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Probing the Electronic Effect of Carbon Nanotubes in Catalysis:
NH; Synthesis with Ru Nanoparticles
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Abstract: Carbon nanotubes (CNTs)
have been shown to modify some prop-
erties of nanomaterials and to modify
chemical reactions confined inside
their channels, which are formed by
curved graphene layers. Here we stud-
ied ammonia synthesis over Ru as a
probe reaction to understand the effect
of the electron structure of CNTs on

Xinhe Bao*!?!

nanoparticles dispersed almost exclu-
sively on the exterior nanotube surface
exhibits a higher activity than the
CNT-confined Ru, although both have
a similar metal particle size. Character-
ization with TEM, N, physisorption, H,
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chemisorption, temperature-pro-
grammed reduction, CO adsorption mi-
crocalorimetry, and first-principles cal-
culations suggests that the outside Ru
exhibits a higher electron density than
the inside Ru. As a result, the dissocia-
tive adsorption of N,, which is an elec-
trophilic process and the rate-deter-
mining step of ammonia synthesis, is

the confined metal particles and their
catalytic activity. The catalyst with Ru

ruthenium

Introduction

Carbon nanotubes (CNTs) distinguish themselves from
other carbon materials such as activated carbon and carbon
nanofibers because they have a well-defined tubular struc-
ture formed by graphene layers. The diameter of these tubes
typically ranges from less than 1 to 100 nm, which opens up
opportunities to study chemistry in such confined environ-
ments. For example, fullerene and its derivatives, alkali
metals and halides, transition metals, and metal oxides have
been introduced there, and the resulting composites often
exhibited properties that differed from their parent materi-
als.'# In addition, theoretical studies predicted that chemi-
cal reactions are sensitive to the confinement of these nano-
scopic channels and their reaction rates can be modified due
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more facile over the outside Ru than
that over the inside one.

to interactions with the graphene walls of CNTs compared
with those in the gas phase.”*!

Our previous studies showed that the redox properties of
metal and metal oxide nanoparticles were modified when
they were confined inside the CNT channels.””! For example,
the reduction of confined iron oxide was facilitated with re-
spect to the outside iron oxide particles and it became more
facile with decreasing CNT channel diameter. On the other
hand, the oxidation of metallic iron inside CNTs was retard-
ed with respect to those dispersed on the exterior CNT sur-
face. We proposed in that case that it was possibly the result
of interactions between metal nanoparticles and the CNT
surfaces.® Earlier theoretical studies have shown that
CNTs exhibit a unique electron structure. In particular, the
sp>-hybridized orbitals of carbon are deformed due to the
curvature of graphene walls, with m-electron density shifting
from the concave interior surface to the convex exterior sur-
face of CNTs.”'" This results in a relatively depleted elec-
tron density on the interior surface compared with the exte-
rior CNT surface. Thus, the redox properties of metal nano-
particles in contact with either surface could be modified in
a different way, and the inside iron oxide was easier to
reduce than the outside oxide.’! The improved reducibility
of a CNT-confined iron catalyst was found to benefit the for-
mation of iron carbides, which are the active phase under
Fischer-Tropsch (FT) synthesis conditions, and helped to
improve its catalytic activity."!! Similarly, confinement of a
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bimetallic Rh—Mn catalyst in CNT channels also led to im-
proved activity in catalyzing syngas conversion to C2 oxy-
genates compared to that located on the more accessible ex-
terior surfaces of CNTs.'” The enhancement of activities of
nanocatalysts confined inside CNTs has also been reported
in other reactions.>% Most recently, Serp and his co-work-
ers observed excellent catalytic performance of PtRu nano-
particles confined inside CNT in the selective hydrogenation
of cinnamaldehyde.'" Although there are likely other ef-
fects that could play a role such as the spatial restriction of
metal particles, localized concentration of reactants, and so
forth,'"”! we are curious about understanding the effects of
the electronic structure of CNTs on the activity of CNT-sup-
ported catalysts in more detail.

