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Abstract: Since few years and the achievement of the nanotechnologies, the development of exper-
iments based on carbon nanotube has allowed to increase the ionic permeability and/or selectivity
in nanodevices. However, this new technology opens the way to a lot of questionable observations,
for which theoretical works are able to answer using several approximations. One of these concerns
the apparition of a negative charge on the carbon surface, while this latter is apparently neutral.
Using first principles functional density theory combined to molecular dynamics, we develop here
several simulations on different systems in order to understand the reactivity of the carbon surface
in low or ultra-high confinement. Our calculations demonstrate the high affinity of the carbon atom
in every situation only for hydrogen ion, and in a less extend, for hydroxyl ion. This latter can only
occur when the first hydrogen attack has been achieved. As a consequence, the functionalization of
the carbon surface upon the presence of a water media is activated by its protonation, then allowing
reactivity of anion.

Keywords: Quantum simulations, carbon nanotube, graphene, functionalization, confinement.

1. Introduction

Several curved and flat solid structures such as carbon (CNT) [1-6], boron nitrides
(BNNT) and silicon carbide [7,8] nanotubes or surfaces [9,10] (graphene [11-16]) are in-
teresting candidates for the design of synthetic nanofluidic platforms. The easy control
of their diameter during synthesis process can regulate inside liquid flow and transport
of charges opening up a wide field of applications in nanomedicine [17-19], biotechnol-
ogy, desalination [20-23] membrane nanofiltration [24,25] nanofluidic devices for energy
recovery and conversion [26-32] and water filtration [33]. CNTs are able to reproduce
the biological properties of their counterparts, but with a less complex composition. For
instance, they can notably present a chemical selectivity such as some natural nanochan-
nels or transport different species. Many other different properties of bulk fluids could
be also observed in such systems due to the surface effect.

Simulations and experiments with water confined inside carbon nanotubes can reveal
unusual physical properties, especially for diffusion behavior and viscosity. These prop-
erties are highly dependent on the geometrical characteristics of the CNT (tube diameter
and chirality) and can directly affect water distribution inside the cage leading to unu-
sual water performance in confined space [34-40]. Several studies have shown for CNTs
and BNNTs an ordered structure of water molecules essentially related to the metallicity
and diameter of the tube. Pascal et al. reported that for armchair CNTs with increased
diameters, water molecules present a bulk-like behavior when CNTs diameter is above
1.4 nm, while an ice-like framework water is characterized for CNTs diameters ranging
from 1.1 and 1.2 nm [41]. In a recent theoretical study, molecular dynamic simulations
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reveal that network formation in the form of a water chain-like occurs where molecules
are successively arranged in CNT of diameters around 1.1 nm [39], which is in accord-
ance with several previous studies [35,42-44]. Shayeganfar et al. reported, thanks to ab
initio computations, that a water tube shape is observed when confined in CNTs and
BNNTs. They also confirmed that this tendency of water arrangement depends on the
diameter for both situations [45].

Otherwise, numerous experimental and theoretical studies carried out in recent years
have shown that a significant surface charge in both carbon and BN walls occurs in
nanofluidic transport systems [9,46]. It has been established that this surface charge can
be much higher for BNNT tubes than for CNTs. A plausible explanation for the appear-
ance of this surface charge has remained puzzling. But most of the available studies sug-
gest that the adsorption of hydroxide ions on hydrophobic surfaces could explain this
phenomenon.

Sirin et al. have shown in an experimental study that the high surface charge measured
on a BNNT connecting two reservoirs could be related to the diameter of the tube as
well as to the pH of the studied medium. The hypothesis of a chemical reactivity at the
surface of the BNNT has therefore been underlined. Based on previous theoretical stud-
ies, it has been proposed that a site of “activated” boron can indeed cause the dissocia-
tion of water on the BN sheet [47,48]. Note also that carbon structures could also, both at
the theoretical and experimental scales, show a particular ionic selectivity as a function
of their diameter and chirality [49,50], which could explain the specific charges of the
carbon walls.

The good understanding of the mechanism governing the transport of fluid inside car-
bon-based materials, at the theoretical scale, would be an essential step in the develop-
ment of new generation devices for a wide field of new industrial applications.

