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Abstract
Due to the large surface area and unique electronic property, single-wall carbon nanotube (SWCNT) is being used for adsorption
and detection nanomaterials, which can be used to reduce the CO pollution effect on the environment. In the present work, the
adsorptions of single and multiple CO molecules on pristine and transition metal (TM = Fe-, Ru-, and Os)-doped SWCNT were
investigated in terms of geometric, energetic, and electronic properties using density functional theory calculation. Calculated
results display that the adsorption of COmolecule on the SWCNTs is energetically favorable. The TM-doped SWCNT are more
highly interactive to CO adsorption than that of pristine SWCNT. An Os-doped SWCNT displays the strongest interaction with
single and multiple CO molecules comparing with the Fe- and Ru-doped SWCNT. The TM doping on SWCNT can induce the
charge transfer between CO molecule and the SWCNT. The energy gap and density of state are clearly changed when CO
molecule interacts with TM-doped SWCNT, resulting in dramatic changes of their electronic properties. Therefore, TM-doped
SWCNT are possibly used as potential CO storages/absorbents or sensor material for CO detection in the environment.
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Introduction

Single-walled carbon nanotubes (SWCNT) are novel material
which considerably interests in many scientific areas due to
their excellent electronic, mechanical, physical, and chemical

properties toward the development of potential technological
applications, such as molecular adsorption and sensor [1–4].
Under molecular adsorption, SWCNT can change their elec-
tronic property by charge transfer processes, resulting in high
electronic sensitivity [5]. Thus, SWCNT-based materials
serve as chemical sensors. Small gas interaction with nano-
structure surfaces is a subfield of great interest due to potential
applications such as gas storage and sensor [5–7].
Phenomenon of specific adsorption of small gas on nanostruc-
ture surfaces has been the subject of a number of theoretical
papers. Most of them focus on the interaction of small gas
with SWCNT [8–10]. However, the pristine SWCNT has
been demonstrated to be sensor for detecting small gas mole-
cules with long response time, low sensitivity, and low selec-
tivity. Thus, the improvement of response time, sensitivity,
and selectivity including to stability of pristine SWCNT for
gas detection is intensively considered [11, 12]. To overcome
the insensitivity of pristine SWCNT to gas, many modifica-
tion schemes have been proposed [13–16]. In particular, the
decorating of impurity atoms into SWCNT represents signif-
icant improvements for gas detection [17–19].
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There are many literature about the SWCNT sensors as a
detector for many gases such as NO [17, 18], SO2 [20], O2

[21], NH3 [22], NO2 [22, 23], CO2 [23], H2CO [24], H2S [25],
HCN [26], and C2H2 [26] including to CO molecule [14,
17–19]; and the change in electronic property of SWCNTs
occurs during gas adsorption process. Carbon monoxide is
one of the most dangerous gases in air pollution. It is greatly
toxic and tremendously dangerous because it is colorless and
odorless [27]. Human beings cannot have timely alertness to
its attendance. Consequently, an effective way to sense and
remove COmolecule is needed, and the gas sensors with high
selectivity and sensitivity to CO are highly desired.
Theoretical investigations based on the density functional the-
ory (DFT) have shown the outstanding adsorption ability and
selectivity of Fe-doped graphene for CO molecule [28].
Graphenes doping with group 8B transition metals are more
highly sensitive to CO adsorption than that of pristine
graphene [29]. The Pd doping significantly improves interac-
tion strength between CO molecules and the graphene [30].
Traditionally, B-doped C3N monolayer is among the most
potential catalysts for oxidation of CO [31]. Recently, many
reports suggest that impurity atom-doped SWCNT can be
used as a highly sensitive CO sensor [32–34]. The adsorption
of CO molecule on Al-doped SWCNT was studied through
DFT computation by Wang and co-workers [32]. The Al-
doped SWCNT shows high sensitivity to CO comparing with
the pristine SWCNT. The DFT calculations reveal that the
electrical conductivity of Fe-doped SWCNT is changed due
to CO adsorption. These findings suggest that the Fe-doped
SWCNT has sensitivities to CO molecules [33]. Theoretical
calculation plays an important role of metal doping to improve
the sensitivity and stability of SWCNT for gas adsorption and
detection [34].

In the present study, an attempt has been made to scrutinize
the properties of single and multiple COmolecule adsorptions
onto Fe-, Ru-, and O-doped SWCNT using DFT calculation.
A DFT investigation has been performed for CO molecule
adsorption on pristine SWCNT and improvement of the weak
ability of pristine SWCNT to adsorb CO molecule up to three
molecules using Fe-, Ru-, and Os-doped SWCNT. Moreover,
the TM-SWCNTwhich shows the strongest adsorption ability
to CO molecule will be selected for further study the adsorp-
tion of CO up to five molecules. The structural stability, as
well as electronic properties and interaction behaviors of CO
molecules on pristine and Fe-, Ru-, and Os-doped SWCNT,
will be explored.

