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A B S T R A C T

This work presents a theoretical study, based on DFT calculations, about the changes induced when diatomic molecules (CO, O2 and H2) are adsorbed on defective
(8,0) SWCNT doped with a Li atom. The adsorption of one Lithium atom is tested inside and outside of the nanotube containing a single vacancy. The Li atom induces
a magnetic moment on the nanotube and an important reduction in its the band gap (Eg). The adsorption energy values (Eads) for CO, O2 and H2 when Li is located
inside, are higher than when Li is outside. The H2 adsorption does not change the magnetic nature of the system. However, the CO and O2 molecules reduce the
magnetic moment from 1.0 µB to 0.0 µB. The band gap energy is reduced for CO and O2, while increases in the case of H adsorption. The work function (WF) value is
reduced in the cases of CO and H2; whereas for O2 we observed an opposite behavior, then the final charge state of this molecule is negative. Based on our results, the
system Li+ defective (8,0) SWCNT can be proposed as possible candidate as gas sensor of CO,O2 and H2.

1. Introduction

The use of gas sensors as monitoring devices has become crucial for
industrial, environmental and medical processes [1]. Carbon nanotubes
(CNTs) have shown a great potential to be used as gas sensors, they
have more active adsorption sites than other materials. This is attri-
butable to their high curvature and the fact that almost all its surface is
exposed to the environment [1–4]. Particularly, semiconducting single
walled carbon nanotubes (SWCNTs) have demonstrated that their
conductivity change rapidly when gas is adsorbed [2,5–8]. In addition,
the gas adsorption is improved when the SWCNTs are decorated with
impurities (e.g. transition metal or alkali metal) and/or there are de-
fects in their structure [9–17]. Nevertheless the transition metal atoms
tend to form clusters on the nanotube, due to their high cohesive energy
[19–22]. The cluster formation decreases metal dispersion while in-
creases metal-metal interaction, reducing gas adsorption. For example
Sun et. al. [22] found that Ti atoms prefer to form clusters on the C60

surface. Similar results are reported on SWCNT with Rh [18,19]. On the
other hand, a theoretical study reports that doping carbon fullerenes
with alkali atoms (Li, Na and K) improves the molecular hydrogen
adsorption capacity of them [23]. Authors conclude that the effect is
more evident for sodium and lithium. The experimental work per-
formed by Goudarziet. al. found that Li doped SWCNTs improve the
adsorption NH3 gas [2]. In addition, the detection of poisonous gas SO2

using SWCNTs is actually very studied by the scientific community
[24–26]. For example, Yoosefian and co–workers by using DFT calcu-
lations investigated the adsorption of single and double SO2 gas

molecule(s) on the surface of Pt–doped and Au–doped (5,5) SWCNTs
with a single vacancy [25]. Their results show that the adsorption en-
ergy of SO2 is similar for both doping (Pt/Au); nevertheless the change
in the energy gap value is more significant when the molecule is ad-
sorbed on Pt/SWCNT. Li et al. study theoretically the adsorption of the
same molecule on Ni–doped vacancy–defected (8,0) SWCNT [26]. The
authors conclude that the vacancy improves the SO2 adsorption.
Moreover, after the Ni doped on the vacancy of the SWCNT, the mod-
ified nanotube which were not very much sensitivity to SO2 molecule
could become much sensitivity to it. The (8,0) SWCNT has been studied
extensively and presents interesting physical and chemical properties
because it is one of the smallest diameter semiconductor carbon na-
notube [27–29]. These studies reveal a significant modification in the
electronic configuration of the CNT after the adsorption of CO, O2 and
H2 molecules. In addition, the adsorption of H, H2, and/or TM atoms
(particularly TMs with unfilled d orbitals) on SWCNTs can create an
active site and induce magnetism in the CNT, making the im-
purity–SWCNT a potential system for both hydrogen storage and spin-
tronics applications.

There are a few studies about the interaction between Li and single
walled carbon nanotube containing a single vacancy; but to the best of
our knowledge there are still no investigations about its possible role as
a sensor of diatomic molecules [30,31]. For this reason, the aim of this
work is to analyze the Li doped defective (8,0) SWCNT as a possible
candidate for a gas sensor development. The changes on its physical
properties when it interacts with the more common diatomic gases
usually sensed in industrial processes, such as CO, H2 and O2 are
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studied using Density Functional Theory (DFT) calculations.

