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Abstract: Methane decomposition catalyzed by an Ru, Rh, or Pd atom supported on a carbon
or boron nitride nanotubes was analyzed by means of the density functional theory with the
MO6-L hybrid functional. The results suggested that the dissociative reaction of methane was
a single-step mechanism. Based on the calculated activation energy, the Ru-decorated carbon
nanotube showed superior catalytic activity with an activation barrier of 14.5 kcal mol~*, followed
by the Rh-decorated carbon nanotube (18.1 kcal mol~!) and the Pd-decorated carbon nanotube
(25.6 kcal mol~1). The catalytic performances of metals supported on a boron nitride nanotube were
better than those on a carbon nanotube. The total activation barrier for the Ru, Rh, and Pd atoms
on boron nitride nanotube was 10.2, 14.0, and 20.5 kcal mol !, respectively. Dissociative adsorption
complexes on the Ru-boron nitride nanotube were the most stable. The anionic state of the supported
metal atom was responsible for decreasing the activation energy of methane decomposition. Our
finding provides a crucial point for further investigation.

Keywords: methane decomposition reaction; carbon nanotubes; boron nitride nanotubes; density
functional theory

1. Introduction

Methane is one of the most important raw materials in the chemical industry. The methane to
olefin (MTO), dehydro-halogenative coupling (DHHC), and oxidative coupling of methane (OCM)
have been intensely investigated as promising sources of renewable energy [1,2]. Many research
groups have focused on the methane dissociation step, which is the rate-determining step for many
oxidative reactions. They have also suggested that dissociation of strong C-H bonds in methane can
be achieved by the use of various catalysts [2-11].

Metal particles supported on carbon materials, such as nanotubes and graphene, are a promising
type of catalyst for methane dissociation due to the synergistic effect between the activity of the metal
particle itself and the metal-support interaction [12-15]. Recently, various metal particles, such as
Pt, Pd, Ru, Ag, Au, and Ge, have been reported as effective catalysts on carbon nanotubes (CNT)
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due to their high activity and durability [16-20]. Supported Pd, Pt, Rh, and Au particles were used
for the detection of Hy, CHy, CO, and HjS gases [17,21-23], and as a catalyst for NOy reduction [24].
Moreover, the dissociation of methane catalyzed by various transition metals (Ni, Rh, Co, Ru, Pd, Pt, Ir,
Cu, and Au) on graphene has also been reported [25].

Critical understanding of supported metal catalysts can be obtained by means of theoretical
methods. Density functional theory (DFT) has high credibility for the adsorption and reactions of
small molecules on metal-doped carbon nanotubes. Direct oxidation of methane to methanol on
Fe-O-modified graphene was studied by DFT with PBE-D2 functional and the calculated activation
energy of 17.5 kcal mol ! was required for the first step of methane dissociation [7]. The activation
energy for methane decomposition on a periodic Rh metal was calculated to be 16.6 kcal mol~! by DFT
with GGA/PW091 functionals [26]. The oxygen evolution reaction on iron oxide nanoclusters under
confinement of (7,7) and (8,8) armchair carbon nanotube was studied with DFT [27]. The adsorption of
methane and biogas on the surface of pyridine-like, nitrogen-doped graphene decorated with Rh, Pt,
and Pd was calculated with a PBE functional [28]. The adsorption of hydrogen on an Rh-decorated
carbon nanotube (8,0) was examined by DFT with a PBE functional and it was found that a Rh particle
increased the binding energy compared to the pristine nanotube [29]. Although carbon nanotubes
with various metal particles have been demonstrated to be good catalysts for methane dissociation, a
boron nitride nanotube (BNNT) was reported to be an outstanding support for various metal particles
as well [30].

The application of Ru, Rh, and Pd as catalysts for C-C bond formation and C-H bond activation
was previously reviewed in detail [31]. To understand the mechanism of the catalyzed methane
dissociation, more information was required at a molecular level. In this work, DFT with well-defined
MO6-L functional [32] was utilized to calculate adsorption structures, related species, and transition
state complexes. The primary aim of this study was to investigate the catalytic properties of Ru, Rh,
and Pd metal decorated on carbon nanotubes versus those on boron nitride nanotubes for the methane
dissociative reaction.

2. Results

The activations of methane on transition metal-decorated carbon nanotubes and boron nitride
nanotubes were examined by DFT calculation with M06-L functional. The CgsH1¢ and B4gNsgH1g
clusters generated from the carbon nanotube unit cell were optimized. For the CosHjq cluster,
the average C—C bond distance was determined to be 1.42 A, which was close to the experimental
observation of 1.44 A [33]. The average B-N bond distance of the B4gNsgH14 cluster was calculated to
be 1.44 A, which was slightly longer than the C-C bond of the carbon nanotube cluster. While electron
density was distributed equally throughout the carbon nanotube, the Mulliken charges on boron and
nitrogen were +0.5lel and —0.51el, respectively.