In fact, simulating the behavior of water molecules towards nanoporous solids is of
great interest to investigate promising materials for smart nanofluidic systems under
electric bias [51-54]. Consequently, recourse to computational methods would make it
possible to establish a realistic approach by reproducing an electrochemical system in
which the electrolytes are in contact with a solid polarized surface under the effect of an
external uniform electric field [2,55,56].

Otani and O. Sugino [57] have developed since 2006 a novel computational scheme
which makes it possible to apply an electric bias to the system constituting of a slab as
occurring with an electrode and an electrolyte solution. The slab represents a bounded
polarized or charged interface between two semi-infinite media having a dielectric con-
stant. The method is then called « Effective Screening Medium ». The boundary condi-
tions are given to a model unit cell by solving the Poisson equation allowing the creation
of an infinite slab.

The Effective Screening Medium (ESM) method allows, through the coupling of DFT
and molecular dynamics, a rigorous study of electrochemical systems. In the present
study, two solid structures were tested against dissociated and undissociated water: the
zigzag carbon nanotube and the graphene monolayer. Various quantities were then ex-
tracted from this study, in particular the adsorption energy of water on the solid surface,
the radial distribution density of the confined water as well as the relevant structural
observations.

2. Materials and Methods
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90 First principles Functional Density theory calculations were used to investigate the
91 interaction of a dissociated and undissociated water molecule with graphene and the car-
92 bon nanotube. The geometry optimization was performed through the « Open source
93 package for Material eXplorer code » (OpenMX) using a combination of molecular dy-
94 namics and local density approximation (LDA) for the exchange-correlation potentials
95 with the Perdew— Burke-Ernzerhof (PBE) functional. Pseudopotentials and wave func-
9% tions have also been implemented to reduce the calculations cost. An investigation of the
97 structural and energetical properties was performed on the studied systems such as ad-
98 sorption energy, ground state geometries of system components, and electronic density
99 of states (DOS). Differences in charge density calculations were also performed by
100 OpenMX code for the adsorption of dissociated water molecules to CNT and graphene
101 structures. This implies a more rigorous understanding of the spin (charges) density re-
102 distribution induced by the interaction of water entities with carbon structures.
103 The total energy scf convergence criterion for the self-consistent electronic minimiza-
104 tion is set at 10-6 hartree. Pseudo-atomic orbitals (PAOs) centered on atomic sites were
105 used as basis sets. The basis sets for C, O, Cl, B, N were taken as “s2p2d1”, while those for
106 Na atoms were “s2p2”. The k points are generated according to the Monkhorst-Pack
107 method, and were set to 3 x 3 x 1. The mesh cut-off energy value was set to 170 Ry. Oth-
108 erwise, a large 34 A vacuum is built into the cell along the z axis to avoid overlapping
109 periodic cells.
110 The adsorption energy (equation 1) is estimated based on a difference between the
111 total energy of the complex tube CNT (and graphene) + adsorbate system and the indi-
112 vidual tube (and graphene) and gas phase free molecule system.
113 Eads H+/OH- = Etot (H+/OH-ads_surface) — E(H+/OH-des_surface) 1)
114
115 For all the simulations, molecular dynamics calculations were carried out in the
116 NVT_VS ensemble at 300 K. The velocities of the atoms were scaled every 20 MD steps
117 and time step is of 1 fs. All simulations were run for 2000 fs.
118 Monolayer graphene is made of 32 atoms and adopts an armchair chirality (1,1) with
119 honeycomb structure. and semi-metallic properties. The monolayers of each system are
120 separated by a 34 A vacuum to avoid any interaction between the periodic images.
121 Carbon nanotubes have been also studied with a confined water molecule and the
122 same vacuum exclusive region as previously. For all the structures, two situations are in-
123 vestigated: a first case with an undissociated water molecule and a second one with a
124 dissociated water molecule. In each situation, the cases without field and with field appli-
125 cation are also explored.
126 3. Results
127 3.1. Water molecule interaction with graphene walls
128 Graphene has become a key component in the development of graphitic nanoslits for
129 the transport of water and ion [58-60]. But there is still an important lack in the theoretical
130 studies which analyze the behavior of water towards this material since many experi-
131 mental observations are still interpreted as coming from the apparition of a surface charge.
132 The origin of this latter needs a more profound theoretical insight to understand its ap-
133 pearance. Hence, it seemed relevant to investigate more closely the behavior of a dissoci-
134 ated water molecule near a single graphene sheet. An uniform electric field is applied to
135 the system to model the influence of the potential drop used in current-voltage measure-
136 ments. Figure 1 shows the system studied, and summarizes the ESM method model used
137 in these calculations.
138 The same calculations were also performed for an undissociated water molecule, the
139 applied field did not cause the spontaneous dissociation of the water molecule even for
140 high intensities.

