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Abstract

Density functional tight-binding calculations of the adsorption of OH− and other

related diatomic anions on carbon nanotubes and graphene show that two adsorption

states coexist: a physisorption state caused by Debye interactions, and a chemisorption

state at shorter distances dominated by ionic-covalent interactions. For all anions, both

adsorption energies scale linearly with the curvature of the carbon surface, and increase

with decreasing anion polarizability but also, in metallic nanotubes, with chiral angle.

At short distances, charge transfer modifies the attractive Debye forces into repulsive

forces of the dipole-dipole type, tuning the strength of the chemisorption state, and

may determine its existence and stability.
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1. Introduction

The behavior of carbon nanostructure interfaces in presence of a liquid electrolyte has at-

tracted a lot of interest due to their potential applications in energy and environmental

technologies. These notably include supercapacitors for energy storage,1–3 capacitive deion-

ization for water desalination and purification.3–5 The occurrence of electrical charges at

the carbon surface, resulting from specific ion adsorption, is of utmost importance for such

applications. In particular, high surface charge densities have been evidenced during the

transport of aqueous electrolytes inside carbon nanotubes (CNTs), which was proposed to

arise from hydroxide (OH−) adsorption based on the strong pH dependence.6,7 It has also

been argued that graphene becomes electrically charged in degassed water due to the spon-

taneous adsorption of OH− ions on its surface.8 Since ion adsorption can change both the

electrical properties of CNTs and the ionic conductivity of the confined electrolyte, a detailed

understanding of this adsorption is crucial.

Electronic structure calculation methods constitute a powerful tool to that end. For

monoatomic ions such as H+, Li+, Mg+, Mg2+, Be2+, among others, it has been evidenced

that the adsorption can be either covalent or non-covalent, depending on the chemical species

and charges.9–14 For heteronuclear diatomic ions such as OH−, little is known about the origin

and nature of the binding process, especially concerning the potential effect of their dipole

moment. For OH− adsorption on graphene, Density Functional Theory (DFT) calculations

in vacuum have shown that the bond length between the oxygen and the nearest carbon

is equal to 1.5 Å with a binding energy of 0.5 eV.15 However, the detailed nature of OH−

adsorption has not been investigated to date, neither in the case of graphene, nor in that

of CNTs which are technologically important and where additional curvature effects are

expected.

In this work we study the adsorption of OH− and structurally close anions, such as

bisulfide (SH−) and hypochlorite (ClO−), on graphene and on the inner and outer surfaces of

single-walled CNTs (SWCNTs) in vacuum conditions and by neglecting thermal fluctuations
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(T=0 K), using the Self-Consistent Charge Density Functional based Tight-Binding (SCC-

DFTB) method.16 Our results show that two adsorption states coexist: a physisorption

state dominated by Debye interactions between the anion and the carbon surface, and a

chemisorption state at shorter distance. Both adsorption energies increase linearly with the

surface curvature. However, for metallic CNTs, the higher the chiral angle, the lower the

adsorption energies. In contrast to previous works,15,17 we show that the OH− adsorption

at short distance results from a polar covalent bond whose strength is tuned by repulsive

physical interactions of dipole-dipole type.

2. Methods

The SCC-DFTBmethod has been widely used for electronic structure calculations of CNTs18,19

and their adsorption properties.20–22 Here we use the corresponding third-order expansion of

the Kohn-Sham total energy in DFT with respect to charge density fluctuations.23 Nanotube

diameters vary from 0.6 to 3 nm, and the smallest nanotube length Lx is 1.71 nm, which

corresponds to a variation from 128 to 824 C atoms per unit cell depending on the sample.

Periodic boundary conditions (PBC) are used to minimize finite size effects, and the tube

length of the pristine samples was chosen by analyzing the convergence of the total density of

states (DOS) with sample size (see Figure S1 in the Supporting Information SI). Our study

includes calculations on metallic (M) armchair (n, n), on metallic and semiconducting (SC)

zigzag (n,0) and chiral (n,m) (n ̸= m) SWCNTs. A graphene sheet of 240 C atoms per unit

cell is also included for comparison.

First, the geometry of pristine carbon nanostructures are optimized using the L-BFGS

method.24 Next, the anion is placed perpendicular to the tube axis at a given distance d
SA

from the carbon surface, while the counterion (K+) is placed in the same direction, but at

the greatest possible distance (> 35 Å) to minimize undesired electrostatic effects at the

adsorption region (Figure S2a in SI). Finally, the positions of the anion’s atom closest to the
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surface (i.e. O for OH− and ClO−, and S for SH−) and of its nearest C atom (named C0)

are fixed (which is equivalent to fixing a bond length between them), while the other atoms

are again fully relaxed using the L-BFGS method.

