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Abstract By carrying out density functional theory (DFT)
calculations, we have studied the effects of silicon (Si)-
doping on the geometrical and electronic properties, as well
as the chemical reactivity of carbon nanotubes (CNTs). It is
found that the formation energies of these nanotubes in-
crease with increasing tube diameters, indicating that the
embedding of Si into narrower CNTs is more energetically
favorable. For the given diameters, Si-doping in a (n, 0)
CNT is slightly easier than that of in (n, n) CNT. Moreover,
the doped CNTs with two Si atoms are easier to obtain than
those with one Si atom. Due to the introduction of impurity
states after Si-doping, the electronic properties of CNTs
have been changed in different ways: upon Si-doping into
zigzag CNTs, the band gap of nanotube is decreased, while
the opening of band gap in armchair CNTs is found. To
evaluate the chemical reactivity of Si-doped CNTs, the
adsorption of NH3 and H2O on this kind of material is
explored. The results show that N–H bond of NH3 and O–
H bond of H2O can be easily split on the surface of doped
CNTs. Of particular interest, the novel reactivity makes it
feasible to use Si-doped CNT as a new type of splitter for
NH3 and H2O bond, which is very important in chemical

and biological processes. Future experimental studies are
greatly desired to probe such interesting processes.
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Introduction

Inclusion of non-carbon atoms into hexagonal of carbon
nanotubes (CNTs) is an effective way to change or tailor
their electronic and transport properties, which can be used
for developing novel materials [1–4], such as enhanced filed
emission devices, n- or p-type semiconductors, and full cell
electrodes. Moreover, the chemical reactivity of CNTs can
be greatly enhanced due to the doping, rendering them to
have unique applications in gas detecting, support for cata-
lytic particles, and protein immobilization. Hence, the dop-
ing of non-carbon atoms into CNTs has become a hot topic
recently. Currently, the most common dopants of CNTs are
boron (B) and nitrogen (N) atoms [5–8], which are the
neighbors of carbon (C) atoms in the periodic table. Inter-
estingly, B- or N-doping of CNTs can not only modify
electronic structures of CNTs, but also endow CNTs with
some new properties [9–17]. Nitrogen, for example, acts as
an electron donor in a CNT since it has five valence elec-
trons, causing a shift in the Fermi level to the valence bands.
This makes all N-doped CNTs metallic in nature, regardless
of their geometries [10]. Moreover, Zheng et al. have eval-
uated the effects of the doping of N atoms on the electronic
and field emission properties of CNTs through first-
principles calculations [11]. Zhou and Liu have indepen-
dently suggested that B- and N-doped CNTs exhibit high
reactivity toward NH3 [12], NO2 [12], and HCHO [14].
Additionally, Cho and co-workers have shown that the
dissociation barriers of O2 and H2 on CNTs are greatly
reduced due to the N-doping [16, 17]. In particular, facile
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oxygen reduction reaction (ORR) has been observed exper-
imentally in metal-free N-doped nanotubes very recently
[18, 19].

Silicon (Si) is another electron donor that can be incor-
porated into the hexagonal lattice of single-walled CNTs.
But fundamentally different from N, the valence electrons of
Si atom are in the third shell. Theoretically, Si-doped CNTs
have been for the first time proposed in 2001 by Baierle et
al. [20], in which an empty level is induced above the top of
the valence band. Furthermore, Avramov and Galano have
independently investigated the stability and electronic prop-
erties of Si substituted CNTs [21, 22]. In addition, Zhang
reported that the reactivity of CNTs is significantly en-
hanced because of the Si-doping, rendering Si-doped CNT
a good candidate as a gas sensor or drug delivery device [23,
24]. Because the Si atom is larger than C atom and increases
the disorder within hexagonal carbon framework, very re-
cently, Terrones et al. have firstly synthesized the Si-doped
CNT by using methoxytrimethylsilane as a precursor [25].
The synthesis of Si-doped CNTs will motivate more theo-
retical and experimental studies to explore their properties
and applications. We note that although the above few
studies have reported the electronic properties and reactivity
of Si-doped CNTs [20–24, 26–31], there are still some
unclear issues to be addressed: 1) how do the tube diameters
and helicities of CNTs affect the stability of Si-doped
CNTs? 2) How are the stabilities of doped CNTs with two
Si atoms? 3) Since Si-doped CNTs might possess higher
chemical reactivity toward adsorbates than pure CNTs, can
they cleave some chemical bonds of small molecules, such
as N–H or O–H bond (which is very important in chemical
and biological processes)? In this paper, by performing the
extensive density functional theory (DFT) calculations, we
have answered the above questions point by point. The
present work might be useful not only to deeply understand
the experimental results of Si-doped CNTs, but also to
further widen their application areas.