141
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142
143
b) c)
E fe=x
Metal Slab
144
145 Figure 1. a, b) Graphene and dissociated water + graphene system. ¢) ESM method model.
146 As shown in Table 1, which summarizes all the adsorption energies of H+ and OH-
147 on the graphene surface due to the most important events occurring during the simula-
148 tion, the adsorption states of H+ and HO- are all negative indicating favorable adsorption
149 in each case. The first adsorption energy of each entity is called Eads. H+ and Eads HO-.
150
151 In the three 2000 fs simulations, the adsorption of the H+ is noted at fast times. For
152 fields equal to 0 eV and -5 eV, HO- adsorption was not observed. A very high field inten-
153 sity, only, lets the adsorption of HO- occurs.
154
155 Table 1. Adsorption states and energies of dissociated water molecule on graphene
156 monolayer.
157
158
-50
U(eV) 0 -5
b o
Figure . Qb %
Hr adsorption at 40 f
Observation H* adsorption at 79 fs ~ H* adsorption at 63 fs - Oe_i atsi(:cE 1;2; at9 OZ
H20 formation at 365 fs. H20 formation at 365 fs fP;

Eads. H+ (eV) -0.9 -1.3 -1.5

Eads. HO- (eV) - - -0.6
159
160 The hydrogen adsorption energies are in agreement with the theoretical calculations
161 observed in the literature which ranged from -0.81 [61] for the PBE method to -0.67 in
162 LSDA [62].
163 The adsorption energy of HO- is not favored in the first two situations, when the
164 electric field value is of low intensity. It can only occur with a strong field but presents a
165 value which remains in agreement with the literature for this type of systems. Note that
166 the adsorption of HO- is only possible after a first adsorption of H+ thus creating a defect

167 in the electronic structure of the planar surface. This has been already observed in recent
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168 data since the HO- adsorption on graphene was never chemical and lead to small interac-
169 tion energies with carbon atom.

170 To better understand the ability of the hydrogen or hydroxyl ions to interact with the
171 graphene sheet, we represent in Figure 2, the charge density distribution differences for
172 dissociated water molecule near graphene sheet.

173
174 Figure 2. Charge-density distribution in case of dissociated water molecule adsorp-
175 tion on graphene at -50 eV electric field. Yellow and blue lobes represent respectively the
176 positively and negatively charged areas.
177
178 As shown in Figure 2, the surface polarization generated by the effect of the electric
179 field creates negative and positive charges on the carbon atoms of the graphene. This po-
180 larization allows H+ ion to be adsorbed on the carbon atoms which presents a negative
181 surface layer. Indeed, H+ is forced to translate in the field direction, as the partial charges
182 on the graphene surface do. This induces favorable adsorption of H+ at the first step of
183 the simulation. Once H+ is linked to a carbon atom, it modifies locally the density of
184 charge repartition. Without such changes, HO- could never be adsorbed on the graphene
185 surface. The presence of the cation allows thus to HO-to be attracted by the graphene sur-
186 face spontaneously.
187 3.1.1. Salt effect
188 The role of salt in the water dynamic is necessary to complete the simulated system
189 and to approximate the experimental conditions. The dissociated sodium chloride (Na+,
190 Cl-) has thus been added to the previous system.
191 The behavior of water and salt with respect to graphene at different field strengths is
192 given in Table 2.
193
194 Table 2. Behavior of dissociated water molecule near graphene layer in the presence
195 of salt under electric bias
UleV) Important ev'ents in simula- Observations
tion
© ©
0 H™* adsorption at 135 fs.
°© So H.0 formation at 292 fs.

