
MoO; and MoS, structures, the primitive cell of 2D layers was
directly cut from the optimized 3D bulk structures along the
direction of the van der Waals interactions of [100] for MoO;
and [001] for MoS, (Fig. 1). In our previous work,** we analyzed
the optimized lattice parameters and band structures of the
primitive cells of the SL and FL of MoO; and MoS, with the aim
at focusing on the building of the SL heterojunction.
As detailed in ref. 33, the indirect band gap of MoO; systems
is relatively constant with respect to the number of layers,

This journal is © the Owner Societies 2022
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ranging from 2.83 to 2.96 eV. Moreover, the VB and CB edges of
MoO; nanosheets remain almost unchanged from SL to 5 layers
and do not satisfy the required band positions for overall water
splitting. On the other hand, SL MoS, exhibits a direct band gap
with the computed values of 2.38 eV. The optical band gap of SL
MoS, has been obtained to be about 1.8 eV from the photo-
luminescence and optical absorption experiments”'® while its
fundamental electronic band gap from STM/STS experiments is
2.40 eV both values differing by the exciton binding energy.>® In
contrast, all the FL MoS, structures exhibit an indirect band
gap as in the bulk. As mentioned in ref. 33, the fundamental
band gap of MoS, layers increases monotonically when the
number of layers decreases, which is due to a large confine-
ment of electrons in the slab.?®>%° More specifically, in MoS,
nanosheets, the CB edge positions remain almost constant
while the VB edge position shifts to higher energies by increas-
ing the number of layers, in which these 2D layers possess
suitable band edge positions that correctly bracket the water
redox potentials for visible-light-driven overall water splitting
reactions.

3.1.2 High frequency dielectric constant and absorption
coefficient. In Fig. 2, the dielectric constant profiles (¢,) are
calculated for 1L, 3L and 5L of MoO; and of MoS, along out-of-
plane (in the interlayer direction). Due to the atomic displace-
ments in the plane of layered materials (within the layer) in
response to external fields, there is a negligible change in the
in-plane dielectric constant from SL to the bulk, compared to
the out-of-plane dielectric constant.®’ These in-plane displace-
ments are practically unaltered by the interaction between the
FLs.’"*? The electronic dielectric constant (¢, ) values averaged
along in-plane for o-MoO; and 2H-MoS, bulk systems are
5.6 and 14.5, respectively.’> The maximum values of the dielec-
tric profiles are identical (4.1) for any number of MoO; layers
whereas the reduction of the number of layers in MoS, leads to
a decrease of the dielectric profile maximum values from 11.3
in 3L to 9.5 in 1L. The resulting effective dielectric constant, &,
(Fig. 2) is also enhanced with the increasing number of MoOj3
layers from 2.85 in 1L to 4.3 in the bulk. Increasing the number
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3
w
24
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of layers in the MoS, structure leads to a band gap reduction
and consequently an increase of an effective dielectric constant
from 4.96 in 1L to 6.3 in the bulk phase.

In addition, the calculated optical absorption coefficients
confirm the highly anisotropic optical properties of both
pristine MoO; and MoS, systems considering in-plane and
out-of-plane absorption coefficients (Fig. S3, ESIf). For both
layered structures, the in-plane absorption coefficient is greater
than that of the out-of-plane one. The absorption spectra
increase in the UV-vis range, notably for the out-of-plane
direction, by increasing the number of layers, whereas the
electronic band gaps for layered MoO; systems remain in the
same range.”® These results also show that by increasing
the number of layers the absorption coefficient of the MoS,
nanosheets increases more significantly than that of MoO; and
is enhanced in the UV-vis range, while the band gaps increase
continuously with the number of layers.>® Furthermore, high
absorption coefficients were achieved for all MoO; and MoS,
FLs, in particular along the in-plane direction, which is higher
than the typical optical absorption for direct band gap semi-
conductors in the UV-vis range.**®*