Computational methods

All-electron density functional theory (DFT) computa-
tions were carried out by employing the generalized
gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) [32] functional and the double numer-
ical plus polarization basis set, which was implemented
in the DMol3 package [33, 34]. Self-consistent field
calculations were conducted with convergence criteria
of 10−6a.u. for the total energy. All systems were fully
relaxed without any symmetry constraint. Along the 1D
Brillouin zone, two k points were used for geometry
optimizations and 21k points for calculating the energies
and electronic properties [35].

The curvature effect was discussed by considering a
series of zigzag single-walled CNTs from (8, 0) tube
(6.26 Å in diameter) to (13, 0) tube (10.18 Å in diameter).
Moreover, a series of armchair nanotubes from (4, 4) tube
(5.42 Å in diameter) to (8, 8) tube (10.85 Å in diameter)
were adopted to discuss the helicity effects. Each nanotube
was placed in a tetragonal supercell with sufficiently large
lattice lengths perpendicular to the tube axes, i.e., 30 Å for
these studied nanotubes. Along the tube axis, the supercell
length was chosen to be 12.68 Å for zigzag tubes (three unit
cells) and 14.76 Å for armchair tubes (six unit cells). With
such large supercell dimensions, the interaction between Si-
doped CNTs and their 1-D periodic images can be avoided.

The formation energy for Si-doping into the CNT was
defined as: EF = (Et1−Et2) – m × (E1−E2), where Et1 is the
total energy of CNTs with substitutional doping, Et2 is the
total energy of pristine CNTs, E1 is the energy of single free
doping atom, E2 is the energy of single free carbon atom,
and m is the number of doping atoms. The adsorption
energy of NH3 molecule on the Si-doped CNT was evalu-
ated as: Eads = Etotal (Si-doped CNTs/NH3) – Etotal (Si-doped
CNTs) – Etotal (NH3), where Etotal stands for the total energy
of the studied systems. A negative Eads corresponds to a
stable structure. Furthermore, we used the linear/quadratic
synchronous transit (LST/QST) [36, 37] method to obtain
the given energy barriers. In essence, the synchronous tran-
sit methods interpolate a reaction pathway to find a transi-
tion state starting with the initial and final structures of the
reaction system. The linear synchronous transit (LST) meth-
od performs a single interpolation to a maximum energy.
The quadratic synchronous transit (QST) method alternates
searches for an energy maximum with constrained minimi-
zations in order to refine the transition state to a high degree.
The complete LST/QST method begins by performing an
LST/optimization calculation. The TS approximation
obtained in that way is used to perform the QST maximiza-
tion. From that point, another conjugate gradient minimiza-
tion is performed. The cycle is repeated until a stationary
point is located or the number of allowed QST steps is
exhausted.

