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ABSTRACT: The interaction of an Fe atom, an Fe dimer, a one-dimensional Fe nanowire, and an FeO nanowire with a single-
walled armchair carbon nanotube (CNT) (8, 8) is investigated using density functional theory calculations. The results show that
for all iron species the bonding with the outside wall of the CNT is stronger than that with the inside wall. Analysis of the
electron distribution of the CNT shows that the curvature of the CNT induces a significant electron disparity at the inside and
outside regions and more electrons are distributed on the outer surface. The properties of the frontier orbitals of the CNT are
studied, and the results show that the highest occupied molecular orbital and lowest unoccupied molecular orbital are mainly
located outside the tube, which may account for the in- and out-dependent interactions of Fe species with the CNT surface and

hence different chemical reactivities of CNT-loaded metals.

1. INTRODUCTION

Carbon nanotubes (CNTs) can be considered as graphene
layers which roll up, forming coaxial columns. The curvature of
the carbon network alters the hybridization of electronic
orbitals, which deforms the pure sp* hybridization of graphene
with a sp? character, inducing different chemical environments
in the cavity and on the outer surface."”> Modified properties of
metal/metal oxide nanoparticles/clusters in the cavity with
respect to those dispersed on the outer surface have been
frequently observed, although the exact influence of this
electronic structure is not elucidated yet>™® For example,
iron oxide and ruthenium oxide nanoparticles confined inside
the tube can be reduced more facilely than those residing on
the outer wall.>” The Rh nanoparticles confined inside the
CNT exhibit better catalytic activity and selectivity for the
conversion of CO and H, to ethanol compared to outside-
dispersed particles.® Cinchonidine-modified Pt clusters were
shown with a better activity and enantioselectivity for
hydrogenation of a-ketoesters when encapsulated within
CNTs.*

In addition to the different adsorption and diffusion of
molecules inside the CNT channels” and the restriction of the
size-limited channels on the particle size growth,” the
interactions of the CNT walls with the metal species may
also play an important role yet to be elucidated in depth. Metal
atoms and dimers have been widely used as probes to
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investigate the interaction of a CNT with loaded clusters,
which to some extent provides preliminary insights into the
metal/CNT interaction system.m_13 Vo et al. studied single Fe
atom adsorption on a single-walled carbon nanotube
(SWCNT) and found that the stability, band gap, and total
magnetic moment of the systems depend on the location of the
Fe atom relative to the carbon nanotube surface.'’ Yagi et al.
reported different adsorption strengths for 3d transition-metal
atoms and dimers on the inside and outside of an SWCNT by
first-principles density functional calculations."' However,
interaction of larger aggregates with a CNT has not yet been
studied to approach the experimental applications. Further-
more, the origin of this inside—outside difference is yet to be
clarified.

To shed light on these questions, iron as a typical transition
metal is taken as a probe and studied by density functional
theory calculations. A series of aggregates ranging from a single
atom to a one-dimensional nanowire are adopted to investigate
the interaction of iron with a CNT and its dependence on the
size of the models, including a single Fe atom, an Fe dimer, and
an Fe nanowire. Since iron is highly active and prone to be
oxidized under realistic conditions, understanding the inter-
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action between the oxidized iron and the CNTs is valuable and
studied by the FeO nanowire. The interaction mechanism and
electronic structures of CNTs are analyzed, aiming to elucidate
the inside- and outside-dependent properties of metal
aggregates. Understanding the trend may provide valuable
insights into the interaction of even larger aggregates, for
instance, metal nanoparticles with CNTs.

2. COMPUTATIONAL DETAILS

All calculations in this work were performed using the Vienna
Ab-initio Simulation Package (VASP) with the projector-
augmented wave method and a cutoff energy of 400 ev.!418
The PWO1 functional with generalized gradient approximation
method was adopted for the exchange-correlation term.'” The
structure was fully relaxed using the conjugated gradient
method until the force on each atom was less than 0.05 eV/A.
The Monkhorst—Pack scheme was used to sample the Brillouin
zone.”®

Models of an iron atom (Fe), an iron dimer (Fe,), a one-
dimensional iron nanowire (Fe;p), and an iron oxide nanowire
(FeO;p) on an SWCNT (8, 8) were used. Four adsorption
sites were considered: hole, top, bridge-1, and bridge-2 (Figure
1). Figure 2 shows the schematic structures of iron species

—— Nanotube axis

Figure 1. Adsorption sites on an SWCNT. The right panel shows two
different configurations for the adsorption of an Fe dimer on the
bridge-2 site.