To assess the most favorable site for OH− adsorption on the carbon surface, we explored

binding on different high-symmetry sites, and found that the most favorable situation is the

Top-symmetry where the O atom faces the carbon atom C0 (Figure S2b in SI). In this case,

C0 is the only carbon atom fixed, hence the distance d
SA

is equivalent to its distance with

O. In the following, our calculations thus focus on the Top-symmetry adsorption for all ions.

The energy profiles due to interactions between the anion and the carbon nanostructure

can be defined in the illustrative case of OH− by:

E(d
SA
) = Etot(dSA

)− E
C
− E

OH−K
(d

OH−K
), (1)

where E
OH−K

and E
C
are the interaction energies for the OH− anion and the counterion

K+ (separated by a distance d
OH−K

), and for the pristine carbon nanostructure, respectively.

Etot(dSA
) is the total energy of the system for the anion and the carbon nanostructure

at distance d
SA
. The binding (adsorption) energy EB is defined as the opposite value of

the energy where E(d
SA
) exhibits a minimum: using this convention, the higher the value,

the stronger the binding. In addition, atomic Mulliken charges, bond lengths and other

quantities that account for the deformation of the carbon surface around the adsorption

region are calculated. The projected density of states and the isosurface charge density

difference are also evaluated to assess the changes in the electronic structure during the

adsorption process.

Finally, to deepen our analysis of the adsorption process, we have performed energy

profile calculations by forbidding any carbon surface deformation originating from chemical

interactions with the anions. For this, once the pristine carbon nanostructures are relaxed

and the anion is located at a distance d
SA

of the carbon surface, the position of all C atoms
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are fixed as for O (or S) and C0 atoms. Only H (or Cl) atoms are allowed to move during

the structure optimization. Furthermore, the energy profiles of OH− adsorption on some

CNT samples have been calculated in presence of implicit water, using the Generalized Born

Approximation as implemented in the DFTB package,16 which excludes periodic boundary

conditions. Although this kind of approximation neglects any possibility of proton transfer

between OH− and water molecules, it is able to model some of the screening effects of liquid

water on the anion-CNT system.

3. Results

3.1. Energy profiles

Figures 1a-c show the energy profiles for endo- and exohedral adsorption of OH− on M-

armchair, M-zigzag and SC-zigzag SWCNTs, with different diameters. For comparison, the

energy profile of graphene is included (thick black line). In the endohedral case (thick solid

curves), an energy minimum of−0.25±0.05 eV is observed at d
SA

∼ 2.3±0.3 Å (Figures S3a,b

in SI). Moreover, separated by an energy barrier, another minimum is found at 1.57±0.04 Å:

the narrower the tube, the shallower this minimum. It is metastable for small diameters but

becomes dominant over that at 2.1 − 2.5 Å for diameters larger than 3 nm, 1.4 nm and

0.95 nm for M-armchair, SC-zigzag and M-zigzag tubes, respectively.

For exohedral adsorption (thick dashed curves) and for graphene (thick black line), we

observe only one energy mimimum which is located at d
SA

= 1.50 ± 0.03 Å and becomes

deeper with decreasing tube diameter (Figures S3a,b in SI). In contrast to the endohedral

case, no other minimum is visible at larger distance. However, the large width of the energy

well supports that it results from the combination of the two minima previously observed.

The binding energy (EB1) varies from 0.54 eV for graphene to 1.34 eV for the smallest

CNT diameter (0.95 nm) shown in Figure 1a-c (and even 1.6 eV for a M-zigzag CNT of

0.7 nm diameter, see Figure S3b in SI). For comparable tube diameters, the binding energy
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Figure 1: Energy profiles of the OH− adsorption on (a) M-armchair, (b) M-zigzag, and
(c) for SC-zigzag SWCNTs, when the anion is inside (thick solid curves) or outside (thick
dashed curves) tubes with different diameters. Results for SH− and ClO− on M-zigzag
CNTs are shown in (d) and (e), respectively. The graphene case (black curves) is included
for comparison. All these profiles correspond to the Top-symmetry adsorption situation.
The arrows indicate the two energy minima associated with the two different adsorption
states. The thinner curves in (a), (b) and (c) depict the profiles when the protrusion of the
binding C0 atom is forbidden during the optimization process, and the colors and line styles
correspond to those used in the thick curves to define the diameter and type of adsorption
(exo- or endrohedral).