Results and discussion

Local structures of Si-doped CNTs

First, taking (10, 0) and (5, 5) CNTs as examples, we study
the effects of Si-doping on the geometrical structures of
CNTs. After fully structural optimizations, Si-doping causes
significantly large distortion in CNTs (Fig. 1): i.e., the
nonequivalent Si–C bond lengths in doped (10, 0) CNT
are 1.744 (axial) and 1.817 Å (diagonal), which are signif-
icantly larger than the C–C sp2 bonds (1.420 Å) of pristine
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CNT. Moreover, Si atom preserves its sp3 character, and
bonds with tetrahedral-like configurations, with the average
C–Si–C bond angles of 100°. The increase in the bond lengths
combined with the difference in bond angles forces the Si
atom to protrude outwardly from the nanotube surface. Mean-
while, the positions of the nearest C atoms of Si atom are out
of the nanotube surface to different degrees. As a result, the
nanotube diameter at the Si site is increased from 7.830 Å
(pure CNT) to 9.075 Å (Si-doped CNT). These changes in the
structures of CNT originate from the corrugation induced by
the presence of the Si atom. The calculated energy of forming
Si-doped (10, 0) CNT is about 7.405 eV.

As shown in Fig. 1b, the structural changes of in (5, 5)
CNT due to Si-doping are very similar to those of (10, 0)
nanotube: (1) the Si–C bond lengths are 1.780 Å for the
diagonal and 1.853 Å for the tangential bonds, while the
angles are also close to 100°; (2) Si atom protrudes out-
wardly from the nanotube wall, and the tube diameter at the
defect site is 7.843 Å, which is much larger than that of the
pristine nanotube (6.780 Å). Moreover, the calculated for-
mation energy of Si-doped (5, 5) CNT is 7.142 eV. In
addition, we extended our calculations to other (n, 0) (n=
8–13) and (n, n) (n=5–8) CNTs. The results show that the
changes in structures of CNTs are very similar to the cases
of (10, 0) and (5, 5) CNTs.

In the literature, we note that the formation energies of
the doped CNTs by non-carbon atoms are significantly
dependent on the tube diameter and helicity [11, 25]. For
example, Zheng et al. reported that the curve of formation
energies of N-doped (n, 0) CNTs exhibits the feature of
periodicity, and such periodicity is characterized by the
lower formation energies of doped tubes with n as a multiple
of 3 as compared to their neighboring tubes [11]. On the
contrary, the incorporation of the phosphorus (P) atom in the
hexagonal carbon lattice is energetically favored in narrower
nanotubes that exhibit higher diameters of curvature [25,
38]. In terms of the two studies, a question arises: how do

the diameters and helicities of CNTs affect the formation
energy of Si-doping, which is similar to N-doping, or P-
doping? In Fig. 2a, we plot the calculated formation
energy (EF) as a function of the diameter and helicity of
CNTs. It can be obviously seen that (1) the energies of
forming Si-doped CNTs increase with increasing tube
diameters. The smallest diameter (8, 0) CNT has the
lowest formation energy (4.639 eV). In other words, Si-
doping in narrower diameter CNTs is energetically prefer-
able, which is similar to the case for P-doped CNTs [25,
39]. This is expected, because the curved nanotube struc-
ture helps to reduce the strain needed to accommodate the
silicon impurity. (2) For a given diameter, the forming
energies of armchair CNTs are always slightly larger than
those of zigzag CNTs, suggesting that Si-doped zigzag
CNTs might be easier to obtain in experiment.

The next question is what will happen if two Si atoms are
introduced into CNTs. The (10, 0) is chose as a typical tube
to investigate this question. We consider two kinds of initial
doped configurations, i.e., the two doped Si atoms might be
very near to or far from each other. For the former case, six
configurations (labeled as Si1, Si2, Si3, Si4, Si5, and Si6,
respectively, Fig. 3a–f) are considered, in which two Si
atoms lie in the same hexagon. For the latter case, two Si

a                           b
1.8171.744 1.853 1.780

Fig. 1 The optimized structures of Si-doped (a) (10, 0) and (b) (5, 5)
CNTs. The bond distances are in angstroms

Fig. 2 Variation of formation energies of Si-doped CNTs as a func-
tional of tube diameters: a the doped CNTs with one Si atom and (b)
the doped CNTs with two Si atoms
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atoms are far apart (labeled as Si7, Fig. 3g). The calculated
total energies and the Si–Si bond lengths of these doped (10,
0) CNTs with two Si atoms are listed in Table 1. It is clear
that the Si6 configuration has the lowest energy, indicating
that it is the most energetically favored among these doped
(10, 0) CNTs. Moreover, the calculated formation energy for
the Si6 configuration is 13.022 eV, which is smaller than
double of the doped (10, 0) CNT by one Si atom
(7.405 eV×2=14.810 eV). Therefore, the double substituted

