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ABSTRACT: Hydrogen adsorption on Ru-decorated (8,0) zigzag single-walled carbon
nanotube (SWCNT) was studied using density functional theory (DFT). Several decoration
sites on the CNT surface were investigated before atomic or molecular hydrogen adsorption.
The most stable location for a single Ru atom is above the hollow site, with an adsorption
energy of E ;(Ru) = —2.133 eV. Ru decoration increases hydrogen adsorption energy nearly
46% compared to pristine CNT. When a hydrogen molecule is considered on Ru/SWCNT
its adsorption is dissociative with an E,4(H,) = —0.697 eV. The Ru-decorated SWCNT
systems exhibit magnetic properties. Density of states (DOS) and overlap population density
of states (OPDOS) were computed in order to study the evolution of the chemical bonding.
C—C bonds interact with Ru and are weakened after adsorption. Strong Ru—H bonds are
formed during hydrogen adsorption process at expenses of C—Ru bonds. The mains

interactions include the Ru Sp, and 4d> and C 2p, bands.

1. INTRODUCTION

Nowadays, hydrogen is one of the most promising clean energy
carriers because of its abundance, environmental friendliness,
high conversion efficiency and potentially abundant production
from other renewable resources."”* However, there are two
important drawbacks in hydrogen utilization: production costs
and storage characteristics.>® Therefore, the key is developing
secure and cheap storage technolo7gies to save hydrogen.

Since their discovery by lijima,” carbon nanotubes (CNT)
have been the focus of extensive research both experimental
and theoretical due to their fascinating physical and mechanical
properties;® '* being considered potential candidates for
hydrogen storage.”'>™'® Previous experimental studies®”*'
have recognized that pristine single-walled (SW) CNTs have
suitable hydrogen storage capacities at cryogenic temperatures
due to their high surface-to-volume ratios. Unfortunately, the
C—H interaction is too weak at room temperature and
pressures.”>~>* Therefore, bare CNTs cannot store more than
1 wt % of hydrogen at these conditions and they are not
practical for H storage.

Both experimental and theoretical studies have showed that
carbon nanotubes turn more active for hydrogen adsorption at
ambient conditions when they are doped with transition metal
atoms (TM).

Only TM doping process preserves the structural integrity of
carbon nanomaterials, and therefore, it can be considered as the
best alternative for enhancing the hydrogen storage capacity.
Extensive experimental research® > has been performed to
explain these phenomena. Zacharia et al.”® reported that
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hydrogen storage capacity of Pd- and V-doped CNT at room
temperature and at 2 MPa was nearly 30% more than purified
CNT. In the same way, Suttisawat et al.** determined that at
room temperature hydrogen adsorption capacity was 0.125 and
0.1 wt % for Pd-CNTs and V-CNTs, respectively. Ag-doped
CNT enhances hydrogen adsorption more than 40% as
compared to pristine CNT.® Recently, Rather et al.** found
that Ni-decorated multiwalled carbon nanotube (MWCNT)
improves hydrogen uptake capacity three times more than
pristine MWCNT.

However, theoretical studies have shown that TM-doped
CNTs improve H, adsorption.**™*® Yildirim et al.*® found that
Ti atoms uniformly coated on nanotube surface could adsorb
~8 wt % of H,. They also report that SWCNT (12,0) doped
with TM atoms such as V and Sc bound up five H, molecules.*'
Other research groups revealed that Ni-, Pd/Ni-, Pt-, and Pd-
doped SWCNT have high hydrogen uptakes according to
theoretical predictions,***+>43

Recently, Seenithurai et al.** investigated H, adsorption on
both Ni- and NiH,-doped CNTs. They found that binding
energy of five hydrogen molecules are stabilized on passivated
Ni-doped CNT as well as they observed that desorption would
take place above room temperature.

