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In this study, we perform density functional calculations to investigate the interplay between single-wall
carbon nanotube �SWNT� supports and adsorbed Pt atoms. We found that adsorption of Pt atoms on SWNTs
is found to depend heavily on the curvature of SWNTs. The supporting SWNTs mediate and enhance the range
of interactions between Pt adatoms. The long-range interactions originate from the structural deformation of
the tube and the complex electronic states formed during the adsorption. Furthermore, these SWNT-mediated
interactions significantly modify the diffusion barriers of Pt adatoms on the tube surface.
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I. INTRODUCTION

Pt nanoclusters and Pt-alloy nanoclusters on support ma-
terials have shown considerable promise in improving cata-
lytic activities and reducing the use of Pt loading in catalysis
processes and fuel-cell technology.1–3 The catalytic activities
of Pt-based nanoclusters can be drastically changed by
changing their geometric and electronic factors.4,5 These fac-
tors strongly influence each other and are also influenced by
the properties of the support materials.6 Designing unique
and superior catalysts for fuel cells requires detailed theoret-
ical and experimental knowledge of the catalytic properties
of the nanoclusters adsorbed on support materials. Therefore,
the development of atomistic manipulation methods to fabri-
cate nanoclusters of desired sizes and shapes on support ma-
terials and the investigation of the catalytic activities of these
clusters are extremely important.

One of the most realistic methods to synthesize nanoclus-
ters on support materials is to disperse single atoms on the
surfaces of support materials and to manipulate the aggrega-
tion and cluster formation of these atoms. Recently, we suc-
ceeded in synthesizing highly dispersed size-controlled Pt
nanoclusters on a carbon nanotube �CNT� �Ref. 7� from
single adatoms. The process by which Pt atoms aggregate on
a CNT is considered to be directly related to the process by
which adsorbed atoms migrate between adjacent stable ad-
sorption sites. In this migration process, the diffusion barriers
and the interactions between adatoms at stable adsorption
sites play important roles. However, the dynamic properties
of single Pt atoms adsorbed on a CNT are still unclear. In
particular, the question regarding the existence of substrate-
mediated interactions8,9 between adsorbates on the surface of
low-dimension CNTs, the role of this interaction in the mass
transport of adatoms on the substrate,10 as well as the influ-
ence of this interaction on the morphology of the nanoclus-
ters are matters of considerable interest. It is necessary to
elucidate the behavior of the Pt atoms adsorbed on CNTs for
developing an atomistic manipulation method for the ad-

sorbed nanoclusters and for designing superior heterocata-
lysts.

In this study, we investigate the interplay between single-
wall carbon nanotube �SWNT� supports and adsorbed Pt at-
oms using the first-principles density functional theory
�DFT�. We found that adsorption of Pt atoms on SWNTs
depends heavily on the curvature and the chirality of
SWNTs. The supporting SWNTs mediate and enhance the
range of interactions between the Pt adatoms. These long-
range interactions were found to originate from the structural
deformation of the supporting SWNTs and the complex elec-
tronic states formed during the adsorption. Further Pt atoms
adsorbed on a SWNT surface can rather easily migrate from
site to site, and the diffusion is anisotropic and depends on
the tube radius. The substrate-mediated interactions signifi-
cantly modify the diffusion barriers of Pt adatoms on the
tube surface.

II. CALCULATION DETAILS

All calculations in this study are based on the DFT and
performed using the Dmol3 �Refs. 11 and 12� and OpenMX
�Refs. 13–15� codes. We use the generalized gradient func-
tional PBE developed by Perdew et al.16 to evaluate the
exchange-correlation energy of interacting electrons. The
density functional semicore pseudopotential17 is chosen to
describe the interactions between the valence electrons and
the core of Pt. Double-valence plus single-polarization orbit-
als are used as the basis set. All calculations are performed
using k-point sampling �0.05 Å−1 spacing� of the Brillouin
zone of periodic supercells. In the present study, we select
armchair �n , 0� SWNTs, zigzag �n , n� SWNTs, and
graphene sheets as substrates for the adsorption of Pt atoms.
The SWNTs are simulated by assuming them to be isolated
and infinite in length or extent. The vacuum regions are suf-
ficiently large for the interactions between the SWNTs to be
ignored.
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The relaxed structures of Pt atoms adsorbed on the SWNT
have been optimized carefully without any constraint. For all
optimized structure calculations, all atoms in the system are
relaxed until the forces are less than 0.002 hartree/bohr.
Binding energy of Pt atoms on the SWNT is computed using
the expression

Ebind = EPt + ESWNT − EPt/SWNT, �1�

where EPt represents the total energy of an isolated Pt atom,
ESWNT represents the total energy of an isolated SWNT, and
EPt/SWNT represents the total energy of a SWNT with Pt ada-
tom. For density of states calculations, we use 1�1�16
k-points mesh to get the resolution of 0.02 eV Gaussian
broadening.

