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ABSTRACT: Synthesis-induced defects in single-walled carbon nanotubes (SWCNTs)
enable diverse catalytic reactions, but the nature of catalytic intermediates and how active
species regeneration occurs are unclear. Using a quantum mechanics/molecular mechanics
(QM/MM) hybrid methodology based on density functional theory (DFT) and a classical
force-field, we explore the reactivity and electrochemical regeneration of a vacancy defect in a
zigzag SWCNT. Our findings indicate that hydrolysis of the defect forms a ketone group on
one carbon atom and C−H bonds on two adjacent carbons. Applying an electrochemical
potential of ESHE = −0.740 V triggers a proton-coupled electron transfer (PCET), converting
the ketone to a hydroxyl group. Further reduction at ESHE = −1.08 V induces another PCET,
expelling the hydroxyl as water and forming an active carbon with carbene character that can
react with hydrogen peroxide and perchlorate. The hydrogen atoms on neighboring carbons
prevent further water dissociation, maintaining the catalytic vacancy.

Single-walled carbon nanotubes (SWCNTs) have attracted
considerable interest in research and practical applications

due to their exceptional properties, such as mechanical
strength, electrical and thermal conductivity, and chemical
stability.1,2 These attributes render SWCNTs ideal for many
applications, including energy conversion, catalysis, electronics
and semiconductors, hydrogen storage, drug delivery, and
sensing technologies.3,4 They serve as cost-effective alternatives
to metals in scenarios where they facilitate catalysis,5 either on
their own or when augmented with catalysts deposited on their
surface.6−9 Despite pristine SWCNTs consisting solely of
stable sp2-hybridized carbons, their inherent curvature can
introduce a minor sp3 character.10 Earlier studies have shown
that carbon can exhibit hybrid phases through combinations of
hybridized orbitals, such as sp2 + sp3.11 Nonetheless, the
presence of carbon atoms lacking sp2 character results in
defects on the nanotube surface.12 The electrocatalytic activity
of SWCNTs has been correlated to the curvature of the
nanotube and the presence of imperfections or atomic
vacancies on the surface.13−15 Significant progress has been
made to understand how vacancies influence the physical
behavior of nanotubes.16 However, an outstanding challenge is
to understand the correlation between catalytic activity and the
presence of defects.
Structural defects in SWCNTs are an inherent outcome of

the manufacturing process, which typically involves vigorous
acid treatments to enhance the hydrophilic nature of SWCNTs
and to remove metal contaminants.17 Numerous studies have
been devoted to modeling and characterizing these vacancies,
acknowledging that electron mobility tends to increase with

their presence.14,18,19 Furthermore, it is anticipated that single-
atom defects significantly influence the physical and chemical
properties of carbon-based materials.20 For instance, it has
been shown that not only do defect sites serve as preferred
binding locations for single gold (Au) atoms, but they also
enhance charge transfer from the Au atom to reactant oxygen
(O2) molecules.

21 The significance of vacancies is widely
recognized, with theoretical investigations primarily focusing
on the vacancy defect, characterized by the removal of a single
carbon atom from the nanotube. These types of vacancies are
among the most common and stable defects.22,23 Despite the
acknowledged importance of vacancies, our comprehension of
their role in enhancing the reactivity on the surface of
SWCNTs remains limited, partly due to the challenges
associated with modeling such systems reliably and efficiently.
We now present our findings on the reactivity of a single-

carbon vacancy (structure 1 in Figure 1), its hydrolysis, and its
subsequent electrochemical regeneration. The vacancy regen-
eration following the completion of a catalytic cycle requires
energy input. While photoexcitation has been suggested as a
means to achieve this,20 to our knowledge, no prior work has
reported on modeling of electrochemical regeneration of
vacancies.
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Among the nine carbon atoms immediately surrounding the
vacancy, our findings indicate that the three carbons labeled as
C-1, C-2, and C-3 in structure 1 of Figure 1 exhibit the highest
reactivity. In aqueous conditions, hydrolysis of the nanotube
leads to the formation of a ketone group at the C-1 carbon,
while the two carbon atoms, C-2 and C-3, bind hydrogen
atoms from water (Figure 2, left, and structure 2 in Figure 1).
Subsequently, we explored the reactivity of the newly formed
structure as the next step of the mechanism.
In the fully aqueous system, applying an electrochemical