Figure 2. Optimized structures of Fe, Fe,, Fe|p, and FeO, adsorbed
on the outer (top panel) and inner (middle panle) hole sites of an (8,
8) SWCNT. The bottom panel shows their top view.

adsorbed on the hole site. A periodically repeating tetragonal
supercell was utilized with lattice constants a = b = 26 A. For
the Fe atom (Fe/CNT) and dimer (Fe,/CNT) in the ¢
direction, the supercells consisted of three (7.379 A) and four

(9.838 A) unit cells of the bare tube, respectively. For the one-
dimensional nanowire models (Fe,;,/CNT and FeO,p/CNT),
we used the unit ¢ vector of the bare tube (2.46 A) with one Fe
or FeO per unit cell. The optimized structures of Fe;,/CNT
and FeO,p/CNT are shown in Figure 2. The isolated Fe dimer
was calculated in a large rectangular supercell (12.1 X 12.2 X
12.3 A) and structurally optimized. The isolated Fe; and
FeO;p were calculated in the same supercell as Fe,,/CNT and
FeO,p/CNT and structurally optimized. A 1 X 1 X 8 k-point
mesh sampling was used for Fe/CNT, 1 X 1 X 4 for Fe,/CNT,
and 1 X 1 X 11 for Fe;p/CNT and FeO,,/CNT. Spin
polarization was considered in all calculations, and the
electronic structures with converged magnetic moments of
iron were optimized to the ground state.

The binding energies, magnetic moments, and bonding
lengths are listed in Table 1. The binding energies for the iron/
CNT interaction structures are defined as E, = (E, cnt —
Ecnt — Eug)/n, where Eg cnr is the total energy of the
adsorbed structure, Ecyr is the energy of the pristine CNT, E 4
is the energy of isolated iron aggregates, and 7 is the number of
Fe atoms per unit cell.

3. RESULTS AND DISCUSSION

3.1. Interaction of Iron Species with SWCNT (8, 8).
3.1.1. Interaction of an Fe Atom with the CNT (Fe/CNT). For
the interaction of an Fe atom with the CNT on the same site,
the outer adsorptions are more stable than the corresponding
inner ones, indicating that the Fe atom bonds more strongly
with the outer surface of the CNT. One also sees that the
adsorption on the hole site is the most stable among all sites for
both inner and outer cases, which is consistent with the more
quenched magnetic moment (u) of hole-site adsorption (2 ug)
compared with that of the other sites (4 ug); this is also
reflected by the shorter Fe—C bonds (2.04—2.09 A) on the
hole site than those (2.15—2.29 A) on the other sites. However,
the binding energy (—0.84 eV) on the outer hole site is only
slightly higher than that on the inner hole site (—0.80 eV). This
is likely attributed to the different bonding features of the Fe
atom on the inner and outer hole sites. As shown in Table 1, six
short bonds (2.04—2.11 A) form at the inner hole site, while at
the outer hole site only four short bonds (2.09 A) form, with
the other two elongated to 2.20 A, which offsets to an extent
the difference in bonding strength between inner and outer
adsorptions. The finding of favored adsorption of the Fe atom
on the outer surface of the CNT is consistent with previous
calculations on different SWCNTs.'""> Compared with the
results of the (8, 0) tube used in earlier studies in which the
binding energy difference between inner and outer hole-site
adsorptions is 0.33 eV,'">" this difference for (8, 8) here (0.04
eV) is smaller. This is probably due to the large curvature effect
for the smaller diameter (6.3 A) of the (8, 0) SWCNT than
that (10.9 A) of the (8, 8) SWCNT.

