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ABSTRACT

The paper presents the results of the combined investigation of changes in the carbon
nanotubes structure caused by hydrogenation. Hydrogen adsorption by bundles of single-wall
carbon nanotubes (SWNTSs) was simulated by the molecular mechanics and DFT-LDA methods
and applied to interpret the results of the experimental study carried out by using high-resolution
X-ray absorption and photoelectron spectroscopy. As a result, new aspects of physical and
chemical adsorption of hydrogen atoms on SWNTSs were revealed, as well as preferable ways for
SWNTs hydrogenation. Due to van-der-Waals interactions, location of hydrogen molecules
inside the channels is energetically more favorable than that outside the channels. Chemical
covalent bonds between hydrogen atoms and nanotube walls arise with formation of the C4H and
C2H phases. However, not the entire surface of the SWNTs located inside the bundles is

accessible for hydrogenation but only segments adjacent to triangular pores.
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1. Introduction

During the last decades, the world-wide power consumption has increased almost 15-
fold. The most actively exploited primary sources of power are petroleum products (30%), coal
(20%), natural gas (20%) and nuclear fuel (6%) [1]. Due to this, carbon dioxide releases into the
atmosphere have grown 4.5 times during the last 50 years, which lays the groundwork for
considerable ecological problems. At the same time, estimates of the conventional energy source
resources showed that the oil and gas resources are sufficient for no more than 100 years. Thus,
one of the basic problems of modern power industry is to find alternative renewable power
sources and efficiently increase their share in the general power consumption. Hydrogen offers
an alternative fuel source in the event of a petroleum shortage [2]. However, none of the current
methods for hydrogen storage (at high pressure, in the absorbed state at low temperatures, in the
liquid state, in the form of metal hydrides or intermetallics) do not ensure so safe reversible
storage and compact transportation of gaseous hydrogen as carbon nanotubes (CNTs) [3-13].
Therefore, a lot of investigations are now aimed at studying peculiar features of hydrogen
sorption by CNTSs that exhibit extremely high porosity.

At the same time, the experimental and theoretical results are at once encouraging,
misleading, and fragmentary. This is first due to the lack of a universal technique for carbon
nanotube hydrogenation, e.g., physical or chemical hydrogenation. Another reason is the gap
between experimental and theoretical studies despite significant achievements in simulation of
interaction of atomic and molecular hydrogen with CNTs (e.g. [14-16]). In addition, chemical
reagents and reaction conditions may be different even in hydrogenation of one and the same
type. For instance, in work [17] single-wall carbon nanotubes (SWNTs) were hydrogenated
using polyamine reagents, while in other studies hydrogenation was accomplished based on
reaction with molecular hydrogen [18] or in liquid ammonia [19]. The processes of nanotube
hydrogenation may differ also in nanotube types (e.g., MWNTSs [20] and SWNTSs [18, 21, 22]),
procedures of CNT fabrication (e.g., Hipco [23], chemical vapor deposition (CVD) [18] or arc-
discharge [19]) and preparation (e.g., powder, bucky paper), and, in addition, in the hydrogen
form (atomic or ionic) [18, 24] used for the treatment and usage of pretreatment for creating
extra defects in graphene layers forming CNTs [24]. Additional difficulties arise in attempts to
consolidate all the results due the fact that hydrogenated CNTs (H-CNTSs) investigated in various
studies have different hydrogen concentration, which, as shown earlier for fluorinated multi-wall
carbon nanotubes, can essentially affect the variations in the H-CNT structure [25].

From the standpoint of further application of CNTs for hydrogen storage, the
investigation addressing the possibility of multiple reversible hydrogenations and
dehydrogenations of carbon nanotubes is the most critical. To this end, detailed understanding



of CNT structure changes caused by hydrogenation and studying local structure of the carbon-
hydrogen (C-H) bonding sites are of the utmost importance. Therefore, we attempted to
eliminate this gap by interpreting the results of the experimental study by simulating physical
adsorption of hydrogen by bundles of the SWNTSs using the molecular dynamics and DFT-LDA
methods. The CNTs models obtained as a result of such simulation were used to theoretically
analyze the absorption spectra. The experimental data were obtained by high-resolution near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy and X-ray photoelectron
spectroscopy (XPS). As a result, new aspects of the nature of interaction between hydrogen
atoms and carbon atoms of SWNTs were revealed, as well as preferable ways for SWNTs

hydrogenation.

