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Fundamental insights of electronic structure on zigzag MoS,
nanoribbons

Shansheng Yu*® and Weitao Zheng®

The structural and electronic properties of zigzag MoS, nanoribbons are investigated using first-principles density
functional theory. Our models are motivated by the experimental observations, in which both Mo edges are terminated by
S atoms. Our calculations show that the edge can introduce some extra states into energy gap, which lead nanoribbons to
exhibiting a metallic characteristic. Such extra states around the Fermi level are flat or dispersed. Through a detailed
analyses, we identify and discriminate them based on the major contributors. By appling an external transverse electric
field, Ec. the extra states around the Fermi level can shift apparently, especially for those attributed to Mo-edge atoms. It
can be explained by the charge redistribution in the MoS; nanoribbons due to E.. In addition, the nanoribbon can be
changed from metal to n/p-type semiconductor according to different edge hydrogenation. After full edge hydrogenation,
we observe a characteristic of anti-bonding orbitals between H and S atoms at the Mo-edge. Interestingly, the energy of
anti-bonding orbitals and electric conductivity of nanoribbon can be tailored by E... The results suggest a strategy

controlling the

Introduction

Graphene is the first example of true two-dimensional (2D)
single-layer atomic crystal in 2004, which has some unique
properties and promising applications.1 The intensive studies
on graphene have motived researchers to develop new 2D
materials.>® The representative examples for 2D materials
other than graphene are monolayers of 4-BN, dichalcogenides
(such as MoS, and NbSe,), BC;, silicene, phosphorene, MXene,
arsenene, antimonene, complex oxides (such as Bi,Sr,CaCu,0,),
and coordination polymers.a'10 These novel materials have
rather fantastic physical properties with potential applications.
For example, BN nanosheets are highly insulating, and exhibit
superb chemical, thermal, and oxidation stability. Although
silicene possesses graphene-like structures, the pseudo-
Jahn_Teller (PJT) distortion occurs and leads to the buckling in
silicenes.” The spin orbit coupling of silicene is stronger than
that of graphene, which is more applicable as spintronic
devices. MoS, nanosheets were explored as high-temperature
solid lubricants, nanoelectronics, electrode materials, and
catalysts. The atomic structure of monolayer MoS, is two S-
layers sandwiching a Mo-layer, and the atoms in layers are
hexagonally packed, which was found to be a direct band gap
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performance

of MoS, for hydrogen evolution.
semiconductor.”* Due to interesting physical and chemical
properties, it has growing interest from

12
researchers.

attracted a

Currently, studies extend to the low-dimensional structures
of MoS, such as nanoribbon.**” A breakthrough in fabricating
ultranarrow MoS, nanoribbon was reported in 2010, in which
the MoS, into a carbon
nanotube.'® Because the electronic and magnetic properties of

nanoribbon was encapsulated

nanoribbon can be modified by manipulating its edges, MoS,
nanoribbon is believed to have wide application in nano-
electronics devices.***Similar to graphene nanoribbon, MoS,
nanoribbon can be classified by atomic geometry along the
edge, viz., zigzag or armchair, which electronic and magnetic
properties are also dependent on edge structures.”>?*%°
Armchair MoS, nanoribbon is semiconducting, regardless of H-
saturation. Its electronic properties are weakly dependent on
the nanoribbon width. With its width increasing, its band-gap
converges to a value smaller than that of MoS, monolayer.l‘r”24
However, zigzag MoS, nanoribbon exhibits metallic
behavior.”***?* Both experiment and theory show that the
zigzag MoS, nanoribbons are generally more stable than the
armchair MoS, ones.’”® In 2012, Chen et al. found that zigzag
MoS, nanoribbons had a remarkably enhanced Li adsorption
and at the same time preserved the high Li mobility in
comparison with MoS, nanosheets.”’” Such argument will
motivate experimental studies on zigzag MoS, nanoribbons as
cathode materials of Li-ion batteries.