potential of ESHE = −0.740 V is sufficient to initiate a proton-
coupled-electron transfer (PCET) process, converting the
ketonic oxygen into a hydroxyl (Figure 2, right, and structure 3
in Figure 1). A subsequent PCET step, at ESHE = −1.08 V,
leads to the release of H2O, resulting in the formation of the
deoxy form 4. This leaves an open reactive site at C-1
(structure 4 in Figure 3). In the deoxy form, the retention of
hydrogen atoms on C-2 and C-3 prevents a water hydrolysis
reaction (Figure S4), and C-1 maintains its two-coordinate
reactive state, characterized by pronounced carbene character
(Figure S2).
This reaction sequence is predicted to facilitate useful

reductive chemistry. Beyond water, hydrogen peroxide and
perchlorate can also engage with the restored nanotube
vacancy (structure 4 in Figures 1 and 3). The detection of
H2O2, in a potential sensor application, holds particular
significance in the biomedical field, as its abnormal production
is associated with oxidative damage.24,25 The reaction involves
a proton, an electron, and H2O2 interacting with the free
carbon atom, resulting in the formation of a ketone or a
hydroxyl group on the active carbon, and the release of H2O
(Figure 4). The interaction between H2O2 and the two-

coordinate carbon of 4 is advantageous, leading to the
formation of a ketone or a hydroxyl group on the active
carbon, which can depart as H2O, thereby regenerating the
initial state.
Perchlorate (ClO4−), a widespread water contaminant

known for its thyroid toxicity,26−28 typically requires harsh
conditions or multicomponent enzyme combinations for
reduction. Previous studies have suggested the reduction of
ClO4− to ClO3− as the rate-limiting step.28 When ClO4−
interacts with the active C-1 carbon in the deoxy vacancy
(structure 4 in Figures 1 and 3), it is observed to transition
into the hydrolyzed structure (structure 2 in Figures 1 and 3),
accompanied by the release of ClO3− (Figure 5). The ketone
in 2 can then be converted into the hydroxyl group of 3
through the mechanism described earlier. The subsequent
application of the same potential (ESHE = −1.08 V) enables the
regeneration of the active carbon in the deoxy form, with the
release of H2O.
Hydrogen evolution is a common competitor in electro-

reduction with metal catalysts but here we found no good
pathway for this process. Selectivity for reduction of ClO4− or
H2O2 is of course highly desirable so that energy is not wasted
on H2 production.
In summary, we find that a single vacancy in SWCNTs

exhibits high reactivity, facilitating the formation of a ketone,
and thus deactivating the vacancy. However, by applying a
negative potential of ESHE = −0.740 V, this ketone can undergo
reduction and protonation to yield a hydroxyl species, with
further reduction and protonation resulting in the release of
water and the regeneration of the active sp2 carbon. This
process indicates that vacancies do not have to be permanently
hydrolyzed but can be regenerated for multiple reactions under
appropriate redox conditions. These findings shed light on how
electrocatalytic activity is possible in defective SWCNTs
without the need for metal ions or other additives.

■ COMPUTATIONAL METHODS
The model nanotube was created using a Web-Accessible
Nanotube Structure Generator, TubeGen Online − Version
3.4.29 All geometry optimizations and frequency calculations
were carried out at the density functional theory (DFT) level,
utilizing the ωB97X-D functional30 with Grimme’s D2
dispersion correction.31 Employing the ONIOM (Our own
N-layered Integrated molecular Orbital and molecular
Mechanics) method,32 the system was divided into two layers
treated with different levels of theory. The quantum

Figure 1. Structural defects of SWCNTs discussed in the text: 1
shows the initial form of the vacancy, including the carbon atom
numbering used in the text, 2 is the hydrolyzed form with two C−H
bonds and a keto group, 3 is the one-electron, one-proton reduced
hydroxyl form, and 4 is the deoxy form that has retained the two C−
H bonds.