It is known that the development of air- and moisture-
tolerant homogeneous Ru-based catalysts for alkene metathesis
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has had a major impact in total synthesis and in materials
chemistry.*” Ruthenium is the most active metal for CO
hydrogenation and production of long-chain hydrocarbons
without any promoters.** Moreover, Ru catalysts show higher
activity in ammonia synthesis and decomposition comgared
with other metal catalysts such as Ni, Fe, Rh, Pt, and Pd. ° Ru
and Ru alloy nanoparticles deposited on carbon based supports
have recently drawn much attention for their long-term
reactivity. Ru nanoparticles in ordered mesoporous carbon
material and on carbon nanotubes showed higher catalytic
activity in Fischer—Tropsch synthesis,*>>' hydrogenation of
glucose,” and ammonia decomposition.>® It has been argued
that the intimate contact of Ru nanoparticle with the carbon
support enhance the hydrogen spillover and facilitated
hydrogen dissociation on the catalyst surface.

Theoretical studies on Ru nanoparticles on SWCNT are
rather scarce. In a related system, Liu et al* suggested, from ab
initio calculations, that Ru;; nanoparticles deposited on
defective graphene are expected to exhibit both high stability
against sintering and superior catalytic performance in
hydrogenation, oxygen reduction reaction, and hydrogen
evolution reaction. Machado et al.>® reported a comprehensive
experimental and theoretical study of the surface chemistry of
Ru nanoparticles supported on/in multiwalled carbon nano-
tubes (MWCNTs).

Regarding hydrogen storage properties of Ru-doped carbon
materials, a few articles can be found in the open literature.
Wang et al® reported that hydrogen storage follows the
sequence Ru/C > Pt/C > Ni/C on both templated carbon
(TC) and superactived carbon at 298 K and 10.3 MPa. They
also found that Ru nanoparticle-doped templated carbon by
thermal reduction (Ru/TC-T) showed the highest hydrogen
storage capacity at 298 K and 10.3 MPa.

There are other important materials where Ru plays a critical
role, the Pt—Ru bimetallic catalysts. These materials are
promising anodic catalysts for commercial direct methanol
fuel cells (DMFC).*” Alloying Pt with Ru improves significantly
the resistance toward CO poisoning with respect to pure Pt,
and the resistance increases with an increasing amount of Ru in
the alloys.>® The role of Ru in Pt—Ru/CNT materials at
molecular level is far from being understood.””® Harries et
al®" reported DFT calculations of the anchoring of Pt and Pt/
Ru to carbon nanofibers; however, they do not use single atoms
or nanoparticles but bulk like alloys to represent the bimetallic
catalyst.

To the best of our knowledge no calculations related to
hydrogen uptake on a single Ru atom/SWCNT has been
reported. The already mentioned unique chemical properties of
Ru (and Ru—Pt alloys) supported on carbon-based materials
deserves a detailed investigation that search about the nature of
its electronic structure and chemical bonding. To achieve this
goal we start from a single Ru atom deposited on pristine
SWCNT, and then we consider H and H, adsorption on the
supported metal particle. The system has been investigated
using density functional theory (DFT). Geometrical structures,
adsorption energies, and electronic properties have been
studied. The electronic structure and bonding evolution have
been analyzed using the concept of density of states (DOS) and
overlap population (OPDOS) curves.

2. COMPUTATIONAL DETAILS

Spin-polarized density functional theory (DFT) simulations®>
were implemented using the Vienna ab initio simulation

package (VASP).** The generalized gradient approximation
(GGA) of Perdew—Burke—Ernzerhof (PBE)** and projector-
augmented wave (PAW) pseudopotential®®®® were set for the
calculations. A plane-wave basic set with a cutoff energy of 700
eV was adopted for all calculations. The Brillouin-zone of the
supercell was sampled by (1 X S X 1) k-points within
Monkhorst—Pack scheme.®” Test calculations have shown that
including more k-points does not affect the results. van der
Waals corrections described by DFT-D2 method of Grimme®®
were included.

