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Carbon nanotubes (CNTs) still draw great attention of researchers due to their possible use as anodes for lithium-ion batteries.
The capacity of the anode for lithium ions is defined by the efficiency of diffusion of these ions to the adsorption centers
located on the outer or inner surface of the nanotubes, as well as between the layers of multi-walled nanotubes. The inner
surface can be accessed through the open ends of the tubes or defects in their frame. Moreover, the defects create more
efficient adsorption sites than the surface of a perfect tube. This work presents the results of the ab-initio modeling of the
lithium adsorption on a carbon nanotube (7,7) with a vacancy-type defect. The simulation was carried out using density
functional theory implemented in the SIESTA package. The Ceperley-Alder exchange-correlation functional and the DZP
basis set were used. The formation energies of vacancy defects of two types were determined. Additionally, for each vacancy
type, the binding energies of lithium atoms adsorbed inside and outside the CNT (7,7) near the defect were calculated. These
binding energies were shown to be up to twice bigger than on a perfect CNT. The enhancing effect of the vacancy on the CNT
sorption activity was found to be wide-ranged: it was observed for adsorption sites in the first and second surroundings of the
defect and even for sites located on the tube surface opposite to the defect.
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CrpoeHne 1 CBOJICTBA YIIePOFHOI HAHOTPYOKU (7,7)
¢ me)eKTOM BaKaHCUU

CosbikuH C. A.T, Beckauko B.T1.

FOsxHO-Ypanbckuit rocyapcTBeHHbII yHUBepcuTeT, YensnouHck, 454084, Poccus

I/IHTepec K yrnepongIM HaHOTPY6KaM HE yracaeT C rofaMm OTYACTU 13-3a NMEPCIEKTNB MX VCIIO/Ib3OBAHNA B KAa4€CTBE
AHOJIOB JIUTHII-MOHHBIX GaTapeii. EMKOCTh aHOma 10 MOHaM /MMTUSA sABIsAeTcs pedynbratom sddexruBHOM anddysun
9TUX VIOHOB K IEHTpaM a;[cop6u1/m, PacCIIO/IOKEHHBIM Ha BHEIIHeN UIn BHyTpeHHeI/uI IIOBEPXHOCTN HaHOTPY6OK, a TaKXe
Me>1<11y C/IOSIMY MHOT'OCTIOVHBIX HaHOTPY6OK. ,HOCTYH K BHyTpeHHI/IM IIOBEPXHOCTAM BO3MOXXEH YE€PE3 OTKPBITHIE TOPIIbI
Tpy6OK WM fleekThl B X Kapkace. [IpucyTcTBie gedeKToB, KpoMe TOro, CIOCOOHO co37aTh Ooyee 3G deKTUBHBIE LIEHTPBI
afcopOIMN [0 CPABHEHMIO C TIOBEPXHOCTBHIO COBEPIIEHHOI TPyOKu. B pabote ImpecTaB/ieHbl pe3y/IbTaThl HEIMITMPUIECKOTO
MOJIeNMPOBaHs afCOPOLMY TUTHSI Ha YIIEPORHOI HAaHOTPYOKe (7,7), coepkarieit sedeKT Tuma BakaHcy. MopenpoBaHye
IIPOBOAMIOCH ¢ noMoupio porpammbl SIESTA (Spanish Initiative for Electronic Simulations with Thousands of Atoms).
Vicnionp3oBascsi 06MeHHO-KOppesAnoHHbIl ¢yHKimonan Kamepres-Anpgepa (npnbnokeHne TOKanbHON IUIOTHOCTH)
n 6asycublt Habop DZP (double zeta quality plus polarization functions). B pamxax Teopuy ¢yHKIMOHaIA 9T€KTPOHHON
IJIOTHOCTYN OIIPENEIE€HbI SHEPTUN 06pa303aHI/m ABYyX BAapMaHTOB peann3annm neti)eKTa BaKaHCUMU, 1A Ka)KI[OﬁI peammsanun
pacCcunTaHbl SHEPTUN anc0p6u1/m JINTNA Ha LOEHTpaX, PacCIOIOKEHHBbIX Ha BHEIIIHEN U BHyTpeHHef/'[ TIOBEPXHOCTAX
HaHOTPYOKu. IToKa3aHo, 4TO 3Heprus afcopOIMM Ha LeHTpax B 0OmacTy eeKTOB /10 ABYX pa3 IPEBOCXOAUT TAKOBYIO
Ha IIeHTpax COBepILIeHHOI TpyOki. bojee Toro, s ekt nopbleHNs COpOLOHHON aKTYBHOCTY MMeeT JaIbHOJ e ICTBY IO
XapakTep — 06Hapy)KI/[BaeTCH 711 OEHTPOB a;[cop6u1/m B IIEPBOM I BTOPOM Opr)KeHI/H/I ;[e(beKTa " maXXe A HEHTPOB,
PacCIIO/IOKEHHBIX Ha TPY6KC IIPOTNBOIIOIOKHO ne(l)eKTy.