CNT are easier to form than that of with one Si atom. This is
similar to BN-co-doped CNTs, in which the total energy
with an adjacent B/N atom pair is lower than those with
separately doped B and atoms at different position [39, 40].
Moreover, for the double substituted (10, 0) CNT (Fig. 4a),
the two Si atoms are pulled outwardly from the tube surface
and the Si–Si bond length is 3.097 Å. For the double doped
(5, 5) CNT, the most stable configuration is shown in
Fig. 4b, in which the two Si atoms are separated by two C

Fig. 3 Schematic descriptions
of the configurations for (10, 0)
tubes containing two
substitutional silicon atoms,
which are denoted as Si1 (a) –
Si7 (g). The substitutional
silicon atoms are denoted by
yellow balls
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atoms. The formation energy is 12.594 eV with the Si–Si
bond length of 3.520 Å. We also calculate the effects of the
diameters and helicities of CNTs on the formation energies
of double substituted CNTs. Similar to the case of single
doped CNTs, the incorporation of two Si atoms in the
narrower CNTs is energetically favorable (Fig. 2b).

The effects of Si-doping on the electronic properties
of CNTs

One purpose of introducing Si atoms into CNTs is to modify
their electronic properties. In this section, we study the
effects of Si-doping on the electronic properties of CNTs.
The band structures of perfect and doped (10, 0) CNTs are
investigated as shown in Fig. 5. For the perfect (10, 0) CNT,
the band gap between the bottom of the conduction band
and the top of the valence band at the Γ point is about
0.625 eV (Fig. 5a). When one Si atom is doped into the
(10, 0) CNT, an empty level at the bottom of the conduction
band is induced into the band structures (Fig. 5b), decreas-
ing its band gap to 0.409 eV. For double substituted (10, 0)
CNT, due to the introduction of two new states, the band gap
of (10, 0) CNT is further decreased to 0.376 eV (Fig. 5c).
Interestingly, when the metallic (5, 5) CNT is doped with
one or two Si atoms, its band gap is increased to 0.163 (one
Si-doping, Fig. 5d) and 0.218 eV (two Si-doping Fig. 5e).

This implies that Si-doping into metallic CNTs can open a
tunable band gap.

It is well known that Si atom might work as a donor when
incorporated into CNTs. Therefore, the highest occupied
level (highest occupied molecular orbital, HOMO) for the
doped CNTs are mainly contributed by the excess electrons
of Si atoms. This can be testified by the distribution of
HOMO of doped CNTs (Fig. 6): most states of the HOMOs
are localized around the Si atoms. Moreover, the population

Table 1 Electronic energies
(a.u.) and Si-Si bond lengths (Å)
for double substituted (10, 0)
CNTs

Si1 Si2 Si3 Si4 Si5 Si6 Si7

Energy -5072.008 -5072.027 -5072.029 -5072.029 -5072.017 -5072.030 -5072.003

d(Si-Si) 2.123 2.252 2.755 3.353 2.780 3.097 10.276

a                        b

1.790

1.846
1.758

1.800

Fig. 4 The most stable configurations of doped (a) (10, 0) and (b) (5,
5) CNTs with two Si atoms. The bond distances are in angstroms

Fig. 5 The band structures for (a) a pure (10, 0) CNT, b doped (10, 0)
CNT with one Si atom, c doped (10, 0) CNT with two Si atoms, d
doped (5, 5) CNTwith one Si atom, and (e) doped (5, 5) CNTwith two
Si atoms. The Fermi level is set as zero
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analysis suggests that the charges of the Si atoms of doped
CNT are much larger than those of the carbon atoms around
Si atoms. For example, the charges of Si atoms in single and
double doped (10, 0) CNTs are 0.824 and 0.909 e. Thus, the
Si atom in Si-doped CNTs might be the reactivity center
toward foreign adsorbates, which will be proven in the
following section.