EB1 follows the order: EB1 (M-zigzag) > EB1 (SC-zigzag) > EB1 (M-armchair). Note

that our results for graphene (EB1 = 0.5 eV and d
SA

= 1.52 Å) and our observation of

a weaker adsorption inside CNT agree with previous DFT calculations.15,17 However, our

results evidence the coexistence of two adsorption states and that the binding energy EB1

strongly depends on both the curvature and chirality of the nanotube.

Figs. 1d,e show that for SH− and ClO−, the results are qualitatively similar to OH−: an

energy minimum is observed for SH− and ClO− at d
SA

∼ 3.1 and 2.5 Å, respectively, with
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an additional adsorption state at ∼ 2 and 1.5 Å. However, the states at shorter distances

are always unstable, except for SH− exohedral adsorption (see also Figures S3c,d in SI).

The thinner curves in Figures 1a-c and the curves in Figure S4 in the SI show the

energy profiles when the protrusion of the C0 atom is forbidden (undistorted tube) for all

anions and for different diameters and chiralities. As can be seen, in such a situation where

chemical interactions are hindered and physical ones thus dominate, the energy minimum

at 2 < dSA < 3.2 Å is clearly visible, including when no energy barrier separate it from

the chemisorption state in the relaxed CNT profiles (i.e. for OH− exohedral adsorption on

CNTs).

3.2. Atomic charges

We now analyze the Mulliken atomic charges for the different atoms involved as a function

of the distance d
SA

in those anions where a stable chemisorption state exists (OH− and

exohedral SH−). Figs. 2a and 2b show that the negative charges of O and S, respectively,

reduce when decreasing d
SA

from ∼3 Å, while their signs prevail. The charge of the C0 atom

changes from 0 to a positive value and the total charges of its adjacent C1 atoms become

negative. We find that the charge transfer values are similar regardless of the CNT chirality

and diameter, and of the adsorption configuration (endo- or exohedral).

In the case of OH−, charge transfers between the anion and the carbon surface are

observed for d
SA

≤ 2 Å (Figure 2a). The lack of charge transfer for d
SA

> 2 Å shows

that the adsorption state at 2.1 − 2.5 Å has no or very little ionic character. In contrast,

at d
SA

∼ 1.5 Å, the large and opposite signs of the O and C0 charges reveal that the

corresponding adsorption state possesses a significant attractive ionic component. Indeed,

the four atoms at the corner of the tetrahedron (O and three C1) acquire a negative charge,

while the C0 atom at its center becomes positive, as occurs in polar bonded alcohols.25

Actually, the charge transfer occurs from the anions OH− and SH− (in exohedral adsorption),

to the carbon surface, and the C0 , O and S atoms act as charge donors, while the C1 atoms
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Figure 2: Mulliken atomic charges as a function of the distance d
SA

for (a) OH− and (b) SH−.
The arrows denote the d

SA
distances where the energy minima take place. Cn refers to the

charge contributions of the first (n = 1), second (n = 2) and third (n = 3) C atom neighbors
of C0 . Atomic charges as a function of the curvature 1/R for OH− on (c) relaxed and (d)
unrelaxed CNTs at d

SA
∼ 1.5 Å. The symbols correspond to M-armchair (black triangles),

M-zigzag (grey triangles), SC-zigzag (brown diamonds), SC-chiral (blue circles) and M-chiral
(magenta, turquoise and green circles) nanotubes, and graphene (open squares).

act as acceptors, which supports the chemical character of the bond at short equilibrium

distances and leads to a change in the tube polarization as will be discussed below. Figures

2c,d depict the atomic charges as a function of the curvature 1/R for OH− adsorbed on (c)

relaxed and (d) unrelaxed CNTs at the shorter equilibrium distance (dSA = 1.5− 1.6 Å).