2. Material and methods

The SWNTs were synthesized by the arc discharge evaporation method. Purification
resulted in a ~98 wt.% content of SWNTs. The SWNT average diameter was 1.5 nm (1.4-1.6
nm). The final material consisted of large (~100 um) nanotube mats [26]. The hydrogenation of
the SWNTSs was performed by treating them at high hydrogen pressure P~5.0 GPa and elevated
temperature Th~500°C [27]. The obtained sample of H-SWNT contained 5.335 wt.% of
hydrogen. The content of hydrogen in the H-SWNTs was determined by combustion method.
The more detailed description of the hydrogenation procedure is given in [28].

The X-ray absorption and photoelectron spectra were measured at the Russian-German
beamline of the BESSY 11 storage ring facility at Helmholtz-Zentrum Berlin (Berlin, Germany)
[29]. Powders of the SWNTs and H-SWNTs were rubbed into the scratched surface of a pure
substrate. The NEXAFS spectra were obtained by recording the total electron yield (TEY) of the
X-ray photoemission in the mode of the drain current measurement. The X-ray absorption and
photoelectron spectra were measured in ultrahigh vacuum (=2 x 1071° Torr). The samples were
mounted at the angle of ~ 45° to the incident beam. The size of the focused spot on the sample
was about 0.2 x 0.1 mm.

The monochromator energy resolution AE in the vicinity of the C 1s X-ray absorption
edge (photon energy Av ~ 285 eV) was ~70 meV. The X-ray absorption spectra were normalized
to the incident photon flux. The photon energy in the range of the fine structure of the C 1s X-ray
absorption spectrum was calibrated against the energy position of the first narrow peak in the C
K-edge spectrum of highly oriented pyrolytic graphite (HOPG, 285.45 eV [25]).

The X-ray photoemission spectra were acquired using the Phoibos 150 electron energy
analyzer (Specs). The C 1s spectra were acquired at photon energies (hv) of 485-1030 eV and

analyzer pass energies (PE) of 2-10 eV with the overall (monochromator and analyzer) energy
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resolution of ~100-200 meV. The C 1s, Au 4f and valence band spectra of the reference samples
(HOPG and Au) were measured to calibrate the analyzer work function. The detection angle was
close to that of normal emission. To analyze the data, the spectra were fitted by the
Gaussian/Lorentzian convolution functions with simultaneous optimization of the background
parameters by using the UNIFIT software [30]. The C 1s line asymmetry was described with the
Doniach-Sunji¢  (DS) function. The background was modelled by the equation
U(E)=a+s-S(E)+t-T(E), where S(E) is the Shirley background and T(E) is the Tougaard
background.

Physical adsorption of hydrogen in the nanotube bundles was simulated by the molecular-
mechanics method (MM2) [31]. The calculation was performed for a cluster consisting of seven
closely-packed fragments of the (10, 10) SWNTSs. The number of carbon atoms in each SWNT
fragment was 400. Hydrogen molecule H> was located in the bundle central part between
SWNTSs. After that, the model was geometrically optimized, due to which the hydrogen molecule
position corresponding to the minimum total energy was found. The hydrogen chemical
adsorption was calculated in the Quantum ESPRESSO software package [32] by the density
functional theory (DFT) method in the local density approximation (LDA-PZ) [33]. For
calculation, the norm-conserving Troullier-Martins pseudopotential was used. Calculation was
performed by using the Brillouin-zone k-point grids 8x8x8. Wave functions were expanded in a
truncated basis set of plane waves. The cut-off energy was 60 Rydberg. Criteria for stopping
geometric optimization of the structure were the atomic force values less than 1 meV/A and
stress values less 1.3 meV/A3,

Theoretical C K-edge NEXAFS spectra were obtained using the non-muffin-tin approach
with the finite difference method (FDMNES2012) for solving the Schrddinger equation [34].