A semiconducting (8,0) zigzag SWCNT modeled by a 20 X
8.52 X 20 A? supercell containing 64 C atoms was chosen as
model system.®” The separation along the x and z directions are
large enough to avoid interactions among adsorbates and
among CNT images. To minimize the computational cost we
relaxed the first and second neighbors, while the remaining C
atoms were kept fixed to the initial positions. The total energy
convergence and the forces on the atoms were less than 107*
eV and 0.01 eV/A, respectively. Self-consistent calculations
were considered to converge when the difference in total
energy between consecutive steps did not exceed 107> eV. In
addition, static calculations were considered to converge using
the same criterion.

Four possible decoration sites on CNT surface were
considered (i.e, the Ho site above the C-hexagon, the Z and
A sites above zigzag and axial C—C bonds, and the T site above
the carbon atom) as described in Figure 1.

]
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Figure 1. Schematic description of different adsorption sites on a
zigzag (8,0) CNT: Ho, hollow; A, axial; Z, zigzag; T, top.

Adsorption energies were calculated according to the
following expression:

E4(X) = Ex/swent) = Exy — Eswenr) (1)

where E(x/swenr) is the total energy of the adatom X adsorbed
on SWCNT, Egycnr) is the energy of the bare SWCNT, E(y, is
the energy of a free adsorbate X.

However, adsorption energies of hydrogen atom and
hydrogen molecule on the Ru-doped-SWCNT was obtained
from

E4(H) = Ewm—rasswent) = E@ry = Eru/swent) (2)
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Eads(Hz) = E(HZ—Ru/SWCNT) - E(Hz) - E(Ru/SWCNT) 3)

where Ey_py/swent) and E gy ru/swent) are the total energy of
H and total energy of H, adsorbed on Ru/SWCNT system,
E(ry/swent) is the total energy of the decorated SWCNT
system, and E;yy and Eyy,) are the energy of a free H atom and
H, molecule, respectively.

To analyze the electronic structure and bonding we have
used the concept of density of states (DOS) and overlap
population (OP)”~7* to shed more light on the C—Ru—H
interaction. The DOS curve is a plot of the number of orbitals
per unit volume per unit energy. The OPDOS curve is a plot of
the overlap population weighted DOS vs energy. Integration of
the OPDOS curve up to the Fermi level (Eg) gives the total
overlap population of the specified bond. Looking at the
OPDOS, we may analyze the extent to which specific states
contribute to a bond between atoms or orbitals.”* The OP and
OPDOS curves were calculated using the Amsterdam density
functional (ADF) code.”> A similar analy51s was reported by
Luna et al.”® and Lopez-Corral et al.”’

3. RESULTS AND DISCUSSION

3.1. Addition of Hydrogen to Bare Ru Atom: H-Ru
and H,—Ru Systems. As a previous study we analyzed the
interaction between H atom and Ru atom as well as the
interaction between H, and Ru atom. In the first case the Ru—
H bond length was 1.596 A with a binding energy (BE) of 2.82
eV (see Table 1 and Figure 2). In the second case the H,

Table 1. Equilibrium Bond Distances, Binding Energies
(BE), and Total Magnetic Moment (m) after H and H,
Adsorption on Bare Ru Atom

bond bond distance (A) BE (eV) m (ug)
H-H 0.750% 4.538% 0.00
Ru-H 1.596 2.820° 3.00
H-Ru—H (I)* 1.757 —-0.0757 4.00
Ru-H-H (I1)* 2.186 (dyy_yy = 0.769) -0.512¢ 4.00
H-Ru—H (1I1)” 1.579 (dy_y; = 1.908) 12524 2.00

“These values are in fairly good agreement with experimental®® and
theoretical calculations.”” “See Ru—H, systems labeling in Figure 2.
“BE(H) = E(Ru) + E(H) —E(Ru—H). “BE(H,) = E(Ru) + E(H,) —
E(Ru—H,).

