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Detailed studies of mechanisms for hydrogen dissociative adsorption and diffusion on pure and nitrogen-
doped (8, 0) carbon nanotubes are carried out using the first-principles density functional theory method. (1)
For pure carbon nanotubes, we have identified the energetically most favorable dissociative pathway for
hydrogen adsorption, with a barrier height of 1.3 eV. We also found that the adsorbed hydrogen atoms can act
as an autocatalyst for further dissociative adsorption of hydrogen molecules. (2) It is found that on pure carbon
nanotubes the diffusion of hydrogen atoms is constrained by interaction with neighboring adsorbed hydrogen
atoms. The diffusion barrier is around 0.7 eV for an isolated hydrogen atom, but becomes substantially higher
at around 1.4 eV in the presence of adsorbed hydrogen in neighboring positions. (3) Doping the nanotube with
nitrogen considerably alters the catalytic effects of the carbon nanotube for hydrogen dissociative adsorption.
The dissociative adsorption of hydrogen on the carbon nanotube is greatly enhanced, with the barrier substan-
tially reduced to ca. 0.9 eV. The differences in the barrier heights are explained through analysis of the

electronic structure changes of the nanotube.
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I. INTRODUCTION

Since first reported in 1991,'? carbon nanotubes (CNTs)
have spurred tremendous activities in both fundamental and
applied-technology studies and opened up seemingly endless
possibilities of physical, chemical, biological, and medicinal
applications. As results of the characteristically strong cova-
lent bonding and topologically unique one-dimensional
structure with variable nanometer-sized diameter and chiral-
ity, CNTs exhibit extraordinary physical and chemical prop-
erties. Initial studies of CNTs revealed their superior me-
chanical strength,>> thermal conductivity,® and outstanding
field emission properties.”® Depending on the chirality,
CNTs can either be metallic and transport currents without
thermal dissipation or be semiconducting.” The chemical
properties and chemical functionalization of CNTs, impor-
tant for preparation, purification, and separation according to
their size and chirality, as well as various biological and
chemical applications, have also received increasing
attention.'®!! In particular, the chemical reactivity of CNTs
has been a subject of intense studies for the potential use of
CNTs as hydrogen storage material'>!3 and catalytic'*!> and
support material'® for fuel cell electrodes in energy-related
applications.

Since the first demonstration of hydrogen storage in
CNTs, there have been continued efforts to understand the
hydrogen storage capability of CNTs, with both physisorp-
tion and chemisorption as possible mechanisms. The maxi-
mal chemisorption capability, with a one-to-one ratio of hy-
drogen to carbon, gives rise to a storage capability of ca.
7.7 wt %. However, the dissociative adsorption of hydrogen
is associated with a substantial energy barrier.!”-!° To have a
realistic hydrogen storage material, it is important to reduce
the energy barrier for hydrogen dissociation so that the ad-
sorption and desorption of hydrogen are easily reversible at
ambient temperature and pressure. Transition metal nanopar-
ticles can be used as catalysts to facilitate reversible chemi-
sorption of hydrogen on CNTs. Transition metal catalysts,
dispersed on the CNTs, can act as catalyst to break up the
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hydrogen molecule easily, and the hydrogen atoms can then
diffuse along the CNT and saturate the entire CNT through
the so-called spill-over mechanism. Up to now, however, the
mechanisms for hydrogen dissociation and diffusion on
CNTs are not well-understood, and systematic studies are
still lacking.

With their superior mechanical strength, thermal and elec-
trical conductivity, and high surface area and porosity, CNTs
have also attracted increasing interests for their catalytic
properties, primarily for potential applications as catalysts
and/or catalyst supports for fuel cell electrodes.'*!>20 The
catalytic properties of CNTs have been explored for various
other applications also, including methane decomposition,
oxidative dehydrogenation of ethylbenzene to styrene, oxida-
tion of p-toluidine, and conversion of aniline to
azobenzene.?'~%6 The reactivity of the CNTs is mostly deter-
mined by two effects: curvature-induced pyramidalization
and misalignment of the 7 orbital.””?® CNTs are relatively
inert, with reactivity lying between planar graphite and
spherical fullerenes. There have been continued efforts to
modify the reactivity of CNTs so that CNTs can be processed
and modified to have the desired properties. There are in-
creasing evidences showing that the electrical properties are
extremely sensitive to charge transfer and chemical doping
effects by various molecules. Substitutional doping, with
dopants incorporated directly in the CNTs, is the most desir-
able way to modify the chemical activities of CNTs since it
maintains the robust framework of the CNT and most of its
intrinsic properties.'!?* The objective of this study is to elu-
cidate the intrinsic chemical reactivity of CNTs, particularly
for hydrogen dissociation on pure and nitrogen doped CNTs,
and the property of hydrogen diffusion on the CNTs.

