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Abstract Phenol adsorptions on solid surfaces have
attracted considerable attention due to their potential
applications. Through density functional theory (DFT)
methods, we study phenol adsorption on a semiconducting
(8, 0) silicon carbide nanotube (SiCNT). We find that the
hydroxyl group of phenol prefers to attach to the Si atom of
SiCNT. The calculated adsorption energy is —0.494 eV,
and 0.208 electrons are transferred from the adsorbate to
the nanotube. Interestingly, the O—H bond of the adsorbed
phenol can be split on the SiCNT, in which the H atom of
the O—H group in the phenol is transferred from the Si atom
to its neighboring C atom. Furthermore, we also explore
the n—= interaction between the aromatic ring of the phenol
and the hexagons of the SICNT. The calculated adsorption
energy is about —0.285 eV with a neglectable charge
transfer (0.064 e). On the basis of the calculated band
structures, we find that the electronic properties of the
adsorbed SiCNT by the phenol are little changed. The
present results might be helpful not only to provide an
effective way to convert or remove phenol but also to
widen the application fields of the SiCNT.
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1 Introduction

The adsorptions of simple organic molecules on solid
surfaces have been long studied [1-3]. Particularly, phenol
adsorptions on metal and semiconductor surfaces have
attracted considerable attention recently [4-27]. This is
because: (a) phenol may be involved in some stepwise
reactions, where the molecule anchors to the surface with
one functional group in the first step, followed by the
interaction with an incoming reactant [14-20]. In other
words, phenol adsorption is a key step toward the initiation
of many catalytic reactions, thereby leading to the forma-
tion of a variety of products, such as bisphenol, phenolic
resins, caprolactam, aniline, and alkylphenols [21];
(b) Phenol appears as a side group in amino acid tyrosine,
thus it is relevant to protein folding and protein adsorption
[22]. Moreover, phenol also exists as an end or side group
of some polymers, therefore likewise playing an active role
in the polymer adhesion processes. This property of the
phenol renders it potential for developing organic opo-
electronic devices, molecular-scale electronics, biofunc-
tionality, and novel hybrid materials [23-26]; (c) Phenol is
a toxic byproduct in industrial processes and can cause
serious impairment to human health. Thus, removing
phenol from water or gaseous streams is highly desirable
from environmental perspectives [27].

In view of the aforementioned potential applications of
the phenol as well as its toxicity, there have been many
studies on phenol adsorption on solid surfaces [4-35]. For
example, through reflection—adsorption infrared spectros-
copy (RAIS) and Auger electron spectroscopy, Myers and
co-workers have studied the interaction of the phenol with
the Ni (111) surface experimentally [20]. Xu and Thm have
independently shown that the O—H bond of the phenol can be
effectively split on Rh and Pt surfaces in experiment [14, 15].
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Theoretically, by comparing several different adsorption
sites and orientations, Delle Site et al. have found that
phenol adsorption at the bridge site of the Ni (111) surface
is the most energetically favorable [28]. Furthermore, they
have investigated the cleavage of O—H bond of phenol on
different Ni surfaces [29]. Additionally, phenol adsorption
on Au [30] and Al [31] surfaces have also been reported.
Adsorption of phenol on semiconducting surfaces provides
a potential way to produce smaller transistors [1-5]. While
there have been many studies concerning adsorption of
phenol molecule on metal surfaces, there are surprisingly
few studies concerning phenol adsorption on semicon-
ducting surfaces [32-35].

(b)

Eus=-0433 eV

Fig. 1 The optimized structures of phenol adsorption on the SiICNT
via the hydroxyl attacking. The aromatic ring of the phenol is
(a) tilted and (b) vertical to the surface of the SiCNT. The bond
distances and angles in angstroms and degrees, respectively
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The synthesized silicon carbide nanotube (SiCNT)
[36, 37] is a semiconducting material independent of its
chirality. Due to its unique properties [38—48], SiCNT has
been intensively studied. For example, SiCNT possesses
good chemical reactivity and high stability at high tem-
peratures, high power, and in harsh environments. These
unique properties of the SICNT might have great potential
applications in many areas including gas sensors [49, 50],
hydrogen storages [51], metal-free catalysts [52], and
special (nano) optical devices [53, 54].