KnroueBbie c1oBa: yrnepojaHbie HaHOpr6KI/I, MoOjennpoBaHne, BakKaHCUA, JIUTUI, a,ucop6u1/m.
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1. Introduction

The growing interest in carbon nanostructures is caused
in part by the need to solve a number of problems in
the fields of ecology and energy: the creation of mobile
environmentally friendly energy sources for use in transport
and in communication systems, the accumulation and
storage of energy from renewable irregular sources, such
as sun and wind. Lithium-ion batteries (Nobel Prize in
Chemistry 2019) have received the greatest recognition
as mobile sources of electrical energy due to their high
specific energy, long service life (up to 2000 charge-
discharge cycles), and high voltage (almost double that
of lead-acid batteries). Although lithium ions are one of
the most effective charge carriers in batteries, the service
characteristics of such batteries significantly depend on the
choice of other elements of its design: the anode, cathode
and electrolyte materials. Here, the choice is less clear, and
active theoretical and experimental research is underway to
identify the most promising materials. Materials based on
carbon in its low-dimensional forms are of great interest, and
the use of carbon nanotubes (CNTs) as anodes in lithium-
ion batteries is promising [1-3]. The capacity of the anode
for lithium ions is the result of the effective diffusion of
these ions to the adsorption centers located on the outer or
inner surface of the nanotubes, as well as between the layers
of multilayer CNTs. Access to the inner surface is possible
through the open ends of the tubes or defects in their frame.
The presence of defects can create more efficient adsorption
centers compared to the surface of a perfect tube. Theoretical
calculations show that reversible capacities, exceeding the
stoichiometry of LiC2 (>1116 mAh/g), are achievable for
materials based on single-walled CNTs, which significantly
exceed this indicator for graphite [4,5]. The study by
Noh et al. [6] on electrode materials based on CNTs is of
great interest. They examined the effect of the preliminary
chemical and mechanical processing of CNTs on battery
performance. They found that the chemical modification
of the tubes increases the lithium capacity of the battery,
but also leads to rapid degradation during charging and
discharging, and to failure. Mechanical processing does
not have such consequences, but significantly improves the
behavior of CNTs during charging due to the appearance of
a large number of defects in the CNT structure. The effect
of a double vacancy defect on the adsorption of lithium by
CNTs has been considered [7]. This work studies the effect
of a single vacancy defect on the structural and sorption
properties of CNTs with metallic conductivity.

2. Defective CNT Models

The presence of structural defects in CNTs leads to
deformations that propagate far from the location of the
defect. To simulate isolated defects (which do not interact
with one another), it is necessary to consider sufficiently
long fragments of nanotubes [8]. In the present study, a CNT
fragment of type (m,m) (armchair) at m =7 was examined.
It contains 8 unit cells 4-m=28 and atoms per cell, is
approximately 2 nm long, and has a diameter of about 1 nm.
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The total number of carbon atoms in the defect-free model
is 224. The integer number of cells in the model allows the
use of periodic boundary conditions. The computational
cell (supercell) was a parallelepiped with dimensions
axbxc=10x10x1.9545 nm. The tube was placed along
a short edge of the parallelepiped, the size of which
was determined in preliminary numerical experiments
considering the minimum total energy of the system. The
two remaining dimensions were chosen such that their size
excluded the interaction of the model with its images in
neighboring supercells.

In armchair nanotubes, there are two nonequivalent
positions for carbon atoms and, accordingly, two types of
single vacancies, designated as a-circ and a-tilt (see Fig. 1).