3. Results and discussion

The high-resolution photoemission spectrum of pristine SWNTSs is shown in Fig. 1 in
comparison with the spectrum obtained for HOPG (Fig. 1, Inset). The experimental conditions
(hv=485 eV, PE=5 eV) provided both high energy resolution and optimal bulk sensitivity of ~0.6
nm. For HOPG, the C 1s spectral lineshape is described by the parameters (binding energy
BE=284.49 eV, G=0.19 eV, L=0.16 ¢V, a=0.1) which are in agreement with the data reported
earlier [35]. The high-resolution C 1s spectrum of pristine SWNTs (component A, C-C sp?) is
broader than that for HOPG (BE=284.59 eV, G=0.30 eV, L=0.16 eV, a=0.1). A small upshift in
BE ~0.1 eV is observed. The low-intensity component at BE=286.19 eV (C-Ox) may be related
to oxidation. The broadening effect can be attributed to slightly different BEs for SWNTSs with
diameters varying between 1.4 and 1.6 nm or to the presence of a small amount of defects in the

4



SWNT structure. As we reported earlier [36], the small upshift of the C 1s peak for SWNTSs can
be attributed to the Fermi level upshift and corresponding change in the work function. The main
peak in the SWNTs C 1s photoelectron spectrum is accompanied also by a satellite whose
position with respect to the C 1s peak is 6.3 eV (BE=290.89 eV). The satellite is associated with
discrete energy losses of emitted C 1s photoelectrons for valence electron excitation in the
graphene layer (shake up, inelastic scattering, and plasmon excitations) [37]. The energy gap
between the satellite and main C 1s line is close to the m plasmon energy in the process of
characteristic electron energy losses in CNTSs [38].

The H-SWNT C 1s spectra have a multicomponent structure (Fig. 2 and Fig. 3). To
control the sample composition, survey photoelectron spectra at hv=1030 eV were also
measured. They did not show the presence of oxygen in the H-SWNT samples (see Fig. 2, Inset).
The C 1s line of H-SWNTs consists of five components colored differently for different H/C
ratios. Component A at BE=284.59 eV (G=0.30 eV, L=0.16 ¢V, 0=0.1) can be assigned to carbon
atoms bound to the other carbon atoms, which corresponds to the spectrum of pristine SWNTSs.
As a result of the hydrogenation, four additional peaks emerged. They are distanced from the C-
C peak by 0.1 eV, 0.6 eV, 2.2 eV and 4.9 eV, respectively. The binding energy of the first of
these four peaks (A") is lower than that of the main C-C peak (A). As it was shown in [39] for
hydrogenated graphene, peak A" may be assigned to carbon atoms next to the C-H bonds and
correspond to formation of the C4H phase. Note that the presence of this feature in the H-SWNTSs
spectrum has also been shown in this study for the first time, though the assumption on the
existing overlapping of electronic density between carbon atoms bound and unbound to
hydrogen atoms resulting from SWNT hydrogenation was made in our previous work in
analyzing calculated angular-depended C 1s NEXAFS spectra of H-SWNTSs [40].
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Fig. 1. The C 1s photoelectron spectra of SWNT and HOPG (inset).



Peaks with BE=285.18 eV (A1), 286.77 eV (B) and 289.44 eV (C) correspond to the
contribution of carbon atoms participating in formation of chemical bonds between the carbon
and hydrogen atoms. The mentioned interaction between C and H atoms results in formation of
carbon-hydrogen phases. Hydrogen has higher electronegativity than carbon. As a result, charge
transfer from carbon atoms to hydrogen atoms arose. This pronounced difference in positions of
the A1, B and C peaks (Aa1-e=1.59 eV and Ag.c=2.67 eV) reflects differences in the natures of
interactions between carbon and hydrogen atoms in the observed C-H phases formed in H-
SWNTSs. Phase 1 (BE=286.77 eV) is characterized by the most intense electron-density transfer
from carbon atoms to hydrogen atoms. This fact confirmed the results of our simulation (see
below) that a part of hydrogen atoms bound covalently to the SWNTs graphene layers (CoH
phase).

The chemical shift in the positions of C 1s peak for phase 2 is much smaller for than that
for phase 1 (2.2 eV). Therefore, we can conclude that hydrocarbon phase 2 exhibits a
significantly weaker electron-density transfer from carbon atoms to hydrogen atoms, and, hence,
phase 2 has a weaker chemical bonding between C and H atoms. In that way, the distances
between carbon and hydrogen atoms in phase 1 ((1,2) phase (C2H)) are shorter as compared to
that of phase 2 ((1,4) phase CsH). At the same time, we should note that it is impossible to
resolve in the H-SWNTs spectrum the contributions of sp® carbon at BE~285.5 eV within the
interpretation suggested in [41] that an origin of sp* carbon (BE~285.5 eV) of C 1s XPS spectra
for carbon materials is charging effect, which is caused by the disconnection of the pathway of

electrons between sp? carbon and sp® carbon.
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Fig. 2. C 1s photoelectron and survey (inset) spectra of H-SWNT.