2. Computational model

First principles calculations based on Density Functional Theory
(DFT) implemented through the Vienna Ab initio Simulation Package
(VASP) code are used [32,33]. The exchange-correlation functional
corresponds to the generalized gradient approximation (GGA) and the
Perdew, Burke, and Ernzerhof (PBE) functional were considered
[34,35] with a plane–wave basis set, implementing the projector–-
augmented–wave (PAW) method developed by Kresse [32]. The kinetic
energy cutoff of 700 eV is found to converge the total energy within
10−4 meV. In addition, Brillouin zone sampling is performed using the
k–point generation scheme of Monkhorst and Pack (the Γ–point was
included) [36]. For ionic relaxation calculations, the Brillouin zone is
sampled by a k–point mesh of 1×5×1 and the convergence criteria is
set to be 10−3 eV/Å on each atom. We have included dispersion forces,
as suggested in the literature [37,38], using the DFT–D2 Grimme
method [39]. The conjugate gradient (CG) algorithm is used to find the
minima of the total energy. Finally in order to compute the adsorption
energies, magnetic moment, density of states (DOS) curves, Bader
charges [40] and electrostatic potentials, the k–point mesh is increased
from 5 to 21 k–points.

The (8,0) SWCNT is modeled using 64C atoms, where they are in a
periodic supercell of 20 Å×8.53 Å×20 Å. This supercell size ensures
no interaction among periodic images. For simulate the vacancy one C
atom is removed, a detailed description of this defective nanotube was
reported on our previous work [18].

The adsorption energy Eads of a Li atom and an X molecule (X: CO,
O2 or H2) are computed as:

= + − −E E host Li E host E Li( ) ( ) ( )ads T T (1)

= + − −E E host X E host E X( ) ( ) ( )ads T T (2)

The host system in Eq. (1) corresponds to SWCNT with a single
vacancy whereas in Eq. (2) corresponds to defective SWCNT with a Li
atom adsorbed. The ET(host+ Li) and ET(host+X) are the total en-
ergies of the corresponding host system with the Li atom or X molecule
adsorbed. ET(host) is the energy of clean host system. The E(Li) and E
(X) are the energies of one Li atom and isolated X molecule respectively.
Finally, the work function (WF) is calculated as the vacuum energy
level minus the Fermi level.

3. Results and discussion

3.1. Li adsorption on defective SWCNT

We found that the Li incorporation on a defective nanotube is en-
ergetically more favorable than on a pristine nanotube. For a Li atom
located in an outer (inner) position, the adsorption energy in the
SWCNT containing a single vacancy is 1.65 eV (1.75 eV) stronger than
in the pristine nanotube. The structure of (8,0) SWCNT containing a
single carbon vacancy and a Li atom adsorbed is fully relaxed. The Li
adsorption is considered both outside and inside of the defective na-
notube; in both cases several adsorption sites for Li are tested. Fig. 1
shows the optimized structures for the most energetically stable sites. It
can be noted that there is a modification in the SWCNT curvature due to
the Li adsorption, which is more pronounced for the outer adsorption
case. The distance between opposite atoms in the nanotube increases
from 6.67 Å to 6.98 Å (6.82 Å) in the Li–vacancy direction, for outside
(inside) adsorption; whereas in the perpendicular Li–vacancy direction,
the distance is almost the same (5.99 Å).

Almost all the CeC bond distances remain unchanged after Li ad-
sorption only the longest CeC bond of 1.82 Å is modified, from 1.82 Å
to 1.52 Å (see Fig. 1). In the case of outer adsorption, the Li atom is
bonded to three C atoms, named C1, C2 and C3 (see Fig. 1b). The LieC

bond distances are 2.11 Å, 2.21 Å and 2.24 Å respectively. For the in-
ternal adsorption case, the Li atom is bonded to two C atoms (C4 and
C5) with bond distances of 2.23 Å and 2.24 Å respectively (see Fig. 1c).
Similar values were reported by Udomvech et al. [41].