Computational details

An armchair (5,5) single-walled carbon nanotube containing
70 carbon and 20 hydrogen atoms was considered. For doping
structures, one of the carbon atoms (defined as C1) in the 4th

layer of SWCNT was substituted by Fe, Ru, or Os atom,
whereas the C atoms around the modified atom were defined
as follows: C2, C3, and C4. The single and multiple CO mol-
ecules adsorbed on pristine, Fe-, Ru-, and Os-doped SWCNT
by C or O atom of CO down to tube were chosen for the
adsorption study. In the first configuration, CO interacts with
SWCNT via its C atom down to tube (CO/SWCNT) while in
the second configuration CO interacts with SWCNT via its O
atom down to tube (CO/SWCNT). All structures were calcu-
lated by GAUSSIAN 09 software [35] and carried out using
the intensive DFTmethod at the B3LYP/LanL2DZ theoretical
level [36–41]. The B3LYP is an intensive and favorite func-
tional in condensed matter which has been shown to perform
adequately well for nanostructures [14, 17, 20, 22, 23, 26, 29,
42–44]. The highest occupied molecular orbital energies
(EHOMO), the lowest unoccupied molecular orbital energies
(ELUMO), and the energy gaps (Egap) referred to the energy
difference between HOMO and LUMO orbitals were investi-
gated. The partial charge transfers (PCTs) during CO adsorp-
tion were defined as a change in charges of CO during the
adsorption process by means of the natural bond orbital
(NBO) analysis implemented in GAUSSIAN 09 software.
The electronic density of states (DOSs) of all systems was
calculated and plotted by using the GaussSum 2.1.4 program
[45]. The molecular graphics of all optimized structures were
generated with the MOLEKEL 4.3 program [46].

The adsorption energies (Eads) of single and multiple CO
molecules adsorbed on pristine and TM-doped SWCNT were
obtained from Eqs. (1) to (2), respectively.

Eads ¼ ECO=SWCNT–ESWCNT–ECO ð1Þ

Eads ¼ EnCO=SWCNT–E n–1ð ÞCO=SWCNT–ECO ð2Þ

where ECO/SWCNT was the total energies of single CO
adsorbed on pristine or TM-doped SWCNT. EnCO/SWCNT

and E(n–1)CO/SWCNT were the total energies of nCO (n = 2–5)
adsorbed on pristine or TM-doped SWCNT, whereas ESWCNT

was the total energies of the pristine or TM-doped SWCNT,
and ECO was the total energies of isolated CO. By this expla-
nation, ΔEads < 0 corresponds to exothermic process, which
leads to a stable structure.

Results and discussion

Geometrical structures of pristine and TM-doped
SWCNT and their adsorptions with CO

Firstly, the geometrical structures of pristine and TM-doped
SWCNT and their CO adsorptions with single and multiple
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CO molecules were calculated and analyzed. The optimized
structures of pristine, Fe-, Ru-, and Os-doped SWCNT are
shown in Fig. S1 of Supplementary material. The selected
B3LYP/LanL2DZ geometrical parameters of single and mul-
tiple CO molecules adsorbed on pristine, Fe-, Ru-, and Os-
doped SWCNT by pointing its C and O atoms down to tube
are listed in Tables 1 and 2. The C1 atom in the pristine
SWCNT and the C (C2, C3, and C4) atoms around the C1
or TM atom in the pristine or TM-SWCNTwere selected to be
active sites for CO adsorption on the SWCNT. The calculated
results show that the C1–C2, C1–C3, and C1–C4 bond
lengths of pristine SWCNT are approximately 1.442, 1.418,
and 1.442 Å, respectively. The calculated C2–C1–C3, C3–
C1–C4, and C4–C1–C2 bond angles of pristine SWCNT are
estimated to be 118.6, 118.6, and 120.3°, respectively. The
computed energy gap of pristine SWCNT is found to be
2.014 eV. Taking into account, the average C–C bond lengths
and energy gap of pristine SWCNT obtained from the
B3LYP/LanL2DZ theoretical level are found in good agree-
ment with the C–C bond lengths (1.4 ± 0.02 Å) and energy
gap (2.5 eV) obtained from the previous experimental reports
[47]. Then, the B3LYP/LanL2DZ theoretical level was suit-
able for the present work.

After replacing C1 atom with the TM, the geometrical
structure of the pristine SWCNT is significantly distorted be-
cause the TM–C bond lengths are longer than C–C bond
lengths and C–TM–C bond angles are narrower than C–C–C
bond angles. It has been previously shown that there is a
worthy agreement between the results of this technique [19,
23, 28]. Among the TM-SWCNTs, a TM impurity atom is
protruded out of the tube surface to decrease stress owing to
its larger size compared with C atom. The B3LYP/LanL2DZ-
optimized structures of single and multiple molecules of CO
adsorbed on pristine SWCNT are shown in Figs. 1, 2, and 3. It
is clearly seen that the geometrical structure of pristine
SWCNT is slightly changed after CO adsorptions. The ad-
sorption distances between the adsorption site and the nearest
atom of the CO molecule and the C–O bond length of the
adsorbed CO molecule for all the stability systems were also
analyzed. The calculated results show that the adsorption dis-
tances between the pristine SWCNT surface and a CO mole-
cule when pointing its C and O atoms toward the tube are
calculated to be 3.447 and 3.305 Å, respectively, whereas
the adsorption distances between multiple CO molecules and
the pristine SWCNT are in the range 3.452–3.591 Å. The
large adsorption distance values indicate that pristine
SWCNT undergoes the weak interaction with CO molecule.
In addition, the C–O bond lengths of CO molecule adsorbed
on pristine SWCNT are 1.166 and 1.165 Å, when pointing its
C and O atoms to the tube, respectively. This means that after
CO adsorptions, the C–O bond length of free CO molecule
(1.166 Å) is slightly changed, demonstrating that the COmol-
ecule is not dissociated through the adsorption process, which

gives goodmatches with the theoretical values of 1.138 Å [48]
and with the experimental value of 1.128 Å [49].