Inspired by the studies on the interaction between phe-
nol and silicon surfaces, we are very interested in phenol
adsorption on SiCNT surface in terms of the following
reasons: (1) in terms of the semiconducting nature of the
SiCNT, exploring phenol adsorption on SiCNT is helpful
for the development of novel semiconductor-based hybrid
materials; (2) SiCNT is shown to possess high reactivity,
thus phenol might decompose on SiCNT surface, which
initiates some catalytic reactions. Such issues might pro-
vide a useful guidance to develop SiCNT-based metal-free
catalysts; (3) since both SiCNT and phenol molecule have
unique structures and interesting properties, merging dif-
ferent branches of chemistry into a new avenue of research
always generates great enthusiasm and interest among
chemists. Unfortunately, to the best of our knowledge,
there have been no reports on the study of phenol
adsorption on the SiCNT. In this article, we have explored
the adsorption of an isolated phenol molecule on the outer
surface of the SiCNT using density functional theory
(DFT) methods. In particular, the following issues will be
considered: (a) since phenol is a bifunctional molecule, its
two functional groups, the hydroxyl group and aromatic
ring, might both interact with the SiCNT in various ways,
the problem is which adsorption is more energetically
favorable? (b) What are the effects of phenol adsorption on
the electronic properties of the SICNT?
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Fig. 2 The variation of the total energies of phenol-SiCNT with
respect to the Si—O distance
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2 Computational methods and models

We perform all-electron ab initio DFT calculations using
double numerical basis set plus polarization functional
(DNP basis set), which is implemented in the DMOL?
package [55, 56]. The spin-polarized generalized gradient
approximation (GGA) with the Perdew—Burke—Ernzerhof
(PBE) [57] and the local density approximation (LDA)
with the Perdew—Wang (PWC) functional [58] is used.
Because the interaction between the SiCNT and the aro-
matic ring of phenol molecule might be physisorption in
nature, we adopt both GGA and LDA to estimate the range
of the adsorption energy. In fact, LDA has been shown to
be a reliable functional to study the systems involving in
the van der Waals interactions [59-61] and can give an
adsorption energy much closer to the MP2 calculation
[62—64]. This method has been successfully employed in the
theoretical calculations of nanotube systems, including
their functionalization [52, 65-69]. In the present work,
GGA with the PBE method is utilized as the exchange—
correlation functional throughout the paper. Moreover, a
zigzag (8, 0) SiCNT with a diameter of 7.92 Ais adopted.

(b)
v

Fig. 3 The highest occupied molecular orbitals (HOMOs) and the
lowest unoccupied molecular orbitals (LUMOs). a HOMOs and

b LUMOs of the SiCNT, ¢ HOMOs, and d LUMOs of the phenol
molecule

This is because the stability of the single-walled SiCNT is
diameter-dependent: SiCNT is more stable than the thinner
faceted nanotube and nanowire [70]. However, as the
diameter increases, nanowires and faceted nanotubes will be
eventually more stable than SICNTs [70]. The supercell with
lattice constants of @ = b = 30 A and ¢ = 15.93 A for the
(8, 0) SiC nanotube is adopted, which includes 48 Si atoms
and 48 C atoms. The Brillouin zone is sampledby 1 x 1 x 5
special k-points according to the Monkhorst—Pack scheme
[71]. Moreover, band structures are computed with 21
k-points based on the most stable structures. This method can
offer a reasonable balance between accuracy and computa-
tional resource. In addition, we use the linear/quadratic

synchronous transit (LST/QST) method [72, 73] to calculate
the transition states in this work.

3 Results and discussion

For the isolated phenol molecule, its optimized structural
parameters are shown in Figure Sla of the supporting
information, which are well consistent with previous
reports [74, 75]. Because the phenol molecule has two
functional groups (the hydroxyl group and aromatic ring),
we consider two kinds of initial adsorption configurations
for the bifunctional phenol on SiCNT: (a) hydroxyl-group-

attacking and (b) aromatic-ring-attacking. In the former,

the hydroxyl group is adsorbed on active sites of the

SiCNT including the carbon (C), silicon (Si), and center
hexagon (H) sites (Figure S1b). For the latter, however, the

A eV
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w— -0.035
SICNT ,
+ K S TS
C6H 50H * ;

\-0.494
'
C ¢H sOH-SiCNT

-1.617

CgHsO-SiCNT-H

Fig. 4 Potential energy profiles for the O-H bond cleavage of the
adsorbed phenol on the SiCNT
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Fig. 5 The optimized structures
of (a) transition state and

(b) product complex of the O-H
bond cleavage on the SiCNT.
The bond distances in
angstroms

aromatic ring of phenol lies in parallel above the hexagon
of SiCNT via m—r interaction. We will discuss the two
different kinds of phenol adsorption on the SiCNT in detail
below.