The electronic properties of MoS, nanoribbons can be
manipulated by the application of strain, defects, adsorption,
doping, and so on.”?3Y An external electric field has been
demonstrated to can effectively tune the electronic structures
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of graphene nanoribbon.*? This also can apply to modulation
of MoS, nanoribbon. It is found that the band-gap of armchair
MoS, nanoribbon can be tuned by an external electric field,
and metal-insulator transition occurs at a critical electric
field."*** The electronic properties of zigzag MoS, nanoribbon
are also sensitive to electric field, which stem from the energy-
level shifts induced by an internal electric polarization and the
competing covalent/ionic interactions.”” The band-gap of the
bilayer MoS, monotonically decreases with an increasing
vertical electric field, in which the semiconductor-to-metal
transition occurs.>® For graphene-MoS, heterojunction, though
the external vertical electric field has little influence on the
bandgap of MoS,, the charge transfer, the Schottky barrier,
and the work function can be controlled.® Currently,
researchers mostly focus on band-gap of armchair MoS,
nanoribbon, whereas an electric field effects on zigzag MoS,
nanoribbon is considered with a relatively small volume.
Especially, the variation of electronic band with external
electric field is rarely explored.

In this paper, we consider the structures of nanoribbon
originating from experimental results. According to the high-
angle annular dark field (HADDF) images, the needle-like MoS,
nanowires could be stabilized by a strong sulfidizing
atmospher’e.36'37 Particularly, the ultranarrow  MoS,
nanoribbons with uniform width and smooth edges were
obtained in carbon nanotubes as templates.18 According to the
high-resolution transmission electron microscopy (HR-TEM)
and density functional theory (DFT) calculations, the Mo-edge
of MoS, nanoribbons tends to be half-saturated by S atoms,
while the S-edge prefers to be bare. Therefore, we proposed a
simple model which edges were saturated with sulfur to
compensate the dangling bonds. In addition, MoS, nanowires
with such morphology may be related to potential catalytic
activity.36'38’39 It is well known that the one-dimensional edge
sites along the layers for MoS, are responsible for the catalytic
activity in the hydrogen evolution reaction (HER) while the
basal plane of MoS, is catalytically inactive.>**°In order to
improve the HER performance, the various strategies for
increasing number of active sites and prompting catalytic
efficiency are designed, such as doping and hybrid with other
materials.*™* In order to engineer better their applications, it
is required to deeply understand the electronic structures of
these MoS, nanoribbons. Using first-principles DFT, we have
systematically investigated their electronic structures, and
identification of energy bands around the Fermi level as well as
external electric field effects on their electronic structures.

Methods and Models

In this work, the calculations of geometrical optimization and
electronic structures were performed using DFT by Dmol3
code.”® In the DFT calculations, the all-electron Kohn—Sham
wavefunctions were expanded
polarized atomic orbital basis, and the generalized gradient
approximation with the Perdew—Burke—Ernzerh of describing
the exchange and correlation energy was employed.46 Self-

in the double numerical
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consistent field procedure was done until the change of energy
was less than 10° Hartree, and the geometrical optimization of
the structure was done with an energy convergence criterion
of 107 Hartree. Long range nonlocal effects were taken into
account by applying van der Waals dispersion corrections
through the DFT-D scheme with Grimme parameters,47 whose
Se¢=0.75. In atomic parameters, Cs for H, S and Mo is chosen to
be 1.451, 57.729 and 255.687 eVA®, and the vdW radious R’ is
set as 1.001, 1.683 and 1.639 A, respectively. For energy band
calculations, the sampling of was carried out with 0.001A™
between consecutive k-points on the reciprocal space path.

The dynamic stability of new structures had also been
examined by the molecular dynamics using the Dmol3 code.®
The constant temperature and volume (NVT) ensemble was
conducted with time steps of 5 fs for a total simulation time of
10 ps at 1000 K. In addition, the linear synchronous transit (LST)
and quadratic synchronous transit (QST) were performed to
find a transition-state structure. Calculations using CASTEP*®
code were also employed to understand the behavior of
electronic orbitals near the Fermi level.

Mo edge (1010)

S monomer S dimer

Rows

S edge (1010)

NR-1 NR-2
Fig. 1 Perspective view of the MoS, nanoribbons. The width of nanoribbon is the
thirteen rows, and the rows from the first row (Mo-edge) to the thirteenth row (S-edge)
are labelled by Arabic numerals.