Table 1 shows the computed band gap (Eg), magnetic moment (µ)
and work function (WF) for the defective SWCNT. Li adsorption energy
(Eads) is also included for Li doped systems. The defective (8,0) SWCNT
is a semiconductor with a computed band gap of 0.48 eV [18]. The
alkali metal incorporation reduces the band gap in both cases; 81% for
Li outer and 50% for Li inner. The defective nanotube has no magnetic
moment, but the Li adsorption induces a magnetic moment of 1.0 μB,
independently of the Li atom location. The work function is reduced
about a 22% (from 4.89 eV to 3.82 eV) and 10% (from 4.89 eV to
4.39 eV) for outside and inside Li adsorption respectively. The reduc-
tion in the WF implies that there is an electron transfer from the Li atom
to the nanotube, further discussion about this behaviour is explained
below. The Li adsorption energy (Eads) for outer side is 0.33 eV en-
ergetically more favorable than for the inside location which is in
agreement with literature results [42].

The total density of states (TDOS) and projected density of states
(PDOS) for Li+(8,0) SWCNT, with both adsorption configuration, are
shown in Fig. 2. The dotted line indicates the Fermi level and spin up
and spin down contributions are shown. From PDOS curves it can be
noted that the C atoms contribute more than Li to the valence band
(VB), but both elements contribute almost equally to the conduction
band (CB). The Li induces states in the band gap zone due to its hy-
bridization with C atoms, this fact leads to a half–metallic behaviour of
the Li+ nanotube system, as can be seen in Fig. 2. It is also noted from
TDOS curves, that near the Fermi level is where the most notorious
differences between spin up and down contributions are observed, and
outside this zone both contributions are almost symmetrical. This be-
haviour of spin up and down contributions could be interesting in
spintronic area.

From Bader charges analysis is noted that the Li atom transfers
electrons to the carbon atoms located nearby it (see Fig. 3), that is to
say the lithium becomes positively charged after adsorption. This fact
agrees with the WF reductions after Li adsorption reported in Table 1.
The Li atom loses 0.89 e− and 0.91 e− for outer and inner locations
respectively. As a result, the (8,0) SWCNT becomes negatively charged
and this behaviour makes it a good candidate to be used as a negative
electrode in Lithium –ion batteries, as was already reported by several
authors [42–45]. It can be noted that the major transfer to C atoms
(0.33 e−) occurs in the case of Li located outside, this can be attributed
to the fact that Li is closer to the nanotube.

3.2. Gas adsorption

The adsorption of the diatomic molecules, CO, O2 and H2 on Li
+(8,0) SWCNT is studied at several adsorption sites and orientations.
We report here only the most stable configurations. The computed band
gap (Eg), magnetic moment (µ), work function (WF) and adsorption
energy (Eads) values are listed in Table 2. For outer Li configuration, the
CO (H2) adsorption increases the band gap Eg value from 0.09 eV to
0.22 eV (0.21 eV) (compare Tables 1 and 2); whereas the O2 adsorption
reduces de band gap from 0.09 eV to 0.00 eV, this behavior is discussed
later. When the Li atom is located inside the nanotube, H2 adsorption
increases the band gap from 0.24 eV to 0.33 eV, while CO and O2 ad-
sorption reduces Eg, again to a null value for the case of the oxygen
molecule, as can be seen in Table 2.

On the other hand, CO and H2 molecules adsorption do not modify
the magnetic moment of the system when the Li atom is located outside.
But the O2 molecule leads to an increase of the magnetic moment value,
from 1.0 μB to 2.0 μB. In the case of gas adsorption for the inner Li
configuration, the CO and O2 reduce the magnetic moment from 1.0 µB
to 0.0 µB, while the H2 adsorption does not modify the magnetic mo-
ment value (see Table 2).
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The CO, O2 and H2 adsorption on Li(out)+SWCNT induces an in-
crease in the WF value of a 5%, 25% and 5%, respectively, with respect
to the clean Li (out)+SWCNT. Comparing Tables 1 and 2 it can be
noted that the WF increases 1% when O2 is adsorbed on the inner Li
configuration and the WF decreases 8% (1%) after CO (H2) adsorption.