3.1 Phenol adsorption on the SICNT
via the hydroxyl-group-attacking

First, we study phenol adsorption on the SiCNT by its
hydroxyl group attacking toward the SICNT. After structural
optimizations, it is found that phenol adsorption on the C and
H site is energetically unstable and is collapsed to the Si site,
which is energetically favorable. In Fig. 1, we present two
obtained stable structures and their corresponding adsorption
energies. The most stable configuration is such that the

@ Springer

oxygen atom of phenol is adsorbed on the Si atom of SiCNT,
in which the aromatic ring of phenol is tilted to SICNT as
shown in Fig. la (labeled as tilted configuration). The
adsorption energy of this configuration, which is defined
as Eu = Etota](SiCNT_phen()l) — Etorat(SICNT) — Eigral
(phenol), is —0.494 eV, and about 0.208 electrons are
transferred from phenol to SiCNT. Moreover, the distance
between O atom of phenol and Si atom of SiCNT is about
2.100 A. In addition, we plot the variation of the total
energies of phenol-SiCNT with respect to the Si—O distance
(Fig. 2). It is found that the total energies of phenol-SiCNT
increase with the increase in the Si—O distance. Thus, phenol
molecule can be adsorbed on the (8, 0) SICNT barrierlessly.
Similar to the covalent functionalization of carbon nano-
tubes [76] and boron nitride nanotubes [65-67, 77], phenol
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adsorption can also induce apparent structural deformation
to SiCNT, which pulls the adsorbed Si atom by phenol out-
wards the tube wall. The Si—C bond lengths in SiCNT
involving in the adsorbed Si atom (1.797, 1.814, 1.827 1&) are
longer than those in perfect SICNT (1.780-1.800 A) because
the hybridization of the Si atom is transformed from sp? to
sp> upon phenol adsorption.

As shown in Fig. 1b, a meta-stable configuration is also
obtained, in which the O atom of the phenol molecule is
bound with the Si atom of SiCNT, similar to the tilted-
configuration (Fig. 1a). However, the aromatic ring of
phenol in the meta-stable configuration is vertical to the
surface of SICNT (labeled as vertical-configuration). The
distance between phenol and SiCNT is about 2.106 A. For
this configuration, the calculated adsorption energy and
charge transfer from phenol to SiCNT are —0.433 eV and
0.155 e respectively, which are slightly weaker than those
of the tilted configuration (—0.494 eV and 0.208 e). The
adsorption of the hydroxyl group in phenol on the Si site in
SiCNT can be rationalized by the fact that, in SiCNT, the
highest occupied molecular orbitals (HOMOs Fig. 3a) are
centered on the C sites, and the lowest unoccupied
molecular orbitals (LUMOs Fig. 3b) are located on the Si
sites. As a result, the HOMO of phenol (Fig. 3c) donates
electrons preferably to the LUMO centered on the Si sites
of SiCNT.

An attractive point for the phenol surface chemistry is
that: some bond of phenol, e.g., O—H or C-O, might be
split on solid surfaces, which can initiate many catalytic
processes and thereby leads to the formation of a variety of
useful products. Can the molecularly adsorbed phenol be
also split on the (8, 0) SICNT? On the basis of the above
results, we further evaluate the possibility of bond cleavage
of the molecularly adsorbed phenol on SiCNT. The results
indicate that the O-H bond of the adsorbed phenol can be
split barrierlessly, while the cleavage of the C-O bond
cannot occur due to the large barrier and endothermicity. In
Fig. 4, we list the process of the O—H bond cleavage on
SiCNT.

Taking the tilted configuration (Fig. 1a) as an example,
we elucidate the process of the O-H bond cleavage on
SiCNT. After the molecular adsorption of phenol on SiC-
NT with the adsorption energy of —0.494 eV (Fig. la), we
find that the H atom of the hydroxyl group of phenol is
transferred from the Si atom to the neighboring C site
through a transition state (Fig. 5a) with an intrinsic barrier
of 0.459 eV. Moreover, the split product (C¢gHs0-SiC
nanotube—H, Fig. 5b) lies at —1.617 eV with respect to the
reactants (pure SiCNT and isolated phenol). Because the
energy released by molecular adsorption of phenol on
SiCNT (0.494 eV) is greater than the required H-transfer
barrier (0.459 eV), we expected that the O—H bond of the
adsorbed phenol can be easily split on SICNT. Similar case

can also be observed for the vertical configuration
(Fig. 1b). The cleavage process, the involved transition
state, and product were presented in Figure S2. We should
point out that the singlet state is the ground state for the
two split products, which is energetically lower by 1.169
(for tilted configuration) and 1.122 eV (vertical configu-
ration), respectively. In addition, we also explore the
cleavage of the C-O bond of the adsorbed phenol on
SiCNT. It can be obviously seen from Figure S3, and this
process is endothermic by 0.991 eV and the total barrier is
as high as 2.021 eV. Therefore, the C-O bond cleavage of
the adsorbed phenol on SiCNT cannot take place.

