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ABSTRACT We employ dispersion-corrected density functional theory to study the adsorption of CH4
molecule on a singly and doubly decorated (8,0) single wall carbon nanotube (CNT80) with palladium
atom and oxygen molecule. The obtained optimized energies indicate that double decoration with palladium
atom and oxygen molecules significantly enhances the adsorption of methane on the CNT80, while single
decoration with oxygen molecules gives rise to a weak physical bonding for methane molecules. Moreover,
we observe that methane adsorption decreases the bandgap and the distance of the Fermi level to the top of the
valance band of the doubly decorated CNT80. The calculated charge density plots and energy band diagrams
demonstrate a charge transfer from doubly decorated CNT80 to CH4. Regarding the p-type nature of the
structure, our results support the increment of the conductance of the doubly decorated CNT80 after methane
adsorption, in agreement with a real measurement in the ambient conditions. This observation underlines the
importance of ambient oxygen in the real performance of CNT-based gas sensors.

INDEX TERMS Ambient oxygen molecule, density functional theory, methane, Pd decoration, single wall
carbon nanotube.

I. INTRODUCTION
Methane is an odorless and colorless gas that is widely used
in our daily life and may lead to a strong explosion if its
concentration reaches 4% in dry air. Moreover, methane plays
a key role in the global warming [1]–[5]. Hence, for the
safety reason and control of methane concentration level in
the environment, the search for efficient methane sensors has
grown significantly in the past several decades. However,
the high stability and poor reactivity of methane make it
a challenging task to design and fabricate low temperate
methane sensors [6]–[9].

Carbon nanotubes (CNTs) are 1D carbon-based nano-
materials with interesting electronic properties useful for
the fabrication of gas sensors [10]–[12]. High sensitivity,
small size, and operation at low temperatures are among

The associate editor coordinating the review of this manuscript and
approving it for publication was Chaitanya U. Kshirsagar.

the advantages of CNT-based sensors as compared with
the current semiconductor-based sensors [13]–[15].It has
been demonstrated both theoretically and experimentally
that the electronic properties of CNTs are very sensitive to
their chemical environment. The electronic property changes
of CNTs upon exposure to gas molecules are attributed
to the charge transfer between molecules and nanotubes.
In fact, molecules may act as electron donors or acceptors
and consequently change the density of charge carries
of CNT [16], [17].

Despite the high sensitivity of CNTs to NO2 and O2 gases,
CNT-based sensors weakly detect gasmolecules such as CH4,
CO, and CO2 due to low binding energy and charge transfer
between these molecules and nanotubes. Negligible charge
transfer between such molecules and CNT leads to a slight
change in the electrical conductivity and thus low sensitivity
of nanotubes [18]–[20].
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Surface modification of CNTs by metal nanoparticles
may provide effective solutions for this limitation [21]–[25].
Previous experimental studies reported that Pd is a vivid can-
didate to improve methane adsorption on sensing materials.
For instance, Lu et al. loaded palladium nanoparticles on
CNTs to detect CH4, and found that the Pd decorated CNT
have advantages over conventional metal oxide and catalytic
beads sensors for CH4 detection with reduction of size and
power consumption by a factor of 100 smaller and increment
of sensitivity by a factor of 10 higher [26]. Along with
the experimental studies, theoretical investigations have also
shown the potential of palladium for improving the methane
sensitivity of CNTs. Zhou et al. investigated the adsorption
of SO2, CH3OH, and CH4 on the Pd decorated (5, 5) CNTs
using first-principles calculations. Strong binding energy and
large electron charge transfer indicate the promising potential
of Pd-CNTs for the detection of these gas molecules [27].
In another study, the catalytic activity of a CNT decorated
with 18 different metals was investigated for the detection of
CH4, CO, H2S, and H2 gas molecules [28]. The results show
that Pd and Pt have the most catalytic activity for these gases.

