.@’* ChemPubSoc
Brd-? Europe

DOI: 10.1002/cphc.201500682

CHEMPHYSCHEM
Articles

On the Energetics of lons in Carbon and Gold Nanotubes

Leila Mohammadzadeh,™ ' Aleksej Goduljan,” Fernanda Juarez,® Paola Quaino,

(b]

Elizabeth Santos,”™ < and Wolfgang Schmickler*™

We investigate the insertion of halide and alkali atoms into
narrow single-walled carbon nanotubes with diameters <9 A
by density functional theory; both chiral and non-chiral tubes
are considered. The atoms are stored in the form of ions; the
concomitant charge transfer affects the band structure and
makes originally semiconducting tubes conducting. The elec-
trostatic interaction between a charge and the walls of the

1. Introduction

Nanotubes offer new opportunities to electrochemical technol-
ogy. Because of their large surface area they are an excellent
material for supercapacitors, and they also hold promises for
lithium ion batteries and for electrocatalysis.'""® Therefore,
there has been much research on ions in nanotubes, and the
focus has usually been on lithium in carbon nanotubes (CNT)
for obvious reasons. For electrochemistry the distribution of
the charge is particularly important. For the case of lithium in
CNT all theoretical studies agree that lithium intercalated in
CNT transfers negative charge to the tube—for an early paper
see Ref.[7]. Since CNTs typically have work functions of the
order of 4.5-4.8 eV® while the ionization energy of Li is about
5 eV, this indicates that the charge transfer is fostered by the
interaction between the ion and the carbon tube; in a pristine
carbon tube this interaction must be electrostatic, and is pro-
vided by the image interaction.”) As we go down the column
of the alkali metals, ionization energies become lower, and the
driving force for a complete transfer of the valence electron to
the carbon lattice increases.

Halide atoms inserted in small CNTs acquire a negative
charge; their electron affinities lie in the range of 2.8-3.4 eV,
and they require an even larger interaction to favor charge
transfer. Nevertheless, we have recently found that at least in
small CNTs, with diameters less than 1 nm, the halide ions are
completely ionized."”

[a] L. Mohammadzadeh, A. Goduljan, Dr. F. Juarez, Dr. E. Santos,
Prof. Dr. W. Schmickler

Institute of Theoretical Chemistry

Ulm University

89069 Ulm (Germany)

L. Mohammadzadeh, Dr. P. Quaino
PRELINE, Universidad Nacional del Litoral
3000 Santa Fe (Argentina)

Dr. E. Santos

Facultad de Matemadtica

Astronoma y Fsica, IFEG-CONICET
Universidad Nacional de Cérdoba

5000 Cérdoba (Argentina)

=

[c

ChemPhysChem 2016, 17, 78 - 85 Wiley Online Library

tube is explicitly calculated. The insertion energies and the po-
sitions of the ions are determined by a competition between
electrostatic energy and Pauli repulsion. For comparison, we
consider ions in gold nanotubes. Alkali ions follow the same
principles in gold as in carbon tubes, but chloride is specifically
adsorbed inside gold tubes.

Another interesting point is the optimum position of ions
within a nanotube. Recent models for the capacity of nano-
tubes filled with an ionic liquid assume that the ions are posi-
tioned at the center of the tube."™ This is in line with an ex-
perimental study, where a one-dimensional chain of Csl was
formed along the center of a small nanotube.”™ Our own
group has investigated a series of alkali and halides in small
gold and carbon nanotubes and found, that the ions were
stable at the center of the tubes."” However, we also pointed
out that this could not be true for wider tubes for rather obvi-
ous reasons. Indeed, several studies conducted for lithium,
which is the smallest alkali ion, showed an equilibrium position
for a lithium ion near the wall."®?? We shall focus on the role
of the electrostatic interaction, which is assumed to play the
dominant role in the above-mentioned models for the capaci-
ty, but shall also demonstrate, that this is balanced by Pauli re-
pulsion. Finally, we note that doped CNTs are a special case,
since doping breaks the symmetry and leads to an eccentric
position of the lithium atom.”