II. COMPUTATIONAL DETAILS

The DFT results are calculated using the VASP code,*
with the local density approximation of Ceperley and Alder!
as parametrized by Perdew and Zunger.>> Blochl’s projector
augmented wave (PAW) potentials®} are used to describe the
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TABLE 1. Comparison of barrier heights with low and high
plane wave cutoff. C2C3: dissociative adsorption on C2 and C3.
C1C4: dissociative adsorption on C1 and C4. C1C4/C2C3: disso-
ciative adsorption on C1C4 when C2 and C3 are hydrogenized.
Single N: dissociative adsorption over C1 and C4 when N is doped
at C2 position.

C2C3 Cl1c4 C1C4/C2C3 Single N
Low cutoff 2.73 1.33 0.89 0.91
High cutoff 2.82 1.44 0.89 1.00

ion-electron interactions. The PAW potentials are taken from
the database provided through the VASP package, and an en-
ergy cutoff of 286.57 eV is used throughout. A test with a
higher cutoff at 500 eV shows that the largest change in bar-
rier height is around 0.11 eV and the effects on barrier height
by doping and hydrogenation remain essentially the same
(see Table I for details). All the calculations are done for the
zigzag (8, 0) tube and two primitive unit cells are used to
reduce the finite-size error and to minimize the interaction
among the adsorbates. At least five k-points in the direction
of the tube axis are used in the simulations, with a supercell
size of 14.264 X 14.264 X 14.264 A®. Geometry optimiza-
tions are converged to forces on atoms less than 0.001 eV/ A,
and electronic energies are converged to 0.0005 eV. To ob-
tain the reaction profile, the climbing image nudged elastic
band (NEB) method is applied to locate the reaction path-
ways and transition states.>*

III. RESULTS AND DISCUSSION
A. Optimal hydrogen dissociation pathway

To obtain the optimal reaction path for the dissociation of
hydrogen on a CNT, several hydrogen adsorption configura-
tions are explored. From our calculations, we found that the
energetically most favorable hydrogen adsorption sites for a
pair of hydrogen are the C2 and C3 positions of the six-
member ring, as shown in Fig. 1. Three low energy configu-
rations are indicated in Fig. 1. The calculated binding ener-
gies, defined relative to an isolated H, molecule and CNT,
range from —0.045 to 0.276 eV, with positive binding ener-
gies indicating an energetically stable configuration. We ex-

C2C3: 0.276 eV
C1C4: 0.018 eV
CI1C2: -0.045 eV

Ce,

Cs e
C4
FIG. 1. (Color online) Low-energy configurations of pairs of

hydrogen on a CNT. The first two configurations are bound against
an isolated CNT and hydrogen molecule.
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amined the hydrogen dissociative adsorption reaction pro-
files of all three configurations. The initial configurations of
H, are chosen to be 3.5 A away from the CNT, with the H,
direction oriented parallel to the two C atoms in the adsorbed
configurations. The calculated reaction profiles are shown in
Fig. 2. The calculated reaction energy barriers are 1.33, 2.38,
and 2.73 eV for the three adsorbed configurations C1C4,
C1C2, and C2C3, respectively. The most stable configura-
tion, C2C3 is associated with the highest energy barrier, and
the lowest energy barrier is found for the least stable con-
figuration C1C4. In a previous study, H dissociative adsorp-
tion on a (5, 5) CNT was considered, and they obtained
energy barriers of ca. 3.07 eV for the C2C3 pathway and
2.7 eV for the C2C5 pathway.'” However, they did not con-
sider the pathway corresponding to dissociation on C1C4.

The reactivity of the CNT is mostly determined by the
strain due to the curvature of the tube and the 7 orbital
misalignment.”® The C atom in the CNT is in a configuration
that lies in between sp” and sp® hybridization. Chemisorption
on a C atom will release the strain and changes the C atomic
bonding structure to very close to sp’. Chemisorption also
changes the configuration of the surrounding C atoms con-
siderably, releasing much of the constraint inherent in a per-
fect CNT. As a result, the chemical reactivity of the sur-
rounding C atoms is expected to be considerably changed.
This effect is reflected in the much stronger binding energy
for a pair of hydrogen atoms chemisorbed in the neighboring
positions of a pair of chemisorbed H atoms. We also exam-
ined the effect of the chemisorption on further dissociative
adsorption. While a pair of hydrogen atoms is adsorbed at
the most stable configuration, C2C3 as shown in Fig. 1, we
computed the reaction profile for the dissociation of the sec-
ond pair of hydrogen atoms on the C1 and C4 positions. The
reaction profile is shown in Fig. 3. It is seen that the energy
barrier for the adsorption of a second pair of hydrogen at-
oms, in the presence of a first pair of hydrogen atoms ad-
sorbed in a neighboring position, is considerably lowered to
0.89 eV from 1.33 eV.