@0 -
1.757 A
@ : 2.186 A 0.769 A
<w0—0@

Figure 2. Optimized structures for H—Ru and H,—Ru systems.

1.596 A

1757A

molecule was located in three different adsorption sites, as we
can see in Figure 2. Among these, configuration () is
energetically the most stable, BE = 125 eV, with a H-H
distance of 1.908 A, indicating that the hydrogen is adsorbed
dissociatively like on bulk surfaces’® and small TM clusters.””*
These results agree with previous studies of H/H, adsorption
on TM.>”*'~% Wang et al.** reported Ru—H and Ru—H, bond
lengths similar to those listed in Table 1.

3.2. Ru/SWCNT System. The Ru adsorption on SWCNT
was studied taking into account four different active sites: Z and
A sites above the zigzag and axial C—C bonds, T site on top of
the carbon atom, and the Ho site above the C-hexagon. Ru
atom prefers to be near Ho site, with a calculated adsorption
energy of —2.133 €V (see Figure 3a). Similar results were
reported for other TM adsorption by Durgun et al.*®

) "93.21°
1.614 A~ e 1.614 A

Figure 3. Optimized structures of (a) Ru-decorated CNT, (b) H atom
on CNT, (c) H atom on Ru/CNT, (d) H, molecule on CNT, and (e)
H, molecule on Ru/CNT at the most stable site.

The optimized bond lengths and OP values for pristine,
decorated CNT and all adsorption systems are listed in Table 2.
After Ru adsorption, C—Ru bonds are originated with bond
len§ths and OP values of 2.266 A and 0.164, respectively. Liu et
al.>* computed the minimun Ru—C distance for Ru,3/graphene
and found a value of 2.20 A with a binding energy of —2.45 eV.
It can be seen also in Table 2, that C—C bonds near Ru
adsorption site elongate 2% and their strength decrease
between 4 and 8%. Cl and C4 atoms participate in the
bonding process mainly by their 2p, orbitals and their orbital
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Table 2. Bond Distances (d) and Overlap Population (OP) for Optimized Pristine CNT and Ru—CNT Systems”

CNTy,. Ru—CNT H—Ru/CNT H-HY H,—Ru/CNT
bond d(A) oP d(A) OoP d(A) oP d(A) OoP d(A) oP
C1-C2 1.434 0.984 1.461 0.940 1.459 0.949 1.445 0.956
C2-C3 1.417 1.033 1.407 1.053 1.405 1.052 1417 1.043
C3-C4 1.434 0.984 1.461 0.940 1.459 0.949 1.445 0.956
C4-CS§ 1.434 0.984 1.469 0.904 1.465 0915 1.462 0.891
C5—Cé6 1.417 1.033 1.436 0.976 1.440 0.976 1.444 0.973
C6—Cl1 1434 0.984 1.469 0.904 1.465 0915 1.462 0.891
Ru—Cl 2266 0.164 2428 0.113 2.547 0.111
Ru—C4 2.266 0.164 2428 0.113 2.547 0.111
Ru—C5 2.127 0.151 2.188 0.151 2.150 0.197
Ru—C6 2.127 0.151 2.188 0.151 2.150 0.197
H-H 0.750 0.802 2.346 0.018
H-Ru 1.670 0.702 1.614 0.643
H-C5 3.740 0.000 2.903 0.004
H-C6 3.740 0.000 2.903 0.004

“The atom labeling is indicated in Figure 3. bGas phase.