III. RESULTS AND DISCUSSION

A. Structural deformation of SWNTs due
to adsorption of Pt atoms

First, the adsorption of the Pt atoms on different sites of
the �n , n� armchair and �n , 0� zigzag nanotubes are investi-
gated in detail from both geometric and electronic view-
points. We show the energetically favorable structures of Pt
atoms adsorbed on the CNT in Fig. 1�a�. The bridge site is
found to be the most favorable adsorption site for the adsorp-
tion of the Pt atom. Among the C-C bridge sites, the A and
B� sites on the �n , 0� SWNTs and �n , n� SWNTs, respec-
tively, are the most stable sites for Pt adsorption on the re-
spective SWNTs. Further, our thorough investigation finds
that the binding energies between Pt atoms and bridge sites
increase linearly with the curvature of SWNTs �Fig. 1�b��
from 2.42 eV �adsorption on B� sites of a �4, 4� SWNT� to
1.45 eV �adsorption on bridge sites of a graphene sheet�.

As shown in Fig. 1�c�, for both �n, n� armchair and �n, 0�
zigzag CNTs, the C atoms attached by the Pt atom strongly
protrudes from the wall of CNTs and the protrusion behavior
of C atoms spreads out to some extent. The strong protrusion

indicates the hybridization between d states of Pt and �
states of CNTs that transforms the sp2 states of adjacent C
atoms to the sp3. The shape of the supporting tubes is found
to deform from cylindrical to elliptic cylindrical. The
curvature-induced pyramidalization of carbon networks in
SWNTs together with the deformation and the protrusion of
the C atoms increases the local curvature of tubes at the
adsorption sites, thereby promoting the hybridization be-
tween Pt and CNT and increasing the binding energy of the
adatoms.18 The contribution of the hybridization between Pt
and CNT, therefore, is considered to be the origin of the
linear relation between the binding energy and the curvature
of supporting tubes �Fig. 1�b� inset�. In addition, our calcu-
lations also show remarkable differences in binding energies
of single Pt atoms with A sites and with A� sites and in
binding energies of single Pt atoms with B and B� sites,
which make different angles with the axes of the tubes. The
misalignment of � orbital of carbon networks in SWNTs is
considered to be the main reason for this feature �Fig. 1�b�
inset�. Further, to evaluate the contributions of the deforma-
tion of the whole tube and the protrusion of the C atoms,
calculations for systems comprising a Pt atom adsorbed on a
�5, 5� SWNT and on �10, 0� without deformation corroborate
that the deformation of the supporting SWNTs increase the
adsorption energy by up to 0.8 eV. Thus, the deformation of
the supporting SWNTs decreases their strain energy but sig-
nificantly increases the adsorption energy of the Pt adatoms.
A competition in causing a deformation of the supporting
SWNT can be expected for a system having several adatoms.

B. Interaction between two adsorbed Pt atoms

Next, the issues of interest are the interaction between Pt
adatoms and the substrate effect on it, which may provide
beneficial information for atomic manipulation of metal clus-
ters on CNT supports.19 Figure 2�a� shows the binding en-
ergy of the Pt atoms adsorbed on the �5, 5� and �10, 0� CNTs
evaluated by

FIG. 1. �Color online� �a� Adsorption configurations of a Pt atom at A and A� bridge sites of �10, 0� SWNT and at B and B� bridge sites
of �5, 5� SWNT. �b� The curvature dependence of the adsorption energy of single Pt atom on bridge sites of carbon nanotube supports. Open
and solid squares are for A sites and A� sites in the �n , n� carbon nanotubes; open and solid circles are for B� sites and B sites in the �n , n�
carbon nanotubes. Insets show the curvature-induced pyramidalization and misalignments of � orbitals of carbon networks in SWNTs. �c�
Displacement of C atoms in �5, 5� and �10, 0� SWNTs due to the adsorption of a Pt atom, visualized by gOpenMol �Refs. 25 and 26�. The
lengths of the arrows are 10 times the actual displacement of the C atoms.
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E2Pt/SWNT
bind �r� = E2Pt/SWNT

