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Abstract
The process of hydrazine gas adsorption on layered WS2 has been systematically studied from
first principle calculations. Our results demonstrate that this adsorption process is exothermic,
and hydrazine molecules are physically adsorbed. The layer-dependent adsorption energy and
interlayer separation induced by van der Waals interaction exerted by hydrazine molecules lead
to the difficulty in desorbing hydrazine molecules from layered WS2 as the number of layers
increases. The most interesting finding is the emergence of localized impurity states below the
Fermi level upon the hydrazine adsorption, irrespective of the number of WS2 layers, resulting
in a significant effect on the band structures and subsequently changing its electrical
conductivity. Furthermore, a layer-dependent small charge transfer occurs between hydrazine
and layered WS2, leading to a charge redistribution and considerable polarization in the
adsorbed systems. The existence of defects and the humidity, on the other hand, influences the
sensitivity of layered WS2 to the hydrazine adsorption. Obtained results show that a perfectly
layered WS2 might be a promising candidate as an efficient nanosensor to detect such toxic gas
in dry environment.

Keywords: hydrazine, WS2 layers, physical adsorption, impurity states, charge transfer, defects,
humidity

(Some figures may appear in colour only in the online journal)

1. Introduction

Sensing toxic gas molecules is crucial for monitoring indus-
trial process, maintaining indoor and outdoor air quality, med-
ical diagnosis, vehicle emission control, and detecting biohaz-
ard [1–4]. An ideal gas sensor should possess very high sensit-
ivity, short recovery time, and at the same time should operate
at room temperature and consume low electric power. It should
also be less sensitive to humidity and resistive to degrada-
tion over time. Metal-oxide semiconductor [5], conducting
polymers [6, 7], and carbon nanotubes [8] based gas sensors
have been extensively studied. Among them metal-oxides (i.e.

SnO2, WO3, CeO2, Nb2O5 and ZnO) are popular in commer-
cial application, owing to their high sensitivity and low cost.
But downside is their high operating temperature (200 ◦C–
500 ◦C), large power consumption, and low selectivity [9, 10].
Conducting polymers-based sensors can operate at room tem-
perature but they are prone to environmental degradation and
sensitive to humidity [11, 12]. Carbon nanotube-based sensors
have excellent sensitivity and works at room temperature, but
the long recovery time limits their application. In search of
a better gas/chemical sensor material, two-dimensional (2D)
materials are much more promising than their bulk counter-
parts.
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2D materials have high surface to volume ratio, wide range
of chemical compositions, and unique thickness-dependent
properties [13, 14]. All of these properties made 2D mater-
ials ideal for sensor applications. Recent studies suggest
that 2D material-based gas sensor possesses higher sensit-
ivity, selectivity, speed (both in terms of the response and
the recovery rate), and stability [15]. Among 2D materi-
als classes, graphene and graphene derivatives like graphene
oxide, reduced graphene oxide, and their functionalized deriv-
atives have been extensively studied for gas-sensing applic-
ations. Graphene possesses high room-temperature carrier
mobility (200 000 cm2 V−1 s−1) and a high carrier density
of ∼1012 cm−2. It also has low resistivity at room temper-
ature and strong surface activity. A recent study by Schedin
et al reported that a micrometer-sized graphene transistor
can effectively detect very low concentration of gas molecule
[4, 16].

Transition metal dichalcogenides (TMDs) have become a
popular class of 2D materials for their outstanding electro-
chemical and optoelectrical properties [17, 18]. TMDs have
layered structures where transition metal can have trigonal
or octahedral coordination resulting in either hexagonal or
rhombohedral structure symmetry. TMDs have large inter-
layer spacing and layers are held together via weak van der
Waals (vdW) force. This large interlayer spacing allows inter-
calation of small gas molecule inside TMDs. TMDs show
extreme sensitivity to various gas molecule as well as their
layer dependence [19–21]. It has been found that MoS2 is a
promising gas sensor material from the TMD group. Mono-
layer MoS2 can detect 1ppm for NH3 and 20 bpm for NO2

[22–24]. WS2, on the other hand, has high thermal stability
and wide operation temperature range. In fast fourier trans-
form (FFT) type of applications, WS2 can perform better than
Si and some other 2D crystal [25, 26]. Recently, C. Zhou et al
have theoretically studied the charge transfer and its impacts
on Fermi-level pinning for gas molecules adsorbed on mono-
layer WS2 [27]. They found that most gas molecules (e.g. H2,
O2, H2O, NO, N2O, and NH3) are physisorbed on the surface
of WS2 monolayer. Except for NH3 which donates charge to
the WS2, all other gas molecules accept a small amount of
charge from WS2 monolayer, indicating that WS2 might be
also a promised 2D materials for gas sensing applications.