3.2 S-doped 4L MoO; and O doped 6L MoS,

3.2.1 Structures and thermodynamic stability. There are
three distinct types of oxygen atoms in the orthorhombic lattice
of the MoO; system: terminal (O.), asymmetrical (O,), and
symmetrical (O) oxygen atoms,”” while all S atoms in the
hexagonal MoS, system are equivalent (Fig. 1). Previous studies
dedicated to the bulk MoO; material showed that O, can be
easily (from a thermodynamic point of view) substituted by S
atoms.>*3*%® Hence, we also consider the O position for the
oxygen-substituted 4L MoO; system. In order to compare the
electronic properties of the two slabs for the same dopant
concentrations (4.16%, 8.33%, 16.66%, 25% and 33%), we
chose different supercell sizes of (1 x 1) for S-doped MoO;
and (2 x 2) for O doped MoS,. Considering the finite size
character of both FL. MoO; and MoS, systems, two different
substitutional configurations must be considered: either at the

= 1L
3L
5L

b)

d)

Eeff

6
5
4
3
2
1
0

IL 2L 3L 4L 5L 6L BULK

Fig. 2 Dielectric constant profiles (¢) along out-of-plane for 1L, 3L and 5L MoOs (a) and 1L, 3L and 5L MoS; (b). The effective dielectric constant along
out-of-plane for 1L-5L and bulk MoOs (c) and 1L-6L and bulk MoS; (d). The effective dielectric constants for 3D bulk phases are also included according

to our previous work.*2
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topmost layers (edge and pre-edge, see Fig. 1) or at the inner
layers (bulk, see Fig. 1). The calculated lattice parameters and
binding energies of S-substituted 4L MoO; and O-substituted
6L MoS, systems for different concentrations are reported in
Tables S1 and S2 (ESIt), respectively.

Fig. 3 and Fig. S7a (ESIf) illustrate the thermodynamic
phase diagrams of substituted 4L MoO;_,S, and 6L MoS,_,O,
systems with respect to the pristine structures considering the
H,S/H,0 reservoir by using the Grand potential approach. It is
conspicuous that the sulfidation of pristine 4L MoO;

H,S
nanosheets requires a value of RTjln F} as high as
(H,0)
H,S
—0.36 eV. For RT)In [;7(—2)] in the range between —0.36 eV
(H,0)
and —0.19 eV, the structure with 4.16% S is thermodynamically

H>S
favored and for RTjIn L%] it is higher than —0.19 eV, the
2
4L MoS,05_, system with 33% S is the most stable. These

results are different from those obtained on bulk materials,

where the RT) In L%} value required for sulfide MoO; was
significantly greater (~ 0.1 eV). As shown in Fig. 3, this trend is
mainly induced by the easier sulfidation of O, located at edges,
exhibiting lower Grand potential values than the ones corres-
ponding to bulk substitution. Generally, the O/S exchange
process is exergonic when O; located at edges are involved,
whereas it was endergonic for the bulk materials.>* This shows
that FL. MoO; materials are much easier to sulfide than bulk
materials. The most stable compositions correspond to 4.16% S
and 33% S although one cannot exclude the 8.33%S and
16.66% S ones according to the methodology accuracy. All
these systems will be considered for the opto-electronic ana-
lyses. From an experimental point of view, it has been shown
that it is possible to reach high S-doping concentrations which

0.20
0.15
0.104
< 005"
> -
L ]
& 0.00
é‘ 0051 MoO MoO, S, |
§ -U. ._ — =4.16% S (edge) (4.16 %S-edge
----------- 416 % Ik
C} 0.104 6% S (bulk)
| 8.33 %S (edge)
0154 8.33 % S (bulk)
167%S MoO,S
-0.20 4 250%S (33 %S)
33.0% S
-0.25 . T

T — 71 r 1 r 1 r 1 T °

-06 -05 -04 -03 -02 -01 00 01 02 03
RToln[p(HZS)/p(HZO)] (eV)

Fig. 3 Thermodynamic phase stability of the S-substituted 4L MoOsx

considering the H,S/H,O reservoir. The dashed and dotted lines denote

the results for impurity-substituted only in the edge and the bulk of layered
systems, respectively.
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would require to substitute not only top-oxo but also bridging-
oxo species leading to more complex reconstructed Mo oxy-
sulfides.®® Hence, it seems relevant to propose the S-dopant
concentration as high as 33%. This doping process is all the
easier as the material will expose many edges and near edge
sites exchangeable with S.