� − E2Pt/SWNT
r , �2�

where E2Pt
� and E2Pt/SWNT

r are the total energies of the Pt-CNT
systems for the Pt atoms are separated by a very large dis-
tance �half of the size of the supercells and �20 Å� and by
the distance r. The binding energies of the Pt adatoms are
calculated for systems in which one adatom is fixed and the
other approached it along four paths on the SWNTs; the un-
fixed adatom is aligned and approaching the fixed adatom
either linearly �paths 1 and 3 in Fig. 2�b�� or helically along
the tube axes �paths 2 and 4 in Fig. 2�b��. The binding ener-
gies of the Pt adatoms on a SWNT become significant when
their interatomic distance is less than 15 Å. In contrast, for
two nonadsorption Pt atoms, we cannot find significant inter-
action until the interatomic distance becomes less than 7 Å.
On the other hand, when the interatomic distance between
the Pt adatoms is less than 12 Å, the binding energies de-
pend on the approaching paths. In the region that the inter-
atomic distance is less than 12 Å, the binding energy for the
paths 1 and 3 rapidly increases. In contrast, the interactions
for the atoms aligned helically along the SWNT axes �paths
2 and 4� are weaker than and can be distinguished from that
along the other paths. In particular, the atoms aligned along

path 4 repel each other when their interatomic distance is less
than 10 Å. In the region that the interatomic distance is less
than 5 Å, the binding energy for all the paths increases rap-
idly and becomes comparable to that for the nonadsorption
atoms.

From the obtained results, we postulate a hypothesis for
two principal components of the observed SWNT-mediated
interactions between Pt adatoms. The first principal compo-
nent is the elastic interaction that originated from the defor-
mation of the SWNTs caused by the adsorption of these Pt
adatoms. A system comprising more than two adatoms on a
SWNT would be less stable when a conflict in the effort to
deform the supporting SWNT occurs, giving rise to repulsive
interactions between the adatoms. Practically, the elastic in-
teractions between atoms aligned linearly along the SWNT
axes �paths 1 and 3� would be caused by the geometrical
protrusion of the C atoms in and around the adsorption
bridge sites; for adatoms aligned helically along the SWNT
axes �paths 2 and 4�, the interaction would be caused by both
the geometrical protrusion of the C atoms and the deforma-
tion from a cylindrical to an elliptic cylindrical shape of the
SWNTs. Both kinds of deformation increase the local curva-
ture at the adsorption sites and, therefore, promote the hy-
bridization and binding energy between Pt atoms and the
adsorption bridge sites. In fact, we observe no change in the
local curvatures of the SWNTs at the adsorption sites for Pt
adatoms aligned along paths 1 and 3; however, reductions of
up to 2.5% and 4.5% of the local curvatures of the SWNTs
are observed for Pt atoms aligned along paths 2 and 4, re-
spectively. The reduction in the local curvatures of the ad-
sorption sites decreases the binding energy of Pt atoms and
makes the system become less stable. This can satisfactorily
explain the difference in the interactions of the adatoms
aligned helically and linearly along the tube axes when the
adatoms come close to each other.

The second principal component of the observed SWNT-
mediated interactions is the electronic interaction between
the complex electronic states formed between the SWNTs
and the Pt adatoms. The difference between the charge den-
sities of nanotubes with adsorbed Pt atoms and the sum of
the charge densities of an isolated nanotube and of an iso-
lated Pt atom ���= ��Pt+�SWNT�− ��Pt on SWNT�� is calculated
in order to evaluate the contribution of the formed complex
states to the observed interactions �Fig. 3�. It is apparent that
the d electron of the Pt atoms were partially transferred to the
nanotubes and distributed over a wide area on the tube sur-
faces. The different electron density is found to be greater
than 10−4 a.u. up to a distance of 8 Å from the centers of
the adsorption sites. For reference, a simple model compris-
ing two hydrogen atoms20 is exploited and results to a bind-
ing energy in the same order with that of the Pt adatoms
when their interatomic distance is greater than 15 Å.