©
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NaOH formation at 100 fs.
5 HCI Formation at 242 fs.
H20 formation at 815 fs.
NaOH formation at 110 fs.
-5 H+ adsorption at 120 fs.
H:0 formation at 240 fs
50 Formation of H2O molecule
at 220 fs
50 H:O formation at 101 fs.
i NaCl formation at 175 fs
196
197 In all the simulations, the reformation of water molecules from H+ and HO- in solu-
198 tion is observed at relatively short times for all field intensities. However, for weak field
199 intensities, short-lived interactions of H+ with the carbon surface are possible but are not
200 really relevant. There is no a real OH- and H+ adsorption phenomenon on the graphene
201 surface in the presence of salt in these simulations. Note that during the simulations, the
202 reformation of NaCl is observed close to the graphene surface in our electrochemical ESM
203 cell. There is thus no possibility for salt ions to be kept by the graphene surface.
204
205 3.2. Undissociated water molecule inside the carbon nanotube
206 The role of the confinement at the nanometric scale on the possibility to charge a
207 carbon wall was then studied. Indeed, it has been established in previous experimental
208 and theoretical studies [63-65] that the water dissociation can occur under the effect of an
209 electric field. Furthermore, studies of the water behavior in an ultra-confined environment
210 have not excluded the possibility of its dissociation [66,67]. This dissociation can be very
211 favored in a confined space, in fact, Mufioz-Santiburcio et al. have shown that confine-
212 ment greatly improves the self-dissociation process of water. This result is consistent with
213 another study conducted by Sirkin et al. who used QM/MM molecular dynamics to com-
214 pute the energy without water dissociation in a single-walled carbon nanotube 8.1 A di-
215 ameter. They hypothesized that it seems plausible, under the effect of nanometric confine-
216 ment, to see an increase in the self-dissociation constant due to the increase in the permit-
217 tivity of the confined fluid [67]. We first modelized a (16,0) single-walled carbon nanotube
218 with diameter equal to 1.35 nm where a water molecule is introduced in the confined inner
219 space of the carbon cage. Several situations have been achieved by increasing the field

220 intensity (Fig. 3).
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221
222 Figure 3. electrical polarization effect on water@tube system.
223 Despite the importance of the applied field intensities which strongly impact the ge-
224 ometry of the carbon nanotube, we did never observe any dissociation of confined water
225 molecule. There is a deformation of the nanotube until it becomes crushed and takes an
226 elongated shape in the transverse direction (Fig. 3d). Whatever the deformation, the mol-
227 ecule diffuses inside the inner volume of the CNT, exploring different atomic positions
228 but keeping its distance from carbon wall due to hydrophobic interaction.[68] Note that
229 no form of physical or chemical adsorption of the water molecule is noted on the carbon
230 surface.
231 3.2.1. Dissociated water molecule inside CNT
232 Since no dissociation of the molecule was achieved under the action of an electric
233 field or not in our previous modelization, the next step of our calculations deals with the
234 simulation of a dissociated water molecule inside the carbon cage. In this case, we study
235 directly the possibility of hydronium and hydroxyl ions adsorption resulting from this
236 dissociation and quantify it in terms of adsorption energy. Several simulations were un-
237 dertaken for a dissociated water molecule confined inside the carbon nanotube (16,0). The
238 main results are shown in Table 3 and 4.
239 We first noted that the H+ adsorption is possible spontaneously without any external
240 contribution of an electric field as seen for the first simulation at 0 eV field intensity. In
241 addition, our calculations show that the adsorption of H+ always precedes that of HO-
242 regardless the intensity of the applied field. Note here that the hydrogen adsorption is
243 favored rapidly and did not depended on the deformation of the carbon cage under the
244 electric field intensity. The rapid process leading to the hydrogenation of a carbon has
245 been observed before the strong modification of the carbon geometry. On the contrary,
246 the formation of water molecule (observed for E=10eV) or the adsorption of hydroxyl is
247 only possible when H+ is chemisorbed and carbon surface is deformed under increasing
248 electric field intensity, as observed previously.
249
250 Table 3. water molecule dissociated inside (16,0) CNT under electric bias.
U(eV) Important events in simula- Observations

H+ adsorption at 140 fs.
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H+ adsorption at 112 fs.