However, it is difficult to probe this small electron-density
difference between the interior and exterior CNT surface
experimentally. Therefore, we turned to ammonia synthesis
as a probe reaction. The ammonia synthesis has been fre-
quently studied as a prototype reaction since its discovery
almost 100 years ago. Based on this reaction, many hetero-
geneous catalysis concepts have been developed.' It is
widely accepted that N, dissociation is the rate-determining
step™ and that it is sensitive to the electronic structure of
catalysts.” A higher electron density around metal centers
facilitates N, dissociation because it is an electrophilic pro-
cess.”!l The bond of the N, molecule is weakened by the in-
corporation of an electron into its antibonding orbital,
which was evidenced by an increase of the work function.!!
This has led to the development of the second-generation
ammonia synthesis catalysts based on Ru supported on acti-
vated carbon (AC) promoted by alkali metals or their
oxides, for example, K, in which K acts as an electron
donor.?*! Thus, if a shift of electron density from the con-
cave inner to the convex outer CNT wall indeed plays a role
in the catalytic activity of CNT-supported catalysts, one can
expect that ammonia synthesis over Ru dispersed on the ex-
terior CNT surface will exhibit a higher activity than the
inside Ru catalyst. Hence, the effect of confinement in
CNTs on the ammonia synthesis activity of Ru catalysts
should be opposite to that previously observed trend for FT
synthesis over Fe, which benefits from a more facile forma-
tion of catalytically active iron carbide species due to the
improved reducibility of iron oxide located at a concave gra-
phene surface with lower electron density.'"1!

Results and Discussion

We prepared two catalysts for comparison in this study. One
catalyst has Ru particles dispersed homogeneously inside
the CNT channels (denoted as Ru-in-CNT), in which the
metal loading is 3.5 wt %, as detected by inductively coupled
plasma spectroscopy (ICP). TEM characterization reveals
that the Ru particles are distributed uniformly inside the
CNT channels in Ru-in-CNT, as reported in our previous
study.’” The other catalyst has Ru nanoparticles almost ex-
clusively dispersed on the outside of CNTs (denoted as Ru-
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out-CNT) and the metal loading is 2.9 wt %. Since activated
carbon (AC) has been widely used as an Ru support for
NH; synthesis, we took a commercial high surface area AC
(1040 m?g™") and also carbon black (CB; 80 m*g™') for com-
parison.

Figure 1 shows that the turnover frequency (TOF) over
Ru-out-CNT is in the range of (1.6-2.6)x107*s™ at 400°C
and 20 mLmin™"' flow rate in the pressure range of 1-
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Figure 1. Catalytic activities of Ru-in-CNT and Ru-out-CNT in ammonia
synthesis, in comparison to that of Ru-CB. Feed gas composition (vol % ):
A1/N,/H, 4:24:72; flow rate: 20 mLmin™"; 0.2 g catalyst; reaction temper-
ature: 400°C.

4 MPa. Interestingly, TOF over Ru-out-CNT is around two
times higher than that over the inside Ru catalyst. In com-
parison, the TOF of the CB-supported Ru catalyst (Ru/CB)
is almost 5 times lower than that of Ru-in-CNT (Figure 1),
whereas the activity of AC-supported Ru (Ru/AC) is negli-
gible. Aika etal. earlier also observed negligible activity
over AC-supported Ru catalyst.”™ For carbon-supported Ru
catalysts, their surface areas and electron conductivities
have frequently been credited for the different activities,
which can also explain the difference between Ru/CNT, Ru/
CB, and Ru/AC here. Although AC has the highest surface
area here, it has the worst graphitization degree, which de-
termines its low electron conductivity. In comparison, CB is
rather well graphitized but its surface area is 3 times lower
than that of nanotubes. CNTs are essentially composed of
graphitic layers and thus have the best graphitization
degree. Earlier studies demonstrated that Ru catalysts sup-
ported on well-graphitized carbon or CNT outer surfaces ex-
hibited higher ammonia synthesis activity compared to
other carbon materials such as activated carbon.”*?*! Song
et al. recently studied epitaxially grown Ru particles on a
highly oriented pyrolyzed graphite (HOPG) surface and
found that a well-ordered graphitic surface facilitates the
dissociation of N, on Ru surfaces.”””

However, the activity difference between Ru-in-CNT and
Ru-out-CNT cannot be simply explained by differences in
the electron conductivity and surface area of the CNT sup-
port because we have used the same open CNTs for prepa-
ration of both catalysts. Furthermore, they have gone
through the same reduction procedure prior to reaction
tests. After the reduction procedure (in hydrogen for 12 h at
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450°C) had been completed, no further release of electro-
negative chlorine from the RuCl; precursor could be detect-
ed by online MS, which was used in the preparation of the
catalysts. Nor were CH,, CO, or CO, detected. The BET
surface areas of the reduced Ru-in-CNT and Ru-out-CNT
were also practically the same (~280 m?g~"). It can thus be
reasonably assumed that both supports retained similar
characteristics even after activation. Therefore, there should
be other effects that play roles in the activity difference be-
tween Ru-in-CNT and Ru-out-CNT.