In this article we want to investigate which interactions de-
termine the positions and the insertion energies of the ions.
For this purpose we investigated the energetics of alkali and
halide ion insertion in various CNTs, and for comparison also in
a few gold nanotubes (AuNTs), by DFT. In addition, we calculat-
ed the electrostatic interaction of point charges in conducting
tubes in order to better understand the electrostatic part of
the interaction.

2. Electrostatic Interactions

From our previous works we know that electrostatic interac-
tions play a pivotal role, and we gave the expression for the
image energy of a point charge situated at the center of
a tube.'™ We now consider the more general case, a point
charge situated at a distance p, from the center of a perfect
metal tube with radius R > p,. For a real system, the radius
has to be replaced by the radius of the effective image cylin-
der, which we have defined in."” We shall return to this con-
cept below.
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The image interaction for the point charge with the wall can
be calculated by the standard techniques of electrostatics;
probably the problem has been solved before, but we have
not been able to find a corresponding publication. Therefore,
the derivation is given in the Computational Details section
below. The image energy can be written in the form [Eq. (1)]:

Vim = fim(XO) (1)

>o|Q

where g is the charge and x, = p,/R. The universal dimension-
less function f,,, is independent of the radius R and given by
Equation (2):

o) = 1 [ 25RO
2 '“d 12 (xx0) K (X) (2)
Tl )y T

m=1

where /,, and K, denote Bessel functions in standard notation.
It is displayed in Figure 1. It has a maximum for x, = 0, when
the charge is right at the center. However, the maximum is
very flat, the gradient vanishes at the center, and only for
X, > 0.5 does the curve start to fall off noticeably. This means,
that for a point charge the center of the tube is the least favor-
able position, and it is attracted to the wall. However, when it
is placed right at the center, it will stay there because the
slope is zero, and even a very small repulsive interaction from
the wall will fix it in the center. Thus, Pauli repulsion is required
to stabilize the ions inside the tubes.

fim(Xo0)

X0

Figure 1. The universal dimensionless function f,,(x,) that describes the
image interactions; x, = po/R

3. Energetics of Simple lons in Nanotubes

3.1. Details of the Investigated Systems

As in our previous publications,®'® we investigated atoms

placed inside single-walled narrow carbon or gold nanotubes.
While previously some CNTs had been represented by carbon
rings, now all investigated tubes are infinite with appropriate
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Table 1. Dimensions of the empty tubes. The length is that of the unit
cell.
System Diameter [A] Length [A]
(5,5)CNT 6.78 12.82
(8,0)CNT 6.37 12.36
(6,3)CNT 6.21 11.35
(6,2)CNT 5.64 15.45
(6,6)AuNT 5.65 9.60
(8,8) AuNT 7.32 9.69
(12,6)AUNT 8.82 8.18

periodic boundary conditions. A list is given in Table 1. Note
that the (5,5)CNT and (6,3)CNT are conducting, while the
(8,0)0CNT and (6,2)CNT are semiconducting. The technical details
of the DFT calculations are the same as in Ref.[10] and are
given in the Computational Details section.

3.2. Effect of lon Insertion on the Band Structure

The list of CNTs investigated comprises both conducting and
semiconducting tubes. It is well known that the adsorption of
lithium affects the band structure of CNTs”' and of gra-
phene:?* lithium donates electrons, and makes the originally
semiconducting structures conducting. For the concentration
of lithium employed, we have observed the same effect for
(8,0)CNT, which in the absence of ions is semiconducting—see
lower panel in Figure 2. Insertion of Li donates an electron, the
Fermi level is raised and is now occupied. The case of anionic
insertion is especially interesting, since it has not been investi-
gated so far. Adsorption of Cl causes the transfer of an electron
from the CNT. Consequently the Fermi level is lowered, and is
occupied—see middle panel in Figure 2. In addition, two occu-
pied surface states are created, whose energies show no dis-
persion in k space.”” These results should be compared with
theoretical and experimental works,?*?”" which show an effect
of halogen molecules on the electronic properties of CNTs.