Figure 2. Left: H2O binding at the vacancy results in formation of a ketone group and hydrogenation of C-2 and C-3. Right: The ketone is
transformed to a hydroxyl group at an electrochemical potential of ESHE = −0.740 V. Oxygen is colored red, carbons gray, and hydrogens white.
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mechanical (QM) layer was addressed at the “high” DFT level,
while the molecular mechanical (MM) layer was handled at
the “low” level of theory. This approach allows for the
treatment of the chemically significant portion (i.e., the
vacancy) alone with the accurate yet costly QM method,
whereas the remainder of the system is treated using the less
accurate but more efficient MM method to minimize the
overall computational cost. The primary role of the MM layer
is to constrain the geometry of the QM layer and to aid in
modeling the curvature of the tube. The ωB97X-D functional,
paired with the Def2SVP33,34 basis set, was selected for the
QM level calculations. The MM layer was treated using the
Universal Force Field (UFF).35 Solvent effects were accounted
for using the polarized continuum model (PCM)36,37 for
water. All calculations were performed in Gaussian 16, rev.
C.01.38

Our model of a (13,0) zigzag SWCNT with a single vacancy
has 181 atoms, of which 65 are included in the QM layer, and
the remaining 116 in the MM layer. Although the chemical
transformations of interest are localized at the defect, the

Figure 3. Energetics of the proposed mechanism for vacancy regeneration in SWCNTs. Oxygen is colored red, carbons gray, and hydrogens white.

Figure 4. Four distinct pathways for the reaction of H2O2 with the
active carbon, leading to the formation of a ketone or a hydroxyl
group and two C−H bonds. Following the formation of the hydroxyl
group, the same potential (ESHE = −1.08 V) is required to regenerate
the initial active carbon. Oxygen is colored red, carbons gray, and
hydrogens white.

Figure 5. ClO4− interacting with the active carbon of the deoxy vacancy to form the ketone of the hydrolyzed form and release ClO3−. Oxygen is
colored red, carbons gray, and hydrogens white.
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model system needs to be extended since the electronic
structure of the SWCNT is a delocalized, conjugated π
bonding system, and the QM/MM interface has to be
sufficiently far from the active site to avoid any kind of artifact
due to the segmentation of C−C bonds and H atom capping.10
The minimal dimensions of the QM layer were carefully
chosen through convergence tests to strike a balance between
computational cost and accuracy. During these tests, we
evaluated the energies of systems featuring nanotubes with
varying numbers of carbon atoms within the QM layer, as
described in Table S1. Our findings indicate that the energy
discrepancy when comparing the model system reported here
and a larger system can be neglected (Table S1). Smaller
model systems, however, show noticeable differences, although
there are instances of utilizing as few as nine carbon atoms in
the QM layer.39

Frequency calculations were performed only on the QM
portion of the nanotube to determine the free energy of the
active site. Following the geometry optimization of the
nanotube, using the previously described procedure, the MM
portion was removed, and frequency calculations were carried
out on the QM portion. The C−H bond distances were set at
1.09 Å. This approach allowed us to maintain the curvature of
the active site while performing the analysis at the DFT level.
We noted negligible differences in the energies obtained using
the ONIOM method alone, compared to those derived from
calculations focused on the active site.
We used total electronic energies of species in solution (ε0)

and added thermal corrections to the Gibbs free energy of
species in vacuum (Gcorr) to obtain their corresponding total
Gibbs free energies (Gtot):

+ =G Gcorr tot0 (1)

Then, we obtained the absolute potential of redox couples,
Eabs, from Gtot,, as follows:

=E
G

nFabs
tot

(2)

where F is the Faraday constant, n is the number of electrons
involved in the redox reaction, and ΔGtot is the difference
between total Gibbs free energies of the two species.

ΔGtot of a water molecule was obtained by using the DFT
calculated electronic energy in vacuum (ε0,v) and adding it to
the empirical Gibbs free energy of solvation at −0.274 V.40
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