In this paper, we will focus on understanding the mech-
anism of a hydrazine (N2H4) molecule absorbed on 2D WS2
monolayer, double layer, and multilayers. N2H4 molecule is
a colorless, toxic gas which can seriously damage the cent-
ral nervous system. Every year 100 000 tons of N2H4 are pro-
duced and used as rocket fuel, foaming agent etc. Detect-
ing hydrazine with high sensitivity is crucial for many indus-
tries. Our recent experimental study [28] has found that the
electrical resistance of 2D WS2 layered materials decreases
when they are exposed to hydrazine at varying pressures
(i.e. varying N2H4 concentration). Interesting finding is that
such change depends on the pressure of the hydrazine vapor
and the number of layers of WS2. For instance, two lay-
ers of WS2 showed a complete reversibility upon pumping.
While, 3–4 layers of WS2 showed only partial recovery dur-
ing desorption. In contrast, multi-layered WS2 showed a little

or no reversibility upon pumping [28]. To shed light into such
interesting response behaviors of 2D WS2 exposed to N2H4

gas molecule, we carried out a comprehensive study at the
first principle level. We found that donor (n-type) like impur-
ity states associated with the N2H4 molecule pin the Fermi
level, which lead to a reduction on the energy gap and thereby
reduce the resistance. The adsorption energy, on the other
hand, increases with increasing the number of WS2 layers,
while the interlayer separation decreases as the number ofWS2
layers increases, and therefore, it becomes more difficult to
pump N2H4 completely at multilayers of WS2.

2. Computational details (method)

In our first principle study, we adopted (DFT) [29, 30], imple-
mented in the Vienna Ab-initio Simulation Package (VASP)
[31]. The six outmost electrons for transition-metal (W ele-
ment) and chalcogen (S element) were treated as valence
electrons. The core-valence interaction was described by
the frozen-core projector augmented wave method [32]. The
generalized gradient approximation (GGA) [33] of Perdew–
Burke–Ernzerhof (GGA-PBE) [34] was adopted for exchange-
correlation functional. For the study of N2H4 molecules
adsorbed on the monolayer or the double layer WS2, a 3 × 3
planar supercell was chosen with a vertical vacuum space of
20 Å between adjacent layers to avoid any mirror interactions.
For the study of N2H4 molecules adsorbed on the multilayer
WS2, a supercell of 3 x 3 x 1was chosen. The distance between
two neighboring gas molecules on the surface of WS2 lay-
ers was larger than 9 Å. The corresponding concentration of
N2H4 based on theoretical estimation is ~1018 m−2, several
orders lower than our estimated experimental concentration
based on molecular collision theory with the assumption of
perfect sticking coefficient of 1. This is obviously an overes-
timation of our experimentally estimated N2H4 concentration
on WS2. The Brillouin zone was sampled either by 3 x 3 x 1
(for single and double layered systems) or by 3 x 3 x 3 (for
multilayered systems) gamma centered k-point meshes gen-
erated in accordance with the Monkhorst-Pack scheme [35]
in the structural optimization and band structure calculations.
An energy cutoff of 500 eV was set for the plane wave basis in
all calculations. Energy and force convergence criteria were
set to be 10–4 eV and 10–3 eV Å−1, respectively. The com-
bined adsorbate-adsorbent systems were fully relaxed using
Conjugate-Gradient algorithm [36] implemented in VASP.
The effect of vdW interactions between the N2H4 molecules
and layered WS2 were considered by employing the semi-
empirical correction scheme of Grimme [37–39], implemen-
ted in the VASP package (i.e. referred as DFT-D3 in VASP
code).

The adsorption energy Ead per N2H4 molecule was determ-
ined by the formula, Ead = (Etotal−EWS2 −NEN2H4)/N,
where Etotal, EWS2 , and EN2H4 are the total energy of the
combined adsrobate-adsorbent system, the total energy of
the pristine WS2 layered system, and the energy of isol-
ated N2H4 molecule, respectively, and N is the number of
N2H4 molecules per supercell. The charge transfer between

2



Nanotechnology 31 (2020) 495703 M R Khan Musa et al

Figure 1. (a) Schematic illustration of the three possible adsorption sites for N2H4 molecule on the top of WS2 monolayer: the H site (on
the top of center of hexagon), the W site (on the top of Tungsten atom), and the S site (on the top of Sulphur atom) marked with black dots
on the top view of the monolayer WS2. (b) The preferential orientation of N2H4 on the surface of the monolayer WS2 and the vertical
distance h defined by the distance between the center of N–N bond and the top surface level of the monolayer WS2. (c) The total energy as a
function of the vertical distance h for the N2H4 molecule stays either on the H site (left), or on the S site (middle), or on the W site (right)
site, respectively. The insets in (c) are the top and side views of the optimized configurations of the combined systems. The yellow balls
represent S atoms, green balls represent the W atoms, and the blue and white balls are N and H atoms, respectively.