The optimized structures of single and multiple CO mole-
cules adsorbed on the Fe-, Ru-, and Os-doped SWCNT are
shown in Figs. 1, 2, and 3. The selected geometrical parame-
ters of single and multiple COmolecules adsorbed on pristine,
Fe-, Ru-, and Os-doped SWCNT are listed in Tables 1 and 2.
The TM–C bond lengths of CO/TM-SWCNT at the adsorp-
tion site are longer than that of TM-SWCNT, while CO/TM-
doped SWCNT, the C–TM–C bond angles of CO/TM-doped
SWCNT, are narrow, compared with the system without CO
adsorption. This means that the strong interaction between CO
molecule and TM-SWCNT is formed. The adsorption dis-
tances between the TM atom-doped SWCNT and CO mole-
cule are found in range of 1.848–1.998 (CO/TM-SWCNT),
2.006–2.346 (CO/TM-SWCNT), 1.822–1.996 (2CO/TM-
SWCNT), 2.159–2.412 (2CO/TM-SWCNT), 1.811–2.004
(3CO/TM-SWCNT), and 2.188–2.443 Å (3CO/TM-
SWCNT), much shorter than that of the pristine SWCNT.
The result confirms the strong interaction between CO mole-
cule and the TM-SWCNT. That means that there is a strong
interaction formed between TM atom and C or O atom of CO
molecule. This finding is in accordance with the previous
reports [17, 19]. Zhang and Gong calculated the interior Fe–
O distance to be 1.808 Å, by the CAM–B3LYP functional
[17]. The adsorption distances of C atom down to tube are
shorter thanO atom down to the tube. This indicates that when
C atom of CO molecule is close to the tube, their interactions
with TM-doped SWCNT are stronger than that of O atom.
This is similar to the CO adsorbed on the VIIIB group-
doped graphene nanosheet (GNS) [29] and Al-doped
SWCNT [32]. The C–O bond lengths of CO molecule
adsorbed on TM-doped SWCNT are found in the range be-
tween 1.174–1.182 and 1.164–1.173 Å, when C and O atoms
are close to the tube, respectively, which slightly elongate
(except for 2CO/Ru-SWCNT, 2CO/Fe-SWCNT, 3CO/Ru-
SWCNT, and 3CO/Fe-SWCNT). Moreover, the C–O bond
lengths of CO molecule adsorbed on TM-doped SWCNT
are in actual fact similar to the C–O bond lengths which are
reported, based on CO adsorption in previous theoretical in-
vestigation, such as Pd-doped SWCNT [19], Fe-doped GNS
[29], VIIIB group-doped GNS [29], and Al-doped GNS [50].

Adsorption energies of CO adsorbed on pristine and
TM-doped SWCNT

To determine the most stable adsorbed structures of single
and multiple CO molecules adsorbed on the pristine, Fe-,
Ru-, and Os-doped SWCNT, the adsorption energies (Eads)
are computed and listed in Table 3. Considering the adsorp-
tion energies of single and multiple CO molecules absorbed
on pristine and TM-doped SWCNT, the obtained results
show that the CO molecule is thermodynamically bound
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Table 1 The selected geometrical parameters of CO adsorbed on pristine, Fe-, Ru-, and Os-doped SWCNT by pointing its C atom of CO toward the
SWCNT adsorption site

Species Bond lengths a,b Bond lengths (Å) Bond angles a,b Bond angles (°) AD ranges (Å) CO distances (Å)

CO/SWCNT C1–C2 1.441 C2–C1–C3 118.7 C1– C5–O= 1.166
C1–C3
C1–C4

(1.442) c

1.419 (1.418)
(118.6) c

118.8 (118.6)
1.441 C3–C1–C4 120.1 C5 = 3.447
(1.442) C4–C1–C2 (120.3)

2CO/SWCNT C1–C2 1.441 C2–C1–C3 118.8 C1– C5–
C1–C3 1.415 C3–C1–C4 118.8 C5 = 3.463 O1 = 1.166
C1–C4 1.441 C4–C1–C2 120.2 C3–C6 = 3.591 C6–O2 = 1.166

3CO/SWCNT C1–C2 1.442 C2–C1–C3 118.6 C1– C5–
C1–C3 1.418 C3–C1–C4 118.6 C5 = 3.589 O1 = 1.165
C1–C4 1.441 C4–C1–C2 120.2 C1– C5–

C6= 3.527 O2 = 1.165
C1– C5–
C7= 3.535 O3 = 1.165

CO/Fe–SWCNT Fe–C2 1.814 C2–Fe–C3 91.9 (94.4) Fe– C5–O= 1.174
Fe–C3 (1.797) C3–Fe–C4 91.9 (94.4) C5 = 1.848
Fe–C4 1.875 C4–Fe–C2 97.6 (95.9)

(1.885)
1.814
(1.797)