The dependence of the partial density of states �PDOS� of
Pt adatoms on their interatomic distance was investigated to
clarify the electronic interaction between the complex states
formed between the SWNTs and the Pt adatoms. Figure 4
shows the d-projected PDOS of Pt adatoms aligned along
path 1 and two specific molecular orbitals �with spd hybrid-
ized character� of the system with the interatomic distance of
14.76 Å. It is apparent that the PDOS of Pt adatoms shifts

FIG. 2. �Color online� �a� Dependence of binding energy on
Pt-Pt distance. Open and solid circles indicate the Pt atoms aligned
linearly and helically, respectively, along the axes of the �5, 5�
SWNT. Open and solid squares indicate the Pt atoms aligned lin-
early and helically, respectively, along the axes of the �10, 0�
SWNT. Open triangles indicate the nonadsorbed Pt atoms. �b�
Structural models of the supercells of SWNTs with Pt adatoms and
aligning paths of two Pt atoms used in the calculation.
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down when they come closer to each other �Fig. 4�a��. We
confirm substantial hybridization in the electron orbitals of
Pt atoms and the metal-adjacent C atoms in the SWNT. Fur-
ther, we observe bonding states between those hybridized
states of the two Pt adatoms �Figs. 4�c� and 4�d��. When the
interatomic distance is less than 8 Å, a direct hybridization
in the electron orbitals of the two Pt adatoms can be ob-
served. Consequently, a larger down shift of the PDOS of the
Pt adatoms is observed when their interatomic distance de-
creases from 7.38 to 4.92 Å �Fig. 4�b��. Similar results are
obtained for Pt adatoms aligned along the other paths. These
results strongly support our hypothesis and indicate that the
complex states were formed due to the adsorption of the Pt
atoms and that their penetration inside the SWNTs leads
them to bind attractively with each other.

The interactions between the Pt adatoms on a SWNT are
analogous to the so-called substrate-mediated interactions,
which are well known for various atomic species on metal
surfaces.8,9,21 Note that the one-dimensional tubular structure
and the conjugated �-electronic structure of SWNTs are
completely different from those of metal surfaces.

C. Diffusion of adsorbed Pt atom on SWNT surfaces

Next, the diffusion barriers between adsorption sites22 for
a single Pt adatom are calculated along four pathways link-
ing the bridge sites of the �n , 0� and �n , n� SWNTs: A
site↔A� site, A� site↔adjacent A� site, B site↔B� site, and
B� site→adjacent B� site �Fig. 5�a��. In the case of the dif-
fusion between two adjacent A� sites in the �n , 0� SWNTs,
the minimum-energy path passed through the A site; there-
fore, though there is an energy barrier between two adjacent
A� sites, a transition state does not exist. All other cases have
transition barriers and the transition points are located near
the midpoints of the pathways linking two adsorption sites
and are slightly shifted toward the common C atom of the
two C-C bridge sites.

Figure 5�b� shows the dependence of the diffusion barri-
ers on the curvature of the supporting SWNTs for both di-
rections of all pathways. The diffusion barriers decrease lin-
early with the curvature of the tubes. The energy barriers for
the diffusions from the A site to A� site and the B� site to B
site are found to be higher than those for the diffusions in the
inverse directions because the A and B� sites are the most
stable sites for adsorption. The diffusion barriers along the
B� site to adjacent B� site in the �n , n� SWNTs are compa-
rable to those along the A� site to A site and the B site to B�

site and are considerably smaller than the adsorption energy
Pt atom on those sites �Fig. 5�. In addition, the diffusion
barriers on a flat graphene sheet are equal because of the
structural symmetry of the layer. The strong dependence of
the diffusion barriers of Pt atoms on the radii of the support-
ing SWNTs is based on the covalent character of the bonding
in the system. The hybridization of the d-electron states of Pt
with the s- and p-electron states of the C atoms in the C-C
bridge sites is enhanced when the supporting SWNTs have
large curvatures; thus, the diffusion barrier would be higher
for a Pt adatom to change adsorption sites.18 However, the
charge transfer and the ionic character of the bonding in the
system allows Pt adatoms to migrate rather easily on the
surface of SWNTs with diffusion barriers �less than 0.22 eV�
smaller than one-tenth of the binding energy.