Table 1. The adsorption energy per N2H4 molecule Ead, the
equilibrium adsorption vertical distance h∗ between the N2H4

molecule and the monolayer WS2, and the shortest distance d
between the H atom of the N2H4 molecule and S atoms on the top
surface of the monolayer WS2 at different adsorption sites.

Adsorption site Ead (meV) h∗ (Å) d (Å)

H site −220.0 3.37 2.95
W site −207.0 3.78 3.09
S site −207.9 3.78 3.19

N2H4 gas molecules and layered WS2 was evaluated based
on the Bader scheme [40–42], which provides an intuitive
way of separating the charge related to each atom using
first-principles calculations. The charge redistribution in real
space is evaluated by the electron charge density difference,
defined as ∆ρ= ρtotal− ρWS2 − ρN2H4 , where ρtotal is the elec-
tron charge density of the combined system, ρWS2 is the elec-
tron charge density associated with the layered WS2 in the
combined system, and ρN2H4 is the electron charge density
associated with N2H4 molecules in the combined system,
respectively.

A benchmark for the pristine monolayer WS2 was estab-
lished. Optimized lattice constant of 3.17 Å is in consistent
with the experimental value of 3.15Å [43] (~0.6% underestim-
ate). Calculated band structure with DFT-PBE potential shows
a semiconductor nature with the direct band gap of 1.67 eV at
K point, in consistent with other DFT calculations [44] and
~12% underestimated as compared to the experimental value
of 1.9 eV [45]. It is a typical underestimation for semiconduct-
ors in DFT-PBE potential, since such potential has unphys-
ical self-interaction in the eigenstates, which reduces the band-
gap. More sophisticated methods (such as GW [46–48]) have

been developed to correct the underestimated band gap issue
in DFT. In this work, we mainly focus on the role played
by the N2H4 molecule on the electronic band structures of
the layered WS2 (e.g. how the impurity states associated with
N2H4 molecule pinning in the Fermi level). Therefore, the
DFT-PBE potential should be sufficient in our calculations.

3. Results and discussions

3.1. Preferential adsorption sites and the adsorption energy

In the relaxed structure of pristine monolayer WS2, the planar
projection shows a perfect hexagonal lattice of S atoms, with
interleaved W atoms that are coordinated by S atoms in a tri-
gonal prismatic arrangement (see figure 1(a)). Based on such
symmetry of WS2, we considered three initial possible N2H4

molecule adsorption sites with the center of N–N bond either
on the top of Tungsten atom (referred as W site), or on the top
of Sulphur atom (referred as S site), or on the top of center of
hexagon (referred as H site), as illustrated in figure 1(a). Sev-
eral orientations of N2H4 molecule with respect to the mono-
layer WS2 at these sites were examined, and it was found that
N2H4 molecule prefers to stay on the top of WS2 surface with
N–N bond parallel to the surface, as illustrated on the side
view in figure 1(b). To find the preferential positions of a N2H4

deposited on the monolayer WS2, we first optimized the ver-
tical distance h, defined as the distance between the center of
N–N bond and the top surface level of the monolayer WS2
as shown in figure 1(b). Figure 1(c) shows the total energy of
the combined system as a function of the vertical distance h,
where a N2H4 molecule is deposited either on the H site (left
panel), or on the S site (middle panel), or on the W site (right
panel). A full atomic relaxation for the combined system is
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Figure 2. Relaxation processes of (a) one hydrazine molecule inserted between two WS2 layers, (b) two hydrazine molecules on top of
each layer of bilayer WS2, and (c) hydrazine molecules inserted between layers of multilayer WS2. The insets show the side views of
corresponding fully relaxed structure of the combined system with the optimized interlayer separation z and the shortest distance d. The
yellow balls represent S atoms, green balls represent W atoms, and the blue and white balls are N and H atoms, respectively.

Table 2. Adsorption energy per N2H4 molecule Ead, the optimized
interlayer separation z, and the shortest distance d of N2H4

molecules adsorbed on double layer and multilayer WS2.