2CO/Fe–SWCNT Fe–C2 1.863 C2–Fe–C3 89.1 Fe– C5–
Fe–C3 1.933 C3–Fe–C4 88.3 C5 = 1.843 O1 = 1.175
Fe–C4 1.875 C4–Fe–C2 92.1 Fe– C6–

C6= 1.822 O2 = 1.174
3CO/Fe–SWCNT Fe–C2 1.954 C2–Fe–C3 85.1 Fe– C5–

Fe–C3 1.983 C3–Fe–C4 85.1 C5 = 1.841 O1 = 1.173
Fe–C4 1.954 C4–Fe–C2 89.3 Fe– C6–

C6= 1.811 O2 = 1.173
Fe–C7= 1.842 C7–O3 = 1.173

CO/Ru–SWCNT Ru–C2 1.930 C2–Ru–C3 89.1 (90.0) Ru– C5–O= 1.177
Ru–C3 (1.908) C3–Ru–C4 89.5 (90.0) C5 = 1.998
Ru–C4 2.033 (1.939)

1.930 C4–Ru–C2 89.1 (95.3)
(1.908)

2CO/Ru–SWCNT Ru–C2 2.004 C2–Ru–C3 84.8 Ru– C5–
Ru–C3 2.069 C3–Ru–C4 85.0 C5 = 1.996 O1 = 1.177
Ru–C4 1.976 C4–Ru–C2 88.9 Ru– C6–

C6= 1.986 O2 = 1.175
3CO/Ru–SWCNT Ru–C2 2.062 C2–Ru–C3 82.4 Ru– C5–

Ru–C3 2.101 C3–Ru–C4 82.4 C5 = 2.004 O1 = 1.174
Ru–C4 2.062 C4–Ru–C2 86.2 Ru– C6–

C6= 1.982 O2 = 1.173
Ru– C7–
C7= 2.004 O3 = 1.174

CO/Os–SWCNT Os–C2 1.938 C2–Os–C3 87.6 (90.6) Os– C5–O= 1.182
Os–C3 (1.911) C3–Os–C4 87.6 (90.6) C5 = 1.972
Os–C4 2.044 C4–Os–C2 94.9 (97.6)

(1.943)
1.938
(1.912)

2CO/Os–SWCNT Os–C2 2.025 C2–Os–C3 84.1 Os– C5–
Os–C3 2.085 C3–Os–C4 85.3 C5 = 1.962 O1 = 1.182
Os–C4 1.981 C4–Os–C2 89.4 Os– C6–

C6= 1.967 O2 = 1.179
3CO/Os–SWCNT Os–C2 2.082 C2–Os–C3 82.0 Os– C5–

Os–C3 2.114 C3–Os–C4 82.0 C5 = 1.977 O1 = 1.177
Os–C4 2.081 C4–Os–C2 85.8 Os– C6–

C6= 1.969 O2 = 1.176
Os– C7–
C7= 1.977 O3 = 1.177

CO molecule C–O 1.166

a C1, C2, C3, and C4 are atoms on the SWCNT which are defined in Fig. S1
b Fe, Ru, or Os metal atom which is doped on SWCNT, see Fig. 1
c In parentheses are selected bond angles of pristine and TM-doped SWCNT without CO adsorption in degree
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on the pristine and TM-doped SWCNT due to the negative
values of Eads. The adsorption energies of single and mul-
tiple CO molecules adsorbed on pristine SWCNT by
pointing C and O atoms to the tube are − 1.07 (CO/
SWCNT), − 0.41 (CO/SWCNT), − 0.84 (2CO/SWCNT),

− 0.24 (2CO/SWCNT), − 4.46 (3CO/SWCNT), and −
2.50 kcal/mol (3CO/SWCNT). The small values of adsorp-
tion energy and charge transfer, and the large adsorption
distance suggest that the adsorption ability of pristine
SWCNT to CO molecule displays the weak interaction.

Table 2 The selected geometrical parameters of CO adsorbed on pristine, Fe-, Ru-, and Os-doped SWCNT by pointing its O atom of CO toward the
SWCNT adsorption site

Species Bond lengths a,b Bond lengths (Å) Bond angles a,b Bond angles (°) AD ranges (Å) CO distances (Å)

CO/SWCNT C1–C2 1.441 C2–C1–C3 118.6 C1– C5–O= 1.165
C1–C3 1.417 C3–C1–C4 118.6 O = 3.305
C1–C4 1.441 C4–C1–C2 120.2

2CO/SWCNT C1–C2 1.441 C2–C1–C3 118.6 C1– C5–
C1–C3 1.417 C3–C1–C4 118.6 O1 = 3.552 O1 = 1.165
C1–C4 1.441 C4–C1–C2 120.2 C3– C6–

O2 = 3.452 O2 = 1.164
3CO/SWCNT C1–C2 1.441 C2–C1–C3 118.6 C– C5–

C1–C3 1.417 C3–C1–C4 118.6 C5 = 3.582 O1 = 1.165
C1–C4 1.441 C4–C1–C2 120.2 C1– C6–

O2 = 3.472 O2 = 1.165
C– C7–
C7= 3.551 O3 = 1.165

CO/Fe–SWCNT Fe–C2 1.799 C2–Fe–C3 93.1 Fe–O= 2.066 C5–O= 1.171
Fe–C3 1.818 C3–Fe–C4 93.1
Fe–C4 1.799 C4–Fe–C2 98.9