3. Modeling method

The simulation was carried out using density functional
theory implemented in the SIESTA package [9] (atom-like
basis). The geometry of the system was optimized using the
conjugate gradient method. The criterion of convergence
in terms of the maximum force acting on an atom was
taken as the standard (default) 0.04 eV/A (parameter ZM.
ForceTolLength). Atomic displacements during geometry
optimization did not exceed 0.377 A (parameter ZM.
MaxDispLength). The Caperley-Alder exchange correlation
functional (local density approximation) and the DZP
basis set were used. The optimal parameters for generating
the basis set were taken from [10]. A [1,1,32] Monkhorst-
Pack set of k-points and a mesh cut-off of 200 Ry were used
for calculations. The analysis of the calculation results of
the SIESTA package and the preparation of images of the
atomic structure were carried out in GUI4dft program
[11], using the supercomputer resources of South Ural State
University [12].

4. Results and discussion

4.1. The energies of adsorption of lithium on
defect-free CNTs

The adsorption energy AE , was calculated by: AE , =E
—(E(7,7>+EL1+ E_,), where E, w0 Eos and E,, are the total
energy of the “nanotube + adsorbed Li atom” system, the
total energy of an individual nanotube, and the energy of an
isolated lithium atom, respectively. The value E_, is a Boys
and Bernardi counterpoise correction [13], which may be
significant even for optimized atom-like basis sets [14]. The
energy of AE , without consideration of E_, was calculated
in a previous paper [7] for the same tube, using the same
methods and —1.80 eV and —2.17 eV for adsorption on
the outer and inner surfaces of the tube, respectively. The
difference of these energies, AE "™ was 0.37 eV. Taking into
account the Boys and Bernardi correction, these energies
were equal to —1.66 eV and —1.81 eV, respectively. The
correction increased AE " by 0.14 eV, and AE} by 0.36 eV.
The difference between the energies of external and internal
adsorption was reduced to AE»*=0.15 eV. This means
that the correction of E_, depends on the sign of the surface
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Fig. 1. The atomic structure of a carbon nanotube (7,7) with vacancy defects a-circ (a), a-tilt (b).

curvature and is more important in calculating the energy of
internal adsorption than external. When VASP was used to
study the adsorption of lithium, the adsorption energies for
CNT (6, 6) were approximately the same [15].

In the model considered here, a CNT fragment of 8 unit
cells with periodic boundary conditions, is possibly redundant
for determining the AE_, of a single lithium atom on a perfect
tube. For this, half the model is also suitable [10]. This makes
it difficult to directly compare the results with data from the
literature, as do a number of factors affecting the calculations
which change from study to study: the calculation method,
the calculation scheme and its parameters, boundary
conditions, model parameters, etc. However, when dealing
with the issues of lithium adsorption, it is useful to keep in
mind the following results of ab initio calculations.

For the simplest system of the type under consideration
(benzene ring + Li atom), calculations of the adsorption
energy of Li [16] (using a wide basis set) resulted in —1.67 eV.
In that article, there is no mention of taking into account
the superposition error of the basis set, although the basis
of atom-like orbitals was used. Note that when using a more
modest basis, this value was —1.84 eV. For the CNT (5,5)
considered in the same place, the values of AE_, on the outer
and inner surfaces of the tube were —2.17 and -2.33 eV,
respectively, so that AE " =0.16 eV.

In the next approximation of the geometry of CNT (7,7),
the “flat” analogue of CNT, graphene, is considered. Yang et
al. [17] performed calculations on the plane wave basis (in
the VASP package). The adsorption energy for the lowest of
the considered concentrations of Li (1/32 =~ at.%) adsorbed on
graphene, at which it can be assumed that Li atoms already
interact weakly with each other, was AE , =-1.12 eV.