Combined system Ead (meV) z (Å) d (Å)

Double layer WS2 exposed to one N2H4 −170 10.14 3.21
Double layer WS2 exposed to two N2H4 −250 9.19 3.20
Multilayer WS2 exposed to N2H4 −510 8.0 3.62

then performed after the optimization of the vertical distance.
It is found that the N2H4 molecule remains either at the H site,
or at the W site, or at the S site, clearly indicating that these
sites are energetically preferential adsorption positions

Obtained adsorption energy Ead and the equilibrium ver-
tical distance h∗ of a N2H4 molecule at these adsorption sites
are listed in table 1. Several interesting phenomena are found.
First, the adsorption energies at these preferential adsorption
sites attain negative values, clearly demonstrating that the
adsorption of the N2H4 molecule on the surface of the mono-
layer WS2 is a spontaneous and exothermic process, and these
sites are energetically favorable (stable) adsorption positions
for N2H4 molecules deposited on themonolayerWS2. Second,
we found that the lowest adsorption energy is at the H site
(−220.0 meV), showing that the H site is the mostly pref-
erential adsorption position. Similar results are also found in
the cases of combined systems for the double layer and mul-
tilayer WS2 (see figure 2 and associated discussions). Third,
the magnitude of the adsorption energy is less than 250 emV,
indicating that the adsorption is a physisorption. Such week
physical adsorption implies that the N2H4 molecule might be
easier for desorption as found in our experiment (e.g. desorb
hydrazine gas by pumping, shown in figure 6(a) of [28]). Fur-
thermore, the shortest distance d between the H atom of the
N2H4 molecule and the top S atoms of the WS2 monolayer
(see the 4th column in table 1) are about twice as large as the
typical chemical bond length of H-S (~1.34 Å [49]), indicating
that the N2H4 molecule is vdW bonded with S atoms.

Our experimental measurements showed that the resistance
of layeredWS2 can be completely reversible upon pumping for
the WS2 samples with only 1–2 layers, partially reversible for

the WS2 samples with 3–4 layers, but a little or no reversible
forWS2 multilayers. To reveal such layer-dependent behavior,
we studied structural stability and adsorption energy of double
layer and multilayer WS2 under hydrazine gas adsorption.
For the double layer WS2, we examined two different con-
figurations. One configuration consists of a single hydrazine
molecule sandwiched between two WS2 layers and the other
configuration consists one hydrazine molecule on top of each
layer of a bilayerWS2. In both cases, the N2H4 molecules were
initially placed at the highly preferential H sites, as obtained
in the case of monolayer WS2, and the optimized ground
state structures of combined double layer systems were then
fully relaxed with different initial interlayer separations z val-
ues and a vacuum space of 20 Å. The relaxation processes
were performed using the conjugate gradient algorithm, and
a value of 10–3 eV Å−1 between two successive steps was
used as the criteria for force convergence. The total energy as
a function of relaxation step for optimized double layer sys-
tems are shown in figures 2(a) and (b) for both configurations.
The insets are side views of obtained combined systems with
optimized interlayer separations z∗ and the shortest distances
d between the H atom of N2H4 and the S atom of WS2 lay-
ers.We also performed similar structural optimization for mul-
tilayered WS2 with hydrazine molecules sandwiched in lay-
ers and initially located at the highly preferential H sites. The
corresponding relaxation process and optimized structure are
shown in figure 2(c). In comparison with the interlayer sep-
aration of the pristine bilayer (~5.584 Å [50]) and multilayer
WS2 (~6.247 Å [50]), it is found that the optimized interlayer
distance is extended by ~1.8–4.6 Å when N2H4 molecules
are inserted. More interesting, optimized interlayer separation
z∗ decreases with increasing the number of layers, i.e. from
10.14 Å in the double layer with one N2H4 molecule, to 8.0 Å
in the multilayer WS2. Clearly, such decrease is induced by
the weak vdW force exerted by the hydrazine molecules to the
WS2 layers. The more the hydrazine molecules, the stronger
the vdW interactions, and the shorter the interlayer separation,
indicating that there is less free space for N2H4 molecules to
move between the WS2 layers, and therefore, it will become
more difficult to desorb them from multilayered WS2.
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Obtained adsorption energies for the N2H4 molecules
adsorbed on the double layer and multilayer WS2 are listed
in table 2, together with the optimized interlayer separation
z and the shortest distance d. Similarly, the adsorption ener-
gies in the double and multilayer cases are also negative (i.e.
exothermic process) and within the range of physical adsorp-
tion. The shortest distance d is again larger than the H–S bond
length (e.g. 3.21 Å in the double layer with one N2H4, 3.20 Å
in the double layer with two N2H4, and 3.62 Å in the multilay-
ers with N2H4 inserted between layers, respectively), show-
ing vdW bonding nature. Furthermore, the adsorption energy
per WS2 layer increases with increasing the number of layers
(e.g. the adsorption energy in the combined multilayer WS2
is almost as twice as that in the combined monolayer WS2),
demonstrating that each hydrazine molecule simultaneously
interacts with neighbor layers and it might firmly stay between
layers and becomes difficult to move out of the adsorbed mul-
tilayer WS2. This again explains why the electrical resistance
has only partially recovered or shown no reversibility upon
pumping for the WS2 samples with 3–4 layers or multilayers,
observed in our experiment [28].