Table 3. Electron Orbital Occupations for Optimized Pristine Ru—CNT, H—Ru/CNT, and H,—Ru/CNT Systems

s Px Py P: dey d dy de d.
Ru Atom
Ru 0.000 0.000 0.000 0.000 1.600 1.600 1.600 1.600 1.600
CNTpristine
C 1.140 0.931 0.931 0.990
CNT-Ru
C 1.157 0.939 0.917 0.928
Ru 0.307 0.103 0.268 0.000 1.958 1.980 1.952 1.926 1.924
CNT/Ru—H
C 1.156 0.940 0.924 0.936
Ru 0.701 0.092 0.195 0.303 1.984 1.908 1.965 1.926 1.945
H 1.298
CNT/Ru-H,
C 1.149 0.941 0915 0.849
Ru 0.595 0.067 0.359 0.335 1.973 1.967 1.927 1.925 1.465
H 1.101
occupation decrease 6.20% after Ru adsorption. TM atom (@ — Ru-C bond after Ru adsorption
interacts mainly with its 4d_? orbitals as can be seen in Table 3.
The OPDOS curves in Figure 4a plots Ru—C interactions + M//\
after Ru adsorption on CNT, while Figure 4b shows C—C 8 - /j\“\/\/\/\/\ \]n
interactions before and after Ru atom adsorption. It can be seen g

that C—C and Ru—C interactions are mainly bonding (the area
of the curves below the Fermi level in the bonding half region is
large). As it is usual in these plots, contributions above the
horizontal axis are bonding between atoms, while contributions
below are antibonding. Also, it can be noticed that C—C
OPDOS area decreases after Ru adsorption due to the
formation of Ru—C bond.

Figure S shows the electronic structure (DOS) of (a) pristine
and (b) Ru atom adsorbed on the CNT. The blue tick marks in
the DOS plot represents the electronic levels of isolated Ru
atom before adsorption.

It can be observed that ruthenium adsorption reduces CNT
energy gap from 0.58 to 0.40 eV, this lower value is due to the
interaction of C with Ru that decreases the cohesion energy of
the SWCNT. Pristine (8,0) band gap energy of 0.58 eV was
reported by Karami Horastani et al.¥” The Fermi level (E;) is
placed immediately above the valence band, and this band
spreads out about —8 eV and presents several sharp peaks. The
main contribution of Ru is located in the conduction band.

—— C-C bond before Ru adsorption
—— C-C bond after Ru adsorption

(b)
M/WWWAAA

T T T T T T T T T

T
-14 -12 -10 -8 6 -4 -2 0 2 4 6 8

-OPDOS+

Energy (eV)

Figure 4. OPDOS curves of selected bonds: (a) Ru—C formed bond
and (b) C—C before and after the Ru adsorption on SWCNT.

3.3. H/Ru/SWCNT System. Previous studies have
reported®®™®® that the top site is the most stable configuration
of H atom adsorbed on pristine SWCNT with a C—H bond
length of 1.114 A as is shown in Figure 3b.
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Figure S. DOS curves for (a) pristine CNT and (b) Ru adsorption on CNT. The tick marks indicate free Ru atom energy levels. The projected DOS

of adsorbed Ru is shaded in blue.

Table 4. Adsorption Energies (E,4), Bond Distances, Total Magnetic Moment (m), and Band Gap Energies (Eg) for Pristine

CNT, H-CNT, Ru—CNT, and H-Ru/CNT Systems

CNT piine H-CNT Ru—CNT H—Ru/CNT H,—CNT H,—Ru/CNT

E,4 (eV) —1.595 —2.133 —2.330 —0.051 —0.697
de_c (A)7 1417 1397 1.407 1.405 1416 1417

1434 1.523 1.469 1.465 1434 1.462
de_pe (A) 2.266 2428 2.547
de_y (A) 1.114 2.890
dpe-ns (A) 1.670 1.610
m (ug) 0.00 1.00 2.00 3.00 0.00 2.00
E, (eV) 0.58 0.34 0.40 0.43 0.58 0.44

“C—C distances for C—C bonds first and second neighbor to adsorbed species, respectively.

When a H atom is adsorbed on Ru-decorated CNT, it is
located on top of Ru (Ru—H bond length = 1.670 A) (see
Figure 3). Adsorption energies calculated as eq 1 are given in
Table 4 as well as geometry data for all studied systems. The H
adsorption energy is improved from —1.595 eV (on pristine
SWCNT) to —2.330 eV on Ru-decorated SWCNT. Similar
results have been reported by Tabtimsai et al.** and Reyhani et
al®® who observed that hydrogen storage capacity was
increased in decorated CNTs by Fe, Ca, Co, Ni, and Pd
compared to pristine CNT.