Regarding the 6L MoS, material, the free energies for
oxidation (Fig. S6a, ESIT) are all endergonic. Hence, oxidation

starts for RT)In {M} higher than ~0.75 eV, and the
p(HaS)

oxidized structure with the highest O concentration (75%)

should be the least unfavored. The RTln [IM} value

p(H>S)
obtained for the bulk MoS, material was at ~0.75 eV.*?
Fig. Seéa (ESIt) shows that edge doped systems are nearly
superimposed to the bulk doped ones meaning that almost
no energy gain is obtained. Hence, the impact of edge oxidation
is negligible for this system: the intrinsic unfavorable S/O
exchange is due to the poor lability of tri-coordinated S-atoms
present in MoS,. Although the chemical systems are different,
this trend seems to be qualitatively comparable with previous
experimental results having shown that only a very low concen-
tration of SnS, can be oxidized into SnO,.%°

As a consequence, this analysis reveals that the sulfidation
of 4L MoO; is thermodynamically more favorable than the
oxidation of 6L. MoS, when we consider H,S/H,O as reactants
or products. Moreover, the sulfidation of 4L MoOj; is enhanced
at edges which may also impact the electronic properties
investigated in the following section.

3.2.2 Electronic structures and absorption coefficients.
The band structures and the projected density of states (PDOS)
of all S- and O-concentrations in 4L MoO; and 6L MoS, are
reported in Fig. S7 and S8 (ESI}), respectively. The corres-
ponding band gap values for all doped systems are reported
in Fig. 4, Tables S1 and S2 (ESI}). Substituting oxygen atoms
with sulfur atoms in 4L MoO; significantly decreases the band
gap while the indirect character of the band gap remains
unchanged. The band gap reduction for sulfur substituted of
4L MoO; depends obviously on the position of the S-atoms.
From a general trend, the reduction is more significant for S-
substitution in the bulk than at the edge (Fig. 4 and Table S1,
ESIY).

Moreover, as it is illustrated by the various configurations
simulated for Mo0S; 50,75 (xs = 8.33%) and Mo0S, 50,5 (xs =
16.7%), the interaction between the S atoms and O atoms at the
nearest layers leads to a decrease in the electronic band gap
(Fig. S7, ESIt). A relevant example for which the band gap
evolves in three different configurations is illustrated in Fig. 5
for M0S( 50,5 (xs = 16.7%). The band gap is maximized
(1.85 eV) when S-atoms are not located in close vicinity of the
O-atoms of the nearest layer (configuration of Fig. 5¢), whereas
it is significantly reduced when 2 S atoms are facing 2 O atoms
located either at the pre-edge (configuration of Fig. 5a) or at the
inner layer (Fig. 5b). The corresponding PDOS reported in Fig. 5
highlights how the occupied 3p-states of S atoms (either in the
bulk or at the pre-edge) located at the top of the VB are pushing

This journal is © the Owner Societies 2022
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graphs and dashed lines in the absorption spectra are related to those structures in which impurities substituted at the edge.

a) S@bulk b) S@edge-pre-edge
5 | 5 x
b il A
4 $ 46
iL]E. s AL
R —— b
gt 3’-5 Mo-cdge ‘[’u
% 1 S —O-bulk
i ur o IS
i LI lo ol Lo
4 Kl ‘
ot :4 L, 2 "i’:{,‘
3% L ‘

¥ T
20 40 60
DOS (States/eV)

20 40 60 80 100
DOS (States/eV)

' 20 40 60 80 100
DOS (States/eV)