3.2. Electronic properties of adsorbed layered WS2

To unravel the mechanism of the decrease in resistance when
WS2 exposed to N2H4, observed in our experimental measure-
ments [28], we systematically studied the electronic properties
of optimized combined systems for N2H4 molecules adsorbed
on monolayer, double layer, and multilayer WS2, respectively.
The band structure calculations were carried out within DFT-
PBE potentials and the results are shown in figure 3. For the
pristine 3 × 3 monolayer WS2, the calculated band structure
exhibits the semiconducting feature with the direct band gap
of ~1.67 eV at Γ point (see figure 3(a), note that the K point
in the first Brillouin zone of the 1 × 1 unit cell merges to the
Γ point in the 3 × 3 supercell as the Brillouin zone is three
folded). Calculated band structures of adsorbed systems are
shown in figures 3(b)–(e). Compared with the pristine WS2
(figure 3(a)), it is found that even though WS2 is exposed to
N2H4 molecules, the major features of the top valence band
(VB) and the bottom of the conduction band (CB) are almost
unaffected because of the weak vdW interaction between the
hydrazine and WS2 layers. Only a slightly lifting on the band
degeneracy was found, for instance, in the case of the double
layer with one N2H4 (figure 3(c)), because the symmetry of
the adsorbed system is lowered by introducing N2H4. In fact,
the significant effect on the band structures upon the N2H4

adsorption is the emergence of the flat impurity states asso-
ciated with the N2H4 molecules (see red lines in figures 3(b)–
(e)). These impurity states are inside the band gap of the host
layered WS2 and pin below the Fermi energy, exhibiting an
n-type like nature, irrespective of number of WS2 layers. That
means electrons occupying the impurity states can jump to the
bottom of the empty CB rather easily, as compared to elec-
trons at the top VB band in the pristine WS2, resulting in an
increase of the charge carrier concentration. Thus, the emer-
gence of the impurity states associated with the N2H4 below
the Fermi energy plays a key role in reducing the resistance of

the WS2 samples when they are exposed to N2H4 molecules,
as observed in our experiment [28].

The effect of N2H4 on the electronic properties of layered
WS2 can be also found from the electronic densities of states
(DOS) as shown in figure 4. For the pristine monolayer WS2
(see figure 4(a)), since there is a big gap (~5.e V) between the
deep band (below −12.0 eV) and the VB (between −7.0 and
0 eV), the major electronic properties of WS2 will be domin-
ated by the VB near the Fermi energy (indicated by the black
dash line in figure 4). There is a clear energy gap (~1.67 eV)
between VB and CB, exhibiting its semiconducting nature.
When the layered WS2 is exposed to the N2H4 molecules, the
shape of the DOS almost maintains its original feature. But
there are two more narrow bands or sharp peaks emerge, one
is located below the VB (see the sharp peaks around −8.0 eV
in figures 4(b)–(e)), and the other one is located above the top
of the VB, closing to the Fermi energy (see the sharp peaks
near the Fermi energy). These narrow bands are formed by the
flat impurity states associated with the N2H4 molecules (see
band structures in figures 3(b)–(e)). Apparently, the sharp peak
at the deep band will not affect the electronic properties of
layered WS2. It is the sharp peak near the Fermi energy, nar-
rowing the energy gap and affecting the nature of electronic
properties of layered WS2. Subsequently, it will enhanced its
conductivity and reduce its electrical resistance. In another
word, layeredWS2 is highly sensitive to N2H4 and can be con-
sidered as a promising candidate to detect such a toxic gas.