The experimental in-plane lattice constant of 3.16A for the
in-plane unit cell of MoS, monolayer has been used.
Optimizing MoS, monolayer, we obtained a semiconductor
with a direct gap of 1.81 eV in ESI Fig. S1, which is in a good
agreement with experimental result.  The quasi-one
dimensional zigzag nanoribbon can be cut from a perfect MoS,
monolayer along the zigzag direction. According to
experimental HAADF and HR-TEM images of needle-like MoS,
nanowires and ultranarrow MoS, nanoribbons, the Mo-edge is
adsorbed with sulfur. *®3® The width of nanoribbon we chose is
thirteen rows including six rows of Mo and seven rows of S, as
shown in Fig. 1. A one-dimensional periodic boundary
condition is applied along x-direction. The periodically
repeating tetragonal unit cell dimension in x-direction is 6.32 A
containing two Mo atoms, in y-direction 50 A and in z-direction
50 A. A vacuum region is enough to ensure negligible
interaction between the infinite nanoribbon and its periodic
images.

This journal is © The Royal Society of Chemistry 20xx
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According to experimental HAADF images of needle-like
MoS, nanowires,36 two edge configurations are considered in
our models. For the Mo-edge (1010), the degrees of S-
coverage are 50% and 100%, respectively, which correspond to
S-monomer and S-dimer edge configurations. For the S-edge
(1010), we only consider one edge configuration (100% of
sulfur coverage). Therefore, two models of sulfur terminated
were constructed in Fig. 1, which are labelled by NR-1 and NR-
2, respectively.

Mo edge (1010)
S monomer
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Fig. 2. (a) The enlarged view of geometric fragments of Mo-edge (top) and S-edge
(down) including bond lengths (in A). (b) The geometric structures of the MoS,
nanoribbons, in which the dashed lines mark the dimension of the unit cell in the x-
direction.
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Results and discussion

Geometric structures

After DFT geometric relax, compared with S-Mo bond (2.43A)
of MoS, monolayer, the large distortions occur at the edge due
to edge effects in Fig. 2(a). At the S-edge (1010), the length of
S-Mo bond is shortened to 2.40A. Noticeably, at the Mo-edge
(1010), there exist two different configurations for each S-
monomer and S-dimer edge configurations. Consequently,
four models will occur in Fig. 2(b). For S-monomer edge
configuration, in the upper left case of Fig. 2(a), the length of
S-Mo bond (2.41A) slightly is reduced, and distances between
Mo atoms are equal. This model is labelled by NR-1’. However,
in another case labelled by NR-1, we observe that a geometric
distortion presents, in which the Mo atoms at the Mo-edge are
paired, for example the distance between Mo atoms
alternately is 2.89A and then 3.43A. In order to describe
conveniently, terminated S atom facing toward distance of
2.89A is labelled by S1, and another is labelled by S2. For S-
dimer edge configuration, one model is labelled by NR-2, in
the upper right case of Fig. 2(a), in which the distances
between Mo edge-atoms are equal (3.16A), and every one
Mo-atom is terminated by one S-dimer, resulting in a triangle
at the Mo-edge. However, in another case labelled by NR-2’,
the Mo-edge is characterized by one terminated S-dimer per
two Mo-atom, leading to a quadrangle at the Mo-edge. Like
NR-1, the Mo atoms are also paired at the Mo-edge in NR-2".

We start to study the relative stability of the different
models. Since these structures have the same chemical
compositions, the cohesive energy per atom can provide a
suitable measure for the comparison of their relative stability.
The per-atom cohesive energy (E..,) is defined as

Econ = [Etor — XimiEi]/N (i =S, Mo) (1)
where E,; and E; are total energies of a system and of
individual elements present within the same cell, respectively.
n; is the number of S or Mo atom, and N is the total number of
atoms in a cell. The model with a higher negative cohesive
energy results in a higher structural stability. The calculations
results show that NR-1 and NR-2’ have the highest and lowest
negative values of E_,,, respectively. |E. ;| of NR-1 is slightly
larger than that of NR-1" (En(NR-1)-Ep(NR-1")=-2.1
meV/atom), while |E,,l of NR-2 or NR-2' decreases by
65.0meV/atom or 77.4meV/atom compared with that of NR-1.
According to HAADF and HR-TEM images in the
experiments,ls'36 the models of NR-1 and NR-2 were proposed.
Combined with them, they provide us a reference frame for
comparison. In addition, we should consider that the
experimentally obtained nanoribbons depend on the
experimental procedures, and may be not essentially the
thermodynamically most favorable.