Chemical reactivity of Si-doped CNT

Recently, Zhang et al. have studied the reactivity of Si-
doped CNTs toward small gaseous molecules in the atmo-
sphere [23, 24]. They have found that the reactivity of CNT
can be significantly enhanced due to the Si-doping, render-
ing Si-doped CNTs to have potential applications in gas
sensing [23] and drug delivery [24]. This gives us an inspi-
ration: since Si-doped CNTs possess higher chemical

Fig. 6 Qualitative descriptions of the highest occupied levels of a (10,
0) tube with (a) one and (b) two substitutional Si atoms

IM

TSa TSb

FSa FSb

1.835

1.509

1.349

1.9811.028

1.827
1.351

1.557

1.720
1.104

1.724

b c

d e

a

Fig. 7 The optimized
structures of the (a) initial state
(denoted as IS), b and (c)
transition states (denoted as TSa
and TSb), d and (e) final states
(denoted as FSa and FSb) of the
N-H bond cleavage of NH3 on
Si-doped (10, 0) CNT. The
bond distances are in angstroms
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reactivity than pure CNTs, can they further catalyze the
adsorbed molecules? In fact, a stronger binding strength
between the adsorbates and the Si-doped CNT may promote
associated product formation. This is of vital importance to
design novel metal-free catalysts. Considering NH3 and
H2O are two important compounds in nature, we have
evaluated the chemical reactivity of Si-doped CNTs by
studying the NH3 and H2O adsorption on Si-doped CNTs.

In detail, for NH3 and H2O adsorption on Si-doped (10,
0) CNTs, we considered two kinds of initial adsorption sites,
i.e., (1) Si site and (2) its neighboring C site. After full
structural optimization for each initial configuration, we find
that NH3 and H2O adsorption on the C sites around Si site
are collapsed to Si site, which is the only energetically stable

type. As shown in Fig. 7a, the distance between NH3 and
doped (10, 0) CNT with one Si atom is 1.981 Å, which is
longer than that of H2O adsorption (2.003 Å, Fig. 8a).
Correspondingly, the adsorption energy of NH3 on Si-
doped CNT (−1.219 eV) is larger than that of H2O
(−0.570 eV). Since NH3 and H2O can be molecularly
adsorbed on Si-doped CNTs with high exothermicity
(−1.219 eV for NH3 and −0.570 eV for H2O), can the N–
H of the adsorbed NH3 and O–H bonds of the adsorbed H2O
be split on Si-doped CNT? Hence, we compute the
minimum-energy path (MEP) for the split of N–H bond of
NH3 and O–H bond of H2O on (10, 0) Si-doped CNT using
the nudged elastic band (NEB) method [36, 37]. We choose
the molecular adsorption of NH3 and H2O on the Si-doped

a IM

b TS1 c TS2

d FS1 e FS2

2.003

2.0162.6241.820
1.609

1.186

1.662 1.113 1.659
1.105

Fig. 8 The optimized
structures of the (a) initial state
(denoted as IS), b and (c)
transition states (denoted as
TS1 and TS2), d and (e) final
states (denoted as FS1 and FS2)
the O-H bond cleavage of H2O
on Si-doped (10, 0) CNT. The
bond distances are in angstroms
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(10, 0) CNT as the initial states (denoted as IS, Figs. 7a and
8a) and the split configuration as the final states (denoted as
FS, Figs. 7b, c, 8b, and c). To achieve sufficient accuracy for
the MEP, 20 image structures are inserted between the initial
and final state.