Figure 2a shows a typical TEM image of the reduced Ru-
in-CNT. The Ru particle size is in the range of 2-5 nm (Fig-
ure 2¢, before reaction), which is smaller than the CNT
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the particle sizes of both Ru-in-CNT and Ru-out-CNT cata-
lysts do not change significantly, thereby indicating that the
catalysts are rather stable under reaction conditions. Thus
the particle size difference cannot solely explain the differ-
ent ammonia synthesis activities over the inside and outside
Ru catalysts.

Figure 3 displays the temperature-programmed reduction
(TPR) profiles of Ru-in-CNT and Ru-out-CNT along with
that of a blank CNT. A blank CNT yields two H, consump-
tion peaks. One in the range of 200-300°C is very weak and
the other above 400°C is accompanied by simultaneous re-
lease of H,O (shown as a dashed line in Figure 3) but negli-
gible CH, emission. Kundu et al. also observed two similar
water peaks during TPR of
CNTs.®®! They attributed the
very weak peak around 250°C
to the dehydration of neighbor-
ing carboxylic groups and the
one above 400°C with a more
than 10 times higher intensity
was assigned to the direct re-
duction of aldehyde, quinone,
and phenol groups.”®

Figure 3 shows that another
intense H, consumption peak
appears in the lower tempera-
ture range of 200-300°C over
both Ru-in-CNT and Ru-out-
CNT catalysts compared to the
profile of the blank CNT

Ru-out-CNT

before reaction

after reaction
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Figure 2. TEM images and the metal particle size distributions of the catalysts after reduction for 12 h at
450°C in hydrogen: a, c¢) Ru-in-CNT and b, d) Ru-out-CNT. The particle size distributions after reaction are
also included for comparison. They were obtained by measuring 500 particles from randomly taken TEM

of Ru-in-CNT is around 1.2
times that of Ru-out-CNT in

images over a wide area of the specimen.

inner diameter (4-8 nm), thereby leaving sufficient space for
the transport of reactants and products.?! In Ru-out-CNT
the particles are also homogeneously dispersed, yet on the
exterior surface of CNTs (Figure 2b), as evidenced by rotat-
ing the microscopic specimen. The particle size falls in the
same range as that of Ru-in-CNT, but the size distribution is
slightly broadened (Figure 2d, before reaction). Further
characterization by H, and CO chemisorption confirms that
the average particle size of Ru-
out-CNT is only slightly larger

Figure 3, which is in accordance

with their respective metal

loadings. Furthermore, one can
see that the reduction of Ru'™ takes place around 270°C for
Ru-out-CNT, whereas it occurs at a lower temperature, that
is, around 230°C, for Ru-in-CNT. This demonstrates that the
inside Ru species are easier to reduce compared to the out-
side ones. This trend of facilitated reduction of oxidic Ru
inside CNT channels is consistent with our previous obser-
vations for iron oxide."! Since the metal particle size is simi-
lar in both catalysts, the facilitated reduction could be due

Table 1. Metal particle size and dispersion derived from H, and CO chemisorption.

. Catalyst Loading H, chemisorption CO chemisorption
ﬂ;lan thatT (k))fl fu};m-iNT, as [%] Dispersion [%] Particle size [nm] Dispersion [%] Particle size [nm]
shown 1n Table 1. Furthermore,
£ Fi ’ d Ru-in-CNT 3.5 234 5.7 29.4 4.5
one can see rom Tigure 2€ and gy ou-CNT 2.9 218 6.1 24.7 5.4
d that even after reaction tests,
Chem. Eur. J. 2010, 16, 53795384 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 5381
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Figure 3. Temperature-programmed reduction profiles; samples are as
follows: a) Ru-in-CNT, b) Ru-out-CNT, and c) blank CNT. Dashed lines
represent the corresponding signals of H,O detected by mass spectrome-
try.

to the interactions between the oxidic ruthenium species
and CNT surfaces.