3.1.2. Interaction of Fe, with the CNT (Fe,/CNT). Fe,
dimers on inner bridge-Z” (Bri-2!) and top sites move to the
bridge-1 (Bri-1) site after structural optimization. The 2-fold-
coordinated bridge site becomes more favored for both inner
and outer adsorptions in contrast to the 6-fold-coordinated
hole site for a single Fe atom. Moreover, the binding of Fe,
with the CNT on all sites is weaker than that in Fe/CNT
because of the stabilization from Fe—Fe bonding in the dimer.
The overall energy gain (per Fe atom) with respect to the
isolated Fe atoms can be defined by Ey' = (E,4/cnt — Ecnr)/?
— Ege atomy Where Eg, o, is the total energy of an isolated Fe
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Table 1. Binding Energies, Magnetic Moments (), and Lengths of Fe—C and Fe—Fe Bonds of Fe/CNT, Fe,/CNT, Fe,,/CNT,

and FeO,,/CNT

adsorption site E, (eV/Fe) E,’ (eV/Fe) u (pp/Fe) Fe—C length® (A) Fe—Fe length (&)
Fe/CNT inner hole —0.80 2 2.04 (2), 2.11 (4)
Bri-1 -0.23 4 229,225
Bri-2 —-0.27 4 2.28,2.29
outer hole —0.84 2 220 (2), 2.09 (4)
Bri-1 —0.48 4 2.18, 2.17
Bri-2 -0.53 4 215, 2.16
Fe,/CNT inner hole —0.12 —146 325 224 (2), 223 (2) 2.19
Bri-1 —0.14 —148 313 216 (2), 2.17 (2) 2.10
Bri-2* 025 —1.59 3.15 222,224, 2.34, 2.37 217
outer hole —0.17 —1.51 330 234 (2), 240 (2) 216
Bri-1 —043 -177 3.03 2.10 (2), 2.11 (2) 2.15
Bri-2! —0.31 —1.65 3.02 228, 2.26, 2.17, 2.14 2.09
Bri-2t —043 -177 3.03 2.07, 2.10, 2.14, 2.16 211
top —0.34 —1.68 3.01 2.05, 2.07, 2.31 2.10
Fe,p/CNT inner hole —0.03 -1.68 3.02 226 (2), 2.32 (2) 2.46
Bri-1 ~0.07 -172 2.97 214 (2) 2.46
outer Bri-1 —0.28 -193 3.09 2.00 (2) 2.46
top —0.26 —-191 3.02 2.06 2.46
FeO,p/CNT inner hole —0.64 0.63 215 (2), 228 (2), 229(2) 2.46 (1.75%)
Bri-1 —0.82 2.00 2.13 (2), 2.14 (2) 246 (1.77°)
Bri-2 —0.62 2.42 2.19 (2), 2.20 (2) 2.46 (1.75%)
outer Bri-1 —0.96 2.03 212, 2.13 2.46 (1.75%)
top —1.18 228 2.03 2.46 (1.74%)
“The number of Fe—C bonds with the same length is indicated in parentheses. bLength of the Fe—O bond.
atom. E,’ includes both the Fe—Fe and Fe—C interactions, and
the results are given in Table 1 too. Compared to E, for Fe/ 0.2} in in 40.2
CNT, the larger energy gain from Fe—Fe bonding is clearly ool in | °l“t ! out loo
seen. The contribution from Fe—Fe interaction can be T [ = |
measured roughly by the difference between E,’ and E, (IE,’ LSL 02ben_ O T \ J02
— Eyl), which is 1.34 eV and significantly larger than the Fe—C ) Bri-2= \=m = in
interaction energy (IE,| = 0.12—0.43 V). Thus, the bonding of 3 04r W — ! out ] 0.4
Fe—Fe (~2.15 A) is more preferred than that of Fe—C, which 2 sl —-- I los
weakens the interaction of Fe with the CNT surface. The data L; e
in Table 1 also suggest that Fe, bonds more strongly with the £ 0.8} Hole — 1-0.8
outer sites than with the corresponding inner ones, consistent = _
with an earlier study for Fe, Co, and Ni dimers on a (4, 4) 1.0 110
SWCNT." ol 145
3.1.3. Interactions of Fe,, and FeO,, Nanowires with the ' . . . . '
CNT (Fe;p/CNT and FeO,p/CNT). Table 1 shows that E, of Fe/CNT  Fe,/ONT  Fe,,/ONT FeO,,/CNT