Fig. 2c evidences that regardless of whether the diameter of the tube increases or de-

creases, whether the adsorption is endo or exohedral, the atomic charges do not change

significantly. We have found the same for SH−. Furthermore, for the adsorption state at

dSA =1.5-1.6 Å, the sign of the atomic charges of Cn atoms oscillate in a damped manner as

the positions of Cn>0 neighbor atoms are further away from C0 , until they become neutral.
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In the case of the adsorption on unrelaxed CNTs at equilibrium distance similar to

that of Fig. 2c, we found that a charge transfer also occurs. However, in contrast to

the case of relaxed CNTs, a slight curvature dependence is observed for O and C0 for the

adsorption of OH− (Fig. 2d), while the charge contributions of the Cn>0 atom neighbors

behave differently depending on whether the anion is outside or inside the tube. Note that

no dependence on the tube type is observed, as in the relaxed CNT situation. These results

show that freezing carbon atoms to hamper chemical interactions do not prevent charge

transfers between atoms.

3.3. Density of states

To understand the nature of the O-C0 bond, we calculate the projected DOS at d
SA

= 1.5

and 2.5 Å for both endo- and exohedral adsorption. Figure 3 displays the s-states of C0 , and

the p-states of its adjacent C1 and O atoms for M-armchair (Figures 3a,b,d,e) and M-zigzag

(Figures 3c,f) for ∼ 1-nm tube diameters (for SC-zigzag, see Figure S5 in SI). The energy

window is chosen to highlight the s- and p-states hybridization, and are plotted with respect

to the Fermi energy (E −EF ). For endohedral chemisorption (d
SA

= 1.5 Å), the C0 s-states

(black curve) totally overlap with the C1 p-states (blue curve) (Figures 3b,c), which shows

that the sp2 character of pristine bonded C-C atoms prevails. Besides, the partial overlap

between the C0 s-states and O p-states reveals a low covalence degree in the O-C0 bonding.

Conversely, the larger overlap between C0 s-states and O p-states for exohedral chemisorption

(Figures 3e,f) shows an increase of the O-C0 bond covalence with respect to the endo case,

which occurs at the expense of a lower covalence in C0-C1 bonds at E − EF ≈ −10 eV. For

d
SA

= 2.5 Å (Figures 3a,b), no hybridization is observed between C0 s- and O p-states, as

expected for physical bonding.
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Figure 3: Partial DOS corresponding to s-states of C0 (black curve), and p-states of its
adjacent C1 (blue curve) and O (red curve) atoms, for OH− endo- and exohedral adsorption
at d

SA
= 2.5 and 1.5 Å, on M-zigzag and armchair CNTs of 1.1 and 0.95-nm diameters,

respectively. The energy scale was chosen to highlight the total and/or partial overlaps
between the s- and p-states involved in the bonding hybridization.

3.4. Charge density difference

To illustrate the charge redistribution around the adsorption site, Figure 4 depicts the iso-

surface charge density difference (total density minus the sum of the atomic densities) for

OH− adsorbed on M-armchair SWCNTs of 1.1-nm diameter at d
SA

= 1.5 and 2.5 Å, and for

both cases (endo and exohedral adsorptions). The electron depletion regions are colored in

red and the accumulation regions in blue: as an illustration, the blue region surrounding the

red one in the oxygen atom (see Fig. 4) is associated to its lone pair, and gives account of

the charge transfer between H and O.

At d
SA

= 1.5 Å, the depletion region along the O-C0 bonding outlines its covalent
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Figure 4: Isosurface charge density difference (total density minus sum of atomic densities)
for the adsorption of OH− for M-armchair tube at d

SA
=1.5 and 2.5 Å at d

SA
=1.5 Å. Red

and blue denote the electron depletion and accumulation regions, respectively. The isovalue
is equal to 0.05 e/Å3, except for the M-armchair fragment on the right whose isovalue is
equal to 0.025 e/Å3. The arrows indicate a depleted region that emerges at C0 but behind
the bonding direction with O. The inset magnifies this effect for the endo case to highlight
such depleted region outside the tube in C0 in endo adsorption. These results correspond to
calculations on M-armchair SWCNTs of 1.1-nm diameter.

character (Fig. 4 right bottom panel). In contrast, this depletion does not occur at

d
SA

= 2.5 Å (Fig. 4 right top panel), which confirms its physical character. Besides,

for exohedral adsorption at d
SA

= 1.5 Å, a depleted region emerges inside the tube at the

back of C0 (see arrows in Fig. 4): this shows that C0 antibonding states become partially

occupied, giving rise to a repulsive contribution to the chemisorption energy. For endohe-

dral adsorption and d
SA

= 1.5 Å, a depletion region also appears but at lower isovalues

(0.02 e/Å3), which implies a larger occupancy of the anti-bonding states and a lower binding

with respect to exohedral adsorption. Additionally, the isosurface charge density plots at
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both d
SA

= 1.5 and 2.5 Å reveal a long-range charge redistribution made of linear patterns

of depletion regions aligned along the tube axis in both CNTs (Fig. 4 left panels). As later

discussed, these patterns reveal a polarisation of the nanotube originating from physical in-

teractions with OH−, which supports the existence of dipole-dipole type interactions at both

d
SA
.