The two models of NR-1 and NR-1' are not exactly
degenerate but are very close in energy. The symmetry of NR-
1 is lower than that of NR-1". It is well known that silicene and
germanene are in favor of buckling induced lowering of
symmetry, which origin is PJT distortion.>*° Therefore, we
think that such phenomenon, the lowering in symmetry from
NR-1" to NR-1, may be related to PJT distortion. When the
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degree of S-coverage is 50% at the Mo-edge, the bonding
configuration of Mo atom at the edge is distorted, which is
different from that of Mo atom in the inner. Thus, for Mo atom
at the edge, the ground and excited states can rather easily
undergo interacting by vibronic coupling. Such the changes of
bonding configuration will influence nuclear configuration. In
fact, for NR-1’, the periodically repeating unit cell dimension in
x-direction is 3.16 A containing one Mo atom. When the unit
cell dimension in x-direction doubles, the model of NR-1" we
considered can be obtained, as seen in Fig. 2. However, after
DFT geometric relax of this NR-1’, a geometric distortion
occurs at the Mo-edge, and then NR-1’ will spontaneously be
transformed into NR-1. Therefore, the model of NR-1" is
physically meaningless configuration. On the contrary, the
models of NR-2 and NR-2’ are both stable configurations,
which lie local energy minimum on the potential energy
surface. Using LST/QST tools, a transition-state structure
between them is found, which is shown in ESI Fig. S2. The
results show that the energy barrier from NR-2 to NR-2’ is 28.6
kcal/mol. In topography, a triangle is more stable than a
quadrangle. Importantly, at the Mo-edge, it is noted that the
bond (2.46A) between Mo atom and terminated S atom for
NR-2 is stronger than that (2.5310\) for NR-2’. Imagine if this
bond for NR-2’ could be shorten, the bond (2.03A) of S dimer
would tend to elongate. The energy required for elongation of
S-S bond is larger than that released for shrinkage of S-Mo
bond. Therefore, we suggest that NR-2 can be more stable
than NR-2".

Their dynamic stabilities have also been examined by the
molecular dynamics simulations. We considered the supercells
of NR-1, NR-2 and NR-2’ systems by doubling their unit cell of
dimension in x-direction. After 10 ps molecular dynamics
simulations, they are basically stable and have a slight
distortion (see ESI, Fig. S3). Therefore, it is possible that NR-1,
NR-2 and NR-2’ systems would exist stably.

Electronic properties

Although the model of NR-1" is not stable structure, its
electronic structures are required to help understanding those
of NR-1. As their total densities of states (TDOS) are shown in
Fig. 3(a), they both exhibit metallic characteristic and have a
sharp state marked by arrows at the Fermi level. In addition,
we find that one dispersed band goes across the Fermi level
for NR-1’ while counterpart of NR-1 is almost flat in Fig. 3(b),
which induces that the sharp state of NR-1 is stronger than
that of NR-1" in Fig. 3(a). These behaviors are different from
that of semiconducting MoS, monolayer in ESI Fig. S1. We
consider that edge-atoms will introduce some extra electronic
states into band-gap. Therefore, the local densities of states
(LDOS) are also calculated for edge atoms in Fig. 3(c). For NR-1’,
the sharp state at the Fermi level is mainly contributed from S
atoms at the S-edge, and the electronic states coming from S
and Mo atoms at the Mo-edge are dispersed across the Fermi
level. For NR-1, the sharp state is derived mainly from S atoms
at the S-edge and Mo atom at the Mo-edge, although there
are smaller contributions from terminated S atoms at the Mo-
edge. As shown in the inset of Fig. 3(a), the electronic orbitals