It is important to compare the C 1s photoelectron spectra recorded at #v=485 eV and
hv=1030 eV (Fig. 3). With Av increasing up to 1030 eV, relative intensities of peaks A1 and B



(contribution of C-H phases) increased, while relative intensities of peaks A and A" decreased. It
Is reasonable to relate these changes to the increase in the probing depth (from 0.6 to 2 nm). This
experimental fact is confirmed by our theoretical conclusion (see below) that location of
hydrogen molecules inside the channels is energetically more favorable than that outside the
channels.

Peaks A1, B and C are critical for the problem of determining the hydrogen atom content in
the samples by using simple formula n(%)=[(Sa1+Se+Sc)/(Sa+Sa+Sa1+Ss+Sc)]-100%, where Sa’,
Sa, Sa1, S and Sc represent the areas under the peaks in the C 1s photoelectron spectra.
According to this formula, atomic concentration of hydrogen in investigated H-SWNTSs is 32%.
Using the same formula, we can see that the atomic concentration of hydrogen in the
investigated H-SWNTs at the depth of 2 nm is 54 %, which agrees well with the result obtained
in [21]. It is worth noting that in this case the peak B relative area changes more than twice (from
15% to 37%). Thus, this is one more confirmation of the fact that just peak B represents the
contribution of carbon atoms covalently bound with hydrogen atoms. The very contribution of
this C-H phase dominates in the C 1s absorption spectrum (Fig. 4). At the same time, the C-peak
relative area shows that the number of destroyed SWNTSs does not exceed 3%.

In the C K-edge spectrum of pristine SWNTs (Fig. 4(a)), the most pronounced features
A-a and B—F reflect transitions of the C 1s electrons into free states of the conductivity band
formed from the C 2p; and C 2pxy electron states with the 7* and o* symmetry, respectively
[42]. The C 1s spectra of SWNTs and H-SWNTs differ significantly. A drastic decrease in the A
peak intensity and emergence of new bands B:* (288.8 eV), Bo* (287.3 eV), B*, C*, D* and E*—
F* are observed (Fig. 4(a)). It is important to pay attention that band A typical of the SWNT
spectrum is still observed. This observation indicates incompleteness of SWNT hydrogenation

which is also confirmed by the X-ray photoelectron spectroscopy data given above.
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Fig. 3. C 1s photoelectron spectrum of H-SWNT, measured at hy=1030 eV.



It would be natural to interpret the changes in the H-SWNT C 1s spectra as a result of
chemical interaction between the hydrogen atoms and carbon atoms of graphene layers forming
the SWNT walls. The most pronounced changes are reduction of the n- (peak A) and o- (peak B)
resonances and arising of new absorption bands in the 286-292 eV and 303-310 eV energy
ranges. As we have shown earlier in analyzing theoretical C 1s absorption spectra, chemical
bonding of H atoms with C atoms takes place mainly occurs as bonding of the hydrogen atoms
to carbon atoms on SWNTs walls with formation of o(C—H) bonds due to covalent mixing of
H1s- and C2p,-states [40]. This C-H bonds formation modifies the C atoms configuration from
triangular in pristine SWNTSs to nearly tetrahedral in H-SWNTSs; this is possible only when the
sp? hybridization of C atom valence states changes to the sp® hybridization. At the same time, the
arisen feature Bo* (287.3 eV) reflects the C-H bonding well-known for hydrocarbons [42]. The
new peaks B1* and B>* in the C K-edge spectrum of H-SWNTs could arise as a result of two
different ways in which H atoms are connected to the SWNT graphene layers with forming o(C—
H) bonds with diverse values of charge transfer from carbon to hydrogen atoms. According to
our theoretical investigation, peak B:* reflects the contribution of C atoms unbound with H
atoms. These C atoms are located between two C atoms bound to the H atoms. Therefore,
overlapping of electronic density between H atoms bound to C atoms and neighboring C atoms
takes place. The strong covalent bonding between C and H atoms is confirmed also by results of
thermal treatment of H-SWNTs. The H-SWNT C 1s spectrum measured after annealing at the
temperature (Tpn) equal to hydrogenation temperature of the pristine SWNTs (Tn~530°C)
demonstrated incompleteness of the H-SWNTs dehydrogenation (Fig. 4(b)).
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Fig. 4. The C 1s X-ray absorption spectra of SWNTs and H-SWNTSs