Fe,p/CNT becomes even smaller than that of Fe,/CNT.
Owing to the formation of one more Fe—Fe bond in Fe;p/
CNT, a larger difference between E,’ and E, (IE,’ — E,| = 1.65
eV) compared with that in Fe,/CNT indicates an increased
contribution from Fe—Fe interaction, although the Fe—Fe
bond length is elongated to 2.46 A from ~2.15 A of Fe,/CNT.
The preferred Fe—Fe interaction further weakens the
interaction between Fe and the CNT surface. In comparison,
the binding energy of the FeO nanowire on the most favored
site (—1.18 eV, outer top) is notably larger than that of Fe,p
(—0.28 €V, outer Bri-1), indicating that the oxidization of the
Fe nanowire enhances its interaction with the CNT and
stabilizes the hybrid system. Similar to Fe and Fe,, both Fe,,
and FeO,;p bond more strongly with the outer sites with
apparently shorter Fe—C bonds than those of the inner ones.

The overview map in Figure 3 shows the following more
clearly: (1) All the Fe species bond more strongly with the
outer surface of the CNT than with the inner surface.
Interestingly, on the Bri-1 site the inside and outside difference
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Figure 3. Overview of the binding energies of different Fe species on
the inner and outer sites of a CNT.

of E, changes subtly from the Fe atom (0.25 V) to Fe, (0.29
eV) to Fe,p (0.21 eV), indicating that it is independent of the
size of the models. (2) The interaction between Fe and the
CNT becomes weaker as Fe grows from one atom to a dimer to
a 1D nanowire due to the formation of more preferred Fe—Fe
bonds in the system. The most stable adsorption site changes
from the 6-fold-coordinated hole site in Fe/CNT to the 2-fold-
coordinated Bri-1 site in Fe;p/CNT owing to the more
competitive Fe—Fe interaction than Fe—C. This indicates that
iron atoms tend to aggregate to bond with each other rather
than atomically disperse when loaded on the CNT, as can be
seen more clearly from the gradual increase of binding energies
from the |Ey| of Fe/CNT to the |E,’l of Fe,/CNT and Fe,p/
CNT. Yuan et al. also observed that a Fe, cluster formed a
stable tetrahedral structure rather than a flat quadrangle
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structure on the CNT.*' Sun et al. showed that Fe chains did
not bond stably with the CNT except for the small-size tubes.**
The clustering of iron atoms has also been observed
experimentally on the surface of highly oriented pyrolitic
graphite.”®> Our calculation indicates that the bonding strength
of an Fe single atom, dimer, and nanowire with a flat graphene
surface lies between those with the inner and outer CNT
surfaces, which clearly shows the effect of the CNT’s curvature.

Less stable binding of iron species inside the tube could
influence the interaction of iron species with other molecules
with respect to those on the outside sites. For example, our
calculations on the binding energy of CO and O, on iron of the
Fe,;p/CNT model (Table 2) show that both CO and O, are

Table 2. Binding Energies (eV) of CO and O, on an Fe
Nanowire inside and outside the CNT*

E, (CO) E, (0y)
Fe,p-in-Bri-1 —2.43 —2.4S
Fe,p-out-Bri-1 —-2.26 -2.18

“This was calculated in a 1 X 1 X 4 supercell of Fe;,/CNT with a
coverage of 1/4 monolayer (one CO or O, per four iron atoms). The
optimized adsorption sites for CO and O, are atop and bridge sites on
the iron nanowire, respectively.

adsorbed more strongly on the inner Fe nanowire. The inside—
outside E, difference is 0.17 eV for CO and 0.27 eV for O,. This
indicates that the chemical reactivity of iron can be modulated
by the CNT through interaction with its interior and exterior
surfaces, providing different catalytic properties when loaded
inside and outside the CNT.