4| J. Name., 2012, 00, 1-3

of the sharp state in the real space also exhibit a similar
distribution to above description. After analysis and
comparison, we can indicate that the bands marked by asterisk
are introduced by S-edge atoms, and the bands marked by
pound sign are attributed to Mo-edge atoms in Fig. 3(b). Both
of these models have four similar bands circled by dashed line
with a slight different energy. Three bands belong to S-edge
atoms, and the fourth band is introduced by Mo atoms at Mo-
edge. We can reasonably think that, for bands introduced by S-
edge, two almost flat-bands at the Fermi level mainly stem
from S atoms, and one dispersed band above the Fermi level is
induced by Mo atoms. In addition, one band labelled by arrows
at the Fermi level can be largely attributed to Mo atoms at the
Mo-edge. Due to a geometric distortion at the Mo-edge during
the structural optimization, the dispersed band across the
Fermi level in NR-1" is suppressed and transformed into almost
flat-band in NR-1. We expect that this geometric distortion
(the pairing of the Mo atoms) at the Mo-edge can lead to
prominent edge-states character, such as for needle-like MoS,
nanopwires.36 These results are also consistent with Chen’s
calculations where the prominent mid-gap states induced by
edge atoms appear near the Fermi level, which can be
expected to enhancing Li adsorption.27

S1Mo-edge NR-1

S2 Mo-edge SMo-edge NR-1"
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Fig. 3. (a) TDOS of NR-1 and NR-1’, the sharp state is marked by arrows.
electronic orbitals of corresponding sharp states. (b) Energy bands of NR-1 and NR-1".

Inset: the

(c) LDOS of NR-1 and NR-1’ for edge-atoms. The Fermi level is set as zero.

The electronic structures of NR-2 and NR-2’ are calculated in
Fig. 4. They also present the metallic characteristic and have a
sharp state marked by arrows near the Fermi level in Fig. 4(a).
As above description, we denote some bands near the Fermi
level introduced by S-edge atoms by asterisk and attributed to

This journal is © The Royal Society of Chemistry 20xx
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Mo-edge atoms by pound sign in Fig. 4(b). Noticeably, the
bands introduced by S-edge atoms are similar to those of NR-
1(1’), whose sites only move a little towards low energy zone.
The sharp states at the Fermi level are mainly contributed
from S atoms at the S-edge, which also can be verified by the
electronic orbitals in the inset of Fig. 4(a). However, the
appearances of bands induced by Mo-edge atoms are different
from those of NR-1(1’). In the dashed circle, although one band
marked by pound sign comes from Mo atoms at the Mo-edge,
it extends down and goes across the Fermi level for NR-2(2’)
while that band extends up and lies above the Fermi level for
NR-1(1"). The electronic structures of NR-2 are compared with
those of NR-2’ in Fig. 4(b)(c). We find that the terminated S-
dimers at the Mo-edge largely induce difference between their
electronic structures. The electronic states introduced by S-
dimer are dispersed and very wide across the Fermi level for
NR-2. However, the corresponding states are discrete and
localized on both sides of Fermi level for NR-2’, and it seems
like an electron-hole symmetry. We suggest that the
topography at the Mo-edge can cause electronic states
contributed from terminated S atoms to be localized.
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(a) (b) (c)
Fig. 4. (a) TDOS of NR-2 and NR-2’, the sharp state is marked by arrows. Inset: the
electronic states of corresponding sharp states. (b) Energy bands of NR-2 and NR-2’. (c)
LDOS of NR-2 and NR-2’ for edge-atoms. The Fermi level is set as zero.

Electric field effects

We now discuss the response of their electronic structures to a
static external electric field (E,,;). The models of NR-1 and NR-2
are considered due to their stability. A uniform E,,; is applied
across the MoS, nanoribbons width. Compared with their
electronic structures under E,,,=0.0 V/nm in Fig. 3 and Fig. 4, it

This journal is © The Royal Society of Chemistry 20xx

is worth noting that the bands labelled by arrows are visibly
sensitive to E,,; in Fig. 5, and their energies vary greatly with
Eext,» Many band structures under other E,,; also can be seen in
ESI Fig. S4. We turn our attention now to the electronic states
around the Fermi level. It is observed that the electronic states
near the Fermi level shift up or down when the positive or
negative E,,; is applied. Particularly, the states introduced by
Mo-edge atoms are more greatly altered than those
contributed from S-edge atoms. These behaviors are different
from those of graphene nanoribbons. It seems like that the
negative/positive E,,; can inject electrons/holes into MoS,
nanoribbons. Additionally, we have calculated their electronic
structures as a function of ribbon width under E,, in ESI Fig. S5.
It is found that their electronic structures with various widths
are robust except the flat band at the Fermi level for NR-1. The
flat band attributed from Mo-edge atoms is becoming
dispersed apparently with decreasing width when the positive
E.,: is applied.