B. Hydrogen diffusion on CNT

Another important issue to understand is how hydrogen
will diffuse once it is chemisorbed on the CNT. Chemisorbed
hydrogen atoms tend to stay in clusters, as our calculations
show (e.g., two H atoms on C2C3 sites are more stable than
CI1C4 sites by 0.25 eV). Isolated chemisorbed hydrogen may
diffuse on the CNT to form larger clusters and/or stripes of
lower energy configurations. It is likely that, in the case of
using CNT as hydrogen storage material, catalysts will be
required to break the hydrogen molecule and facilitate the
hydrogenation process. The most likely mechanism is the
diffusion of hydrogen from the hydrogen adsorption sites to
cover the remote part of the CNT. Chemisorbed hydrogen
forms a strong covalent bond with the C atom of a CNT, but
hopping of hydrogen from one site to a neighboring site
might still be relatively easy since no C—H bonds are com-
pletely broken during this process. For the diffusion of single
isolated hydrogen this is indeed the case as shown in our
calculation, and the calculated barrier for a single isolated
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FIG. 2. (Color) Reaction profiles for H2 dissociation on a CNT for the three configurations shown in Fig. 1. Red: C2C3, black: C1C2,
and blue: C1C4. The barrier heights for the three configurations C2C3, C1C2, and C1C4 are 2.73, 2.38, and 1.33 eV, respectively. The
reaction coordinates are the images between the initial and final states. The right panel shows the structures of the transition states (left) and
the final adsorbed states (right): upper right: dissociation over C1 and C4 and lower right: dissociation over C2 and C3.

hydrogen atom to hop to neighboring sites is relatively low
at 0.70 eV.

On the other hand, the diffusion of hydrogen in a stable
pair configuration is a much more difficult process. Starting
from various initial pair configurations, we have explored the
possible pathways of hydrogen diffusion to form a new pair
of configurations, and some of the results are shown in Fig. 4
together with the reaction profile for single isolated hydrogen
diffusion. In particular we examined the diffusion profile
from the C1C4 configuration to the C2C3 configuration, as
the former is the configuration with the lowest barrier to
hydrogen dissociative chemisorption and the later corre-
sponds to the most stable configurations for a pair of chemi-
sorbed hydrogen atoms. The concerted pathway, with the two
hydrogen atoms moving in concert, is associated with a high
energy barrier of 3.20 eV and thus can be ruled out. In the
two-step pathway, H at C1 to C2 position followed by H at
C4 to C3 position, the first step has a barrier of ca. 1.4 eV
and there is an intermediate configuration that is about
0.78 eV above the initial configuration. The second step,
from the metastable intermediate to the final configuration, is
associated with a rather low barrier of only 0.4 eV. Thus the
most likely pathway from the configuration of easy hydrogen
dissociation to the stable configuration is through a two-step
process, with the first step being the rate limiting step.

1.6
14 Dissggiation over C1 and
1.2
1 .
0.8
0.6 Dissociation over
0.4 - Cland C
0.2
0
-0.2 - N
-0.4 S
-0.6

Energy (eV)

Reaction Coordinates

FIG. 3. (Color) Solid line: pure CNT, H dissociation over C1
and C4, energy barrier 1.33 eV. Dashed line: H dissociation on C1
and C4 with hydrogen atoms chemisorbed on C2 and C3 positions,
energy barrier: 0.89 eV.

C. Reactivity of doped CNT

As discussed in the previous paragraphs, chemisorption of
hydrogen can change the reactivity of the neighboring sites
on a CNT and makes the dissociation of hydrogen on these
sites much easier. Still, there is a high energy barrier associ-
ated with the initial dissociative adsorption. One way to
modify the chemical reactivity is by doping the CNT. We
have considered various configurations of doping the CNT
with N atoms, including doping with a single N atom and
with two N atoms at C2C3, C3C6, and C2C6 positions (refer
to Fig. 1 for the numbering of atomic positions). The results
for the energy barriers and adsorption energies are summa-
rized in Table II. Our results show that when doped with N,
the reactivity of the CNT changes substantially and the
changes depend strongly on the configurations of the dop-
ants. In all the calculation for doping, we used a simulation
cell that consists of two primitive cells. The dissociation
pathway investigated is along the C1 and C4 position, the
pathway that gives the lowest barrier to dissociation, as dis-
cussed in previous paragraphs. The reaction profiles for a
singly doped CNT are shown in Fig. 5.