2CO/Fe–SWCNT Fe–C2 1.807 C2–Fe–C3 92.1 Fe– C5–
Fe–C3 1.835 C3–Fe–C4 92.0 O1 = 2.231 O1 = 1.166
Fe–C4 1.824 C4–Fe–C2 96.5 Fe–O2= C6–

2.159 O2 = 1.166
3CO/Fe–SWCNT Fe–C2 1.829 C2–Fe–C3 91.2 Fe– C5–

Fe–C3 1.847 C3–Fe–C4 91.2 O1 = 2.333 O1 = 1.163
Fe–C4 1.829 C4–Fe–C2 95.5 Fe– C6–

O2 = 2.333 O2 = 1.163
Fe– C7–
O3 = 2.188 O3 = 1.165

CO/Ru–SWCNT Ru–C2 1.911 C2–Ru–C3 89.0 Ru–
Ru–C3 1.950 C3–Ru–C4 89.0 O = 2.346
Ru–C4 1.911 C4–Ru–C2 95.1 C5–O= 1.670

2CO/Ru–SWCNT Ru–C2 1.915 C2–Ru–C3 88.6 Ru– C5–
Ru–C3 1.959 C3–Ru–C4 88.3 O1 = 2.369 O1 = 1.166
Ru–C4 1.926 C4–Ru–C2 93.2 Ru– C6–

O2 = 2.412 O2 = 1.166
3CO/Ru–SWCNT Ru–C2 1.929 C2–Ru–C3 87.9 Ru– C5–

Ru–C3 1.967 C3–Ru–C4 87.9 O1 = 2.443 O1 = 1.164
Ru–C4 1.929 C4–Ru–C2 92.2 Ru– C6–

O2 = 2.442 O2 = 1.164
Ru– C7–
O3 = 2.379 O3 = 1.165

CO/Os–SWCNT Os–C2 1.915 C2–Os–C3 89.2 Os– C5–O= 1.173
Os–C3 1.959 C3–Os–C4 89.2 O = 2.262
Os–C4 1.915 C4–Os–C2 97.0

2CO/Os–SWCNT Os–C2 1.924 C2–Os–C3 88.8 Os– C5–
Os–C3 1.969 C3–Os–C4 88.5 O1 = 2.304 O1 = 1.171
Os–C4 1.936 C4–Os–C2 94.0 Os– C6–

O2 = 2.302 O2 = 1.170
3CO/Os–SWCNT Os–C2 1.943 C2–Os–C3 87.8 Os– C5–

Os–C3 1.980 C3–Os–C4 87.8 O1 = 2.322 O1 = 1.169
Os–C4 1.943 C4–Os–C2 92.2 Os– C6–

O2 = 2.322 O2 = 1.169
Os– C7–
O3 = 2.311 O3 = 1.169

a C1, C2, C3, and C4 are atoms on the SWCNT which are defined in Fig. S1
b Fe, Ru, or Os metal atom which is doped on SWCNT, see Fig. S1
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This indicates that pristine SWCNT is slightly sensitive to
CO molecule. The adsorption energies of single CO mole-
cule adsorbed on TM-doped SWCNT by pointing C and O
atoms to the tube are in the range between − 42.78 and −
8.89 kcal/mol. The adsorption abilities are found to be in
the following order: CO/Os-SWCNT (− 42.78 kcal/mol) >
CO/Fe-SWCNT (− 34.25 kcal/mol) ≈ CO/Ru-SWCNT (−
31.57 kcal/mol) >> CO/Fe-SWCNT (− 12.26 kcal/mol) ≈
CO/Os-SWCNT (− 11.32 kcal/mol) ≈ CO/Ru-SWCNT (−
8.89 kcal/mol). The adsorption energies of two CO mole-
cules adsorbed on TM-doped SWCNT by pointing C and O
atoms to the tube are in the range between − 42.78 and −
5.47 kcal/mol. The adsorption abilities are found in the
following order: 2CO/Os-SWCNT (− 42.78 kcal/mol) >
2CO/Fe-SWCNT (− 29.63 kcal/mol) ≈ 2CO/Ru-SWCNT
(− 29.25 kcal/mol) >> 2CO/Os-SWCNT (− 7.53 kcal/mol)
≈ 2CO/Ru-SWCNT (− 6.42 kcal/mol) ≈ 2CO/Fe-SWCNT
(− 5.47 kcal/mol). The adsorption energies of three mole-
cules of CO adsorbed on TM-doped SWCNT by pointing C
and O atoms to the tube are in the range between − 36.69
and − 4.53 kcal/mol. The adsorption abilities are found in
the following order: 3CO/Os-SWCNT (− 36.69 kcal/mol) >
3CO/Ru-SWCNT (− 24.83 kcal/mol) ≈ 3CO/Fe-SWCNT
(− 23.42 kcal/mol) >> 3CO/Os-SWCNT (− 7.95 kcal/mol)