It can be noticed that C—Ru distances increase by 7% and
Ru—H distance is incremented from 1.596 A (free Ru—H
molecule) to 1.670 A (H—Ru/SWCNT system). At the same
time, decorated CNT systems present magnetic moments,
while bare SWCNT (8.0) shows a nonmagnetic ground state.
These results are in agreement with theoretical calculations by
Durgun et al.”® who found that most of the TM atom adsorbed
on (8,0) SWCNT presents an important magnetic moment.

OP values for C—C, C—Ru, H-H, and H—Ru in all analyzed
systems are listed in Table 2. The results show that OP value
for the Ru—H bond is 0.702, while there is no C—H OP in Ru-
decorated CNT system. At the same time, it can be seen that
OP for the Ru—C; and Ru—C, bonds decrease 31%, whereas

27676

OP values for Ru—C; and Ru—Cg bonds are not affected after
H atom adsorption.

Regarding the Ru—H, Ru—C, and C—C OPDOS curves, no
significant changes were found after H atom adsorption.

In Figure 6 we can see a shift of the orbital bands of Ru
toward the valence band, as well as H energetic state making
the system more stable (gap from 0.40 to 0.43 eV). Also we can
notice the spreading out of the bands due to the strong
interaction of Ru with H; the d-states of TM are strongly
hybridized with the s state of H atom. Moreover, we can
observe that after H adsorption on Ru/CNT the system is half-
metallic (see the magnified region near E in Figure 6).

3.4. Hy/Ru/SWCNT System. In the case of H, on bare
SWCNT, it was found that the most stable location is on the
center of a C-hexagon with C—H distances and adsorption
energy of about 2.890 A and —0.051 eV, respectively.
Moreover, it is shown in Figure 3d that the effect of adsorption
on H—H bond length (0.750 A) is negligible. These values are
in good agreement with previous studies.””*”?

When the hydrogen molecule is adsorbed on Ru-decorated
(8,0) CNT, adsorption energy is enhanced from —0.051 eV
(H,—CNT) to —0.697 eV (H,—Ru/CNT), whereas the H—H
bond elongates and it finally became dissociative. Dag et al.>’

dx.doi.org/10.1021/jp508183t | J. Phys. Chem. C 2014, 118, 27672—27680
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Figure 6. DOS curves for H adsorption on Ru-doped-SWCNT. The

tick marks indicate free Ru atom and H atom. The projected DOS of
adsorbed Ru and adsorbed H are shaded in blue and red, respectively.

have also reported that a H, molecule is dissociatively adsorbed
(dy_y = 1.86 A) on a single Pt atom at the hollow site of
SWCNT. At this point, H-H bond is weakened and its length
increases from 0.750 to 2.346 A. The H—H OP (see Table 2)
changes from 0.802 to 0.018 on Ru/CNT. The s electron of
hydrogen slightly hybridizes with d orbital of Ru, which
weakens the interactions between Ru and C (see Table 3).
Thus, Ru—C,; and Ru—C, distances elongate from 2.266 to
2.547 A with an OP value of 0.111. Furthermore, C1—Ru—C2
angle decreased from 77.04° to 68.0°, and H—Ru—H angle

increased by 25% when compared with Ru—H, molecule (see
Figure 3e).

The evolution of the chemical bond was examined through
the analysis of OP values and OPDOS curves for selected
bonds. Table 2 revels that OP values for Ru—C; and Ru—C, are
weakened approximately 32%. Table 2 shows an important OP
change in the H—H bond, from 0.802 to 0.018 after adsorption,
demonstrating the strong interaction of H, with the system.