Earlier studies of carbon-supported Ru-based catalysts
have revealed the important modification effects of the sup-
ports and additives on the local structure of Ru through in-
teractions, in particular the electron density. The work func-
tion of single-, double-, and multiwalled CNTs was reported
to be in the range of 4.7-4.9 eV.*"! Upon decoration of Ru
nanoparticles, the work function of the composite was low-
ered due to electron transfer from Ru to the CNT.F'! Most
likely, the outside Ru transfers fewer electrons due to repul-
sion of electrons since the exterior CNT surface has already
a higher electron density. In comparison, it could be easier
for the inside Ru to donate more electrons since it is located
on the relatively electron-deficient interior CNT surface.
Therefore, we postulate that the inside and outside Ru cata-
lysts exhibit different electron densities that results from the
Ru-CNT interactions, which can be the reason for the dif-
ferent ammonia synthesis activities over Ru-in-CNT and
Ru-out-CNT. We attempted to characterize the electronic
state of Ru using XPS. However, it was not successful be-
cause it was not possible to obtain sufficient signals from
the inside Ru particles due to shielding of the 3-5 nm thick
CNT walls.

Therefore, we turned to adsorption microcalorimetry
using CO as a probe molecule because this is a widely em-
ployed technique that provides information about the inter-
action energy of CO with metal surfaces and is sensitive to
the electron density of metal centers®” The metal-CO
bonding involves electron donation from the CO 5o orbital
to the metal and backdonation from the metal to the CO
2m* orbital. Thus a metal cluster with a higher electron den-
sity is expected to result in a stronger metal-CO bonding
and consequently should give a higher adsorption heat.

Figure 4 shows the CO adsorption heat as a function of
the surface coverage. The initial differential adsorption heat
of CO on Ru-in-CNT is 111 kJmol*. Note that adsorption
of CO was not detectable on blank CNTs. In comparison,
Ru-out-CNT exhibits a higher initial adsorption heat
(123 kI mol™"), which implies stronger Ru surface adsorption
sites for CO on Ru-out-CNT than on the inside Ru surface.
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Figure 4. Differential heat of CO adsorption as a function of the surface
coverage. The inset shows the adsorption heat in the CO coverage range
up to 0.5: a) Ru-in-CNT and b) Ru-out-CNT.

Both initial differential adsorption heat values fall in the
range reported earlier for Ru supported on high surface
area graphite with a similar Ru dispersion.””! They also
agree with the adsorption heat around 125 kJmol™" on poly-
crystalline Ru.® Tt can be seen that a plateau exists over
Ru-in-CNT up to CO coverage of 0.4. It indicates that this
catalyst has fairly homogeneous Ru surface sites with regard
to their geometry and interaction energies with CO. Ru-out-
CNT has a narrower plateau within coverage up to 0.2, thus
suggesting less homogeneous Ru surface sites than on the
inside Ru. At coverage higher than 0.5, the adsorption heat
over both catalysts decline and the two curves overlap,
which implies that the medium and weaker adsorption sites
are similar over these two catalysts.

At a very low coverage (close to zero), CO adsorbs in the
linear mode.P¥ Therefore, the presence of stronger surface
sites for CO adsorption on Ru-out-CNT could be attributed
to a higher electron density on the outside Ru centers than
the inside ones. This effect is analogous to promoters. For
example, Spiewak et al. detected a higher adsorption heat of
CO on Ni when it was promoted with K and Cs, which are
known to be electron-donating agents.* On the other hand,
when carbon-supported Ru metal was modified with K, the
binding energy of Ru was lowered by 0.1 eV.” Thus, there
is an increased density of surface electron states available
for backbonding with 2z* orbitals of CO and N,. Conse-
quently, the adsorption heat increases as well as the dissoci-
ation probability.?**! Likewise, relatively higher electron
density on the outside Ru should lead to more facile adsorp-
tion and activation of N, than on the inside Ru catalyst and
hence a higher activity for ammonia synthesis, as we ob-
served in Figure 1.