The optimized structures for a metal-decorated carbon nanotube and boron nitride nanotube are
illustrated in Figure 1. The optimized parameters are shown in Tables S1 and S2 in the supporting
information. The most stable states for the Ru—, Rh— and Pd-CqsHj¢ clusters were triplet, doublet,
and triplet, respectively. Ru and Rh atoms were bound to the carbon nanotube over the 7 bond of
the C—C of a hexagonal ring, with the two shortest M—-C bond distances of 2.13 A /2.14 A for Ru and
2.06 A/2.14 A for Rh. On the other hand, the Pd atom was bound to the C-C bridge of the tube with
two identical Pd-C bonds of 2.16 A. The most stable configurations for the Ru- and Rh-decorated boron
nitride nanotubes were in the same spins as the metal-decorated carbon nanotubes. The most stable
state for the Pd-decorated boron nitride nanotubes was the singlet state. The metal atom adsorbed
on top of the hexagonal ring of the tube with B-M and N-M bond distances of 2.24 A /2.17 A for Ru,
and 2.22 A /2.14 A for Rh. For the Pd-BygNygHi4, a Pd atom was bound to a B-N bridge with B-Pd
and N-Pd distances of 2.23 A and 2.21 A, respectively. We found that the charge transfer observed
in metal/carbon nanotube systems was quite different from that observed in metal/boron nitride
nanotube systems. The partial charges on the supported Ru, Rh, and Pd atoms were quite positive on
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carbon nanotubes (0.44lel, 0.321el and 0.22 el ) but slightly negative on boron nitride nanotubes
(—0.051el, —0.12lel and —0.141el).

Figure 1. Optimized molecular structure of (a) Ru—, (b) Rh— and (c) Pd—carbon nanotubes; (d) Ru-,
(e) Rh- and (f) Pd-boron nitride nanotubes with M06-L functional. Distances are in A.

The mechanisms of methane dissociation on each supported metal were found to be quite similar.
Therefore, only the methane dissociation on the Ru—CggHj4 and Ru-B4gNygH;¢ clusters is discussed in
detail. The reactions on both clusters with triplet state and no spin crossing were analyzed. For the
Ru—CygHjg cluster, a methane was adsorbed on top of the supported Ru atom with two symmetric
H---Ru distances [AD1, Figure 2a]. The C-Ru distance of the methane/Ru—CgsHj4 cluster was 2.11 A
and the calculated adsorption energy was —12.0 kcal mol~!. Upon adsorption, C-H bonds of the
methane were enlarged for 0.2 A. Moreover, the structure at the adsorption site of the carbon nanotube
was slightly disturbed. The C-H bond breaking was proposed to be a concerted process, as confirmed
by the transition state calculation. At the transition state [TS1, Figure 2b], the Ru—C bond and Ru-H
bond were forming while one of the C—H bonds was breaking with a single imaginary frequency at
650i cm~L. The Ru---C, Ru---H and C-H bond distances of the transition state were 2.12, 1.63, and
1.58 A, respectively. The intermediate product of this step was a dissociative adsorption of methane on
the Ru atom [DA1, Figure 2c]. Ru-C and Ru-H bond lengths of the dissociative form were 2.05 and
1.64 A, respectively. The relative energy for the dissociative adsorption complex was —3.6 kcal mol
with an activation energy of 14.5 kcal mol 1.

For the Ru-B4gNygHj4 cluster, a methane was adsorbed on the Ru atom with an adsorption
energy of —14.8 kcal mol~! [AD2, Figure 2d]. Compared to Ru-CggH1s, more negative adsorption
energy of a methane on Ru-B4gNygH;14 corresponded to a shorter Ru---H distance (2.09 A). At the
transition state [TS2, Figure 2e], methane was activated over the Ru-B4gN4gH;j4 nanotube with Ru---C,
Ru---H and C-H bond distances of 2.10, 1.63, and 1.55 A, respectively. The dissociative adsorption of
methane [IN2, Figure 2f], on the Ru atom was 17.8 kcal mol ! exothermic with the activation barrier of
10.2 kcal mol~!. The B4gNygH;4 nanotube cluster was found to be capable of donating an electron to
the Ru atom. The change of charge of the Ru atom on boron nitride from —0.17 lel in AD to +0.11 lel
in DA significantly altered the mechanism.
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(f)

Figure 2. Molecular structure of the methane dissociative adsorption reaction: (a) SADI, (b) 3791,
and (c) ®DA1 on the Ru—carbon nanotube; (d) AD2, (e) 3TS2, and (f) 3DA2 on the Ru-boron nitride
nanotube. Distances are in A.