before and after annealing.
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The investigation of H-SWNTs dehydrogenation can make it possible to estimate the type
and power of carbon-hydrogen bonding and to find out whether the graphene mesh is distorted.
Annealing is one of the possible methods of H-SWNTSs dehydrogenation. The thermal annealing
was performed under ultra-high vacuum conditions and started at the temperatures much lower
than the hydrogenation one (Tw). After the first two annealing stages at Tpn = 260°C and 310°C
(t = 10 minutes each), no changes were revealed in the C1s absorption spectra (Fig. 4(b), curve
2). Such results testify to the absence of changes in the H-SWNTs atomic structure in the probed
region. Changes in the C1s absorption spectrum structure were observed for the first time only
after the fourth annealing carried out during the same 10 minutes but at the temperature close to
Tw of pristine SWNTSs (Ton = 350°C). The changes manifested themselves in small reduction of
bands B1* and B>* relative intensities and growth of bands A and B intensities (Fig. 4(b), curve
3). Bands B.* and B>* in the C1s absorption spectrum correspond to the transitions of C1s
electrons to the free hybridized states formed from C2p- and H1s-states. Bands A and B
correspond to the spectra of the initial regions of the hexagonal graphene mesh without any
hydrogen atoms attached. These findings become even more evident after annealing at Tpn = TH
= 500°C (not shown here). Obviously, such changes in the C1s absorption spectra of H-SWNTs
demonstrate the onset of the dehydrogenation process, i.e., partial breakage of C-H bonds. At the
same time, next annealings performed at Tpn = 530°C (t=10-40 minutes) did not made the
dehydrogenation more evident (Fig. 4(b), curve 4). Therefore, the experiment performed makes
it possible to affirm that annealing of H-SWNTs does not lead to their complete

dehydrogenation.

Table 1. Characteristics of the considered SWNT and H-SWNT models.

AEtotaI,
MOdeI NC, at. NH, at. Etotal, eV Ecoh, eV
eV/H-atom
Isolated C atom 1 - -146.36 - -
Isolated H atom - 1 -11.93 - -
SWNT (10,10) 40 - -6306.70 452.20 -
H-SWNT (10,10)
) 40 2 -6337.63 459.27 -3.53
«2-outside»
H-SWNT(10,10)
40 2 -6337.05 458.69 -3.24

«outside-inside»




Our experimental results were confirmed theoretically. First a non-hydrated (10,10)
nanotube was modeled, and its structural parameters, total energy and sublimation energy were
determined by the DFT-LDA method (see Table 1). The nanotube (10,10) unit cell contains 40
atoms, hence, attachment of a pair of hydrogen atoms provides the hydrogen concentration of 5
at.%. The following cases of the atom attachment in pairs were considered: 1) outside (zig-zag
orientation, Fig. 5(a)); 2) outside (armchair orientation); 3) one atom outside, the other inside
(zig-zag orientation, Fig. 5(c)); 4) one atom outside, the other inside (armchair orientation, Fig.
5(b)); 5) inside.

Attachment of hydrogen atoms to nanotubes should occur in pairs because covalent bonds
are formed by pairs of electrons, and, thus, the bond between the carbon and hydrogen atoms
may be formed only if one of the nanotube n-covalent carbon-carbon bonds is broken. One of
the electrons will be used to form a bond with the hydrogen atom, while the other becomes free
after the C-C bond breakage and remains non-compensated. This electron may be involved in
attaching one more hydrogen atom. Therefore, hydrogen atoms are expected to attach to the
nanotube surfaces and/or graphene layers in pairs.

Fig. 5. Optimized structure of (10,10) SWNT with chemically adsorbed hydrogen atoms: from
the outside in zig-zag (a) and armchair orientations (b), and from the outside and inside in zig-

zag orientation (c). The SWNT fragments presented in the figure contain six unit cells each.