The postulation of relatively higher electron density on
the outside Ru centers is further supported by first-princi-
ples calculations. Figure 5 shows the differential electron-
density isosurface of two Ru, cluster/(10,10) CNT models. It
can be seen that the Rug cluster donates electrons to carbon
whether it is located inside or outside of the (10,10) CNT.
But the modification of electron density is more pronounced

Chem. Eur. J. 2010, 16, 5379 -5384
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Figure 5. Isosurfaces of the differential electron density (at values of
+0.05 electrons [A%]) for a) Rug-out-CNT and b) Rug-in-CNT. The insets
show the full cross-section pictures of the isosurfaces. The gray balls rep-
resent the carbon atoms of the (10, 10) CNT. Red bars denote the Ru—
Ru bonds. The blue areas suggest enriched electron density and the
yellow areas depleted density with respect to free-standing clusters.

in the case of the inside Ruyg cluster. Mulliken population
analysis indicates that the inside Rug cluster donates 2.41
electrons to the CNT. By comparison, there are only 1.66
electrons transferred from the outside Rug to the CNT. This
phenomenon is also observed in other models. For example,
in the model that consists of an icosahedral Ru,; cluster and
a (12,12) CNT, the inside Ruy; cluster donates 0.8 electrons
more to the CNT surface than the outside Ruy; cluster.
When an Rug cluster is placed inside a (8,8)@(13,13)
double-walled CNT, it transfers 1.41 electrons more to
carbon than the outside Rug cluster. As a result, the outside
Ru should have a relatively higher electron density than the
inside one.

Furthermore, the first-principles calculations also show
that the CO adsorption heat on a top site of the outside Ruy
cluster (242 kImol™) is 10 kJmol™' higher than that on the
inside Ru, cluster (232 kJmol™"), which compares well with
the experimentally found difference of adsorption heats.
The much higher calculated adsorption energies can be at-
tributed to the very small cluster models used in the calcula-
tion. On a larger cluster such as a free-standing Ru;, the
CO adsorption heat decreases to 218 kJmol™' in comparison
with 254 kImol ™' on a free-standing Ru,. For reference, the
adsorption heat on Ru (0001) surface was calculated to be
176 kJmol™" within the same level of theory. It agrees very
well with a previously reported value of 174 kJmol™ ob-
tained from density functional theory generalized gradient
approximation (DFT-GGA).”” Analysis of the local density
of state on the adsorbed CO molecule and the Rug cluster
also reveals the coupling between the 2m* orbitals of CO
with the d orbitals of the Rug cluster, whereas this coupling
is slightly stronger in the case of the outside Ru, cluster.

Conclusion

In summary, TPR, CO adsorption microcalometry, and first-
principles calculations suggest that the Ru located on the ex-
terior CNT surface is likely to have a higher electron density
than the inside Ru due to the Ru-CNT interactions, al-
though both catalysts have very similar metal particle sizes
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and dispersion according to TEM, CO, and H, chemisorp-
tion analysis. This is consistent with the electron-density dif-
ference between the exterior and interior CNT surface due
to graphene curvature."™"! Since the adsorption and dissoci-
ation of N, is an electrophilic process, the outside Ru cata-
lyst can be more conducive to N, activation and hence its
activity for ammonia synthesis is higher than that of the
inside Ru catalyst. This trend is opposite to the one that has
been previously observed for FT synthesis over CNT-sup-
ported Fe catalysts.'"** There the reduction of the precursor
iron oxides is facilitated, hence the formation of the catalyti-
cally active iron carbide species under reaction conditions at
the concave CNT surfaces with a lower electron density.l'!]
This study lends further support to the concept that electron
transfer from the curved graphene walls of CNTs could play
an important role in the activity of catalysts confined on
inner and outer CNT surfaces. It could provide a novel ap-
proach in the modulation of activities of metal catalysts,
which holds great promise but has been hardly explored yet.
We anticipate that further theoretical and experimental
studies on such composites will not only lead to new devel-
opments in the field of catalysis but also novel functional
nanomaterials and nanotechnologies based on CNTs.