All structures related to reactions on the Rh-CggHyg, Pd—CgogHig, Rh-BsgNygHig and
Pd-B4gNygH;4 clusters are shown in Figures 3 and 4. Both the reactions on Rh—CgsHjs and on
Rh-B4gNygH;4 proceeded with doublet multiplicity. For the Pd-CogHj¢ cluster, the reaction was found
to be in quintet state, while the reaction on the Pd-BsgNygH;4 cluster was in singlet state. All energy
profiles are shown in Figure 5.

The adsorption energies of the methane on Ru-, Rh—, and Pd—CgsH;¢ were —12.0, —11.2, and
—11.7 kcal mol~!, respectively. The corresponding actual activation energies were 14.5, 18.1, and
25.6 kcal mol !, respectively. For the carbon nanotube, the adsorption energy and activation energy
of methane were in the order Ru—Cg¢H1¢ > Rh—CygH7 > Pd—CogH76. Methane on a boron nitride
nanotube possessed higher adsorption energies than on a carbon nanotube. The adsorption energies
were —14.8, —14.3, and —13.3 kcal mol~! for Ru—, Rh—, and Pd-B,sNygH;,, respectively. The same
adsorption trend was found for the adsorption of methane on the decorated, nitrogen-doped graphene
of the Rh and Pd of —25.3 and —23.0 kcal mol !, respectively [28]. The Metal---H intermolecular bond
distances of the adsorption on the Ru—, Rh—, and Pd-boron nitride nanotube were shorter than those
on the Ru-, Rh—, and Pd—carbon nanotube, which corresponded to the higher adsorption energies.
The actual activation energies were 10.2, 14.0, and 20.5 kcal mol~1! for the reaction on Ru—, Rh—, and
Pd-B4gN4gHj4, respectively, which were found to be lower than those of the carbon nanotube systems
reported above. The reason might be due to the shorter C-H bond distances in transition states of the
boron nitride systems, leading to an earlier transition state compared to the carbon nanotube ones (see
Figures 2—4).

The activation energies for the methane activation on the Ru— and Rh—carbon nanotube and boron
nitride nanotubes from this study were lower than those on Fe-graphene (17.5 kcal mol~! from a
previous calculation) [7]. The methane activations on Au-supported zeolites were reported to be 12.7
and 14.0 kcal mol~! for Au-FER and Au-MCM-22 [3], respectively. The methane activation energy
on an Ru-boron nitride nanotube of 10.2 kcal mol~! is comparable to the experimentally determined
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activation energy of 5.9-7.0 kcal mol~! on silica-supported Ru [34] and 7.0 kcal mol~! on rhodium
surfaces [35].

4.71
AT

2.095,1.57
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Figure 3. Molecular structure of the methane dissociative adsorption reaction: (a) 2AD3, (b) 2TS3,
and (c) 2DA3 on the Rh—carbon nanotube; (d) 2AD4, (e) 2TS4, and (f) 2DA4 on the Rh-boron nitride
nanotube. Distances are in A.
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Figure 4. Molecular structure of the methane dissociative adsorption reaction: (a) 5ADS, (b) 5TS5,
and (c) °DAS5 on the Pd—carbon nanotube; (d) ' AD6, (e) 1TS6, and (f) I DA6 on the Pd-boron nitride
nanotube. Distances are in A.
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Figure 5. Energy profile for the methane dissociative adsorption reaction on the (a) Ru—, (b) Rh—, and
(c) Pd—carbon nanotube and boron nitride nanotube with M06-L functional. Energies are in kcal mol L.
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Our analyses on the dissociation of the adsorption complexes revealed endothermic reactions
on the Ru—, Rh—, and Pd—carbon nanotube and the reverse activation energies were 6.1, 4.5, and
1.0 kcal mol 1, respectively. The dissociation of the adsorption complex on the Pd-carbon nanotube
was not very stable, especially when compared to that on the Ru— and Rh—carbon nanotube, and the
reaction could revert back to the adsorption complex. For the boron nitride nanotube, the reactions on
the Rh and Pd supports were found to be endothermic, whereas the reaction on the Ru support was
exothermic. The reverse activation energies were 13.2, 4.3 and 5.0 kcal mol~! on the Ru-, Rh—, and
Pd-boron nitride nanotubes, respectively. Among all the decorated nanotubes examined in this study,
the most thermodynamically favorable pathway for the dissociation of methane was found for the
Ru-boron nitride nanotube (DA2), with a relative energy of —17.8 kcal mol .