3.3. Position of the lons in the Tubes

As we have seen in the previous section, classical electrostatics
favors a position of the ion away from the center. However,
the center of the tube is always a stationary point for the elec-
trostatic energy, so that in narrow tubes even a small repulsion
will stabilize the ion in the center. Indeed, we shall see that for
the tubes that we have investigated here the stable position is
mostly at the center. As may be expected, the smallest ions in-
vestigated, Li* and Na®, are off center in the widest tubes. In
addition, we shall see that Cl adsorbs in AuNTs.

Figure 3 shows a few typical plots for the energy of the ions
as a function of position; the energy at the center was set to
zero. The top row shows the energy of Li* in Au(8,8)NT and
(8,0)CNT. In both cases, the most stable position is away from
the center. In the case of the AuNT, the difference in energy
between the energies at the center and at the minimum is not
large (about —0.1 eV) indicating that the repulsive potential
from the gold walls is stronger than in the CNT. Since gold is
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Figure 2. Band structure of the (8,0)CNT near the Fermi level, both in the
presence and in the absence of ion insertion; the energy zero is at the
Fermi level.

a metal, its electronic cloud is more extended, and hence Pauli
repulsion is stronger. This is also the reason why the energy
minimum is closer to the center than in the (8,0)CNT. In the
latter, the Li" gains about 0.44 eV by moving from the center,
and its stable position is closer to the wall. Also, there is
a broad range of distances where the energy does not vary
much. The results for Li* in (8,0)CNT are in general agreement
with literature results.l's":2?

For the halide ions F~ and CI~, whose energies are shown in
the bottom row, the minimum is at the center of the tube, be-
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cause their radii are greater. Nevertheless, there is a certain
range of distances, larger for F~ than for CI~, where the energy
surface is rather flat.

While none of the ions investigated adsorb chemically on
the CNTs, the halide ions can adsorb on the surface of the
gold tubes. In particular, for CI~ in (8,8)AuNT we found two lo-
cally stable positions: one at the center, and the other at the
wall corresponding to a chemisorbed state, whose energy is
about 0.7 eV lower than at the center. More details will be
given below.

3.4. Insertion of lons in Various Tubes

It is instructive to consider the energetics of ions in various
tubes to elucidate the various contributions. We discuss anions
and cations separately.

Anions in CNTs

From DFT we obtain the insertion energies of the atoms into
the tubes through the relation [Eq. (3)]:

E;.. = E(tube + ion) — E(tube) — E(atom) (3)

As discussed in Ref. [10] on insertion, the atoms attain a unit
negative charge. Since this involves the transfer of an electron
from the tube to the atom, we can decompose this into Equa-
tion (4):

Eins =& - EA + Eim + Echem (4)

where @ is the workfunction of the tube, E, the electron affini-
ty, £, the image energy, and E.., the chemical interaction,
which in carbon nanotubes is mainly Pauli repulsion, since
there is no evidence for chemical binding. The work function
of the tube changes during electron transfer, so that we
cannot simply use the work function of the isolated infinite
tubes."” To compare the interaction of the ions with the tube,
we eliminate the contribution of the electron affinity and
define an ionic insertion energy as [Eq. (5)]:

Eulr?: = Ens + Ea (5)

Since for a given tube the work function @ does not
depend on the inserted ion, variations of E°" between ions in
the same tube can be attributed to the last two terms in Equa-
tion (4).

We have plotted the results in Figure 4 as a function of the
radius of the tubes. As mentioned above, the stable position is
always at the center of the tube. For the largest tube investi-
gated, the smaller ions CI~ and Br~ have practically the same
insertion energy, indicating that the repulsion is small. The
energy of the larger I” is somewhat higher, indicating a notice-
able effect of Pauli repulsion. This effect becomes stronger for
the (8,0)CNT, where the insertion energy is different for the
three ions and follows their size. For CI~ and Br~ the energy is
lower than in the (5,5) tube, since the image energy is lower
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Figure 3. Examples for the energies of ions in nanotubes obtained by DFT as a function of position. The z coordinate is along the axis of the cylinder. In order
to obtain a two-dimensional plot, we have chosen for each value of x and y the z coordinate where the energy is lowest, and plotted the corresponding
energy as a function of x and y. Because of the symmetry, only a sector is displayed. The energy scales are in eV.
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Figure 4. Insertion energy