1
HO" adsorption at 212 fs.
5 H+ adsorption at 113 fs.
o
10 g . H+ adsorption at 110 fs.
% i H-O formation at 456 fs
kﬂ.'f_c{.eg;ﬂ’o&
15 f '_ m H+ adsorption at 95 fs
o QL,:%&L ﬁ' HO" adsorption at 470 fs
o5 H+ adsorption at 104 fs
HO" adsorption at 589 fs
251 The last two simulations gathered in Table 3 (performed at 15 eV and 25 eV) re-
252 call the case of graphene for a dissociated water molecule. In fact, HO™ adsorp-
253 tion takes place at later times in the simulation but especially at high field intensi-
254 ties and for an important carbon deformation. We reported in Table 4 the differ-
255 ent adsorption energies obtained when hydrogen and/or hydroxyl ions are ad-
256 sorbed on the carbon wall.
257 Table 4. (H+, HO-) Adsorption energies inside (16,0) CNT

U(eV) H* Ads. energy (V) HO ads. energy (eV)

0 -4.1 -

1 -4.2 -0.3

5 -4.0 -

10 -4.6 -

15 -4.6 -0.06

20 -4.3 -

25 -4.2 -0.3
258
259 The energies calculated for H+ adsorption in the inner surface of the carbon cage are
260 of the order of -4 eV. These clearly show that the adsorptions observed are chemisorptions,
261 explaining the difficult for hydroxyl ion to interact with hydrogen once chemisorbed.
262 These values remain in agreement with other found in the literature which ranged around
263 -3eV [69]. Note also that for each modification of the carbon surface by the hydrogen
264 chemisorption, we observed a modification of the carbon hybridation which could be ap-
265 parent to a sp3 mode. The hydroxyl ion interacted with the carbon surface with a higher

266 energy, which remains comparable with those obtained in the literature. [70]
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267 3.2.2 Differences in charge density distribution for the dissociated water molecule inside
268 CNT

269 In figure 4, we plot the modification of the atomic charge density with time upon the
270 application of high electric field intensity (25eV). The positive and negative differences in
271 total charge densities are colored in yellow and blue, respectively. As seen in Fig. 4, the
272 polarization of the surface is responsible for the delocalization of electrons and therefore
273 for the creation of an electron deficit on certain areas of the internal surface of the tube
274 and an accumulation of electrons in other areas. As a consequence, the hydrogen ion will
275 be more sensitive to the surface zone where the electrons are present while the hydroxyl
276 remains close to surface part charged in an opposite way. However, even in this large field
277 intensity, the time necessary to obtain the hydroxyl binding to the carbon surface is quite
278 large (627 fs) while hydrogen ion is attached faster to the surface (85 fs compared to 110
279 fs at least).

280 time = 65 fs time=851s time = 627 fs

281 Figure 4. Difference in charge density distribution of the dissociated water molecule in-
282 side the CNT under 25 eV electric field. The yellow and blue lobes represent the posi-

283 tively and negatively charged areas, respectively.

284

285

286 3.2.3. Effect of adding water molecules on the adsorption steps

287 To go further in our study, we complicated the previous system by adding an addi-
288 tional water molecule and let the system evolve to see its effect on the adsorption steps.
289 Several simulations were performed by varying the intensity of the applied field. A do-
290 main of intensities ranging from 0 to 30 eV was scanned. Table 5 illustrates all the simula-
291 tions carried out for this system containing one dissociated and one undissociated water
292 molecule inside the carbon nanotube (16,0).