As it can be observed in Figure 7, Ru—H, C—H, H-H, C-C,
and Ru—C interactions are mainly bonding, only OPDOS
curves of C—H (Figure 7a), H-H (Figure 7b), and Ru—C
(Figure 7d) present slight antibonding areas after H, molecule
adsorption. C—C remains almost the same (see Figure 7c), and
from Ru—C we can see the weakening of Ru—C bond after
adsorption because the curve is mostly in the antibonding side
and the area under the Ep decreases in comparison with the
curve before H, adsorption. The H—H bond OPDOS curve
before adsorption is sharp and well-defined, but after
adsorption it spreads out due to the interaction of 1s orbitals
of H and 4d,> and Sp, of Ru.

The OP values corresponding to the new bonds originated
during adsorption process are also present in Table 2. Thus, OP
values of the formation of Ru—H bonds are 0.643, while OP
values for C—H bonds are 0.004, indicating that Ru—H
interaction is stronger than C—H interaction (see Figure 7a).

In Figure 8, the projection of Ru and H, DOS curves are
even more spread out than the single H adsorption system. The
main peaks are shifted to the valence band, with notorious
hybridization of d-bands of Ru and s-bands of H, between —4
and =2 eV.

4. CONCLUSIONS

In this work, hydrogen adsorption on Ru-decorated CNT was
examined using spin-polarized density functional theory (DFT)

(a) Ru-H bond after (b) —— H-H bond free HZ
Hy adsorption —— H-H bond after
—— C-H bond after adsorption
HZ adsorption (2X)
+
8
2 .
=% V i V'Y
@)
1
E, E,
© C-C bond before (d) —— Ru-C bond before
Hj adsorption Hj adsorption
—— C-C bond after —— Ru-C bond after
H, adsorption H; adsorption
%
8 A A ﬂﬁ | IV NN AV
N EALIVACAY V V
5 T IR
1
E, E,
T T T T T T T T T T T T
-12 -8 -4 0 4 8 12 -12 -8 -4 0 4 8 12
Energy (eV) Energy (eV)

Figure 7. OPDOS curves of selected bonds: (a) Ru—H and C—H formed bonds, (b) H—H before and after H, adsorption on Ru—CNT, (c) C—C
before and after H, adsorption on Ru—CNT, and (d) Ru—C before and after H, adsorption on Ru—CNT.
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Figure 8. DOS curves for H, adsorption on Ru-decorated-SWCNT.
The tick marks indicate free Ru atom and H, molecule. The projected
DOS of adsorbed Ru and adsorbed H, molecule are shaded in blue
and red, respectively.

calculations. Ru atom prefers to be near the hollow site on the
CNT with Ru—C bond lengths of 2.266 A. When a H atom
adsorbed on Ru-decorated CNT is located on the top of Ru,
C—Ru distances increase by 7% and Ru—H distance is
incremented from 1.596 A (free Ru—H molecule) to 1.670 A
(H—Ru/SWCNT system). Whereas a hydrogen molecule is
adsorbed on Ru-decorated CNT, the H—H bond elongates
from 0.750 to 2.346 A. The C—Ru—C angle decreases from
77.0° to 68.0°, and the H—Ru—H angle increases by 25% when
it is compared with Ru—H, molecule.

However, a TM atom induces a magnetic ground state when
it is adsorbed on (8,0) SWCNT and reduces its energy gap
from 0.58 to 0.40 eV. Furthermore, Ru-decorated CNT
enhances hydrogen adsorption. This energy changes from
—1.595 eV (on pristine CNT) to —2.330 eV. Hydrogen
molecule adsorption on Ru-doped CNT is dissociative with an
E,4 = —0.697 eV, resulting in an improvement of H,
adsorption compared with that on pristine CNT. These
adsorption processes take place by interaction of H—Ru—C.
H interacts with its 1s orbital, Ru mainly with 5p, and 4d., and
C with 2p, because these orbitals are perpendicular to the
surface and it is easier to overlap with the adsorbates.
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