(more favorable); however, repulsion is somewhat greater for
Br~. For I~ the larger repulsion dominates over the gain in
image energy. The insertion energies are lower for the slightly
smaller (6,3) tube. Certainly the lower image energy plays
a role, but the band structure could also have an effect: The
(8,0)CNT is originally semiconducting, so that the electron is
transferred from the valence band, which lies well below the
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Fermi level. Therefore the effective work function is higher,
and the insertion energy in less favorable. In the narrow
(6,2)CNT Pauli repulsion is large, and the insertion energies for
the ions differ considerably in accord with their size.

Cations in CNTs

The alkali atoms lose an electron; therefore, instead of Equa-
tion (4) we now have Equation (6):

E

ins

= —®+I1 +Eim +Echem (6>
where [, is the first ionization energy. Correspondingly, we
define the ion insertion energy as [Eq. (7)]:

E_ion = Eins - IT

ins (7)

The corresponding results for Lit and Na* are shown in
Figure 5. In the wide (5,5)CNT, both ions are off center; the
smaller Li* ion is closer to the wall and has hence a substantial-
ly lower energy, since the image energy becomes more favora-
ble with decreasing distance. The adsorption energies are even
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Figure 5. Insertion energy E;°" of alkali ions in various carbon nanotubes.

Values marked with an asterisk refer to adsorption sites off the axis.

lower for the smaller (8,0)CNT, since the larger curvature
causes a more favorable image energy. For even smaller radii
repulsion starts to play a role. Note that the variation of the in-
sertion energy for Li* and Na® is much smaller than for the
halide ions (see Figure 4).

Screening of the Coulomb Potential along the Axis

The formation of the image charge screens the Coulomb po-
tential along the axis. In a previous publication,"® we intro-
duced a quantitative description for this effect: the effective
image radius R;, of the tube. This is the radius of a classical
metal tube which would screen the Coulomb potential of an
ion at the center in the same way. We had calculated this
radius for a series of carbon rings. Here we want to examine, if
the screening effect is different for infinite carbon tubes, and if
there is a major difference between conducting and semicon-
ducting carbon tubes. For this purpose we have examined the
screening of the Coulomb potential along the axis for a Li* ion
at the center of a (80)CNT and a (5,5)CNT. Both have similar
radii (3.18 A and 3.10 A, resp.), but the former is semiconduct-
ing, the latter metallic.

The screened Coulomb potentials are shown in Figure 6;
they appear very similar. An evaluation of the effective image
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Q.
0
1 1 1 " 1

distance / bohr
Figure 6. Screened Coulomb potential along the axis of a (8,0)CNT and

a (5,5)CNT; the Li™ ion sits at the origin at the center of the tube.
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radius gives R,, = 2.14 A for the (8,0)CNT, and R,, = 2.01 A for
the (5,5)CNT. Thus the difference between physical radius and
the image radius is practically the same for both tubes. This is
caused by the fact that the semiconducting tube is made con-
ducting by the transfer of an electron from Li. Also, the image
radius for the infinite (8,0)CNT and the corresponding ring, for
which we had obtained R,,, = 1.90 A are very similar.

lons in Gold Nanotubes

The graphite tubes show no proper chemical interactions with
the investigated ions. In contrast, the gold atoms chemisorb
chloride ions; in addition, they are much larger than the
carbon atoms, and their electrons more mobile, so that they
screen the ionic charge more effectively. We have collected
a few representative results in Table 2.