Fig. 5 Optimized structures, electronic band structures and PDOS of 4L MoSq 505 5 (xs = 16.66%) for 3 different S substitution positions calculated by
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band structures and PDOS for these systems are also reported in Fig. S3 and S5 (ESIT) configurations h, i, and j, respectively.

down the unoccupied 2p-states of O atoms (either at the pre-
edge or in the bulk, respectively) at the bottom of the CB upon
interaction. This induces a downward shift of the CB band
(as illustrated later) and a closure of the band gap in the extreme
case as shown in Fig. 5a. The configuration of Fig. 5a where the
two central layers are sulfided and sandwiched between two
MoO; layers is qualitatively comparable to previous calculations
on the SL MoO;/MoS, heterojunction which has a metallic
character because of the proximity of S and O at the interface
of two layers,*® while for S-doped MoOj at the interface of MoO3/
MoS, with concentrations equal to or greater than 5.6%, a
metal-semiconductor transition occurs.*® Lastly, it is interesting
to notice that all S-doped 4L MoO; systems exhibit a significant

This journal is © the Owner Societies 2022

decrease of the band gap (by at least 0.74 eV) with respect to their
homologous doped SL MoO; system, while the band gap of the
non-doped MoOj; system does not depend on the number of
layers.*?

In contrast, the indirect band gap feature in 6L MoS, also
remains unchanged within substituting sulfur atoms by oxygen
atoms. The band gap value of 6L M0O,S,_, is first decreased by
minimum O doping and then begins to enhance by increasing
the O concentration of up to 75% (Fig. 4 and Table S2, ESIY).
However, from a general point of view, either bulk or edge sites
used for the substitution of O atoms in 6L MoS,_,O, produce
very similar electronic properties as illustrated by PDOS analy-
sis (Fig. S8, ESIT). This trend is similar to the analysis already
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made on bulk MoS,_,0,.>* Due to the Mott insulator character
of MoS,, the nature of the CB/VB bands are dominated by Mo
4d states induced by a;,—€, splitting in the trigonal prismatic
Mo environment. The 2p states of the O dopants are thus
located at energy levels which do not impact strongly the
evolution of the band gaps and the CB/VB of the pristine 6L
MoS, system.

The optical property analysis (Fig. 4) of these FL materials
confirms that by increasing the S concentration on 4L MoOj; the
in-plane and out-of-plane absorption coefficients are enhanced
in the UV-vis range while it is reduced monotonically in 6L
MosS, by increasing the O concentration. Moreover, the S-doped
4L MoO; materials clearly reveal a stronger absorption in the
visible range than the previously studied S-doped SL MoO;
materials.*® The different impurity sites (bulk and edge) for the
low concentration level produce nearly the same absorption
coefficient along the in-plane direction in both materials while
edge substitutions lead to enhanced adsorption spectra along the
out-of-plane direction. All doped FL structures have an indirect
band gap feature, and their absorption coefficient is thus notably
low for the photon energy close to the bandgap. However, for
wavelengths below 500 nm, direct transitions are possible allowing
to reach high absorption coefficients (~10°> cm™ ') and comparable
to those of organic perovskite solar cells.”*® These results indicate
that these systems possess significant light-harvesting capabilities
for the solar spectrum in the UV-visible range of light.>>**