From Table 2, it can be noted that O2 adsorption has the highest Eads
value with respect to the other molecules, for Li outside Eads is
−0.84 eV and for Li inside its value is −5.66 eV. This behaviour can be
attributed to the fact that the vacancies generally are in a oxygenated
state [10]. It is also observed that Eads values for CO, O2 and H2 on Li
(in)+(8,0) SWCNT are 3.5 eV, 4.8 eV and 1.6 eV higher than the ones
obtained in Li(out)+(8,0) SWCNT, respectively, (see Table 2). So gas
adsorption is much more favorable when the Li is located inside the
nanotube. This could be attributed to the fact that the molecules can
interact more directly with the vacancy defect on the SWCNT. Next we
will analyse these cases in detail.

The optimized structures of CO, O2 and H2 adsorbed on Li(in)
+SWCNT are shown in Fig. 4. Li+ SWCNT takes a role in the initial
steps for the O2 and H2 dissociation. After optimization the OeO bond
length varies from 1.48 Å to 2.58 Å , whereas in the case of H2 ad-
sorption the HeH bond is elongated from 0.75 Å to 1.70 Å. The opposite
effect is observed for the CO molecule, in which its bond length is re-
duced from 1.46 Å to 1.39 Å. In all cases the adsorbates affect mainly
the longest CeC bond of the SWCNT. Comparing the Fig. 1c and Fig. 4,
it is observed that this CeC bond increases its value from 1.52 Å to
2.83 Å, 2.31 Å and 2.70 Å after CO, O2 and H2 adsorption, respectively.

The other CeC bond lengths remain almost unchanged.
In the case of CO adsorption, a CeOeC ether group is formed. The

carbon atom of CO molecule, named C*, is adsorbed on the center of the
vacancy and the O atom is located above the nanotube between two C
atoms, C* and C1 in Fig. 4a. The results obtained show that both CeO
bond lengths are 1.39 Å and the CeOeC angle is 94°, the remaining
CeCeO angles are 43° (see Fig. 4a). In addition, after O2 adsorption on
the Li (in)+SWCNT two functional groups are formed, a CeOeC
(ether) and a C]O (ketone). For the ether group both CeO bond dis-
tances are 1.46 Å (O bonded to C1 and C2, see lower part of Fig. 4b),
whereas for the ketone group the CeO bond length is 1.22 Å (O bonded
to C3, see upper part of Fig. 4b). These results are in agreement with
experimental findings indicating the presence of oxygenated vacancies
in carbon nanotubes [19,46]. For H2 adsorption is noted the develop-
ment of two CeH hydrocarbons, named C1eH and C2eH in Fig. 4c. The
bond lengths obtained are the same for both hydrocarbons and they are
about 1.08 Å.

In all cases the gas molecule adsorption induces a deformation in
the nanotube curvature, as can be seen in Fig. 4. The diameter elon-
gation is major when O2 interacts with the nanotube, incrementing
from 6.82 Å to 7.38 Å (compare Fig. 1c and Fig. 4b). Then it is expected
that these curvature changes lead to electronic modifications.

In order to investigate the electronic properties after molecule in-
teractions with Li+ SWCNT, we have calculated the density of states
(DOS) corresponding to CO, O2 and H2 adsorbed on Li (in)+(8,0)
SWCNT. Fig. 5 shows the total and projected density of states (PDOS).
The Li(in)+SWCNT is a semiconductor, with a band gap of 0.24 eV.
When the molecule is adsorbed the band gap value is modified de-
pending on the adsorbed molecule (see Table 2). In the case of CO and
O2 there is a band gap reduction. This fact can be attributed to the
presence of new states at the Fermi level region as shown in Fig. 5a–b.
Specifically in the case of O2 adsorption, the band gap value reduces to
zero, thus the system shows a metallic, instead of a semiconductor
behavior. Due to this sensibility to the band gap value, the Li(in)
+SWCNT could be considered a potential candidate to be used as CO
and O2 gas sensor. In the case of hydrogen adsorption, there is an in-
creases of band gap value and this fact is shown in Fig. 5c.

Regarding the CNT C atoms, from Fig. 5d–f is observed that their
contributions to the TDOS curve are both in the valence (VB) and the

Fig. 1. Optimized atomic structures of (8,0) SWCNT: (a) containing a reconstructed single vacancy and a Li atom adsorbed (b) outside and (c) inside.

Table 1
Band gap (Eg), magnetic moment (µ), work function (WF) and adsorption
Energy (Eads) for defective (8,0) SWCNT and Li adsorbed outside and inside the
nanotube.