Table 2. Insertion energies of ions in various gold nanotubes; d is the di-
ameter of the tube; opt. denotes the optimum position of the ion.
Nanotube lon d[A] E°" [eV]
(6,6)AuUNT Cs™ 5.65 —-3.99
(6,6)AUNT Na™ 5.65 —8.04
(6,6)AUNT Li* 5.65 —7.80
(8,8)AUNT Li" opt. 7.2 —8.03
(8,8)AuNT Li* center 7.12 —7.90
(12,6) AuNT Li" opt. 8.82 —8.30
(12,6) AuNT Lit center 8.82 —7.52
(8,8)AuNT Cl~ opt. 7.12 2.15
(8,8)AuNT Cl™ center 7.12 2.84

The (6,6)AuNT is so small that the stable position of the in-
vestigated ions is at the center. Li* and Na*™ have very similar
insertion energies, so that they are governed by the image
energy. Cs* is too thick and experiences a significant repulsion.
In the (8,8)AuNT the stable position is off center (see also
Figure 3), but the ions are also locally stable at the center, and
the difference in energy between the two positions is small;
the two positions are separated by an energy barrier of about
0.1 eV. In the larger (12,6)AuNT the difference in energy be-
tween the ion at the center and at the optimum position is
much larger; in view of the large difference in image energy—
see Figure 1—this is not surprising.

Chlorine is chemisorbed in (8,8)AuNTs; the bond is polar,
with an excess of electrons on the Cl (Bader charge —0.4). The
difference in energy between the position at the center and
the adsorption site is about 0.7 eV. This strong bond weakens
the gold-gold interaction and leads to a small deformation of
the gold tube (see Figure 7). This is reminiscent of the en-
hancement of gold adatom diffusion by adsorbed chlorine,”®
which is also caused by the weakening of the gold-gold inter-
action.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Two views of a chlorine atom adsorbed in (8,8)AuNT. Note the de-
formation of the gold lattice.

4. Conclusions

In this work, we have investigated the insertion of a variety of
alkali and halogen atoms into narrow single-walled CNTs. On
insertion, the atoms were fully ionized. The charge exchange
with the CNTS affects the band structure, and turns those
tubes that were originally semiconductors into conductors.
None of the ions is adsorbed chemically; their position inside
the tube and their energies of adsorption are determined by
a competition between electrostatic image interactions, which
favor a position at the wall, and Pauli repulsion. In models for
charge storage it is often assumed that in small tubes the ions
are at the center, but we have found several cases where small
alkali ions are positioned near the wall, in agreement with pre-
vious reports on DFT calculations for lithium ions in CNTs.

Following up on our previous work,”'” we have also investi-
gated the screening of the Coulomb potential along the axis
of the tube. In particular we wanted to see if there is a differ-
ence between semiconducting and conducting CNTs. Within
the accuracy of our calculations we found no difference in the
screening, because the charge transfer has made the non-
chiral tubes conducting.

For comparison, we have also performed calculations for
these ions in gold NTs. The insertion of alkali ions is governed
by the same principles as in CNTs, but Pauli repulsion is stron-
ger since the electronic cloud is more extended. Chlorine, how-
ever, is specifically adsorbed; the bond is polar with an excess
of electrons on the Cl atom, and induces a deformation of the
tube.

In summary, we believe that we have made a significant
step in understanding the behaviour of simple ions in nano-
tubes, and are now ready to tackle more complicated systems
involving several ions and solvent in order to understand the
double layer in narrow tubes.

Computational Details
Image Potential of a Point Charge in a Conducting Cylinder

We consider a conducting cylinder of radius R, whose axis coin-
cides with the z axis of the coordinate system (see Figure 8).
Throughout this section, we shall employ cylindrical coordinates
(o, ¢,2) with the usual meaning, and use Jackson® as our stan-
dard reference. Let the point charge be situated at (p,,0,0); it
gives rise to the usual Coulomb potential ¥ (p, ¢,z), and in addi-
tion generates an image charge, which in turn generates an image
potential ¥, (0, ®,z). In order to calculate the image energy, we
need the value of the image potential at the position of the point
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Figure 8. Conducting cylinder with point charge.

charge. Inside the cylinder, the image potential satisfies Laplace’s
equation; on the surface of the cylinder, it must cancel the poten-
tial generated by the point charge.