3.2.3 Absolute valence and conduction band positions.
Fig. 6 shows the valence and conduction band-edge positions
of S-substituted 4L MoO; and O-substituted 6L MoS, for
different concentrations and configurations. Fig. 6a reveals a
direct effect of the location of S-atoms on the CB/VB positions
either at edges or in the bulk of S-substituted 4L MoOj;. As a
consequence of the previous PDOS analysis, the CB/VB edge
positions depend on the relative positions of S and O atoms in
the structure. For 33%S where S-atoms are all located at the
edge and in the bulk, the CB/VB positions do not strongly differ
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from those of 16.66%S where S-atoms are located at edges only.
However, for 25%S where a fraction of bulk O-atoms is not
replaced by S, the CB/VB positions and band gap strongly differ
from the two previous cases. As underlined in PDOS analysis,
the proximity of S-atoms and O-atoms in the nearest layers
implies a band gap reduction, and it also strongly impacts the
absolute CB/VB positions. In the case of close vicinity between
the S-dopant and O-atoms of two neighboring layers (such as
8.33%S in the bulk and 25%S), there is a strong downward shift
of the O states located in the CB pushing the CB energy
downwards with respect to structures where S atoms are located
on the edge or S atoms (8.33%S at the edge) are facing other
S-atoms (16.66%S bulk-edge, Fig. 5¢, 33%S). Regarding the VB,
we observe a different magnitude in its upper shift which is
predominantly driven by the presence of S atoms located at the
edge. Indeed, the comparison of the structures with 8.33%S
where S is either at the edge or in the bulk (with S in close
vicinity of another S atom), the electronic states of the sulfido
species located at the edge push up the Fermi level (and thus
the VB). For the other structures with higher S-concentrations,
a weaker fluctuation of the VB level exists which might be
induced by the presence of vicinal S and O atoms. However, this
effect is less pronounced.

Hence, to generate a good material for water oxidation and
O, evolution, either the edges must be covered by S-atoms or all
top oxo-species (at edges and in the bulk) must be replaced by
S. In contrast, isolated top-oxo species remaining inside the
partially S-doped MoO; bulk are detrimental. The CB levels of
the S-doped MoO; 4L systems with 8.33%S (edge), 16.66% (edge
+ bulk) and 33% (edge + bulk) are predicted to be at the same
level as the water photo-oxidation potential for O, evolution
only, which is not enough to overcome the expected over-
potential. Hence, to tackle the challenge of water photolysis,
the S-doped MoO; FL systems cannot be used alone but it must
be involved within a heterostructure involving either SL or ML
MoS, as analyzed in the following.
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Fig. 6 Calculated conduction and valence band-edge positions of (a) S-substituted 4L MoOs (only for the most stable cases) and (b) O-substituted 6L
MoS, with respect to the vacuum level and the standard hydrogen electrode. The band edge position for SL MoS; is also presented in (a). The lower edge
of the conduction band (orange color) and the upper edge of the valence band (blue color) are presented along with the band gap in electron volts. The
dashed green lines indicate the water stability limits for the hydrogen and oxygen evolution reactions. The absolute potential of the standard hydrogen

electrode was taken as 4.44 eV at a pH = 0.
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As a result of the previous PDOS analysis, the location of O
substituted in 6L MoS, does not produce any significant change
in the VB edge positions (Fig. 6b). The CB edge positions for
these O-doped systems slightly shift to lower energies (even
lower to the required level for H, evolution). Hence they possess
suitable band edge positions only for water oxidation and O,
evolution.

In our recent paper,® we proposed strategies to tune the
transitions from type III to type II band alignment of materials
made of the 2D SL MoO;_,S,/SL MoS, heterostructure. Here,
since the CB edge positions of FL. MoO;_,S, (with S at edges)
shift to higher energy levels, we can extend our previous
proposals by considering heterostructures made of 4L
MoS,0;_,/SL MoS, and 4L MoS,0;_,/FL MoS, to optimize at
best the composite material as a function of stacking. One
should underline that one strong advantage of the 4L M0S,0;_
material with respect to the previously studied SL Mo0S,0;_, is
its stronger absorption coefficient in the visible range as pre-
viously shown in Fig. 4.

By analyzing first the VB and CB edge levels of 4L M0S,0;_,
and SL MoS, layers (Fig. 6a), we identify potential 2D hetero-
junctions made of 4L M0S,0;_, and SL MoS, layers that would
lead to the type II band alignment with targeted concentrations
and locations of S into MoOj; layers: 8.33% (at the edge of
layers), 16.66% and 33%. For 16.66%S, the control of the
precise positions of S atoms located inside the bulk should
make this system difficult to handle experimentally. These
proposed type II heterostructures could thus be good candi-
dates for photocatalytic applications since they may potentially
generate a direct Z-scheme due to the proximity of the CB of 4L
MoS,0;_, to the VB of SL MoS,, although the band gaps of the
heterostructures with 8.33%, 16.66% and 33% are larger
(~0.83 eV) than those in the case of the SL MoS,0;_,/MoS,
heterojunction (0.4 €V).>* For all other S concentrations, these
interfaces are type III heterojunction resulting from the lower

c)