3.3. Charge redistribution and charge transfer

As discussed above, the electronic properties of layered WS2
are highly sensitive to N2H4 gas molecules. In particular, the
impacts on Fermi-level pinning due to the N2H4 gas adsorp-
tion are significant and play the role in reducing the elec-
trical resistance. Therefore, it is also interesting to see how
the electron charges are redistributed in the real space and how
they are transferred between the adsorbedN2H4 molecules and
underlying layered WS2. To answer these questions, we per-
formed differential charge density (DCD) calculations for the
adsorbed systems to examine the net electron charge distribu-
tion after N2H4 molecules are stabilized on the layered WS2.
Bader charge analysis is also employed to estimate the charge
transfer between the gas molecules and the sensing mater-
ial. The results are presented in figure 5. The regions of the
electron accumulation and depletion are represented by the
blue and the pink colors, respectively. Apparently, not only
the polarization happens between N2H4 molecules and layered
WS2 due to the charge redistribution upon N2H4 adsorption,
but also the S atoms on the layered WS2 surface close to the
N2H4 molecules are considerably polarized with more elec-
tron accumulation concentrated at one S atom and more elec-
tron depletion centered at another S atom. Similarly, on the
N2H4 molecules, N atoms partially gain electrons and H atoms
partially loss electrons. Such polarization is mainly attributed
to the attractive electrostatic interaction. Furthermore, it is
found that, in the case of monolayer WS2, only S atoms on
top surface are polarized, while, in the cases of double layer

5
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Figure 3. Electronic band structures of (a) the pristine 3 × 3 monolayer WS2, (b) the combined system with one N2H4 molecule adsorbed
on the monolayer WS2, (c) the combined system with one N2H4 molecule adsorbed between two layers of WS2, (d) the combined system
with two N2H4 molecules adsorbed on the top of each layer of bilayer WS2, and (e) the combined system with the N2H4 molecules
adsorbed between layers of the multilayer WS2, respectively. The red lines are impurity states associated with the N2H4 molecules, and the
black-dashed lines are Fermi level. The inset in (a) is the Brillouin zone of the 3 × 3 supercell with three special k points.

Figure 4. The DOS of (a) pristine 3 × 3 monolayer WS2 and those of combined systems with (b) one N2H4 molecule adsorbed on
monolayer WS2, (c) one N2H4 molecule adsorbed between two layers of bilayer WS2, (d) two N2H4 molecules adsorbed in double layer
WS2, and (e) N2H4 molecules adsorbed between layers of the multilayer WS2, respectively. The black-dashed vertical line indicates the
Fermi energy and the isolated sharp peaks in (b)–(e) located at −8.0 eV and near the Fermi energy are impurity states associated with N2H4

molecules.

6



Nanotechnology 31 (2020) 495703 M R Khan Musa et al

Figure 5. The side views of the isosurface plots of the electron charge density difference (DCD) for N2H4 molecules (a) adsorbed on the
monolayer WS2, (b) adsorbed on each layer of the double layer WS2, and (c) sandwiched in the multilayerWS2, respectively. The isosurface
is taken as 6.0 × 10−4 e Å−3. The electron accumulation and depletion are represented by blue and pink colors respectively. The numbers,
estimated from Bader analysis, indicate the charge transfer between the host WS2 and the N2H4 molecules. (d) The HOMO and LUMO of
the isolated N2H4 molecule (the isosurface is taken as 6.0 × 10−3 e Å−3).

and multilayer WS2, S atoms on both top and bottom sur-
faces of layers are polarized, and more electron accumulate
(deplete) around S atoms as compared to the case ofmonolayer
WS2. The same trend is also found in the N2H4 molecules.
Even though the N2H4 molecules are found to be vdW bonded
with S atom on layered WS2, there is still a small amount of
charge transfer, based on the Bader analysis, between N2H4

molecules and the layered WS2. Namely, a 0.087e, 0.114e,
and 0.162e per N2H4 molecule are transferred from the mono-
layer, double layer, and multilayer WS2 to N2H4 molecules,
respectively (see the numbers on figures 5(a)–(c)). Such trans-
fer increases as increasing the number of WS2 layers. Figure
5(d) shows the calculated highest occupied molecule orbital
(HOMO) and lowest unoccupied molecule orbital (LUMO)
orbitals of an isolated N2H4. By comparing them with the
DCD of the adsorbed systems for monolayer, double layer,
and multilayer WS2 (i.e. figures 5(a)–(c)), it is clearly found
that the DCD located around the adsorbate N2H4 molecules
exhibit the nature of the LUMO of N2H4. Thus, the small
charge transfer from layered WS2 to N2H4 molecules evalu-
ated from Bader analysis comes from the hybridization of the
N2H4 molecular LUMO with the substrate orbitals.