The calculation results are presented in Table 1. The main characteristic based on which it
is possible to estimate the energetic favorability of any given structural configuration is the
specific incremental energy per hydrogen atom. This energy was calculated as a difference
between total energies of hydrogenated single-wall carbon nanotubes and pristine ones (free of

hydrogen), from which the total energy of two separate hydrogen atoms was then subtracted.
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The obtained value was divided in two. Formation of chemical bonds between the H and C
atoms of a carbon nanotube results in significant deformation of the nanotube cylindrical shape.
The calculations showed that the most favorable version is attachment of a pair of
hydrogen atoms in the zig-zag orientation outside the nanotube (AE = -3.53 eV/H-atom, Fig.
5(a)), which is in good agreement with the results of other authors and proved the correctness of
our calculations [14, 17, 43]. At the same time we should note that the hydrogen-SWNTs
bonding energy calculated in this work (-3.53 to -3.24 eV/H-atom) is lower than the same
bonding energy (-3.04 to -1.68 eV/H-atom) calculated in [44, 45]. This difference is caused by
the fact that in this work weak SWNTs hydrogenation was studied (with the relative content of
adsorbed hydrogen of ~5%), while in works [44, 45] CNTs were completely hydrogenated.
Thus, bonding of isolated hydrogen atoms chemically adsorbed on the SWNT surface should be
stronger than that in completely hydrogenated SWNT. Hydrogen attachment outside the
nanotube in the armchair orientation results in the nanotube destruction in the course of
geometrical optimization (Fig. 5(b)). Structural configurations "one atom outside, the other
inside” are less favorable than the first configuration (Table 1, Fig. 5(c)). Cases 2 and 3 of
attaching hydrogen atoms to the CNT walls give one and the same result, namely, transformation

of the nanotubes into graphene belts [46]. Thus, the most energetically favorable case is

attaching hydrogen to the nanotube outside.

Fig. 6. Physically adsorbed H> molecule Fig. 7. Physically adsorbed H atoms on
in the (10,10) SWNT bundles. the wall and cups of the (10,10) SWNTSs.

The possibility of a hydrogen molecule penetration into the nanotube bundles was
estimated by the molecular mechanics (MM2) method. Hydrogen can penetrate into the
triangular intertube channels (Fig. 6). Location of hydrogen molecules inside the channels is
energetically more favorable than outside the channels. This is nothing more than physical
absorption due to van-der-Waals interactions, which was also assumed in [47]. After that,

covalent chemical bonds between the hydrogen atoms and nanotube walls may arise. However,
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not the entire surface of the nanotubes located inside the bundle is accessible for hydrogenation
but only the segments adjacent to the triangular pores.

Comparative estimation of bonding energies between hydrogen and nanotube walls and
hydrogen and fullerene halves closing the nanotube ends showed that the bonding energies are

higher at the nanotube ends where the curvature of the graphene layer forming the nanotube

surface is maximal (Fig. 7).
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Fig. 9. The experimental and calculated C 1s X-ray absorption spectra of H-SWNT.

The nanotube fragments of the "armchair” (10, 10) and “zig-zag" (20, 0) types were
calculated (Fig. 8(a) and Fig. 8(b), respectively). Ends of those nanotubes remained open, while
the dangling carbon-carbon bonds at the ends were compensated by the hydrogen atoms. The
number of carbon and hydrogen atoms in the tubes’ fragments was the same (320 carbon atoms
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and 40 hydrogen atoms). The nanotube diameters appeared to be equal (13.77 and 15.26 A),
which meant that the surface curvatures differed insignificantly. The optimization was
performed by the molecular mechanics method (MM2). The energies were calculated by the
semiempirical quantum-mechanical method PM3 [48]. The total bonding energy of the (10, 10)
nanotube proved to be -2401.43 eV while that of the (20, 0) nanotube was -2803.77 eV. The
difference in these energies was caused by the difference in modes of attaching 40 hydrogen
atoms to the fragment ends. This makes clear that the bonding energy between hydrogen and
nanotube zig-zag ends is more favorable than that between hydrogen and nanotube armchair
ends.