Using a standard expansion of the Coulomb potential, we can
write the potential of the point charge taken at the surface of the
cylinder as [Eq. (8)]:

Y(R, p,z) = %Am dkcos(kz)

. ®)
x {%/o(kpom(km e cos<m¢>/m<kpo>Km(kR>}

m=1

Inside the tube, the potential generated by the image charge
obeys Laplace’s equation and can be written in the general form
[Eq. )

V0, 6,2) = i Ax dkcos(kz)l,,(kp)[Am(k)sin(m¢) + B,,(k)cos(mo)]

9)

where the functions /,, and K, denote the appropriate Bessel func-
tions in standard notation. To determine the unknown coefficients
An(k) and B, (k), we take the value on the surface of the cylinder,
which must cancel (R, ¢,z), as given by Equation (8):

ViR o,z) = i Am dkcos(kz)l,,(kR)[An,(k)sin(m@) + B, (k)cos(m¢)]
(10)

Comparison with Equation (8) gives [Eq. (9)]:

A,(k)y=0

2 1y (kpoK, (kR)
Bolk) = -7 lo(kR (11)
B, (k) = —%71'"(1({;0()[;?’)(,(@ for m=#0

If in Equation (8) we substitute R by the general cylindrical radius
0, we obtain the direct Coulomb potential of the point charge in
cylindrical coordinates. If we combine this with Equations (10) and
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(11), we obtain the total electrostatic potential at any point inside
the tube.

For our purposes, we need the image potential at the point
(0, 0,0) of the point charge [Eq. (12)]:

Vinl0:0.0) = Y- [ okl k)8 0 (12)

With the substitution x = kR and x, = p,/R we obtain Equa-
tions (13) and (14):

XXo)Ko (X)

W (96,0, 0) = —%Axdxl‘z’( o (13)
4N [ R (xx)Kn
[ 0"

The image energy is Vi, = ¥in(00,0,0)/2. Note that it can be
written in the form [Eq. (15)]:

Vin =

oIQ

fim(XO) (15)

where f,,(X,) is a universal function, independent of the radius R
of the tube. It is displayed in Figure 1.

For large radii R of the tube, the image law must converge to the
image law for a plane surface, which is —q/4a, where a =R — p, is
the distance from the surface. In terms of our notation this means
[Eq. (16)]:

. a 1
lim — 2 (1 - a/R) =7 (16)

We have not been able to find a general proof, but to check the
numerical accuracy of our program we have calculated
Gim = — 2fim(1 — a/R) as a function of a/R; Figure 9 shows that it
converges indeed to 1/4. The larger the value of R, the more terms
of the sum over m must be retained.

0.33 . i . i . .

0.31F E

gim(a/R)
o
8

0.27 - i

0.25 .
0

R/a

Figure 9. Asymptotic behavior for large R: g;, as a function of R/a; at large
values the function tends towards 1/4, which is the value for a flat surface.

Technical Details of the DFT Calculation

We studied alkali and halide atoms placed inside of single-walled
carbon and gold nanotubes by performing density functional
theory (DFT) calculations. The correlation and exchange functionals
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were described within the generalized gradient approximation
(GGA) in the Perdew, Burke and Ernzerhof (PBE) flavor.?” The elec-
tron-ion interactions were represented through ultrasoft pseudo-
potentials®” and a plane wave basis set was used to describe the
valence electrons. The basis set was expanded to a kinetic energy
cutoff of 400 eV (450 eV for the density). Brilloun zone integration
was performed using the Gamma point. The carbon and gold
nanotubes were studied by using VASP®? and DACAPOP? codes,
respectively. Periodic boundary conditions were used in order to
correctly represent the infinite nanotubes. A separation of 15 A be-
tween neighbor systems was imposed in the directions perpendic-
ular to the tubes and in order to avoid interactions between neigh-
bor images. All the nanotubes and alkali or halide atoms were fully
relaxed until the total forces were less than 40 meVA™". All the sys-
tems used were neutral, but we confirmed the loss or gain of
charge in the central atom by using Bader analysis method.?¥ We
used a dipole-correction scheme® in the systems that are not
completely symmetric, in order to have a well-defined vacuum po-
tential. The electrostatic part (ionic and Hartree potentials) of the
local potential was calculated, but the exchange-correlation was
not added.
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