Finally, in order to evaluate the influence of the indirect
Pt-Pt interaction on the diffusion barrier of the atoms via the

FIG. 3. �Color online� Difference in charge densities of single Pt
adatoms on �5, 5� and �10, 0� SWNTs at a 10−4 a.u. isosurface
value. Red/gray and blue/dark gray colors indicate the positive and
negative charged areas, respectively, and the charge flows from the
red/gray areas into the blue/dark gray areas.

FIG. 4. �Color online� d-projected PDOS of Pt adatoms aligned along path 1 on the �5, 5� SWNT at different interatomic distances: �a�
19.67 Å and 14.76 Å; �b� 7.38 Å and 4.92 Å. ��c�, �d�� The molecular orbitals �at E−Ef =−0.93 eV and at E−Ef =−1.48 eV correspond
to the arrows in �a�� of the system in which the interatomic distance is 14.76 Å.
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hybrid surface, we calculate the diffusion barriers of the at-
oms of a system comprising two adsorbed Pt atoms. In both
�10, 0� and �5, 5� SWNTs, we find that the attractive SWNT-
mediated interaction decreases the energy barriers for the
diffusion in the direction in which Pt atoms approach to each
other and increases the energy barriers for the diffusion in
the opposite direction up to 10%. Furthermore, the diffusion
barriers of the pathways aligned helically along the tube axes
can be significantly modified by the repulsive interaction via
the supporting SWNTs for more than 20%.

The obtained results are in good agreement with our
experiment,7 in which the adsorbed Pt atoms tended to ag-
gregate to form clusters on the SWNT surface. Practically, in
our experimental study, we found that Pt clusters diffuse and
aggregate rather easily on the surface of pristine carbon
nanotubes; therefore, introduction of thiol groups on the sur-
face of a carbon nanotube is indispensable in order to obtain
highly dispersed Pt nanoparticles. Further, the observed
substrate-mediated interaction suggests a significant diffu-
sion barrier for large clusters whose adsorption causes much
larger deformation to the supporting CNT. Obstruction to the

aggregation of large clusters is therefore expected and con-
sistent with our experimental observation that the size of the
formed nanocluster is determined by the annealing
temperature.7 In addition, the obtained results predict an en-
largement in the effective area of interaction of adsorbed Pt
clusters due to their formed complex electronic states with
the supporting SWNT. It will be interesting to study the
substrate-mediated interactions between metal clusters and
adsorbed gas molecules on SWNTs, their effect on the dy-
namic behavior of adsorbed gas molecules on the surface of
SWNTs, as well as the catalytic activities of adsorbed metal
atoms and clusters.

The observed adsorption and diffusion of Pt atoms, as
well as the substrate-mediated interactions between them on
SWNTs come from the interplay between d electrons of
transition-metal atoms and � electrons of an aromatic sys-
tem. This interplay is regarded much in studies of organome-
tallic compounds, which consist of two or more ligands �aro-
matic molecules� bound to a central metal atom. In
organometallic compounds, the ligands can rotate around the
central metal atom and the flexibility and number of ligands
�coordination number� have an important role in the catalytic
reactivity, particularly in the catalytic asymmetric
synthesis.23 On the other hand, in the metal adsorbed on a
CNT system, the aromatic network works as a support ma-
terial with rigid structure. Metal atoms/clusters have flexibil-
ity in diffusion and changing adsorption configuration on this
supporting aromatic surface. Further, the electron states of
metal interact with a much larger �-electron system.

IV. CONCLUSION

In summary, we have investigated the interplay between
single-wall carbon nanotube supports and adsorbed Pt atoms
using the first-principles DFT. We found that adsorption of Pt
atoms on SWNTs depend heavily on the curvature and the
chirality of SWNTs. The supporting SWNTs mediate long-
range interactions between two adatoms that originate from
the structural deformation of the SWNTs and the complex
electronic states formed during the adsorption. The diffusion
barriers of the Pt adatoms are rather small and depend on the
radii and the chirality of the supporting SWNTs. Further-
more, we also found that the SWNT-mediated interactions
modify the diffusion barriers significantly.
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FIG. 5. �Color online� �a� Illustrations of pathways between ad-
sorption sites. �b� Curvature dependence of the diffusion barrier of a
Pt atom adsorbed on SWNTs. The open and solid squares indicate
the A→A� and A�→A pathways, respectively, in the �n , 0�
SWNTs. Open circles, solid circles, and circles with a dot indicate
the B�→B, B→B�, and B�→B� pathways, respectively, in the
�n , n� SWNTs.
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