3.5. Adsorption energies versus nanotube surface curvature

Figure 5a shows the binding energy EB1 at d
SA

= 1.5 Å as a function of the curvature 1/R,

for the different anions and carbon nanostructures considered here. Negative curvature val-

ues correspond to concave CNT surfaces and positive values to convex ones as conventionally

done.22 Negative EB1 values correspond to metastable or unstable states. A linear relation-

ship is observed between EB1 and the tube curvature, in agreement with previous electronic

structure calculations on neutral adsorbents. Indeed, it has been shown that EB1 depends

linearly on the tube curvature by means of the relation:21,22,26–30

EB1 = E0 ± A/R, (2)

where the positive and negative sign applies for exo- and endohedral adsorption, respectively.

The monotonic increase in energy with 1/R was attributed to the surface pyramidalization

that contributes to a local rehybridization from sp2 to sp3 at the adsorption site C0 , thus

favoring chemical interactions in the exohedral case and unfavoring them in the endohedral

one.31,32 Therefore, the narrower the tube, the higher the pyramidalization at the exohedral

adsorption site. Similar arguments explain the opposite effect on concave surfaces.22 Table

S1 of the SI provides the E0 and A values obtained from linear regressions, which evidences

that the slope A does not change significantly in our case, yielding for OH− a slope A =

2.3± 0.2 eVÅ regardless of the tube type (Figure 5a), while E0 clearly depends on the tube

chirality. For neutral adsorbates, previous energy decomposition analysis (EDA) has shown
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Figure 5: Binding energy EB1 of different anions as a function of the tube curvature (inverse
radius 1/R) for different tube types.

that for chemisorption, EB1 is dominated by a 1/R term derived from the adsorbate-surface

interaction.21,22 The quadratic contribution that characterizes the strain energy associated

to the tube curvature (2.14/R2 eVÅ2 33,34) is small compared to linear contributions, and

according to EDA there are other terms that cancel each other out.

Previous DFT studies on neutral radical adsorbates have shown that A = 3.14 eVÅ for

H and Al adsorbed on M- and SC-zigzag CNTs,26 2.5 eVÅ for NH2 on M-armchair,27 and

3.2 and 4.3 eVÅ for OH, COOH and F on SC-zigzag and M-CNTs (armchair and zigag),

respectively.28 It is also reported that E0 in Eq. (2) (i.e. EB1 extrapolated to 1/R = 0)

matches the adsorption energy on graphene.21,26,27,29 This agrees with our results for OH−

on SC-CNTs, but not for M-zigzag and M-armchair CNTs where E0 is, respectively, 0.2 eV

lower and higher than on graphene. We also studied M-chiral CNTs: as shown in Figure 5a

for (12,3l) and (18,6l) tubes, EB1 decreases with increasing chiral angle. At the opposite,

SC-chiral CNTs such as (12,4) and (18,4) display values similar to those of SC-zigzag. These

results show that, beside curvature-induced rehybridization, chiral angle-dependent effects

also impact EB1 in the case of M-CNTs.
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For SH− and ClO−, the results are qualitatively similar to OH−: for both anions EB1

behaves linearly with the curvature 1/R with a slope A slightly larger than that of OH−

(A = 2.6 and 2.8 eVÅ for SH− and OCl−, respectively). For a given CNT, EB1 follows the

order: EB1(OH−) > EB1(SH
−) > EB1(ClO

−) (Figure 5a). Interestingly, this order correlates

with the inverse of the anion polarizability (see Table S2 in SI).