≈ 3CO/Ru-SWCNT (− 6.22 kcal/mol) ≈ 3CO/Fe-SWCNT
(− 4.53 kcal/mol). Thus, the adsorption distances between
CO molecule and TM-SWCNT are shorter than those of
pristine SWCNT, which lead to the higher adsorption ener-
gies of TM-SWCNT to CO molecule. The results indicate
that the adsorption ability of SWCNT onto CO molecule is
improved by TM doping, similar to the previous report of
CO adsorbed on Fe- and Ni-doped SWCNT [17]. Previous
DFT calculations indicated that the adsorption abilities of
Pd-doped SWCNT [19], VIIIB-doped GNS [29], Al-doped
SWCNT [32], and Fe-doped GNS [33] to CO molecule are
also improved by impurity atom doping. The large values of
adsorption energy and charge transfer and small adsorption
distance suggest that CO molecule undergoes a strong in-
teraction with TM-doped SWCNT. Comparing adsorption
configurations with CO adsorption ability of TM-doped
SWCNT by pointing C and O atoms of CO molecule to
the adsorption sites, it is found that pointing C atom of
CO molecule to the adsorption site shows higher adsorption
ability than pointing O atom. The literature review indicates
that adsorption via pointing C (CO) leads to a stronger
interaction than that of pointing O (CO) [51]. For the ad-
sorptions of single and multiple CO molecules on the TM-
doped SWCNT, the Os-doped SWCNT displays the highest

Fig. 1 The B3LYP/LanL2DZ optimized structures of (a) CO/SWCNT, (b) CO/Fe–SWCNT, (c) CO/Ru–SWCNT, (d) CO/Os–SWCNT, (e) CO/
SWCNT, (f) CO/Fe–SWCNT, (g) CO/Ru–SWCNT, and (h) CO/Os–SWCNT. Bond distances are in Å
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Fig. 3 The B3LYP/LanL2DZ optimized structures of (a) 3CO/SWCNT, (b) 3CO/Fe–SWCNT, (c) 3CO/Ru–SWCNT, (d) 3CO/Os–SWCNT, (e) 3CO/
SWCNT, (f) 3CO/Fe–SWCNT, (g) 3CO/Ru–SWCNT, and (h) 3CO/Os–SWCNT. Bond distances are in Å

Fig. 2 The B3LYP/LanL2DZ optimized structures of (a) 2CO/SWCNT, (b) 2CO/Fe–SWCNT, (c) 2CO/Ru–SWCNT, (d) 2CO/Os–SWCNT, (e) 2CO/
SWCNT, (f) 2CO/Fe–SWCNT, (g) 2CO/Ru–SWCNT, and (h) 2CO/Os–SWCNT. Bond distances are in Å
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interaction with single CO molecule in comparison with the
other species, Fe- and Ru-doped SWCNT. Base on the
Pearson hard-soft acid-base (HSAB) concept, Fe is border-
line atom whereas Ru and Os are soft atoms, in which C is
soft atom whereas O is hard atom. Then TM atoms are more
favorite C atom than that of O atom [52].

Due to the Os-SWCNT showing the strongest adsorption
strength compared with Fe- and Ru-SWCNT (except for CO/
Fe-SWCNT), therefore, Os-SWCNTwas selected to study the
adsorption abilities of four and five CO molecules. The opti-
mized structures of four and five CO molecules adsorbed on
Os-SWCNT are displayed in Fig. S2. From this figure, it is
clearly seen that the highest storage number in the first adsorp-
tion layer of the Os-doped SWCNT to CO molecules is three
CO molecules. Besides, it is found that the CO up to four and
five molecules can be adsorbed on an Os-doped SWCNT in
which the adsorption energies are − 2.40 (4CO/Os-SWCNT),
− 1.34, (4CO/Os-SWCNT), − 2.53 (5CO/Os-SWCNT), and
− 2.03 kcal/mol (5CO/Os-SWCNT).

Electronic properties for the CO adsorbed on pristine
and TM-doped SWCNT

In order to clearly present the charge transfer induced by
adsorption of CO molecules, the partial charge transfers
(PCTs) between CO and pristine and TM-doped SWCNT
were calculated from the natural bond orbital charge (NBO)
analysis (see Table 3). This may be understood by the fact
that the CO adsorption tend to change the hybridization of
atoms at binding site from sp2 to sp3-like hybridization. The
PCTs were defined as QCO/SWCNT–Qfree CO, where QCO/

SWCNT was the total charge of CO adsorbed on pristine and
TM-doped SWCNT, and Qfree CO was the total charge of CO
in free case. A positive value of PCT means the electron
transfer from CO molecule to tube. In contrast, a negative
value means the electron transfer from tube to CO molecule.
Considering the PCTs of single and multiple CO molecules
adsorbed on pristine and TM-doped SWCNT, it is found that
small charges are transferred from CO molecule to the pris-
tine SWCNT (0.001–0.007 e). In the other hand, large
charges are transferred from CO molecule to the TM-doped
SWCNT (0.008 to 0.565 e), possibly due to that a part of
electrons gain for TM atom after CO adsorption. This indi-
cates that the TM doping influences the electronic properties
of SWCNT, which is in well agreement with the result of
electron transfer of CO interaction with Pd-doped SWCNT
[19] and Al-doped SWCNT [32].