TN

-1.5V/nm 1.5 V/inm -1.5V/nm 1.5 V/inm

NR-1 NR-2
Fig. 5. Energy bands under E., for NR-1 and NR-2 are exhibited . The Fermi level is set

as zero.

The E. on MoS, nanoribbons will result in the charge
redistribution which may give important qualitative
information about the nature of such interesting doping
behaviors by E,,;. A Mulliken population analysis is considered,
by means of which we can estimate the total Mulliken charge
on each atom. In Fig. 6, we exhibit the profile of the charge
distribution and the integrated charge per atom as a function
of the row number. The charge distribution is shown as linear
charge densities A(r) presenting the average value of charge
per atom at the r row. The integrated charge is described as
total net charge per atom in a range of rows from r; to r,:

IC(ry) = [1/N]1 3%, A(r) X n, ()
where n, is the number of atoms at the r row, and N is the
number of atoms summed over rows from r; to r,. We focus
on the variation of integrated charge per atom at the regions
from edges to inner, which is from r;=1to r, (r,=1, 2, 3, ..., 6),
and another is from r;=13 to r, (r,=13, 12, 11, ..., 7).

Figure 6 shows that the charge distribution oscillates with
A(r) alternating in sign under E,=0.0 V/nm. A(r) at the
odd/even-numbered row presents negative/positive value in
accord with the characteristic of MoS,. The interaction
between the Mo and S atoms is the competing ionic and
covalent bonding characters, especially for those at the

J. Name., 2013, 00, 1-3 | 5
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edges.‘r’0 Its integrated charge per atom is calculated as shown
in the upper inset of Fig. 6. It is discernable that the amplitude
of oscillation is enlarged when closing to nanoribbon edge.
Thus, we expect the existence of edge effects stemming from
the broken bonds and bond contraction at the edges.51 Note
also that the oscillation approaching Mo-edge is slightly more
violent than that approaching S-edge. It may be due to that
the geometric distortion is larger at the Mo-edge than that at
the S-edge. The relative change of the covalent/ionic bonding
characters at such distortion would lead to more accumulation
of charge at the Mo-edge than that at the S—edge.17
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| —®— 0.0V/nm / LA A A
| —A— 1.5V/nm | TN
10 F ! i ! ! |
i : { .
: ! ¢
i { 12345678 910111213
O " H Row i
E 11/
ko] 0.0 | :
3 s
<KR-05F 1 ! —v—-1.5Vinm
H : : —a— 1.5V/nm
A0k i
A5F 4 ?
! (a) ' 12345 8 910111213
| ( )i ) 1 | 1 | i 1 P Ry i
1 2 3 4 5 6 7 8 9 10 11 12 13
Row
15k {—v—-1.5V/nm ; : o 2 =$=0,0V/nm
i—e—00Vim | A i § ool /AN ALs e e ]
[ | —A— 1.5V/nm : h P8 o FAE A o & \
1.0} ¢ ] ! ! vy \
202 o
12345678 910111213
f Row H
: —v—-1.5V/nm
-1.5-fb§ 1234567 8910111213
.( ). A N T SR SR S S S A T
i 2 3 4 5 6 7 8 9 10 11 12 13

Row
Fig. 6. Charge distribution for (a) NR-1 and (b) NR-2 under E.;=-1.5 V/nm (red down-
triangles), 0.0 V/nm (green circles), and 1.5 V/nm (blue up-triangles). Upper inset: the
integrated charge per atom under E..=0.0 V/nm ; Lower inset: the differentiation
between the integrated charges per atom under E,=0.0 V/nm and E,=-1.5/1.5 V/nm.