3.4. Effects of defects and humidity

Defects usually are associated with the synthesis of layered
WS2. The most possible defects are the vacancies associated
with the absence of an atom at either the S atom site (referred
as S vacancy) or the W atom site (referred as W vacancy) on
the layeredWS2 lattice.We are interested in how such intrinsic

defects qualitatively influence the N2H4 adsorption. In partic-
ular, we want to understand the possible role of the defects
on the electronic properties, and therefore on the sensitivity
of layered WS2 to the foreign gas molecules. Because the
vacancy has more chemically reactive locations to attract for-
eign molecules, it is anticipated that foreign molecules would
easily bond to the layeredWS2 at such defect sites. In contrast,
we found that when aN2H4 molecule was initially placed close
to the vacancies within the bonding distance (e.g. d ~ 1.78 Å),
it was ‘pushed’ away by the WS2 layer during the adsorp-
tion process and eventually stabilized to a larger distance d
(~2.73 Å) (see the insets in figures 6(b) and (d)), indicating
that the N2H4 molecule does not prefer to chemically bond
with S atoms near the vacancy but weakly interacts with the
WS2 (e.g. calculated Ead ~ − 200 meV). Figure 6 shows the
band structures of a monolayer WS2 with a vacancy either
at the S atom site (figure 6(a)) or at the W atom site (fig-
ure 6(c)), respectively. We found that dangling bonds asso-
ciated with the S vacancy introduce empty localized defect
states below the CB (see the energy level in green color loc-
ated above the Fermi energy in figure 6(a)), exhibiting a p-
type like nature. While dangling bonds associated with the W
vacancy introduce defect states around the Fermi level, lead-
ing to a gapless nature, as shown by the green curves in figure
6(c). This is because the W vacancy is located between top
and bottom S atoms and will induce local distortions inside
the WS2 layer (see the inset of figure 6(c)). Furthermore, the
degeneracy in the VB of the pristine WS2 was lifted by the S
vacancy, and the dispersion of these bands was also reduced.
The reduction of the dispersion indicates that these states are
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Figure 6. Band structures of (a) monolayer WS2 with a S vacancy, (b) N2H4 on monolayer WS2 located at the S vacancy, (c) monolayer
WS2 with a W vacancy, and (d) N2H4 on monolayer WS2 located at the W vacancy, respectively. The green curves are defect states
associated with S (W) vacancy and the red lines are the impurity states associated with N2H4 molecule. The black dashed vertical lines are
used to guide the special k points, and the horizontal lines indicate the Fermi energy. The insets are top views of corresponding structures,
where the red dashed circles indicate the defect locations, yellow balls represent S atoms, green balls represent W atoms, and blue and white
balls are N and H atoms, respectively.

Figure 7. (a) The relaxation process of N2H4 molecules adsorbed on the monolayer WS2 with a water film. Insets are top and side views of
the combined system at the initial (left) and final (right) stage where yellow balls represent S atoms, green balls represent W atoms, red balls
represent O atoms, and blue and white balls are N and H atoms, respectively. The red-dashed lines represent the hydrogen bonds. The values
of 2.95 Å and 2.14 Å indicate the distance between the water film and the WS2 layer and the hydrogen bond between N2H4 and water
molecules, respectively. (b) Band structures of a water film on the surface of monolayer WS2 (left) and a N2H4 molecule adsorbed on
monolayer WS2 with a water film (right), respectively. The impurity states associated with N2H4 molecule are indicated by red color, and
the degeneracy of the top VB is lifted which can be seen by the green and blue curves. The black dashed vertical lines are used to guide the
special k points, and the horizontal lines indicate the Fermi energy.

becoming more localized. When the N2H4 was introduced to
the monolayer WS2 surface, it was trapped close to the vacan-
cies (see the insets in figures 6(b) and (d)). By comparing the
band structures of the WS2 with vacancies (figures 6(a) and
(c)), we found that the defect states associated with the vacan-
cies are not affected by the introduction of the N2H4 molecule,
instead, additional occupied impurity states associated with
N2H4 molecule appear just below the Fermi energy, showing
a n-type like nature (see the red lines in figures 6(b) and (d)).
Electrons occupied on such localized n-type like states will be
easily excited and trapped to the localized p-type like states
near the vacancies. Thus, the defects states will influence the

conductivity and the sensitivity of layered WS2 to hydrazine
gas.