The Mulliken charge analysis (Table S3 in the supporting information) reveals different modes of
electron transfer between the deposited metal and the supports. The carbon nanotube withdrew an
electron from the metal atom, while the boron nitride nanotube donated an electron to the deposited
metal. During the adsorption, an electron was transferred from methane to the metal-decorated
nanotube. From the calculated transition states, we found that the anionic metal atom on boron
nitride was responsible for the decreased activation energy of methane decomposition. In other words,
the supported metal atom acted as the active center for the adsorption and dissociation of methane.
Our results indicate that the supported Ru and Rd can activate the methane dissociation better than
the supported Pd.

3. Models and Methods

In this study, a (8,0) carbon nanotube was chosen to be the support due to its outstanding physical
and chemical properties [29]. The (8,0) carbon nanotube was represented by a 96-carbon cluster with 16
terminated hydrogen atoms. A monoatomic particle of Ru, Rh, or Pd was deposited separately on the
outer surface of the carbon nanotube clusters, as shown in Figure 1a—c. The Ru—, Rh—, and Pd-Co¢Hj¢
clusters were used to represent the metal-decorated carbon nanotube systems. The metal-supporting
boron nitride nanotubes were generated in the same procedure. The Ru—, Rh—, and Pd-BsgN4gHjg
clusters in Figure 1d—f were used to represent the metal-decorated boron nitride nanotube systems.

Optimized structures of all metal/support clusters were determined by the DFT with M06-L
functional [32] at ground state with various possible spin multiplicities. The M06 functional has been
successfully applied to study the adsorption and catalytic reactions [36-39]. M06-L was previously
used to investigate host-guest interactions on the carbon nanotube [40]. The method yielded the
adsorption and activation energies of the bond dissociation reaction over metal catalysts that compared
well with the most accurate coupled-cluster singles and doubles (CCSD) calculation [36]. All atoms
were described by the 6-31G(d,p) basis set, except transition metal atoms, which were represented by
the Stuttgart effective core potential functions [41]. We examined all the adsorption (AD), transition
state (TS), and dissociative adsorption (DA) complexes corresponding to the proposed mechanism.
For simplicity, the optimized structure (X) with spin multiplicity (S) was represented as *X.

During the structure optimization, all terminated hydrogen atoms were kept fixed to represent
the constraint from extending structure. Optimized structures of all transition states were determined
and confirmed by a single imaginary frequency, required to correspond with the reaction pathway.
Transition states of each step were determined with the Berny algorithm [42]. The calculations were
performed using the Gaussian 09 program [43].

4. Conclusions

The density functional theory has been applied to examine the decomposition of methane on
the Ru-, Rh-, and Pd-decorated carbon nanotube and boron nitride nanotube catalysts. The CosHi¢
and B4gN4gHj4 clusters were optimized with M06-L functional. The adsorption energies of methane
on the Ru—, Rh—, and Pd—carbon nanotubes were —12.0, —11.2, and —11.7 kcal mol !, respectively,
while the corresponding total activation energies were 14.5, 18.1, and 25.6 kcal mol !, respectively.
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The methane strongly adsorbed on the Ru—, Rh—, and Pd-boron nitride with adsorption energy of
—14.8, —14.3, and —13.3 kcal mol 1, respectively, while the activation energies were 10.2, 14.0, and
20.5 kcal mol !, respectively. The activities of the supported metals were in the order Ru > Rh > Pd
and the supported metals performed better on boron—nitride nanotubes than on carbon nanotubes.
The mechanism of the reactions with the Ru- or Rh-boron nitride nanotubes is preferable. These
activation energies were lower than previous results for the metal supported on zeolite or silica or
the metal surface. The changes in electron configuration of Ru and Rh atoms upon adsorption with
nanotubes were found to play a significant role in the dissociative reaction mechanism.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/8/5/190/s1,
Table S1: The selected parameters of the adsorption, transition state, and dissociative adsorption complex on
Ru-, Rh-, and Pd-decorated carbon nanotube with M06-L/6-31G(d,p) + Stuttgart basis set, Table S2: The selected
parameters of the adsorption, transition state, and dissociative adsorption complex on Ru-, Rh-, and Pd-decorated
boron nitride nanotubes with M06-L/6-31G(d,p) + Stuttgart basis set, Table S3: Mulliken charge lel for the
methane dissociative adsorption reaction on the Ru-, Rh- and Pd- carbon nanotube and Ru-, Rd-, and Pd-boron

nitride nanotubes, Table S4: The relative energies (kcal mol~1) of the adsorption and dissociative adsorption of
methane on Ru-, Rh-, and Pd-decorated carbon nanotube and boron nitride nanotubes with M06-L/6-31G(d,p) +
Stuttgart basis set.
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