When E,,; is applied, as the charge distributions shown, we
observe that the violent oscillation occurs at the middle of
ribbon, which seems like the outbreak of oscillatory source to
propagate from inner to edge. Noticeably, the negative E,,;
causes the oscillation to reverse the sign at the 6th and 7th
rows while the positive E,,; does not. Because such additional
oscillatory source can induce the charge redistribution in the
nanoribbon, we expect that the additional charges from
oscillatory source will be poured from inner into edges.

6 | J. Name., 2012, 00, 1-3
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Subtract A(r) under E,=0.0V/nm from that under E,=-1.5 or
1.5V/nm and we have their difference values, viz., additional
charges. Putting these values into egn (2), we can obtain the
integrated additional charge induced by oscillatory gain under
E.=-1.5 or 1.5V/nm relative to that under E,,,=0.0V/nm. Their
plots are shown in the lower inset of Fig. 6. At the left panel,
the integrated additional charges by the
negative/positive E,,; are all negative/positive values, whereas

induced

the signs of these values are reversed at the right panel. Thus,
the whole systems can keep electric neutrality. We observe
that the oscillation at the left panel is more violent than that at
the right panel. Importantly, the amplitude near the Mo-edge
is larger than that near the S-edge. Consequently, the
relatively shallower states as a whole exhibit the electrons or
holes doping behaviors by the negative or positive E,,;, and the
electronic states introduced by Mo-edge atoms are especially
altered greatly.
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Fig. 7. (a) Geometric structures of NR-1 with various edge hydrogenation, in which the

MO gog)”

dashed lines mark the dimension of the unit cell in the x-direction, and (b)
corresponding to their energy bands. The Fermi level is set as zero.

Hydrogenation

The hydrogenation of materials is the simplest way of
modification, whose mechanism can be significant for band
engineering and catalyzing HER.> Finally, we consider an
ensemble, the model of NR-1, which can be saturated with
different edge hydrogenation, and their optimal structures are
shown in Fig. 7(a). As their energy bands shown in Fig. 7(b), it
is observed that Mogyu)-Sio%) is accompanied with sharp mid-

This journal is © The Royal Society of Chemistry 20xx
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gap states while Mooym)-Si100%H)/MO@00%H)-S1oo%n) has the
characteristic like p/n-type semiconducting behaviour. In
addition, it should be considered that the energy gaps
calculated by DFT are generally underestimated compared
with experimentally obtained ones. Among them, Mogo%n)-
Sown) is the highest metallic. The transition of electronic
structures from Mogyu)-Siown) O MO(yn)-S00%H) C€an be
explained by the disappearance of one band marked by
triangle above the Fermi level owing to S-edge hydrogenation.
Noticeably, we also observe that a flat band introduced by Mo-
edge atoms at the Fermi level indicated by arrow disappears
after Mo-edge hydrogenation. The prominent edge states
from this flat band can trap other electronic states from Mo-
edge atoms. Thereby, its disappearance will lead to other
bands attributed to Mo-edge atoms approaching the Fermi
level, which are marked by pound sign in Fig. 7(b). Such bands
are dispersed and have a tendency to couple with electronic
states of S-edge addition, due to S-edge
hydrogenation, the edge S atoms at the S-edge are no longer

atoms. In

responsible for two apparent bands at the Fermi level. Instead,
such bands marked by asterisk are induced by Mo atoms at
the S-edge, which can be understood in the middle panel of ESI
Fig. S6. Consequently, it prompts that the Fermi level is lifted
up, and n-type semiconductor (Mo ;0o%n)-S(100%H)) IS achieved
by two-edge hydrogenation.

Energy (eV)
o

Al

'
N

<9 .
25Vhm 2 0.0 V/inm 2.5V/nm

Fig. 8. The energy bands of hydrogen passivated NR-1 (Mo(1005+)-S(100%H) Under Eoy are

exhibited. The Fermi level is set as zero.