3.2 Phenol adsorption on SiCNT
via the aromatic-ring-attacking

In this section, we focus on another phenol adsorption, i.e.,
phenol interacts with SICNT via the n—n overlap. For this

i ] A | o
ko ok C70

Fig. 6 The optimized structures of phenol adsorption on the (a) BZ
site and (b) BA site of the SICNT
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kind of adsorption, phenol molecule is initially placed in
parallel to the surface of SiCNT, thus the center of the
aromatic ring located above a C, Si, BA, BZ, or H site in
SiCNT as shown in Figure S4. After careful structural
optimization, we find that phenol adsorption above C, Si,
and H sites is collapsed to the BA and BZ sites, which are
energetically favorable.

In Fig. 6, we list the two stable structures of the phenol
above the BA and BZ sites of SiICNT. When comparing the
two stable configurations, the phenol adsorption above the
BZ site (Fig. 6a) is found to be more stable. The calculated

E.4s 1s —0.285 eV, much weaker than that of the hydroxyl-
group-attacking (—0.494 eV). The nearest distance
between phenol and SiCNT is about 2.008 A (the H atom
of phenol is pointing to the Si atom of SiCNT). The small
adsorption energy and the large distance indicate that this
kind of adsorption is derived from the van der Waals
(vdW) interaction. Furthermore, we note that the aromatic-
ring-attacking configuration has a smaller adsorption
energy (—0.383 eV) than that of the hydroxyl-group-
attacking one (—0.926 eV) using LDA/PWC methods.
In addition, this weak adsorption of the phenol on the
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Fig. 7 The obtained band structures and density of states of (a) the
pure SiCNT, the product complex of the (b) O—H bond cleavage, and
(¢) phenol adsorption via its aromatic ring. The projected DOS of the
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SiCNT via the aromatic-ring-attacking is further testified
by its neglectable charge transfer from the phenol to the
SiCNT (0.064 eV). Moreover, when the aromatic ring of
the phenol is adsorbed above the BA site of the SiCNT
(Fig. 6b), the adsorption become slightly weaker
(Eags = —0.125 eV) when compared with the case of
above the BZ site (E,q; = —0.285 eV).

3.3 The effects of phenol adsorption on the electronic
properties of the SICNT

To better understand phenol adsorption on SiCNT, we
further study the changes in electronic properties of the
adsorbed SiCNT by phenol. In Fig. 7, we present the cal-
culated band structures and density of states (DOS) of
SiCNT before and after phenol adsorption. The pure (8, 0)
SiCNT has a band gap of 1.36 eV (Fig. 7a), which has a
good agreement with previous reports [49, 59]. Upon
adsorption of phenol molecule, we find that the electronic
properties of SiCNT are little changed as shown in Fig. 7b
and d: (1) the modified SiCNT is still a semiconductor;
(2) the band gap and the band structures near the Fermi
level are nearly unchanged, except that the band-structure
symmetry of the pristine SiCNT is broken; (3) the total
DOS and local projected DOS of phenol (Fig. 7c and d)
show that the electronic states contributed from phenol
molecule are far away from the Fermi level.

In short, when phenol molecule is adsorbed on SiCNT, it
is favorable to be adsorbed on the nanotube with its
hydroxyl group. Because the energy released by molecular
adsorption of phenol on SiCNT (0.494 eV) is greater than
the required H-transfer barrier (0.459 eV), we expected
that the O-H bond of the adsorbed phenol can be easily
split on SiCNT. Conversely, to remove the decomposed
phenol from the SiCNT sidewall, a large energy barrier
of ~1.582¢eV has to be overcome, suggesting that
the CgHsO-SiCNT-H system is very stable at room
temperature.

4 Conclusion

By performing density functional theory calculations, we
have studied phenol adsorption on an (8, 0) SiCNT. Two
different kinds of phenol adsorption have been considered;
i.e., (1) the hydroxyl group and (2) aromatic ring attack the
SiCNT, respectively. For the former, we find that the O—-H
bond of phenol dissociates on the SiCNT via a two-step
mechanism: (a) phenol is molecularly adsorbed on the
SiCNT (E.4s = — 0.494 eV), followed by (b) the O-H
bond of adsorbed phenol is split with an intrinsic barrier of
0.459 eV. Considering that the exothermicity (0.494 eV) in
the first step is larger than the barrier of H transfer in the

second step (0.459 eV), we expect that the cleavage of
O-H bond of phenol on the SiCNT occur easily, which is very
useful to initiate some catalytic reactions. Moreover, phe-
nol adsorption using its aromatic ring on SiCNT via n—=n
interaction is shown to be weak with adsorption energy of
—0.285 eV. Additionally, the calculated band structures
and DOS suggest that the electronic properties of SiCNT
are little changed after adsorption of phenol. The present
results not only are useful to the verification of the good
chemical reactivity of SiCNT but also provide an effective
way for the transformation or removal of phenol.
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