Figure 9 lists the computedMEP for the cleavage of the N–
H and O–H bonds on (10, 0) Si-doped CNT. The results
suggest that: (1) in the doped CNT with one Si-atom, the H
atom of the adsorbedNH3 on Si site prefers to be transferred to
the diagonally neighboring C atom (Fig. 7c) with the intrinsic
barrier of 1.052 eV. (2) For the adsorbed H2O on the Si site,
the O–H bond can also be further split, in which the H atom is
transferred to the axial C site nearest (Fig. 8b). Moreover, the
intrinsic H-transfer barrier of H2O cleavage (0.072 eV) is
much smaller than that of NH3 (1.052 eV). This seems to
correlate with the binding strength of O–H and N–H bonds.
(3) The H2O cleavage has an extremely high reaction energy

of −2.396 eV, which is slightly larger than that of NH3 cleav-
age (−2.027 eV). The difference in reaction energy between
NH3 and H2O on Si-doped CNTs is because the binding
energy of the Si–O bond (798 kJmol−1) is larger than that of
the Si–N bond (439 kJmol−1) [41]. (4) Because the energies
released by molecular adsorptions of NH3 (−1.219 eV) and
H2O (−0.570 eV) on Si-doped CNT are larger than their
required H-transfer barrier (1.052 eV for NH3 and 0.072 eV
for H2O), we expect that the N–H bond of NH3 and O–H bond
of H2O can be easily split on Si-doped CNT. It should be
pointed out that we also study the chemical reactivity of the
double Si-doped CNT. As shown in Fig. S1 of Supporting
information, it is found that the N–H bond of NH3 can also
easily occur and the process is similar to the case of doped
CNTwith one Si atom. The involved intermediates, transition
states, and products are listed in Fig. S2.

The two unknown reactions Si-doped CNTs + NH3/H2O
should have potential interest in the N–H and O–H splitting
chemistry, which is very important in chemical and biological
processes. In particular, the N–H activation has become the
current hot topic. In addition to the potential use in initiating
new valuable catalytic reactions, the effective activation of the
N–H bond under mild conditions can help synthesize various
amino compounds, which are building blocks for myrid sub-
stances ranging from proteins to pharmaceuticals. Due to the
strong N–H bond, successful examples of NH3-splitting are
still rare in laboratory [42–48]. Of particular interest, the
metal-free N–H activation system has been limited to the
acyclic and cyclic (alkyl)(amino) carbenes [48]. Compared
with carbenes-based metal-free NH3 splitter, our work pro-
vides an alternative promising metal-free system for NH3-
splitting, which has high-surface area, good electrical and
mechanical properties, and superb thermal stability.

Conclusions

Si-doping in a series of single-walled CNTs has been investi-
gated through DFT theory. The results indicate that the Si-
doping induces structural deformation in CNTs and changes
the local curvature at doping sites. The tube diameter, helicity,
and the number of Si atoms determine the doping formation
energies: (i) Si-doping easily forms in small diameter CNTs;
(ii) the doped (n, 0) CNTs are preferred energetically over (n,
n) CNTs; (iii) the doping of two Si atoms into CNTs is easier
than that of a single Si atom. Moreover, Si-doping induces
impurity states into the band structures of CNTs, decreasing
the band gap of (n, 0) CNTs and opening the band gap of (n, n)
CNTs. In addition, the reactivity of Si-doped CNTs is evalu-
ated by NH3 and H2O adsorption. It is found that the N–H
bond of NH3 and O–H bond of H2O can be easily split on the
Si-doped CNTs and a two-step mechanism is involved in this
process: (1) molecular adsorption of NH3 and H2O on the Si

eV

0.00

Si-doped CNT
+

NH3

IM

-1.219
-0.167(TSb)

-0.081(TSa)

-1.467(FSb)

-2.027(FSa)

eV

0.00

Si-doped CNT
+

H2O

IM

-0.570 -0.498(TS1)

-0.066(TS2)

-1.854(FS1)

-2.396(FS2)

a

b

Fig. 9 Schematic energy profile corresponding to local configuratons
shown in Figs. 7 and 8 along the minimum-energy pathway for (a) N–
H and (b) O–H cleavage process on Si-doped (10, 0) CNT. All energies
are given with respect to the reference energy
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site in Si-doped CNTs followed by (2) the H-transfer to the
neighboring C site. The present results might be helpful not
only to deeply understand the experimental results, but also to
provide a useful guidance to develop novel CNTs-based met-
al-free catalysts.
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