The chemical activities of the SWCNT to COmolecule can
be investigated by the HOMO–LUMO energy gap (Egap) that
is a significant parameter relying on the HOMO and LUMO
energy levels (see Table 3). The calculated energy gaps for
pristine, Fe-, Ru-, and Os-doped SWCNT are 2.014, 1.619,
1.660, and 1.578 eV, respectively. The chemical stability of
pristine SWCNT will be decreased due to TM doping, and
thus, chemical activity of such system will be significantly
increased. When a single and multiple CO molecules
adsorbed on the Fe-, Ru-, and Os-doped SWCNT in stable
configurations, the changes of their energy gaps are found in
the range of 0.86–15.52%. For three CO molecules, the Egap

of Ru-SWCNT displays the highest change at 27.89% after
CO adsorption by C atom pointing to tube. The same behavior
concerning the change of the energy gap after the CO adsorp-
tion is also observed for VIIIB group-doped GNS [29], Fe-
doped GNS [33], and N/B-doped GNS [53].

For examining the sensitivity of TM-doped SWCNT to the
CO molecules, two indexes, work function (Φ), and Eg are
calculated. The Eg is an electronic parameter to quantity a
semiconductor sensitivity toward chemical agent. Then, the
electric conductance (σ) was calculated using the following
formula:

σ ¼ AT3=2 exp −Eg=2kT
� � ð3Þ

Table 3 Adsorption energies (Eads, in kcal/mol), energy gap (Egap, in
eV), and partial charge transfers (PCT, in e) of CO adsorbed on the
pristine and TM-doped SWCNTs

Reaction Eads EHOMO ELUMO Egap ΔEgap
a PCT

CO/SWCNT − 1.07 − 4.871 − 2.640 2.231 0.217 0.001

2CO/SWCNT − 0.84 − 4.871 − 2.640 2.231 0.217 0.001

3CO/SWCNT − 4.46 − 4.898 − 2.694 2.204 0.190 0.007

CO/Fe–SWCNT − 34.25 − 4.708 − 3.266 1.442 0.177 0.120

2CO/Fe–SWCNT − 29.63 − 4.789 − 3.374 1.415 0.204 0.117

3CO/Fe–SWCNT − 23.42 − 4.816 − 3.646 1.170 0.449 0.565

CO/Ru–SWCNT − 31.57 − 4.708 − 3.266 1.442 0.218 0.082

2CO/Ru–SWCNT − 29.25 − 4.789 − 3.428 1.361 0.299 0.231

3CO/Ru–SWCNT − 24.83 − 4.789 − 3.592 1.197 0.463 0.479

CO/Os–SWCNT − 43.81 − 4.708 − 3.374 1.333 0.245 0.025

2CO/Os–SWCNT − 42.78 − 4.817 − 3.511 1.306 0.272 0.135

3CO/Os–SWCNT − 36.69 − 4.817 − 3.647 1.170 0.408 0.398

CO/SWCNT − 0.41 − 4.871 − 2.640 2.231 0.127 0.002

2CO/SWCNT − 0.24 − 4.844 − 2.640 2.204 0.100 0.006

3CO/SWCNT − 2.50 − 4.871 − 2.667 2.204 0.100 0.004

CO/Fe–SWCNT − 12.26 − 4.626 − 2.993 1.633 0.014 0.042

2CO/Fe–SWCNT − 5.47 − 4.599 − 2.885 1.714 0.095 0.097

3CO/Fe–SWCNT − 4.53 − 4.572 − 2.830 1.170 0.449 0.052

CO/Ru–SWCNT − 8.89 − 4.572 − 2.858 1.714 0.054 0.038

2CO/Ru–SWCNT − 6.42 − 4.544 − 2.830 1.714 0.054 0.062

3CO/Ru–SWCNT − 6.22 − 4.544 − 2.803 1.741 0.081 0.108

CO/Os–SWCNT − 11.32 − 4.599 − 3.075 1.524 0.054 0.008

2CO/Os–SWCNT − 7.53 − 4.544 − 2.884 1.660 0.082 0.021

3CO/Os–SWCNT − 7.95 − 4.517 − 2.857 1.660 0.082 0.052

aΔEgap is defined as the difference between Egap of bare SWCNT and
Egap of CO adsorbed on SWCNT
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where A is a constant in dimension of electrons/m3K3/2, k is
the Boltzmann’s constant, and T the temperature [54]. An
above equation implies that a decrease in the gap exponentially
enhances the σ of adsorbent, linking to the chemical agent
existence. Also, the impact of gas adsorption on the work func-
tion and Fermi level of the sensor is examined. If the adsorption
of gas molecules increases or decreases the work function of
sensor, it will produce an electrical signal [55]. The work func-
tion is also affected by TM doping. It is defined as:

Φ ¼ Evac−E F ð4Þ
where Evac is the reference vacuum energy calculated from the
electrostatic potential in the vacuum energy. The Fermi level
energy is computed as follows: EF EHOMO + (ELUMO–EHOMO)/
2. The calculated results show that the work function values of
CO adsorption on pristine, Fe-, Ru-, and Os-doped SWCNT
are 3.76 (Φ of pristine SWCNT = 3.76 eV), 3.99 (Φ of Fe-
SWCNT= 3.88 eV), 3.99 (Φ of Ru-SWCNT= 3.80 eV), and
4.04 eV (Φ of Os-SWCNT= 3.81 eV), respectively. Thus, the
electron emission from the surface of tube will alter after by CO
adsorption. It shows that the TM-doped SWCNT could be a
plausible Φ-type CO gas sensor.