Although decoration of carbon nanotubes with metals
may increase their gas sensitivity, it likely prolongs the
recovery time of the sensors, because of the enhanced
binding of the gas molecule to the CNT surface. In practice,
to reduce the recovery time of the sensor, the temperature
of the sensor is raised after exposure to the target gas to
speed up the separation of the adsorbed molecules from
the surface of the sensor [29], [30]. As a result, ambient
oxygenmolecules have a higher chance to chemically interact
with the nanotubes [31], [32] and influence the sensor
functionality of the system. This important point seems to
be overlooked in the theoretical investigation of palladium
decorated CNT for CH4 detection.
The main aim of this theoretical study is to investigate

the effect of ambient oxygen molecule on the CH4 sensing
properties of a Pd decorated (8,0) single wall carbon nanotube
(CNT80). In this regard, adsorption of methane molecule on
O2, Pd, and Pd/O2 decorated CNT80 are investigated by using
first-principles calculations. The present report is organized
as follows. In section 2, details of our computational method
are presented. The structural and electronic properties of
the pristine and decorated CNT80 before and after methane
adsorption are outlined in section 3. The paper is concluded
by highlighting themost important findings in the last section.

II. CALCULATION METHOD
Simulations were performed using the Quantum Espresso
package [33] which employs the pseudopotential/plane wave
technique in the framework of density function theory (DFT).
A plane-wave expansion up to energy cut-off of 45 Ry
(450 Ry) for the wave function (charge density) was
chosen in all calculations. We used ultra-soft pseudopoten-
tials and the generalized gradient approximation with the
Perdew−Burke−Ernzerhof (PBE) [34] formulation. Van der
Waals forces are also included by the DFT-D2 method [35]

to increase the accuracy of the calculations. A cubic supercell
with a size of 20×20×8.5Å is used in the calculations, which
includes two (8,0) CNT unit cells (64 atoms). The empty
space (vacuum) around the CNT is large enough to prevent
the interaction between adjacent replicas. The Brillouin zone
samplings were performed using a 1×1×8 Monkhorst-Pack
grid and structural relaxations were performed down to the
force threshold of 1 mRy/Bohr.

The adsorption energy of an adsorbate (M ) on a CNT based
system is calculated as follows:

Eads = E (M − system)− E (system)− E (M) (1)

where E(M-system) and E(system) represent the optimized
total energy of the system after and before adsorption of
M species, respectively, and E(M) is the optimized total
energy of the M species. Charge-density redistribution near
the adsorption site is obtained from this formula:

1ρ (r) = ρM−system (r)− ρsystem (r)− ρM (r) (2)

The same as before, ρM−system and ρsystem represent the
charge density of the system after and before adsorption of
M, respectively, where ρM stands for the electron density of
the M species.

The work function, the minimum energy needed to remove
an electron from a material to vacuum, is defined as:

W = ERef − EF (3)

where ERef and EF are the reference and Fermi energy,
respectively which are calculated using DFT. The reference
level is the level that an electron in the system feels no forces,
and it is extracted from DFT calculations.

III. RESULTS AND DISCUSSIONS
A. OXYGEN DECORATED CNT80
The relaxed geometry of O2-CNT80 is shown in Fig. 1.
Despite the spin triplet ground state of the free oxygen
molecule, the adsorbed oxygen on CNT80 prefers a non-
magnetic spin singlet state with an adsorption energy
of 0.43 eV. As shown, O2 is adsorbed parallel to the axial
C-C bond. The equilibrium O-C and O-O bond lengths are
found to be about 1.47 and 1.50 Å, respectively, while the
length of the C-C bond near the adsorption site increases from
1.42 to around 1.53 Å, after oxygen adsorption. The obtained
small length of the C-O bond is in the range of reported C-O
bond lengths (1.43-2.15 Å) and represents strong interaction
of CNT and oxygen molecule, which is well reflected in the
strong hybridization between p states of neighboring C and O
atoms (Fig. 2).