System

Defective SWCNT Li outside Li inside

Eg(eV) 0.48 0.09 0.24
µ(µB) 0.00 1.00 1.00
WF(eV) 4.89 3.82 4.39
Eads(eV) – −3.21 −2.88
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conduction band (CB). The Li contribution is mainly at the CB. In ad-
dition to this, if we compare these Figs with Fig. 2b, it is noticed that
the interaction between the Li atom and the SWCNT has no significant
changes after gas adsorption. The PDOS curves for each molecule before
and after adsorption are present in Fig. 5g–i. The localized states of the
isolated molecule are clearly modified after adsorption. This fact is due
to hybridization between the diatomic molecule and the adsorbate
(Li+ SWCNT). In all cases main peaks are shifted towards lower energy
values, resulting on a stabilization of the system.

Particularly, for CO adsorption it can be noted that the Fermi level is
shifted to higher energy values with respect to Li+ SWCNT. This fact

Fig. 2. Density of states for Li adsorption on defective (8,0) SWCNT. Total and Projected DOS curve for Li adsorbed (a) outside and (b) inside of the nanotube. The
dotted line indicates the Fermi level.

Fig. 3. Charge transfer between Li and C atoms
of the SWCNT containing a single vacancy. Li
adsorbed (a) outside and (b) inside in defective
SWCNT. Red and blue indicate that the atom
gains (negative charge) and loses electrons (po-
sitive charge) respectively. The bar on the left is
in e− unit. (For interpretation of the references
to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

Table 2
Band gap (Eg), magnetic moment (µ), work function (WF) and adsorption
Energy (Eads), for CO, O2 and H2 adsorbed on Li+(8,0)SWCNT, with Li located
outside and inside the nanotube.

Li outside Li inside

CO O2 H2 CO O2 H2

Eg (eV) 0.22 0.00 0.21 0.12 0.00 0.33
µ (µB) 1.00 2.00 1.00 0.00 0.00 1.00
WF (eV) 4.01 4.79 4.02 4.03 4.43 4.35
Eads (eV) −0.44 −0.84 −0.25 −3.94 −5.66 −1.88
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attributes the n–type semiconductor nature when CO is adsorbed on
Li+ SWCNT. Spin up and spin down contributions are symmetric for
energy values below 4 eV; this fact is in accordance with the almost null
magnetic moment of the system. The peak located around −5 eV comes
mainly from the hybridization between the O atom of CO molecule and
the SWCNT, as can be seen in Fig. 5d and g.

The O2 interaction with Li doped SWCNT is different than in the
case of CO or H2 adsorption. As we have mentioned before, new states
are generated in the band gap region. This fact arises a metallic beha-
vior for the Li(in)+SWCN+O2 system. Then we can expect optical
features [47]. The Li and C PDOS curves show an increase on the peak
intensities for energy values higher than 4 eV (see Fig. 5e), due to the
O2 molecule presence. Again, TDOS curves are almost symmetrical
below 4 eV, reflecting the non magnetic behavior of the system.

Regarding the H2 adsorption, we obtain the highest band gap value
(0.33 eV) as is well noted in Fig. 5c. On the other hand the magnetic
moment is 1.00 µB, this is in accordance with the asymmetrical beha-
viour of TDOS curves. The Fermi level is located nearer to VB than CB,
so the H2 adsorption on Li+ SWCNT has a p–type semiconductor be-
haviour. The interaction of the dissociated hydrogen molecule is mainly
with states of the SWCNT carbon atoms in the valence band zone, below
−3 eV, see Fig. 5f and i. The magnetic and semiconductor nature of this
system could have interesting applications in permanent magnetism,
magnetic recording, and spintronics, besides as a gas sensor.

The charge transfer between the adsorbed species and the adsorbate
are presented in Fig. 6. In all cases the Li atom loses electrons becoming
positively charged. The carbon atoms of the nanotube, closer to the
adsorbed species are also positively charged in the cases of CO and O2

adsorption, whereas for H2 these C atoms gain electrons. The major
electron transfer occurs in the case of the dissociated O2 molecule, as
can be seen in Fig. 6.