Furthermore, the effect of adsorption behavior of the
single and multiple CO molecules on the pristine and TM-
doped SWCNT on orbital distributions was investigated.
The frontier molecular orbital distributions or HOMO and

LUMO plots of pristine, Fe-, Ru-, and Os-doped SWCNT
(Fig. S1) and their CO adsorptions as configurations of CO
molecule when pointing C and O atoms to the tube are
shown in Figs. S3–S5 in Supplementary material in which
the HOMO and LUMO plots of pristine and OS-doped
SWCNT are displayed in Fig. 4. For single CO molecule
adsorbed on pristine SWCNT (Fig. S3), the electron clouds
of HOMO and LUMO orbitals are localized surrounding
the tube. As the HOMO and LUMO orbitals of CO mole-
cule adsorbed on pristine SWCNT are located at the same
regions, these limit the charge transfer to a certain extent.
For the CO molecule adsorbed on TM-doped SWCNT sys-
tems, most of the electron clouds of HOMO are mainly
located on adsorption site which provide electrons in the
adsorption process. Whereas, the LUMO orbitals are also
localized around the adsorption site and some surrounding
CO molecule which get electrons in adsorption process
suggesting that the electrons conduct through this system.
These suggest that the charge transfers between TM-
SWCNT and CO molecules. At the same time, it also shows
that there is an obvious hybrid phenomenon between dop-
ing area of TM-doped SWCNT and CO molecule which is
consistent with the above analysis. This is in good agree-
ment with previous literature [56]. The localization of elec-
tron clouds of HOMO and LUMO orbitals appeared around
the adsorption site, and gas molecule confirms the strong
interaction between gas molecule and TM-doped

Fig. 4 Typical contour plots of the HOMO and LUMO of (a) Os–SWCNT, (b) CO/Os–SWCNT, (c) 2CO/Os–SWCNT, and (d) 3CO/Os–SWCNT
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nanostructure. The calculated results are well consistent
with previous literatures and indicate the improved sensing
performance of TM-doped nanostructure to gas molecule
[57–59].

In order to explore the effect of CO adsorption to electronic
structures of SWCNT, the DOS plots of single and multiple
CO molecules adsorbed on pristine, Fe-, Ru-, and Os-doped
SWCNT were investigated (Figs. S1, S5, and S6 in

Fig. 5 DOS of (a) CO/SWCNT,
(b) CO/SWCNT, (c) CO/Os–
SWCNT, (d) CO/ Os–SWCNT,
(e) 2CO/Os–SWCNT, (f) 2CO/
SWCNT, (g) 3CO/Os–SWCNT,
and (h) 3CO/Os–SWCNT
systems. Black and red lines are
before and after CO adsorption,
respectively
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Supplementary data). The results show that the DOSs of the
pristine SWCNT and its CO adsorption are similar due to very
small charge transfer and very weak interaction between CO
molecules and pristine SWCNT. While the DOSs of Fe-, Ru-,
and Os-doped SWCNT are clearly different from their CO
adsorptions indicating that TM-doped SWCNT displays
strong interaction to CO molecule. Besides, the DOSs of sin-
gle and multiple CO molecules adsorbed on TM-doped
SWCNT by C atom pointing to tube are more significantly
changed than that of O atom in which Os-SWCNT displays
the significantly changed (Fig. 5). According to large charge,
transfer mainly occurs from the CO molecule to the TM-
doped SWCNT. The energy level of HOMO and LUMO
and energy gap are changed revealing that CO adsorption
changes the DOS of TM-doped SWCNT system. On the one
hand, there exists the clearly change of the electronic property
of TM-doped SWCNT due to CO adsorption [33].

It can be summarized here that after CO adsorption on TM-
doped SWCNT, the DOS and HOMO–LUMO plots and en-
ergy gaps of TM-doped SWCNT have much notable change.
These are an evidence of the strong interaction between CO
molecule and TM-doped SWCNT. In other words, the adsorp-
tion of the gas molecule on nanostructure could considerably
change the electrical properties of the nanostructure, and this
change can be used as a sign in designing an electronic-based
sensor for detection and sensing [60, 61].

Conclusions

The CO molecule is a kind of harmful gas produced in the
process of many industries. Single-wall carbon nanotube is a
widely used adsorbent material. The adsorption behavior of
COmolecule adsorbed on the pristine, Fe-, Ru-, and Os-doped
SWCNT was investigated using the first-principles density
functional theory. The results show that the transition metal
doping on SWCNT can improve the adsorption ability of
SWCNT to CO molecule in which the adsorption ability of
TM-doped SWCNT is higher than that of pristine SWCNT.
When considering adsorption ability of pointing configura-
tions of C and O atoms of CO to the TM-doped SWCNT,
the system of pointing C atom of single CO molecule to the
Os-doped SWCNT is found to be the most stable configura-
tion, whereas the system of pointing O atom of single CO
molecule to the Fe-doped SWCNT is the most stable config-
uration. The Os-doped SWCNT also displays the strong inter-
action with two and three CO molecules. The energetically
feasibility of adsorption process depends on the structures of
the surrounding bonds of the adsorbing atoms plus SWCNT-
carbon hybridization and electron transfer from CO to TM-
SWCNT. The HOMO, LUMO, and DOS plots of TM-doped
SWCNT display a clear change of the electronic properties of
TM-SWCNT due to CO adsorption. Therefore, this study may

provide new insight to CO gas-sensing and monitoring nano-
technology, and the results may provide theoretical guidance
for higher CO storage capability.
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