Taking into account the fact that traces of moisture are
inherent in experimental observations, we also investigate the-
oretically the role of the humidity on the electronic structure
of the monolayer WS2 during N2H4 adsorption. A water film
was introduced by adding water molecules one-by-one on the
WS2 surface in the chosen 3 × 3 unit cell. During this pro-
cess, we arranged the distance and the orientation of water
molecules such that hydrogen bonding nature (i.e. H–O bonds
between neighboring water molecules) could always be main-
tained. The process continued until the onset of a new water
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layer as signaled by a water molecule popping up to a higher
location. We also leave an open space on the water film to
allow the addition of a N2H4 molecule for the study of the
adsorption of the N2H4 molecule on the monolayerWS2 under
the moisture environment. The N2H4 molecule was placed
near the open space of the water film such that the distance
between an H atom associated with the N2H4 molecule and an
O atom associated with a water molecule (i.e. H–O hydrogen
bond) is ~1.545 Å. A full relaxation process for this combined
system was performed under the criteria of 10–3 eV Å−1 for
the force convergence (see figure 7(a)). The weak interactions
between water film, the N2H4 molecule, and the WS2 layer
are taken into account by employing the semi-empirical cor-
rection scheme of Grimme [37–39]. The top and side views
of optimized conformation for N2H4 molecules adsorbed on
the monolayer WS2 with a water film are also presented in
figure 7(a). It is found that, at this coverage, the hydrogen
bonds betweenN2H4 andwater molecules are ~2.14Å, and the
nearest neighbor distances between atoms in H2O and those
in WS2 is ~2.946 Å, showing a weak interaction between the
H2O film and the WS2. Similarly, the distance between the
center of the N–N bond of the N2H4 and the surface of the
WS2 is ~5.703 Å, showing a weak interaction between the
N2H4 and the WS2. Electronic band structures corresponding
to the WS2 covered with the H2O film and those correspond-
ing to the combined N2H4/H2O-film/WS2 system are shown
in figure 7(b) (left) and figure 7(b) (right), respectively. An
interesting finding is that the additional states associated with
water film are flat and embedded in the deep VB, the basic
nature of top VB and bottom CB as well as the band gap of
monolayer WS2, on the other hand, maintains (as compared
with the band structure of the pristine monolayer WS2 shown
in figure 3(a)). When the N2H4 molecule is added to the WS2
near the H2Ofilm, unlike the cases of N2H4 adsorptionwithout
water film, the impurity states associated with N2H4 on the
water film move inside the VB (indicated by the red in the
right panel of figure 7(b)), and therefore will have less effect
on the resistance of WS2. Furthermore, the degeneracy of the
top VB band is also lifted due to the interaction between N2H4

and water molecules through hydrogen bonds between them
(indicated by the green and blue in the right panel of figure
7(b)). These results indicate that the humidity plays a role to
reduce the effect on the resistance of WS2 upon the adsorption
of the N2H4 gas.

4. Conclusion

We have systematically studied the N2H4 adsorption process
on layered WS2 on the bases of DFT calculations. The prefer-
ential absorption sites and the adsorption energy were determ-
ined through relaxation process. It is found that the adsorp-
tion of N2H4 gas molecules on layered WS2 is an exothermic
and energetically favorable process. N2H4 molecule are vdW
bonded with S atoms on the surfaces of the layered WS2,
mostly located at the preferential sites on the top of the cen-
ter of the hexagon. The hybridization between adsorbate and
adsorbent is weak, and the adsorption energy is at the level

of physical adsorption. Therefore, N2H4 molecules are easier
to be desorbed. The level of the desorption will depend on the
number of layers of the hosting layeredWS2, since the adsorp-
tion energy will become stronger and the interlayer separation
will be shorter when the number of layers increases, which
explained the layer-dependent of reversibility in electric res-
istance as observed in our experiment. The band structures
and DOS of the combined adsorbate-adsorbent systems are
calculated at the DFT-PBE level. The most interesting find-
ing is the emergence of the flat impurity states pining below
the Fermi energy on the band structure upon exposing to N2H4

molecules, irrespective of number ofWS2 layers. This induces
a significant influence on the electronic properties of layered
WS2, in particular, on their conductance and subsequently on
their resistance, which explains a drop of resistance of layered
WS2 under the N2H4 adsorption observed in our experiment.
The electron charge density difference and Bader charge trans-
fer analysis were performed. A layer-dependent small charge
transfer (~ 0.087e − 0.162e) between N2H4 molecules and
layered WS2 was found which results in a charge redistribu-
tion in the real space, and leads to a considerable polariza-
tion between S atoms close to the N2H4 molecules, between
N and H atoms in the molecule, and between the adsorbate
and adsorbent, respectively. It is also found that the vacancies
could trap the N2H4 and the moisture could reduce the sensit-
ivity of WS2. In conclusion, WS2 is especially sensitive to the
N2H4 gas and can be used to detect such flammable and toxic
gases in dry environment.
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