The energies of lithium adsorption on CNT (5, 5), which
is a thinner tube than (7,7), with a diameter of 0.68 nm are
provided in [18,19]. According to Koh et al. [19] the energy
of lithium adsorption on CNT (5,5) of 80 carbon atoms is
—1.72 eV. Most likely, this value refers to external adsorption,
although there are no explicit indications of this in the paper.
Khantha et al. [18] obtained the adsorption energy for the
CNT model (5,5) of 60 carbon atoms: —2.05 eV on the outer
surface and —2.11 eV on the inner surface. Song et al. [20]
found the internal adsorption energy is —2 eV for CNT
(10,0) with a diameter of 0.78 nm, far from the ends of the
model, using the molecular cluster model. Finally, Liu et al.
[21] studied the dependence of the energies of internal and
external adsorption of Li on the diameter of a CNT of the type
(n,n) for n=3,4,5,6, also using the molecular cluster model.
They showed that in this sequence, AE " increases rapidly and
AE " decreases relatively slowly, so that for n=6 they become
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equal, and it can be assumed that AE = AE %'~ 0.8 eV and
that the adsorption energy of lithium ceases to depend on the
tube diameter or on the sign of the surface curvature for tubes
with a diameter larger than n =6, and further that it becomes
equal to the adsorption energy of lithium on graphene. There
is no doubt about the correctness of this pattern, but there
are doubts about the reliability of determining the “critical”
value of n, at which the curvature of the surface becomes
insignificant. In particular, the results obtained in this work
show that the value n=7 of is not yet critical, even with the
Boys and Bernardi corrections. The discrepancy seems to be the
result of using a model of a molecular cluster in which there are
always size effects due to the presence of tube edges and related
deformations of the carbon cage. This factor, however, is not
discussed in Liu et al. [21].

It can be concluded that the chosen model and research
method make it possible to obtain adsorption energies
consistent with the data from the literature concerning
systems similar to those considered in this work.

4.2. Energy of vacancy formation

The vacancy defect formation energy was estimated by:
E . =E—E,,+u,whereE, is the defect nanotube energy,
E, , is the defect-free nanotube energy, and . is the chemical
potential of carbon (the ratio of the total energy of a perfect
nanotube to the number of atoms).

The energies of vacancy formation in the a-circ and a-tilt
configurations were 7.23 and 6.18 eV, respectively, so that
the a-tilt configuration was energetically more favorable
than the competing a-circ configuration by 1.05 eV. Similar
results were obtained by Kroes et al. [22] for a (10,0) zigzag
tube with a diameter of 0.78 nm. Here, the difference in the
formation energies of a pair of similar defects is 1.1-1.5 eV,
depending on the type of exchange correlation functional
used. The formation energies of single vacancies themselves
are 5.5-7.1 eV, depending on the type of vacancy and the
exchange correlation functional. According to Padilha et al.
[23] the formation energy of a vacancy in a nanotube (7,7)
is approximately 4.5 eV (in the GGA approximation for the
exchange-correlation interaction). The data we obtained are
comparable with the data from the literature.

4.3. Lithium adsorption centers on CNT (7, 7) near
the vacancy defect

The defect itself is a 9-membered ring of carbon atoms
(9-ring), bordered by seven 6-rings (hexagons) and one
5-ring. In the 9-ring, one of the atoms is two-coordinated
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(has one dangling bond). Such a defect is classified as 5-1db
(a 5-ring and 1 dangling bond) [24].

To assess the effect of a vacancy defect on the adsorption
of lithium, the defect itself and its first two environments are
considered. The center on the opposite, defect-free, side of
the nanotube is also considered as a potential adsorption
center for comparison. Fig. 2 shows a scan of the surface of
a nanotube (7,7). It was obtained by projecting all the atoms
(including carbon atoms near the defect and a lithium atom)
onto a cylindrical surface, the diameter of which is equal to
the diameter of a defect-free nanotube (0.95 nm). The symbols
indicated in the legend show the equilibrium positions of Li
atoms during internal and external adsorption. The position 0
denotes a 6-ring located in a position diametrically opposite
the defect. Obviously, of all the rings in the vicinity of the cross
section of the tube passing through the defect, this ring will
be least affected by its influence. Positions 1 and 2 designate
the centers of the 9-ring (defect) and the adjacent 5-ring,
respectively. Positions 3-7 mark the possible adsorption
centers in the form of 6-rings in the first environment of
the defect (marked by hatching). Positions 8 -15 denote the
adsorption centers from the second environment, which
occupy nonequivalent positions with respect to the defect.

With a defect-free nanotube, lithium atoms are adsorbed
over the centers of the 6-rings at a distance of about 0.2 nm
to the nearest carbon atoms. Each of the starting positions
of the adsorption centers for defective nanotubes was chosen
for similar considerations: a single lithium atom was located
above the center of one of the rings marked in Fig. 2. Taking
into account two realizations of the defect (a-circ and a-tilt),
as well as adsorption in the cavity and on the outer surface
of the nanotube, 4-16=64 starting configurations were
obtained.