293 As shown in Table 5, the same behavior is almost detected in all the simulations, even
294 at high field strengths. The phenomena of H+ and HO- adsorption occurs at practically
295 simultaneous instants with a very slight advance of HO- adsorption of a few fs over the
296 H+ adsorption, compared to the previous system. This first HO- adsorption, before any
297 other, is the main difference obtained in this system which has never been observed pre-
298 viously. However, it is not very durable because the entity is desorbed in all cases after 40
299 fs of existence, depicting a very low adsorption energy with carbon atom. On the other
300 hand, H+ remains adsorbed until the end of the simulation in all situations, as observed
301 previously. We may thus question on the role of HO- on the H+ adsorption in this case. It
302 can either be the main factor which improved the association of hydrogen with carbon by
303 the modification of the electronic structure of the cage or, simply, be the random conse-
304 quence of the hydroxyl position compared to the hydrogen position. Note that no disso-
305 ciation of the water molecule has been observed during the simulation.

306 Table 5. Dissociated and undissociated water molecules inside (16,0) CNT under electric

307 bias
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Field intensity (eV)

10

15

20

30

Important events

Observation

134 fs HO™ adsorb
150 H*
179 HO" desorption

135 HO
137 H*
173 HO" desorption

133 HO
137 H*
167 HO" desorption

133 HO'138 H*
173 HO" desorption

133 HO136 H*
177 HO" desorption

Adsorption energies were calculated. Results are reported in Table 6. Due to very fast
hydroxyl adsorption events, we were not able to estimate precisely the adsorption energy
for HO- ion. However, as seen in Table 6, the hydrogen adsorption energy remains equal
to -4.4 eV as obtained previously (Table 4) for the system where no water molecule was
present in the system. The role of the water molecule added to the hydrogen plus hydroxyl
ion seems to play a minor role in the reactivity of the carbon surface.

Table 6. H* Adsorption energies inside (16,0) CNT

U(eV)

1

10
15
20
30

H* Ads. energy (eV)

-4.413
-4.408
-4.426
-4.409
-4.508
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3.2.4. Salt effect on adsorption phenomena

In order to evaluate the effect of ions on the adsorption of dissociated water inside
carbon nanotube, we added to the dissociated H20 @ CNT system, a salt composed of a
unique Na+ ion and its counterion Cl-. The different adsorption events as a function of the
increasing field intensity are summarized in Table 7. For intensities between 5 and 20 eV,
H+ adsorption first occurs at around 80 fs followed by the rapid reformation of the water
molecule. At a field of 25 eV, HO- adsorption occurs first, at about 385 fs and the entity
remains adsorbed for 200 fs. Note that CNT is much less deformed under the action of an
intense electric field when it contains more molecules and that no dissociation of water
molecule is observed once formed.

Table 7. Dissociated water molecules inside (16,0) CNT under electric bias in presence of
a salt.

Field Intensity (eV)

10

20

Important events in simulation Observations

H»0 is formed at 250 fs

H* adsorbed at 75 fs
H-0 is formed at 551 fs

H* is adsorbed at 90 fs and HO"
remains free until the end of the
simulation

H* is adsorbed at 83 fs and HO"
remains free until the end of the
simulation.

NaOH formation.
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25 NaOH formation at 268 fs.

HO" adsorption at 385 fs.

HO" desorption at 556 fs.
331 As for other systems, we estimate the H+ and HO- adsorption energies in Table 8. We
332 observe that the adsorption of H+ is less favorable in this case (-4 eV at best) while the
333 adsorption of HO- in the very high electric field intensity is of the same order than the H+
334 one. The rapid desorption of HO- cannot explain this result but the presence of Na+ allows
335 it. Indeed, we observe an important role played by the salt which are alternatively at-
336 tracted by either hydrogen or hydroxyl ions in order to form another strong acid or base
337 component.
338 Table 8. H* Adsorption energies inside (16,0) CNT in presence of salt

U(eV) H* Ads. energy (eV) H* Ads. duration HO-ads. energy (eV) HO™ ads. duration
(fs) (fs)