Table 3 shows the number of electrons of each studied specie before
and after adsorption. Specifically for the CO molecule, which adsorbs
on the surface, electronic populations and charge for the whole mole-
cule are indicated on Table 3. For O2 and H2, which dissociate on the
surface, individual atomic populations and charges are reported. Before

adsorption the molecule state is electrically neutral; whereas, after
adsorption the electron density is modified due to the interaction with
the host system Li(in)+SWCNT. The CO molecule and the H atoms
(from H2 molecule) have a positive charge state after adsorption, in
agreement with the WF function reductions. An opposite behaviour is
obtained for the oxygen atoms (from O2 molecule), presenting a ne-
gative charged state, also in agreement with a WF increases (see
Table 2). CO and dissociated H2 molecule lose a small amount of charge
(about of 0.1 e−) whereas both O atoms (from O2 molecule) gain about
3.4 e−.

4. Conclusion

The (8,0) SWCNT with a single vacancy is more favorable for the
adsorption of one Li atom than pristine (8,0) SWCNT. From adsorption
energy (Eads) calculations we can conclude that on defective SWCNT the
Li location could be inside or outside the nanotube. From the results is
noted that the presence of Lithium induces a magnetic moment of 1.0 µB
and a reduction of band gap value from 0.48 eV to 0.09 eV and 0.24 eV
for outer and inner Li, respectively. The Li atom acts as a donor of
electrons, that is to say the defective nanotube after adsorption is ne-
gatively charged. These facts make the system Li+(8,0) SWCNT a good
candidate to be used as a negative electrode in Lithium–ion batteries
and to be used in spintronic area.

The CO, O2 and H2 molecules were adsorbed on Li+ defective(8,0)
SWCNT. The adsorption energy values for each molecule corresponding
to both Li locations, show that adsorption is energetically more favor-
able when the Li atom is located on the inner side of the nanotube. This
could be attributed to the fact that the diatomic molecule interacts
directly with the vacancy. The band gap, magnetic moment and work
function values are modified after CO, O2 and H2 adsorption. In addi-
tion, the SWCNT curvature and bond lengths of the molecule, nanotube
C–C, and Li–C distances are also altered due after adsorption.

The host system Li(in)+(8,0)SWCNT dissociates the O2 and H2

molecules, whereas the CO molecule reduces its bond distance. In each
case new functional groups are formed, as ether, ketone or

Fig. 4. Optimized atomic structures for adsorption of some molecules on (8,0) SWCNT containing a reconstructed single vacancy and with a Li atom adsorbed inside.
(a) CO, (b) O2 and (c) H2. The C* atom corresponds to the carbon atom of the CO molecule.
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Fig. 5. Total and projected density of states, TDOS and PDOS, for the CO, O2 and H2 molecules adsorbed above Li +(8,0) SWCNT vacancy. The Li is located inner in
the nanotube. The dotted line indicates the Fermi level.

Fig. 6. Charge transfer between the adsorbed species (CO, O2 or H2), Li and C atoms of the SWCNT with a single vacancy. (a) CO, (b) O2 and (c) H2. Red and blue
indicate that the atom gains (negative charge state) and loses (positive charge state) electrons respectively. The bar on the left is in e− unit.
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hydrocarbons. Based in our results we can conclude that defective Li
+(8,0) SWCNT is a potential candidate to be used as gas sensor of CO,
O2 and H2 due to the changes on its physical properties during ad-
sorption. Specifically after CO adsorption, Li(in)+(8,0)SWCNT changes
from magnetic to non magnetic and reduces its band gap. More changes
are produced due to O2 interaction: the system becomes non magnetic
and it shows a metallic instead of a semiconductor behavior. Finally due
to H2 interaction with the system an increment on the band gap energy
is observed.
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Table 3
Changes in electronic population for each molecule/atom before and after ad-
sorption on Li(in)+SWCNT. The Δ column represents the net charge of each
specie after adsorption. These columns are in e− units. The last corresponds to
the final charge state of each adsorbed specie on Li+ SWCNT.

Specie Before adsorption (e−) After adsorption (e−) Δ Charge state

CO 10 9.84 0.16 Positive

O1
O2

6
6

7.52
7.88

−1.52
−1.88

Negative

H1
H2

1
1

0.96
0.93

0.04
0.07

Positive

*O1 and O2 correspond to the oxygen atoms of ether and ketone group respectively.
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