Although the iron/CNT systems are generally ferromagnetic
with significant magnetic moments, we find that there is little
distinct difference in the magnetic moments of inner and outer
adsorptions. In contrast, the magnetic moments of Co/CNT
and Ni/CNT systems depend not only on the inner or outer
adsorption sites but also on the diameter of the nanotube.'’

3.2. Analysis of the Bonding of Fe, with the CNT. To
understand the bonding difference on the inner and outer sites,
the interaction of Fe, with the CNT on the Bri-1 site is
investigated. Figure 4a shows the projected density of states
(DOS) of the 3d orbitals of Fe, on the inner and outer Bri-1
sites. The d,, state is apparently broadened with no sharp peaks,
which is quite different from other d states. This is due to the
formation of covalent bonding between the d,, orbtial of Fe and
the p, orbital of C. As shown in Figure 4b, the orientation of
the d,, orbital of Fe, matches well with that of the p, orbital of
C, which favors the bonding between them.

The integral area of each state in Figure 4a can be used as a
measure of the amount of electrons on that state. Thus, one
sees that the d,, and d_p states of the inner case differ
significantly from those of the outer case in the amount of
electrons occupying them. For the more stable outer Fe,, more
electrons are on the d,, state (2.72) while less on the d;_ state
(1.95), versus less on the d,, state (2.17) and more on the d,2_
state (2.51) for the inner Fe, This indicates that more
electrons transfer from the d,>_ state to the d,, state in the
bonding of Fe with the outer CNT surface, which enhances
their interaction. On the contrary, more electrons stay on the
do_, state (2.51) of the inner adsorbed Fe,, which favors the
Fe—Fe interaction. As can be seen in Table 1, the Fe—Fe bond

length (2.10 A) is shorter than that of the outer Fe, (2.15 A).
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Figure 4. (a) Projected density of 3d states of Fe, on the bridge-2 site
of a CNT. The integration is conducted over the part below the Fermi
level. Configurations of the (b) d,, orbital of Fe, and p, orbital of C
and (c) d,>_, orbital of Fe,. (d) Structures of inner and outer adsorbed
Fe,.

Fewer electrons on the d,, state (2.17 e7) of the inner Fe, lead
to relatively weaker bonding with the p, of C.

The bonding difference can also be seen from the difference
in charge density. As shown in Figure Sh, there is an apparent

——p T

Fe dimer on Outer Bri-1

Figure S. Difference in charge density of Fe, adsorbed on the inner
and outer bridge-1 sites of a CNT, which is conducted by

PFe,/CNT—PCNT—PEey Where pr. /ot Ponty and pg., are the total
charge densities of Fe,/CNT, a pristine CNT, and an isolated Fe,,
respectively: (a, e) structure; (b, f) differential charge density with the
blue and red areas denoting decreased and increased charge,
respectively; (c, g) only the charge-increased area; (d, h) side views
of (c) and (g) along the tube axis. The x, y, and z axes are the
Cartesian coordinates of the supercell.

increase of electrons with the shape characteristic of the d,,
orbital of the outer Fe,, whereas this characteristic is
unconspicuous for the inner Fe, (Figure 5d). In the bonding
area between Fe and C the electron-enriched part is apparently
larger for the outer case than the inner case, as marked with
circles in Figure Sc,g. These electronic analyses rationalize
nicely the stronger binding of various iron aggregates on the
outer surface than that of the inner one.

3.3. Curvature-Induced Different Electronic Structures
of the Inner and Outer Surfaces. As analyzed in section 3.1,
the adsorption of the various iron species on the outer CNT
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surface is energetically more favored than that on the inner
surface. Similar results were reported for Co and Ni atoms and
dimers adsorbed on a (4, 4) SWCNT."" The frontier orbitals
play an imzportant role in the chemical interaction between
substances.?*72® To further understand the origin of such a
difference, in particular the influence of the curvature, we
studied the electronic structure of the CNT by looking at the
distribution of electrons on the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of (6,6), (8,8), and (10,10) SWCNTs.