0 - - - -
5 -3.288 476 - -
10 -3.449 1910 - -
20 -4.087 1917 - -
25 - - -3.211 171
339
340 3.2.5. Several water molecules inside (16,0) carbon nanotube
341 In order to get closer to biological conditions, a system with dissociated water mole-
342 cule submersed in several water molecules is simulated by varying the intensity of the
343 applied electric field. The density of water has been calculated to 1 in order to reproduce
344 a bulk like water media. After 2000 fs simulations we observe in all cases a rapid formation
345 of water molecule (in 17 fs).
346 Table 9. distribution of water inside the (16,0) carbon nanotube
Field intensity (Ev) 0 10 25 50
Water distribution
First maximum 2.66 2.73 2.75 2.75
position (A)
347 In order to check the conformation of the confined water and to see if possibly a phase
348 change has taken place, we calculated the radial distribution density of the water in the

349 various studied situations. The calculated values are entered as the water at the end of the
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simulation keeps the structure of the liquid phase and summarized in Table 10. For each
case, the first peak is localized at nearly 2.7 A. This value corroborates the organization of
the water molecule as a liquid since the experimental value for liquid water which is 2.88
A.

Table 10. First peak position in the radial distribution function of confined water.

U(eV)

10
25

50

First maximum position (A)
2.658
2.73
2.754

2.75

Experimental Value for liquid water gOO1=2.88

Note that during the simulation, while no adsorption was observed on the carbon
surface, the formation of successive hydronium ion inside the water bulk and proton jump
have been effective via the so-called Grotthuss mechanism.

3.3. Change in hybridization of the adsorption site

We found by comparing the two carbon structures that the adsorption of HO- on
carbon nanotubes is much more favorable than on graphene monolayer and takes place
at lower field intensities. This is probably due to the higher surface charge of the carbon
nanotube and its coiled structure.

We noted here for the carbon structures, that a change of conformation is observed
for the carbon atom at the adsorption site (see figure 5). Indeed, as established by previous
studies, the adsorption of an entity on a graphene surface or on the internal or external
surface of a single-walled carbon nanotube modified the adsorption site initially hybrid-
ized sp2 (planar structure). Due to the adsorption it deviates from its original state to-
wards sp3 type hybridization. It is then the center of a regular tetrahedron defined by
three adjacent carbon atoms and the adsorbed entity. This strong local deformation causes
a change in the bond angles of the original sp2 hybridization (CCC) =120° to (CCC) =112°
respectively for CNT and graphene.

Figure 5. sp3 hybridization of the adsorption site for graphene material.

Note also that the observed bond lengths are C-Hgraphene = 1.1 A; C-HCNT = 1.12
A; C-Ographene=1.52; C-OCNT=1.496A, which are very characteristic of single bonds for
each of the studied structures. The puckering of the carbon atom beneath the adsorbed
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hydrogen atom, leads to an increase in its sp3 character [9,13,15,69,71-76]. A stretching in
the C—C bonds associated with this carbon atom is also noted. They are approximately 0.3
A elongated from the original C-C bond length in pure structures. Casolo et al. quantified
the electronic rearrangement of the carbon atom by a high energy barrier of 0.2 eV [71,77].

5. Conclusions

In this work, we studied through DFT-MD calculations the analysis of flat (graphene)
or curveted (CNT) carbon surface reactivities to proton and hydroxyl ions or hydroxyl
ions, mixed or not with other entities, upon the presence of an electric field or not at the
molecular scale. From all of our studies, we demonstrated here a very strong affinity of
the carbon wall, whatever its curvature, for proton, with a notable modification of the
hybridation of carbon atom. The adsorption energy obtained in each case is about -4eV,
in agreement with literature. On the contrary, we can note that no specific adsorption
preferences have been characterized for HO- ion. Some punctual observations of hydroxyl
interaction with the carbon surface have been obtained, but mainly after a first function-
alization of the carbon by the hydrogen in the presence and absence of an electric field.
However, the higher the electric field intensity, the faster the proton chemisorption rate.
For graphene, the presence of a dissociated salt (NaCl) with water lead to desorption of
ions, while HO- can adsorb first as observed in CNT charged with NaCl. This asymmetry
of ion adsorptions occurs on flat and curveted carbonaceous surfaces but can be drasti-
cally affected by an external electric field, while being pH dependent in water.
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