3.6. Carbon surface pyramidalization

As mentioned above, when an anion is chemisorbed on the carbon surface, the C0 atom

protrudes due to the local rehybridization from sp2 to sp3 that takes place around the

adsorption region (see Fig. 4). Such protrusion has already been observed in previous

DFT studies of OH− adsorbed on graphene15 and SWCNTs.17 Indeed, the analysis of the

carbon surface deformation can inform about the nature of the adsorption process.9,29,32 The

protrusion height h can be defined as the shortest distance between the C0 atom and the plane

made by its three adjacent C1 atoms, that is h = a
C0C1

sin θp, where θp (=θσπ − 90o) denotes

the pyramidalization angle and θσπ is the average bond angle ⟨O-C0-C1⟩ 9 (see Fig. 6a). For

OH− chemisorbed on SWCNTs with different diameters, Fig. 6b plots θp as a function of the

distance dSA. The scale on the right side corresponds to the protrusion height h, and solid

and dashed lines to endo- and exohedral adsorption, respectively. For d
SA

≥ 3 Å, the sign of

θp is positive for exohedral adsorption and negative for endohedral adsorption. This implies

that the tube curvature contributes to a variation of θp from ±1.7o to ±5.7o for the largest

(2.4-nm) and narrowest (0.7-nm) tubes, respectively. A small deviation of ±1o is found for

graphene which we attribute to weak long-range electrostatic interactions resulting from the

presence of OH−. For d
SA

< 3 Å the angle θp increases as dSA
decreases, until the equilibrium

distance of the chemisorption state is reached (see arrows in Fig. 6b). For 2 < d
SA

< 3 Å,

the θ
P
angle ranges from −5o to 6o due to the tube curvature, for the narrower CNTs in

the endo- and exohedral situations, respectively. This agrees with a physisorption state at

d
SA

∼ 2.4 Å since the sp2 character of the pristine carbon nanostructures is preserved.
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Figure 6: (a) Illustration of the pyramidalization angle θp at the adsorption site, and (b) the
pyramidalization angle θp (the scale at the rigth side associates to the protrusion height h)
versus the distance d

SA
for OH− endo (solid lines) and exohedral (dahsed lines) adsorption

on tubes of different diameters. The graphene case is included for comparison. (c) Plot of
θp and h (and hd, small symbols) as a function of the tube curvature (1/R) at d

SA
∼1.5 Å,

and (d) Binding energy EB1 versus the protrusion height h of the C0 atom for all anions.
Red and orange symbols correspond to SH− and ClO−, respectively. The solid and dashed
lines are linear regressions on the different M- and SC-tube curves.

For d
SA

∼1.5 Å, Fig. 6c shows that the θp (and h) scales linearly with the tube curvature

1/R from 10.5o to 17.5o, corresponding to endo- and exohedral chemisorpton of OH− on the

narrowest tube, respectively. For graphene the value is 15o. Then, the larger the angle θp

(and the height h), the larger is the degree of hybridization, as it approaches the angle of

a perfect tetrahedron. In contrast, the ⟨C
1i
-C0-C1j

⟩ angle decreases from 120o for pristine

CNTs to 111−117o when the anion is chemisorbed. These results lead to a slight decrease in

the C0-O bond length a
C0O

with increasing curvature, and the smaller this bond becomes the

larger the C0-C1 bond length a
C0C1

(see Fig. S6 in SI). In Fig. 6c the solid line corresponds

to a linear regression, which yielded θp = 0.245 ± 0.255/R (in rad). Additionally, the
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protrusion height h scales linearly from 0.27 to 0.48 Å with 1/R , and a linear regression

yielded h ∼ 0.37 ± 0.39/R (Å). These trends are reminiscent of the difference between

purely sp2 bonded graphene and sp3 carbon structure. For purely sp3 bonded diamond the

equivalent quantity to h is 0.51 Å, a
CC

= 1.54 Å and ⟨C-C-C⟩ = 109.5o.

We also estimate the protrusion height hd, originating from the covalent interaction with

the anion, without the contribution of the tube curvature. For this we take into account

that h = hi + hd, where hi is the height associated to the curvature of pristine CNTs. We

checked that h
i
= ±a

C0C1

2/4R ∼ ±0.51/R (Å) with a
C0C1

= 1.43 Å. The sign of h
i
opposes

the sign of the curvature-dependent term of h
d
due to the underlying pyramidalization of

the tube surface which plays in favor or against protrusion formation, depending on whether

the adsorption is exo- or endohedral. Hence, for a given anion, a linear regression yielded

hd = Eh ∓ Ad/R (Å), with Eh = 0.37 and Ad=0.12 (see Fig. 6c, smaller symbols). In

addition, Fig. 6d plots the binding energy EB1 as a function of h. The solid and dashed lines

correspond to linear regressions of OH− on M-armchair, M-zigzag and SC-zigzag, which gives

-1.53+5.25h, -1.45+6.20h, and -1.55+5.85h, respectively. For the other anions on M-zigzag

CNTs, we found -12.15+6.88h for SH− and −5.90 + 14.08h for ClO−.