When graphene is rolled up to form a tube, the deformation
of 7 bonding causes electron transfer from the crowded
concave side to the convex side, inducing a different electron
distribution inside and outside the CNT.>” The data in Table 3

Table 3. Electron Distributions inside and outside the
CNTs”

SWCNT in® out® difference percentage®
(6,6) 191 2.09 0.18 45
(8,8) 193 2.07 0.14 35
(10,10) 1.95 2.05 0.10 2.5

“Only the L electrons (2s + 2p). “Electrons per carbon atom,
calculated by integrating the amount of inside and outside electrons
divided by the tube wall. “The percentage is defined by the value of the
difference divided by 4 (number of valence electrons of C).

show that there is an apparent quantity disparity between the
inner and outer electrons: 0.18, 0.14, and 0.10 more electrons
reside on the outer than on the inner surface of (6, 6), (8, 8),
and (10, 10) SWCNTs, respectively, which account for 4.5%,
3.5%, and 2.5% of the total number of valence electrons. This is
consistent with the previous finding by Haddon.”® Although
this inside—outside difference becomes smaller with increased
tube diameter (decreased curvature), the different quantities of
inner and outer electrons do affect the bonding strength of iron
species with the CNT.

We further look into the properties of the HOMO and
LUMO of CNTs. Distributions of one and two electrons filling
the HOMO and LUMO of (6, 6), (8, 8), and (10, 10)
SWCNTs are investigated.29 As listed in Table 4, for both
frontier orbitals more electrons are distributed on the outside of
the tube. This indicates that the frontier orbitals of the CNT
are mainly located outside the CNT, as demonstrated by the
scheme in Figure 6. Moreover, this difference is remarkably
large, accounting for 63% (averaged), 52%, and 46% of frontier
orbital electrons for (6, 6), (8, 8), and (10, 10) SWCNTs,
respectively. More electron-enriched frontier orbitals on the
outer CNT surface may favor the formation of stronger
bonding with iron species, as demonstrated above. Though the
spatial distribution of the frontier orbitals on the outer surface
decreases with an increase of the diameter, it remains
significantly higher even for the (10,10) SWCNT with a
diameter of 13.6 A .

4. CONCLUSION

We have chosen a one-dimensional Fe nanowire and FeO
nanowire in addition to an Fe atom and dimer as probes to
study the interactions of a transition metal with the interior and
exterior CNT surfaces. The results show that all these Fe
species bond stronger with the outer CNT wall than with the
inner one. Analysis of the electronic structure of the CNT
indicates that more electrons are distributed on the exterior

Table 4. Electron Distributions on the Inside and Outside
Parts of the HOMO and LUMO of CNT

SWCNT* orbital? in® out®  difference percentaged
(6, 6) HOMO (2¢7) 037 163 126 63
HOMO (le) 020  0.80 0.60 60
LUMO (le7) 017  0.83 0.66 66
LUMO (2¢7) 037 163 126 63
(8, 8) HOMO (2¢7) 047 153 1.06 s3
HOMO (le”) 024 076 0.52 52
LUMO (1) 024 076 0.52 s2
LUMO (2¢7) 0.48 1.52 1.04 52
(10,10) HOMO (2¢7) 054 146 092 46
HOMO (1) 027 073 046 46
LUMO (le7) 027 073 0.46 46
LUMO (2¢7) 054 146 092 46

“The supercells of (6, 6), (8, 8), and (10, 10) SWCNTs consist of five,
four, and three unit cells of the bare tube in the ¢ direction so that they
have basically the same number of C atoms, i.e., 120 C atoms in the (6,
6) SWCNT, 128 in the (8, 8) SWCNT, and 120 in the (10, 10)
SWCNT. ’The number of electrons filling the frontier orbitals is given
in parentheses. “Electrons per unit cell. “The percentage is defined by
the value of the difference divided by the sum of “in” and “out”.

Figure 6. Electronic density distribution of the LUMO and HOMO of
the (6, 6) SWCNT.

surface of the CNT. Furthermore, it is demonstrated that the
frontier orbitals are mostly located on the outer CNT surface.
The more electron-enriched frontier orbitals on the outer wall
are expected to be responsible for the stronger bonding of iron
species with the outside surface than with the inside. This
inside and outside dependence of the bonding strength of iron
species may influence their chemical reactivities upon
interaction with gas molecules.
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