We now pay attention to E,,; effects on electronic structures
We take the
configuration of Mo(100%H)-S(100%H) @S an example. As shown in

of nanoribbon with edge hydrogenation.

the middle panel of Fig. 8, there are five energy bands around
the Fermi level. Among them, one band marked by triangle
originating from Mo atoms at the Mo-edge extends down and
goes across the Fermi level. It will hybridize with bands coming
from Mo atoms at the S-edge marked by asterisk at the Fermi
level. Another two bands form the relatively shallower states
marked by pound sign, and lie above the Fermi level. When
the positive or negative E,,; is applied, we observe that the
bands marked by triangle and pound signs shift up or down
apparently. Similar to those of bare NR-1, the energy bands
contributed from Mo-edge atoms are greatly sensitive to E,,;
for hydrogenation NR-1. Additionally, it is noted that one

This journal is © The Royal Society of Chemistry 20xx

valence band visibly extends up under E,,;, and thus energy
gap is reduced. Under E,,;=-2.5 V/nm, it almost connects with
bands at the Fermi level. The E,,; can change Mo100%H)-S(100%H)
from n-type semiconductor into metal, especially for wider
nanoribbons in ESI Fig. S7.

It has been predicted that the HER activity arises from the
Mo-edge for M052.4° The HER requires that the adsorption
energy of H at the Mo-edge should be in an appropriate range.
If H binds very strong to the edge, the H release step will be
slow. If H does not bind to the edge, the proton/electron-
transfer step will not occur. Thus, they will eventually lead to
decreases the HER activity. Interestingly, at the shallower
states above the Fermi level, we find that a characteristic of
anti-bonding appears
wavefunctions of H and S at the Mo-edge as shown in the inset

orbitals between the orbital
of Fig. 9. We suggest that the anti-bonding orbitals near the
Fermi level could result in a notably weaker interaction
between H and edge atom, thus leading to H desorption
relatively easily.53 Applying E.; DOS and energies of anti-
bonding orbitals are shown in ESI Fig. S6 and Fig. S8. LDOS of H
atom at the Mo-edge have also been calculated as a function
of ribbon width under E,,; in ESI Fig. S9. Through analyzing
these results, we find that E.; can modulate the energy of
anti-bonding orbitals. As above description, the E,,; can result
in the charge redistribution, which has an apparent influence
on Mo-edge states. The positive E,,; can increase the energy of
anti-bonding orbitals, far away from the Fermi level. Thus, it
will lead to high energy barrier for H release. On the contrary,
the negative E,,; will cause H desorption to be relatively easy.
It is believe that the E,,; may tune the adsorption behavior of H
atoms at the Mo-edge, resulting in an enhanced HER activity of
edge sites. At the same time, the energy gap of nanoribbon
can also be reduced under E,,; in Fig. 8 and ESI Fig. S7, leading
to an increased electric conductivity. Besides the aspect of
active sites, a high conductivity ensures a fast electron
transport and facilitates the combination between positive
protons and catalysts. Consequently, we suggest that these
two factors can possibly be regulated and synergistically
improve the HER performance.

TDOS (arb. unit)

Energy (eV)

Fig. 9. TDOS of hydrogen passivated NR-1 (Mo(100%H)-S(100%H)) Under Eq=0.0 V/nm. Inset:
the electronic states near the Fermi level. The Fermi level is set as zero. The isosurface
value is 0.02 electrons/aua‘

J. Name., 2013, 00, 1-3 | 7




Physical Chemistry Chemical' Physics

Conclusions

According to experimental HAADF and HR-TEM images of
needle-like  MoS, and ultranarrow  MoS,
nanoribbons, the models of MoS, nanoribbons are constructed.
Their electronic structures are investigated in detail using DFT.

nanowires

Compared with semiconducting MoS, monolayer, the extra
electronic states are introduced by edge atoms into the gap,
and thus they exhibit metallic characteristic. We discriminated
states according to major
It is found that such states induced by
edge atoms are sensitive to E., Viz., the electronic states

and identified these extra

contributors to them.

around the Fermi level shift up or down when the positive or
negative E,,; is applied. It can be explained by the charge
in the MoS, nanoribbon under E.; The
electronic structures of nanoribbon can vary with different

redistribution

edge hydrogenation. Moreover, after edge hydrogenation, we
observe a characteristic of anti-bonding orbitals between the
orbital wavefunctions of H and S at Mo-edge. It is interesting

that the energy of anti-bonding orbitals and electric

conductivity of nanoribbon can be tailored by E,,;. Therefore, it
is suggested that a means of controlling HER activity may be
provided.
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Density of states (arb. unit)
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E. can tune the interaction between H and edge, and at the same time enhance the
intrinsic conductivity of nanoribbon.