The O-O distance after adsorption is in the range of a
single O-O bond. In fact, O-O double bond is broken after
adsorption. Thus, two oxygen atoms have two unpaired
electrons. Each oxygen atom shares its single electron
with the π electron of the neighboring carbon atom. It is
further evidenced by the reduction of the carbon bond
angles at the adsorption site from 120◦ (corresponding to
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FIGURE 1. Optimized geometry of O2-CNT before and after methane
adsorption.

FIGURE 2. The partial Dos of p orbitals of oxygen and carbon in
O2-CNT80 structure.

FIGURE 3. The band structure and density of state of pristine and O2-CNT.

sp2 hybridization) to 116.8◦ (close to the 109◦28′ angle
of sp3 hybridization). Because of the polarized nature of
the C-O bond, the C-C bond length in the vicinity of the
oxygen adsorption has been increased. The band structure
and density of state (DOS) of pristine and O2-CNT80 are
presented in Fig. 3. As reported before, pristine (8,0) CNT is
a semiconductor with an energy band gap of 0.58 eV. Given
the closer distance of the Fermi level to the valence band,
comparedwith the conduction band, (8,0) CNT is predicted to
be a p-type semiconductor. The workfunction of the system,
calculated from equation 3, is about 4.72 eV. As shown

in Fig. 3, oxygen adsorption splits some of degenerate bands
and reduces the energy gap of the system to about 0.41 eV.

In order to identify the direction of charge transfer between
CNT and oxygen molecule, the energy level diagrams of
CNT80 and an isolated O2 molecule are aligned together
in Fig. 4, by using the vacuum potential as the reference
energy. Compared with other probable transfer paths, charge
transfer from the CNT80 valance band to the O2 molecule
lowest unoccupied orbital (LUMO) is more probable.

This is consistent with the charge transfer of 0.43e from
CNT to O2 calculated by comparing the integrated atom
resolved DOS before and after molecule adsorption. The
work function of O2-CNT is expected to be increased as
compared to the intrinsic CNT. A work function of 4.94 eV is
obtained for O2-CNT, which has been increased by 0.22 eV.
Fig. 1 shows the optimal structure of methane adsorption
on O2-CNT80. The distance between the carbon atom of
methane and CNT is 3.90 Å. Considering inter molecular
van der Waals forces, the adsorption energy of methane on
O2-CNT80 is equal to 0.09 eV indicating weak physical
adsorption of methane. The electronic band structure after
methane adsorption is not affected and the charge transfer
between CNT and methane is negligible.

B. Pd DECORATED CNT80
The most favorable adsorption site for palladium atom is
on the axial C-C bond [24], therefore only this geometry is
investigated. The results indicate chemical binding of Pd with
an adsorption energy of about −1.96 eV at an equilibrium
distance of 2.1 Å.

As expected, considering the non-magnetic nature of CNT
and palladium, Pd decorated CNT is also non-magnetic.
As shown in Fig. 5, the band structure of CNT80 undergoes
significant changes upon adsorption of Pd. The band
degeneracies are removed and the Pd 4d states are appeared
as rather flat bands and sharp states at about 1.5 eV below
the Fermi level (Fig. 6). Moreover, it is seen that after Pd
adsorption, the p-type character of CNT80 is converted to n-
typewhile the bandgap of the system remains almost the same
as CNT80 (0.59 eV).

Our results show that the total charge of Pd decreases by
about 0.05e after adsorption on CNT80, in good agreement
with the n-type nature of Pd-decorated CNT80. On the other
hand, the calculated workfunction of Pd-CNT80 is 3.34 eV,
less than that of CNT80 (4.72 eV), hence electrons tend to
move from palladium to the CNT. This is consistent with
the charge density and n-type nature of Pd-decorated CNT80.
Based on our calculation the work function of Pd-decorated
CNT80 is 4.06eV. The reduction of the CNT workfunction
after Pd adsorption is consistent with the n-type nature
of Pd decorated CNT80 in spite of the p-type nature of
CNT80. As shown in Fig. 7, three different configurations
are considered for CH4 adsorption on Pd decorated CNT80.
The most stable structure is shown in Fig. 7-a. The distance
between palladium and carbon of CH4 is 2.35 Å and it is
1.99 and 2.01 Å for two hydrogen atoms of methane which
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FIGURE 4. Qualitative energy-level diagram and charge density plot for O2-CNT.