Concerted H diffusion from

3-2 ' d C4 to C2 andC3
2.5
9 HatCl1 to C2 and
then H at C4 to C3 H diffusion from
1.5

C3 position

Energy (eV)

Reaction Coordinates

FIG. 4. (Color) Hydrogen diffusion pathways on CNT. Brown:
single isolated H on the C2 position diffuses to the C3 position,
barrier height around 0.70 eV. Blue: C1C4 to C2C3: concerted dif-
fusion of two hydrogen atoms at C1 and C4 to C2 and C3 positions,
barrier height 3.20 eV. Brown: two step diffusion with H at C1 to
C2 position and then H at C4 to C3 position barrier heights around
1.4 eV. The intermediate state is ca. 0.7 eV above the initial state.
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TABLE II. Binding energy and reaction barriers for hydrogen dissociation to C1 and C4 sites on pure and

doped CNT. Energies are in eV.

Pure CNT  Single N at C2 N at C2 and C3

Nat C3 and C6 N at C2 and C6

Barrier height 1.33 0.91

Adsorption energy 0.018 0.05

1.29 1.23 0.96
0.46 0.10 0.19

In the case of doping with a single N at C2 position, it is
found that the energy barrier to hydrogen dissociative ad-
sorption to C1 and C4 is substantially reduced, from 1.33 eV
for a pure CNT to 0.9 eV for a doped CNT. The binding
energy relative to an isolated CNT (doped) and hydrogen
molecule is little changed at 0.05 eV, compared with that for
a pure CNT at 0.018 eV (a positive number indicates an
energetically stable configuration). We also considered vari-
ous configurations with two neighboring N impurities on the
CNT, with two N atoms at the C2C3, C2C6, and C3C6 po-
sitions. The CNT with C3C6 N atom substitution is the most
stable and the C2C6 substitution is 0.02 eV higher in energy.
The configuration with C2C3 N atom substitution is the least
stable and much higher in energy by 0.88 eV. When the two
N atoms are doped at C2 and C6 positions, there is a sub-
stantial change in the reaction barrier for hydrogen dissocia-
tion to C1 and C4 sites, compared with that of a pure CNT.
The barrier height of ca. 0.96 eV is similar to that of 0.91 eV
for a N atom doped in the CNT. The calculated binding en-
ergy is ca. 0.19 eV, larger than that of either the case of a
pure CNT or the case with a single N dopant. When the two
N atoms are doped at either the C3C6 or C2C3 positions, the
barrier heights are at 1.23 and 1.29 eV, respectively, little
changed compared with the barrier height of 1.33 eV for a
pure CNT. On the other hand, the binding energy in the case
of C2C3 substitution, where the two N atoms form a N—-N
bond in the CNT network, is much higher at 0.46 eV. The
binding energy for a hydrogen pair in the case of C3C6 sub-
stitution is at 0.1 eV, only slightly increased from the pure
CNT case. In summary, some special configurations of pair
substitution of N in a single hexagon of the CNT can cause
substantial changes in binding energy and/or barrier height
for hydrogen dissociation.

D. Electronic origin of the differences in hydrogen
dissociation reaction

The origin of the differences in the barriers of hydrogen
dissociative adsorption on carbon nanotubes can be under-

1.4

1.2 Pur T, C1C4 position
1
0.8

0.6 T, C1C4 position

Energy (eV)

0.4
0.2
0

-0.2
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FIG. 5. (Color) Hydrogen dissociation on N doped CNT. Black:
pure CNT, energy barrier 1.33 eV over C1 and C4. Red: singly
doped N at the C2 position in Fig. 1, Energy barrier: 0.91 eV.

stood by examining the electronic structures through the
analysis of local density of states (LDOS). Figure 6 shows
the local density of states of the hydrogen and the carbon

Fermi Level

420 100 80 6.0 4.0 2.0 0.0 20

\0.8-

.........