4. Discussion

To unravel the origin of the differences in EB1 between different tube types, we implement an

energy decomposition analysis based on the evaluation of the protrusion of C0 atom. Since

h = Eh ±Ah/R regardless the tube type (Eh and Ah are constants), combined with Eq. (2)

leads to:

EB1(h) = E0 − ArEh + Arh (3)

where Ar = A/Ah. Figure 6d confirms that Eq. (3) fits well our data.

In absence of protrusion (i.e. h = 0) our data reveals that the negative term in the sum of

Eq. (3) dominates, which unveils a repulsive non-covalent energy contribution. In addition,
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Figure 7: (a) Energy Ef
B1

on frozen CNTs, and (b) EC
B1
(= EB1 − Ef

B1
) at d

SA
∼ 1.5 Å,

and (c) the binding energy EB2(= Ef
B2
) at d

SA
∼ 2.4 Å, as a function of 1/R for different

anions. Solid and dashed lines in (a) and (c) correspond to linear regressions, and in (b)
to the covalent energy due to the surface deformation EC

B1
found for chemisorbed anions on

relaxed CNTs (see the text).

since h = h
i
+h

d
, we can decompose EB1 according to the nature of the surface deformation.

Thus, from Eq. (3) one can infer that the covalent energy contribution due to the surface

deformation hd is EC
B1

= Arhd. Note that this term dominates over that originating from hi

(i.e. the contribution of the tube curvature at most deviates the h value by ±30 % for the

narrower tubes with respect to that of graphene, see Figure 6c). In terms of 1/R it leads to

EC
B1

≃ EhA/Ah ∓ (Ad/Ah)(1/R). Since EC
B1

does not depend on E0 , one can conclude that

the differences in chemisorption energy between tube types must originate from non-covalent

interactions.

We validate the above energy decomposition analysis from the computed energy profiles

when the positions of all C atoms being frozen to prevent the protrusion formation. This
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suppresses the corresponding sp3 covalent interactions, but non those originating from the

tube curvature. As shown above, the resulting profiles in Figure 1 (thin curves) and in

Figure S4 in SI, evidence attractive contributions at intermediate distances (2.1−2.5 Å). At

1.5 Å the energy minima are suppressed, but charge transfers and their distributions around

the chemisorption region remain almost similar to those of relaxed tubes (Figure 2c and 2d):

this shows that the attractive ionic contribution is preserved in frozen CNTs. Figure 7a

shows that the energy Ef
B1

at d
SA

∼ 1.5 Å is repulsive (negative) and scales linearly with

1/R for all anions. Figure 7b plots the energy difference EB1 − Ef
B1

as a function of 1/R

(symbols) to show that it behaves similar to the linear expression found for EC
B1
(1/R) (solid

and dashed lines). This implies that the ionic and physical contributions in frozen and relaxed

tubes are equivalent, which proves the robustness of our approach. It also confirms that at

d
SA

∼ 1.5 Å, a repulsive contribution originates from non-covalent interactions in relaxed

tubes. Moreover, for OH−, linear regressions yielded Ef
B1

= −1.69 + 4.2/R,−1.43 ± 3.8/R

and −1.36 ± 4.75/R (eV) for M-armchair, SC-zigzag and M-zigzag, respectively. Since the

atomic charges are similar in both cases, and these contributions show the same trends as

E0 depending on the tube-type, one may conclude that the EB1 differences are caused by

physical interactions.

For SH− (red symbols), although the energy Ef
B1

behaves similarly to that of OH−, EC
B1

does not: this means that the weaker chemisorption of SH− originates mostly from its weaker

iono-covalent bonding with carbon, as confirmed by its smaller charge transfer (see Figure 2)

and smaller orbital hybridization (see Figure S5 in SI). The opposite is observed for ClO−

(orange symbols), which means that the chemisorbed state is unstable because repulsive non-

covalent interactions are too strong. Interestingly, the similarity between the non-covalent

energy contributions of OH− and SH−, and their differences with ClO−, correlates with the

order of the dipole moments of the isolated anions (see Table S2 in SI).