In minimizing the energy of the system, some of the
lithium atoms were displaced from their starting positions
to the center of the defect. Such positions correspond to
unstable adsorption centers. As Fig. 2 shows, with external
adsorption, there are a greater number of stable adsorption
centers than with internal adsorption. For internal adsorption
in the vicinity of the a-tilt defect, two out of five centers (the
3 and 7™) are unstable, and in the vicinity of the a-circ
defect all centers are unstable except for the 4™. In the second
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Fig. 2. The development of the CNT (7,7) in the vicinity of the defect a-circ (a) and a-tilt (b).
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environment, all lithium adsorption centers are stable on
both sides of the tube surface.

The minimum total energies of the system in all four
cases (two types of defect, internal and external adsorption)
corresponded to the center of the defect (position 1). Fig. 3
shows the excess adsorption energies (AEG") for stable
centers, that is, the adsorption energies calculated in relation
to the adsorption energy on the center 1: AE V= AE/ —~ AE |,
i=0,2,3,..,15. Note that the values of AE and AE] are
different for different defects and adsorption surfaces. In
the first environment of the defect (adsorption centers 3-7)
energies AE(" are generally lower than in the second
(adsorption centers 8-15). In the second environment, the
excess energies of the endohedral complexes are approximately
half the energies of the exohedral complexes, and for a given
defect and adsorption surface, they differ from each other by
no more than 0.1 eV. Fig. 3 shows that the effect of the defect
is not limited by the second environment, since the maximum
energy of the complexes in the second environment is
approximately 0.15 eV lower than for the center with
position 0 (on the nanotube wall opposite the defect).

The absolute value of the adsorption energy AE/ on
center 1 is especially high for the a-circ defect for external
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Fig. 3. (Color online) Excess adsorption energy on stable adsorption
centers of the inner and outer surfaces of the tube.
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adsorption (3.25 eV) and exceeds that for internal adsorption
by about 0.7 eV (2.58 eV). For an a-tilt defect, the difference
between the energies of external (2.89 eV) and internal
(2.39 eV) adsorption is smaller (0.5 eV). In position 0, these
values are 1.90, 1.73, 1.87, 1.71 eV, respectively. As written
above, the adsorption energies for a defect-free tube are
1.81 and 1.66 eV for endohedral and exohedral complexes,
respectively. Thus, in position 0 the lithium atom still
“senses” the presence of defects of both types, although
this manifests in a change in the adsorption energy of less
than 0.1 eV. On the whole the adsorption centers associated
with the considered defects are one and a half to two times
more energetically attractive than the centers of a perfect
nanotube.

Finally, we note that the above-mentioned correction,
which compensates for the superposition error of the basis
set, for the considered defect structures during internal
adsorption was approximately three times larger than for
external ones. Its maximum value for internal adsorption was
about 0.35 eV. Thus, neglecting this correction can lead to an
error of about 20%.

5. Conclusion

The results suggest that a-circ and a-tilt defects on a
CNT (7,7) are active centers for the adsorption of Li atoms,
the energetic attractiveness of which is up to twice that for
the centers of adsorption on a perfect tube. Taking into
account the patterns in the behavior of the adsorption energy
of lithium on perfect CNTs, depending on the curvature of
their surface, it can be assumed that the indicated ability of
defects will persist for tubes of a larger radius, including the
case of an infinitely large radius — graphene. The same is
less likely to be expected for thinner tubes, where vacancy
defects can lead to more radical changes in the atomic and
electronic structure of the system.

The energetic attractiveness of adsorption centers on
defects is so great that some of the centers of their first
environment become unstable: they are unable to keep the
lithium atom from moving to the defect. Unstable adsorption
centers are more common, even dominant, on the inner
surface of the tube and less often on the outer. The ratio of
unstable adsorption centers depends on their number and
the curvature of the tube surface.

The influence of vacancy defects extends not only to
their first environment, it is confidently detected in the
second environment, and even at centers opposite the defect.
The reason for the long range of the effects of the defect on
the activity of lithium adsorption centers is most likely the
extreme rigidity of the carbon framework and the subsequent
long-range action in the propagation of mechanical stresses
and deformations that change the local atomic structure in
the vicinity of even distant adsorption centers.
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