80 ff

O SN WA OO N ®

0.0%
4.16%
4.16%
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25.0%
33.0%

Fig. 7 Dielectric constant profiles (¢) along out-of-plane
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CB positions of 4L Mo0S,0;_, layers rather than the VB position
of SL MoS,.

Finally, the CB positions in 4L MoS,0;_, doped with 8.33%S
(at the edge) and 16.66%S are ~0.6 and ~0.7 eV, respectively,
higher than those of the SL MoS,0;_, doped with a similar S
concentration.>® For 4L MoS,0;_, doped with 33%S, the CB
position is quite high too, similar to the SL case. This implies
that it is potentially more efficient to combine these 3 structures
with the non-doped MoS, SL materials to build a type II hetero-
junction or a Z-scheme system. Indeed, the CB positions of these
41 MoS,0;_, are slightly above the VB of the non-doped MoS, SL
materials leading to a small band gap heterostructure which may
be in favor of a charge transfer from MoS, to MoS,0;_, before
illumination as analyzed in ref. 33 for the SL heterostructure.
In addition, the 4L MoS,0;_, structures doped with 8.33%S
(at the edge), 16.66%S and 33%S are compatible with the non-
doped MoS, FL structure.

As a general consequence, to optimize the band gap and
charge transfer, the best heterojunctions should be either the
SL MoS,0;_,/SL MoS, heterostructure with 8.3%S doping in
MoS,0;_, as previously invoked?? or alternatively FL. M0S,0;_
with edge S-doping of 8.3, 16.7 or 33% and SL or FL MoS, as
proposed in the present work. Since the 4L MoS,0;_, doped
with 33%S is thermodynamically stable (Fig. 3), this structure
may be a good candidate for building a heterojunction with a
FL MoS, material (such as the 6L one studied here). These
optimal heterostructures lead to type II heterojunctions as
proposed for other systems.®>”® In this case, the CB position

of FL MoS,0;_, is located just above the VB of FL MoS, which
may also provide an optimal situation for a Z-scheme behavior
where the electrons photogenerated at the CB of FL Mo0S,0;_,
recombine with the hole generated on the VB of FL or SL MoS,.
At the same time, the electrons generated at the CB of FL or SL
MoS, will reduce the proton into H,, while the hole of the VB of
FL MoS,0;_, will oxidize the water into O,.

€
eff
O NWHOON®

8.33%

0.0%
4.16%
4.16%
8.33%

16.66%
25.0%
50.0%

75.00%

of S-substituted 4L MoOs (a) and O-substituted 6L MoS, (b) for different S- and

O-concentrations. The effective dielectric constants along out-of-plane of S-substituted 4L MoOs (c) and O-substituted 6L MoS, (d) for different
S- and O-concentrations. The hatching patterns in the bar graphs and dashed lines in the dielectric profile are related to those structures in which