For d
SA

> 2 Å, the energy minima provide a good estimate for the binding energy EB2

corresponding to the physisorbed state of relaxed CNTs since there is no charge transfer.
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Figure 8: Energy versus the distance d
SA

of OH− adsorbed on graphene, M-armchair and
M-zigzag tubes with small diameters, with implicit water ((ϵ = 80.2), solid lines) and in
vacuum conditions (dotted lines). In both cases the tube length is ∼ 2-nm and periodic
boundary conditions (PBC) are neglected. For comparison, dashed lines show some of the
energy profiles depicted in Fig. 1 which include PBC.

Figure 7c shows that its attractive character increases linearly with the curvature of M-

armchair, M-zigzag and SC-zigzag CNTs, but with a slope which is at least three times

smaller than for chemisorption (Table S1 in SI). Interestingly, the resulting binding energies

at d
SA

∼ 1.5 (Figure 7a) and ∼ 2.4 Å (Figure 7c) follow similar trends with the tube type as

EB1 versus 1/R in Figure 5a, which supports that the energy differences between tube types

come from non-covalent interactions.

We now discuss the nature of the long-range attractive physical interactions which cause

physisorption at 2.1−2.5 Å and modulate chemisorption at 1.5 Å. The fact that i) non-polar

ions such as H+ and K+ do not display this physisorbed state (see Figures S3e,f in SI) and that

ii) CNTs display long-range polarization patterns in the isosurface charge density difference

strongly supports the hypothesis of Debye interactions. This is additionally validated by

calculations of the CNT dipole moments. Here, the dipole moments µz along the O-C
O
bond

axis and µxy in the xy-plane (perpendicular to the bond axis) were estimated separately due

to the symmetry of the system. Figs. S7a,b in SI show that for d
SA

< 3 Å, µxy of CNTs

increases with decreasing d
SA

from 3 Å, while for OH− it reaches a maximum at d
SA

∼ 2.5 Å.
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The opposite occurs for µz, i.e., it reaches a maximum for CNTs at that distance, while for the

OH− it disappears for d
SA

< 3 Å. The latter suggests that the orientation of the OH− dipole

moment changes from being perpendicular to the xy-plane to being parallel. Indeed, µz

dominates over µxy in the physisorption state, while the opposite occurs in the chemisorption

state, which can be associated to the charge transfer that occurs for d
SA

< 2 Å: The dipole

moment of the CNT becomes permanent and changes its orientation. As a consequence the

OH− dipole moment also changes, and although the attractive chemical interactions between

the CNT and the anion dominate, the respective dipole moments tend to acquire the same

orientation, generating a source of dipole-dipole repulsion (Figure S7 in SI). Furthermore,

the dipole moments scale with nanotube radius as R2 up to d
SA

= 2.5 and 1.5 Å in agreement

with previous work,35–37 while we find that the slope depends slightly on the type of tube.

Finally, Fig. 8 shows the resulting energy profiles (solid lines) of OH− with selected

carbon nanostructures in presence of implicit water. The curves are compared to the profiles

calculated in vacuum conditions with PBC (dashed lines) and without PBC (dotted lines).

The results evidence that for M-armchair tube the adsorption is unstable (i.e. the barrier

energy is smaller than 0.1 eV) and it is metastable for exohedral adsorption on M-(12,0) CNT.

Fig. 8 also shows the results for graphene, although in this case it is to be expected that

finite size effects do not exhibit the same tendencies as CNTs due to symmetry differences.

5. Conclusions

In conclusion, for polar anions on carbon nanostructures, we showed that a physisorption

state caused by Debye interactions coexist with a chemisorption state at shorter distances

dominated by iono-covalent interactions. Importantly, the physical dipole-dipole interactions

strongly tune the chemisorption energy at smaller distance and govern the effective stability

of the chemisorption state. Having demonstrated the key role of physical interactions at the

fundamental level, a key question is now the influence of the solvent on these interactions.
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Our preliminary calculations on finite-length CNTs with implicit water (ϵ = 80.2) suggest

that the screening effects impact the stability of the chemisorption state, in agreement with

previous DFT calculations of OH− on graphene with implicit15 and explicit38 water. How-

ever, for exohedral adsorption on CNTs, we find that the chemisorption state may shift

from stable to metastable or even unstable depending on the carbon nanostructure (see

Figure 8). In the case of OH− adsorption inside carbon nanotubes and graphene nanoslits,

the strong decrease of dielectric constant experimentally observed for confined water may

reduce the screening of dipole-dipole and ionic interactions and preserve the chemisorption

(meta)stability.39 Owing the complexity of water interactions, more simulations using ex-

plicit water would be needed to address these questions.
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