-12.0 -1.0 2.0 3.0

FIG. 6. (Color) Local density states of the carbon and hydrogen
atoms involved in bonding at the transition states. (a) H, dissocia-
tion over C1 and C4. (b) H, dissociation over C2 and C3. (c) H,
dissociation over C1 and C4, N doped CNT. The dotted circles
indicate the C states (the C p, band) that participate strongly in
bonding with H in the transition states. The vertical lines indicate
the Fermi level. In (b), the local density of states of the isolated H,,
at the same positions as in the transition state configuration, is also
shown. The black curves are the LDOS for carbon and hydrogen at
the transition states. The red curves are for the same C atoms in the
CNT without H, with CNT fixed at the same positions as in the
transition states.
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atoms upon which the hydrogen molecule dissociates and
adsorbs for dissociation through the C1C4 pathway [case 1,
Fig. 6(a)] and the C2C3 pathway of the pure CNT [case 2,
Fig. 6(b)] and the C1C4 pathway of the nitrogen doped CNT
[case 3, Fig. 6(c)]. The interaction between the hydrogen and
CNT atom is mainly determined by the bonding and anti-
bonding interactions between the o, and o, states of hydro-
gen and p states perpendicular to the CNT (p ), close to the
Fermi level, of carbon atoms at bonding position with the
hydrogen atoms. The LDOS of the C between the Fermi
level and ca. 2 eV below can be easily identified as the C
states that participate strongly in bonding with hydrogen as
they disappear in the plots of LDOS for interacting CNT and
hydrogen, and we refer to these as the C p, band. The
strength of the interaction and thus the trends in the barrier
heights can be rationalized by considering the positions and
weights of the bonding and antibonding states between the
carbon p; bands and the hydrogen states. At positions of the
bands due to the interaction between C and H, there are
obvious differences in the LDOS of the C atoms with and
without hydrogen. At other positions, the LDOS of C remain
almost identical with and without H. Based on the positions
of the C—H bands, relative to the position of the states in an
isolated H as shown in Fig. 6(b) for case 2, the characters of
these bands can be easily assigned. The lowest C—H bands
around —10 eV are obviously due to the interaction of the H
o, state and the C p, state. The second lowest C—H band,
between —8 and —6 eV, is mostly due to the bonding inter-
action between the H o, and the C p states since they are
above the H o, state. The highest C—H bands are the results
of a combination of the interactions mainly between the C
p. and H o, and between the H o, and the antibonding C p |
above the Fermi level. It is mainly the positions and weights
of the highest C—H band that largely determine the strength
of the interaction and the bonding/antibonding character and
thus determine the barrier heights of the transition states.
Specifically, in case 2, there is a large occupied C—H band
right below the Fermi level and the lowest two C—H bands
are considerably smaller than in the other two cases, consis-
tent with the highest barrier height calculated for this case.
Case 1 corresponds to the lowest barrier heights for dissocia-
tion on the pure CNT and it is observed that the third C-H
band lies considerably below the Fermi level at —3 and
—4 eV with mostly bonding character. Besides, the two low-
est C—H bands are considerably larger in weight. When N is
doped in the CNT, three distinctive features contribute to the
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further lowering of the barrier height: (1) the C p, band that
participates in bonding with H is considerably more exten-
sive, spanning the range from —4 eV right to the Fermi level,
due to the extra electron of the N; (2) the interaction between
C and H is much stronger, as can be seen by the extensive
region of the C LDOS that shows considerable difference
with and without hydrogen; and (3) the higher lying C—H
band below the Fermi level is completely missing in this
case. Finally we note that the calculated barrier heights de-
crease with the distances between the center of the C p
band and the Fermi level, with the distances between the C
p. and the Fermi level at 2.22 eV for case 2, 1.97 eV for
case 1, and up to the Fermi level for case 3. Similar correla-
tions with the metal d band positions are extensively used to
explain the reactivity of transition metal surfaces.*

IV. CONCLUSION

In summary, we have studied the reactivity of a pure and
doped (8, 0) CNT, including binding energies, reaction bar-
riers for hydrogen dissociation, and hydrogen diffusion on
the CNT. We have found that for the hydrogen dissociation,
the optimal pathway is dissociation and chemisorption on the
C1 and C4 positions of the hexagon in the CNT. Chemisorp-
tion of hydrogen also modifies the local reactivity of neigh-
boring atoms in the CNT, as exemplified by the increase of
binding energy and substantial decrease of energy barrier for
further H, dissociation and adsorption when a first pair of
hydrogen atoms is chemisorbed on the CNT. We also studied
the detailed diffusion mechanism of hydrogen on a CNT. We
found that a single isolated H is relatively easy to diffuse on
the CNT but it is difficult for H in a stable adsorbed cluster
to diffuse, even if the diffusion is to an energetically more
stable position. Our results show that doping the CNT with
nitrogen significantly changes the reactivity of the CNT and
reduces the energy barrier for hydrogen dissociation.
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