FIGURE 5. The band structure and density of state of Pd decorated CNT.

FIGURE 6. The partial DOS of p orbitals of carbon and d orbital of
palladium in Pd-CNT80 structure.

point to Pd. The adsorption energy of methane on the system
is −0.56 eV which evidences a rather strong physisorption
with exothermic nature. Palladium plays a significant role on
increasing adsorption energy of methane on CNT80 so that
the weak physical adsorption of methane on CNT80 (-8meV)
is converted to a strong physisorption after Pd decoration.

FIGURE 7. Different adsorption sites of CH4 on Pd-decorated CNT.

FIGURE 8. The density of states and energy band of Pd-CNT after CH4
adsorption.

As clearly seen in Fig. 8, the distance between the Fermi
level and the edge of the conduction band, which indicates
the degree of n-type nature of the structure, has increased
after methane adsorption. It indicates a decrease in electron
carriers and thus a reduction in the electrical conductivity of
the structure after methane adsorption. The charge transfer
path related to the energy level diagram of Pd-SWCNT and
CH4 is shown in Fig. 9-a. It indicates the chance of charge
transfer from Pd-SWCNT to CH4.
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FIGURE 9. Qualitative energy-level diagram and charge density plot for CH4/Pd-CNT.

FIGURE 10. The adsorption sites of palladium on O2-CNT.

FIGURE 11. The band structure and density of states of Pd-O2-CNT.

Fig. 9-b shows a charge density plot that demonstrates an
increase in the charge density around CH4 after adsorption on

FIGURE 12. Three different adsorption configurations of CH4 on Pd/O2
decorated CNT80.

FIGURE 13. The band structure and density of states of CH4/Pd-O2-CNT.

Pd-CNT80. Both charge transfer path and charge density plot
are consistent with the decrease of the n-type nature of the
pd-SWCNT after methane adsorption. The calculated results
are not consistent with the experimental results reporting an
increment of conductivity of SWCNT sensor after exposure
to methane [26]. Therefore, the effect of ambient oxygen is
also considered and the effect of methane adsorption on Pd-
O2-SWCNT is studied.
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FIGURE 14. Qualitative energy-level diagram and charge density plot for CH4/Pd-O2-CNT.

C. Pd/O2 DECORATED CNT80
In this section, first, doubly decorated CNT80 with Pd atom
and O2 molecule is investigated. Four different probable
configurations were considered for this system and after
full structural relaxation, the Pd adsorption energy of these
systems is calculated and compared together in Fig. 10.
We observe that the Pd atom and oxygen molecule prefer
to stay rather close together in the direction of the tube axis
(Fig. 10-a). This stable configuration is adapted for all the
following calculations.

Fig. 11 shows the density of states and band structure of
the double decorated CNT80. We observe that the bandgap
of this system is close to the bandgap of oxygen decorated
CNT80 (0.41 eV), while the effect of the Pd atom is
mainly reflected as some flat bands and sharp states in the
range of −0.5 to −1.2 eV below the Fermi level, mainly
originated from the d states. Furthermore, we observe that
in contrast to the Pd adsorption on CNT80, Pd adsorption on
O2-CNT80 does not change the semiconducting p-type nature
of the system. The calculated total charge of the Pd atom
before and after adsorption on O2-CNT80 indicates a charge
transfer of about 0.03e from Pd to O2-CNT80. As expected,
the work function of the oxygen decorated CNT80 decreases
to 4.49eV after Pd adsorption.