impurities substituted at the edge only.
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3.2.4 High frequency dielectric profile ¢.,(z). In order to
analyze the ability of the material to screen the photo-generated
charges, we plotted the high frequency dielectric profiles ¢, (z) of
S-substituted 4L MoO; and O-substituted 6L. MoS, for different
S- and O-concentrations along the out-of-plane direction. The
electronic dielectric constant profiles ¢,, of S doped 4L MoO;
and O doped 6L MoS, are depicted in Fig. 7, respectively. These
results indicate that S doping into 4L MoO; enhances the peak
height of the dielectric profile increasing from 4.1 in 4L MoOj; to
10.5 for 4L MoSO, (for xs = 33%). This enhancement is more
significant for S-substituted at the center of 4L MoO; than for
S doped at the edge due to the further reduction of the electronic
band gap. In contrast, O doping into 6L MoS, reduces the peak
height of the dielectric profile which reach from 11.3 for pristine
6L MoS, to 5.1 for 6L Mo0O;5Sy5 (for xo = 75%). We also
calculated the effective dielectric constant (e.g) of S-doped 4L
MoO; and O-doped 6L MoS, nanosheets as depicted in Fig. 7.
The &g of 4L Mo0S,O;3_, systems enhances monotonically by
increasing the S concentration from 3.6 for the pristine structure
to 7.5 for 4L MoSO, while for 6L M0O,S,_, systems it reduces by
increasing the O concentration from 6.3 for pristine 6L. MoS, to
4.1 for 6L M00O; 5S¢ 5. As it is eminent by increasing the sulfur
concentration in these FL systems the frequency dielectric con-
stant is enhanced because of two intricate effects: sulfur is more
polarizable than O and the Mo-S bond is more covalent than the
Mo-O bond, as discussed in our previous work.**

4. Conclusion

We used DFT calculations within the HSE06 functional to
characterize the opto-electronic properties and high frequency
dielectric constant profiles of sulfur doped MoO; and oxygen
doped MoS, FL structures. The thermodynamic phase diagram
for various concentrations of S doped 4L MoOj structures in the
H,S/H,0 environment revealed that the structures with 4.16%S
at the edge, 8.33%S at the edge, and 16.66 and 33%S concen-

p(H0)
p(H2S)
Moreover, we showed that the MoO;_,S, structures with S-
impurities at the edge of nanolayers are more stable than those
having impurities in the bulk. This specific edge location is
beneficial for the opto-electronic properties (band gaps and CB/
VP levels) and the absorption spectrum. The sulfur doping of
4L MoOj; induces a decrease of the electronic band gap (from
2.92 eV to 1.44 eV). The stronger band gap reductions are
obtained when S-atoms are located inside the bulk and interact
with O-atoms located in neighboring layers, while the CB and
VB positions are shifted to lower potential values in the case of
the edge location of S-atoms. This doping induces an increase
of the dielectric constant profile and absorption coefficient in
the UV-vis range, which is significantly enhanced in the visible
range when compared with the previous S-doped SL MoOj;
material.*

In contrast, it is less favorable to substitute S atoms by
O atoms in 6L MoS, under the same conditions. Moreover,

trations can be stabilized with a reasonable ratio.
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substituting sulfur atoms by oxygen atoms on 6L MoS, for the
4.16% O concentration abruptly decreases the electronic band
gap from 1.73 eV in the pristine material to around 1.2 eV. Then
the electronic band gap of 6L MoS, ,O, begins to enhance with
the increasing O concentration which induces a decrease of the
dielectric constant profile and absorption coefficient in the
UV-vis range. Hence, O-doping of MoS, either as the SL, FL or
bulk does not provide significant improvements of the proper-
ties of the MoS, material.

As a consequence, to reach the targeted properties for water
photocatalytic dissociation into O, and H,, we proposed rele-
vant heterostructures leading to type II heterojunctions which
may contain either FL or SL components. In particular, we
identified the stable 4L MoS,0;_, doped with 8.33%S at the
edge and 16.66%S (edge + bulk) and 33%S in combination
with the FL or SL MoS, as potential good candidates for the
Z-scheme formalism. Moreover since the 4L Mo0S,0;_, doped
with 33% S provides the largest effective dielectric constant, we
suggest that this system should be particularly appealing for
screening the photogenerated charges. Hence, the present work
provides additional relevant heterostructures supplementing
our previous work devoted mainly to SL MoS,0;_,/SL MoS,
systems.* This finding is of practical interest for experimental
implementation because it allows more flexibility for the number
of layers to be targeted at the synthesis steps without being
limited to the SL MoS,0;_,/MoS, heterojunction. It also high-
lights the great versatility of heterostructures made of a variable
number of layers of M0S,0;_, and MoS, usable in photocatalytic
applications.
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