Experimental Section

Catalyst preparation: CNTs were purchased from Chengdu Organic
Chemicals (MFG code M12020702R). The inner and outer diameters
were 4-8 and 10-20 nm, respectively. CNTs were pretreated in concen-
trated HNOj; (68 wt %) at 130°C for 12 h, which led to opened and short-
ened nanotubes. Ru-in-CNT was prepared following a previously report-
ed method. Briefly, acetone was used as a solvent for RuCl; because of
its low surface tension, which can facilitate the introduction of metal salt
solution into CNT channels by a wet chemistry method. Ultrasonic treat-
ment and extended stirring were employed to aid the capillary forces of
CNTs to obtain a homogeneous dispersion of Ru nanoparticles. Subse-
quent slow drying at 110°C in air resulted in most Ru particles (over
80%) being introduced into CNT channels. For preparation of Ru-out-
CNT, we used open CNTs of exactly the same batch and the same treat-
ment as for the Ru-in-CNT catalyst. Xylene was used to temporarily
block the CNT channels before decoration of the exterior CNT surface
with RuCl,.**) Water was chosen as a solvent for RuCl; because it is im-
miscible with xylene, which can prevent RuCl; solution from infiltrating
the channels. Furthermore, compared to water, the higher boiling point
of xylene allows preferential evaporation of water on the outside of
nanotubes. Thus only the external surfaces were decorated with rutheni-
um. The same drying procedure was applied to Ru-out-CNT.

Carbon black (CB) was purchased from Alfa Aesar and activated carbon
(AC) from Beijing Guanghua Woods Ltd. Ru/CB and Ru/AC were pre-
pared following the same procedure as that of Ru-in-CNT.

Catalyst characterization: Catalysts were usually prereduced before char-
acterization and reaction tests in hydrogen for 12 h at 450°C unless other-
wise stated. Specific BET surface areas were measured by N, adsorption
using an ASAP 2020 apparatus. TEM measurements were carried out
using a FEI Tecnai G* microscope operating at an accelerating voltage of
120 kV. H, chemisorption and CO adsorption microcalorimetry were car-
ried out at 40°C using a Quantachrome Autosorb-1/C Chemisorb appara-
tus and a Setaram heat flow microcalorimeter (BT2.15 heat-flux calorim-
eter), respectively. Prior to measurements, the prereduced catalysts were
further reduced in situ for 2 h at 450°C in H,. A detailed description of
the setup and procedure of the microcalorimetric measurements can be
found in an earlier study."” The metal dispersion and particle size were
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also estimated based on assumption of a spherical geometry of the parti-
cles and an adsorption stoichiometry of one hydrogen atom and one CO
molecule on one Ru surface atom. The particle size was estimated ac-
cording to Equation (1):

VM M x 6 x Psite

d=6SM X DM - Pmetal x N

in which V), is the volume/atom in the bulk, Sy the average surface area
occupied by a metal atom, Dy the dispersion, M the molecular weight,
P the Ru surface site density, and N the Avogadro number. Thus, d (in
nm) can be calculated according to 1.33/Dy,.**

TPR experiments were carried out using home-built four-channel reac-
tors equipped with an online 6-channel mass spectrometer (Omnistar
GSD 301 O2 & GSS 300) as the detector. Prior to reduction, the samples
were treated in situ in a He flow (20 mLmin™") for 90 min at 110°C.
Then they were heated from 50 to 530°C at a rate of 2°C min™" in 3%
H,/Ar (v/v) (10 mLmin™"). Simultaneously, signals of m/e 2, 15, and 18
(corresponding to H,, CH,, and H,O, respectively) were monitored.

Catalytic reaction: Ammonia synthesis was carried out using the same
four-channel reactors. The prereduced catalysts were further activated in
H, for 2h at stepwise-increasing temperatures of 300, 350, 400, and
450°C, and finally held for 6 h at 475°C before being cooled to the reac-
tion temperature (400°C). A mixture of Ar/N,/H, 4:24:72 (vol) was used
as feed gas, which was further dehydrated and deoxygenated before pass-
ing to the catalyst beds. The effluent of each channel was absorbed indi-
vidually by H,SO, aqueous solution that contained methyl red as an indi-
cator. The TOF was calculated based on H, chemisorption data. Note
that the purity of all gases was 99.999 %.

Computational methods: In first-principles calculations, we used an infin-
ite (10, 10) single-walled CNT with one-dimensional periodic boundary
condition applied along the tube axis. The simulation supercell included
four CNT unit cells (160 carbon atoms in total) with one octahedral Rug
cluster located either inside or outside of the tube. Other sized Ru clus-
ters such as icosahedral Ru;; and double-walled CNTs were also consid-
ered. The CASTEP program was used,® which was based on density
functional theory, ultrasoft pseudopotentials, and plane-wave basis sets
with a cutoff energy of 400 eV. The exchange-correlation interaction was
described by the generalized gradient approximation (GGA) with PW91
parameterization. !
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