Fig. 12 shows three different adsorption configurations of
CH4 on Pd/O2-CNT80. Based on the calculated adsorption
energies, in the most preferable geometry (Fig. 13-a),
CH4 prefers to adsorb on top of the Pd atom. Palladium
plays a significant role in increasing the adsorption energy
of methane on O2-CNT80 so that weak physical bonding
on the singly O2 decorated CNT80 is converted to a strong
chemical bonding on the doubly decorated sample. The
distance between the carbon of methane and Pd is 2.35 ◦A.
It is decreased in comparison to the value of 3.9 ◦A related to
methane adsorption on O2-CNT80. The density of states and
band structure of Pd/O2-CNT80 after methane adsorption are
shown in Fig. 13.

The bandgap of the structure equals 0.40 eV that is about
10meV lower than the energy gap beforemethane adsorption.
The distance between the Fermi level and the maximum of

the valance band that shows the degree of p-type nature
of the system is decreased about 10 meV after methane
adsorption.

The charge transfer path in the energy level diagram
ofPd/O2-CNT80 and CH4 is shown in Fig. 14-a. It indicates
the chance of charge transfer from Pd/O2-CNT80 to CH4.
Calculated charge density plot (Fig. 14-b) also demonstrates
an increase in the charge density around CH4 after adsorption
on Pd-O2-CNT80. Charge transfer from Pd-O2-CNT to CH4
is consistent with an increment of the degree of p-type nature
of the Pd-O2-CNT after methane adsorption.
As expected, because of the physical adsorption of

methane on Pd-O2-CNT and the large distance between
methane and Pd (The distance of methane and Pd is longer
than Pd-H bond length), the charge transfer is low.

Regarded to p-type nature of Pd-O2-CNT, charge transfer
from Pd-O2-CNT to CH4, and reduction of band gap after
methane adsorption, the increment of the conductivity of
CNT after methane adsorption is expected. The calculated
results are consistent with experimental findings reported by
Lu et al [26] which shows that the conductivity of the Pd-CNT
sensor in air ambient is increased after exposure to methane.
They argued that the electrons transfer to CH4 and there
exists a weak bound complex Pd+δCH−δ4 due to electrostatic
interaction.

IV. CONCLUSION
In this paper, we employed first-principles pseudopotential-
planewave and dispersion-corrected techniques to investigate
the palladium decorated (8,0) single wall carbon nanotube
(CNT80) as a methane gas sensor. The oxygen molecules
are also involved to take into account the realistic ambient
conditions. Our results indicate weak physical adsorption
of methane (−90 meV) on oxygen decorated CNT80 with
negligible electronic structure effects. We observed that dec-
oration with palladium converts the p-type semiconductivity
of CNT80 to the n-type and significantly enhances the
methane adsorption energy to about−0.56eV. The calculated
charge densities and electronic structures display a charge
transfer from Pd-CNT80 to the adsorbed methane molecule,
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leading to the increment of the Fermi level distance to the
minimum of the conduction band and thus decreasing the
n-type electrical conductivity of the system after methane
adsorption. This theoretical perception is not compatible with
the experimental observation of increasing the conductivity of
the CNT sensor after exposure to the methane gas. In order
to address this ambiguity, we considered methane adsorption
on a doubly decorated CNT80 with palladium atom and
oxygen molecule (O2/Pd-CNT80). The adsorption energy
of methane on the doubly decorated CNT80 was found to
be about −0.57eV. We found that, unlike the Pd-CNT80,
the Pd/O2-CNT80 structure is a p-type semiconductor that
exhibits a decrease in the bandgap and the Fermi level
distance to the valence band maximum after methane adsorp-
tion, and therefore supports above mentioned experimental
results. This finding clarifies the nontrivial role of ambient
oxygen in the performance of carbon nanotube-based gas
sensors.
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