The simulation results were used to theoretically analyze the experimental C K-spectra. In
our previous works, theoretical analysis of the experimental X-ray absorption spectra was
already successfully used for simulation of the nanocompounds [49]. The theoretical CK-spectra
were calculated based on the optimized structure of the (10,10) SWNT with chemically adsorbed
hydrogen atoms: namely, outside in the zig-zag configuration for which the minimal energies
were obtained (Fig.5(a)). It was revealed earlier [40] that the theoretical C K-spectra in H-
SWNTSs are highly sensitive to the choice of the absorbing atom the calculations are performed
for. To ensure compliance with the experimental C 1s NEXAFS spectrum of H-SWNTSs that is
an averaged signal from absorbing carbon atoms in different neighborhoods, the theoretical
spectra should be calculated taking into account all the absorbing carbon atoms, both hydrogen-
bonded and non-hydrogen-bonded. In addition, as Fig. 5(a) shows, attachment of hydrogen
atoms induces significant deformation of H-SWNTs relative to ideal SWNTSs, which results in
considerable changes in the local neighborhood of carbon atoms depending on their location. To
take into account all these factors, three types of absorbing atoms were used in calculating C 1s
NEXAFS spectra, namely, a hydrogen-bonded carbon atom, a similar non-hydrogen-bonded
carbon atom from the zig-zag chain neighboring to the hydrogenated chain, and non-hydrogen-
bonded carbon atom that is in the position diametrically opposite to the hydrogen-bonded carbon
atom. Figure 9 illustrates the comparison of theoretical C K-spectra calculated for absorbing
carbon atoms with different local neighborhoods with the experimental H-SWNTs spectrum.
Figure 9 demonstrates that the spectrum corresponding to the hydrogen-bonded carbon atom
(blue curve) perfectly reproduces features B, C and D of the experimental spectrum. At the same
time, this spectrum exhibits absolute absence of feature A related to the m resonance and of all
the features between resonances A and B-C, though earlier feature Bs related to hydrogen, as well
as low-intense feature A, was properly reproduced in the carbon atom spectra. In this model (Fig.
9), this might be caused by significant deformation of the graphene plane in the region of
hydrogen atoms attachment and by almost absolute absence of electronic density overlapping
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between carbon atoms both bound chemically hydrogen atoms and carbon atoms neighboring to
them. This contradicts to previous results obtained for the cases of insignificant graphene plane
distortion. The second spectrum was calculated for a similar carbon atom from the chain
neighboring to the hydrogenated chain (green curve). The spectrum reveals appearance of
intense feature A related to free 7 states that are not occupied by hydrogen atoms in this case as
well as appearance of feature B,. Taking into account the hydrogenation degree, we can say that
the main contribution to the experimental C 1s NEXAFS spectra of H-SWNTs comes from non-
hydrogen-bonded carbon atoms. Thus the third spectrum was calculated for the case when the
atom on the opposite side of SWNT was chosen as the absorbing atom (pink curve). The
features' shapes and positions in this spectrum are similar to those in the C K-spectrum calculated
for ideal SWNT, which seems reasonable since the local neighborhood of the chosen absorbing
atom is almost absolutely identical to the ideal SWNT neighborhood. The only difference is
feature B that is observed in the H-SWNT experimental spectrum and is absent in both the
experimental and theoretical SWNT spectra. We suppose that this is caused by a stronger
deformation of the graphene plane in the H-SWNT model as compared with the SWNT model.
Thus we can note that consideration of partial contributions of spectra calculated for absorbing
atoms with different local neighborhoods results in reproducing all the basic features of the
experimental C K-spectrum. However, it should be noted that neither of the spectra reproduces
intensities of features lying between the A and B resonances, which may be an evidence for
overestimation of the nanotube deformation in simulation and confirm that inter-resonance
features arise due to overlapping of electronic densities of hydrogen atoms and neighboring non-

hydrogen-bonded carbon atoms.

4. Conclusions

In this work, we attempted to elucidate the CNT structure changes caused by
hydrogenation using high-resolution near edge X-ray absorption fine structure (NEXAFS)
spectroscopy and X-ray photoelectron spectroscopy (XPS). In parallel, the physical adsorption of
hydrogen by SWNTs bundles was simulated using the molecular mechanics (MM2) and DFT-
LDA methods and applied to interpret the results of the experimental study. The CNTs models
obtained as a result of such a simulation were used to theoretically analyze the absorption
spectra. As a result, new aspects of the nature of interaction between hydrogen atoms and carbon
atoms of single-wall carbon nanotubes were revealed, as well as preferable ways for SWNTs
hydrogenation. It was found out that the hydrogen atoms should be attached to the nanotubes in
twos. Hydrogen was shown to be able to penetrate into the triangular intertube channels. Due to
van-der-Waals interactions, location of hydrogen molecules inside the channels is energetically

14



more favorable than that outside the channels. Thus, chemical covalent bonds between hydrogen
atoms and nanotube walls arise with formation of C4H and C2H phases. However, not the entire
surface of the SWNTSs located inside the bundles is accessible for hydrogenation but only the

segments adjacent to the triangular pores.
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