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Functionalization effect on a Pt/carbon nanotube
composite catalyst: a first-principles study

Byung-Hyun Kim,ab Kwang-Ryeol Lee,a Yong-Chae Chungb and Mina Park*a

Chemical interactions between Pt and both pristine and defective carbon nanotubes (CNTs) that were

functionalized with various surface functional groups, including atomic oxygen (–O), atomic nitrogen

(–N), hydroxyl (–OH) and amine (–NH2) groups, were investigated through first-principles calculations.

Our calculations suggest that the oxygen or nitrogen of the surface functional group can promote better

structural stability of a Pt/CNT complex in terms of the binding energy enhancement between Pt and

CNTs. Enhanced binding of the Pt/CNT complex would improve the long-term durability of the complex

and thus enhance the catalytic activity of Pt catalysts supported on CNTs. Among the functional groups

investigated, atomic nitrogen resulted in the most consistent increase in the Pt binding energies on pristine

or defective CNTs. Moreover, atomic nitrogen decoration on the surface of CNTs rather than substitution

into the CNTs appears to be more desirable. A d-band centre analysis and H2 adsorption calculations also

revealed that the catalytic activity of Pt can be improved via efficient functionalization of the CNT support.

Introduction

Recently, due to their unique mechanical and electrical properties,
nanostructured carbon materials such as carbon nanotubes
(CNTs) or graphene have attracted much attention due to their
potential applications in many research areas, e.g. as building
blocks in nanoelectronics and spintronic devices and as a support
for catalysis and fuel cell electrocatalysis.1–13 For example, CNTs
have been regarded as promising candidates for catalytic supports
in various fuel cells due to their mechanical stability and large
surface area. Many experimental studies have revealed that Pt
catalysts that are supported on CNTs achieved better catalytic
activity than those supported on conventional carbon black.14,15

One major issue for CNT-supported catalysts is that the surface of
pristine CNTs is chemically inert; therefore, the binding energy
between pristine CNTs and Pt particles is weak, which results in
the aggregation of Pt nanoparticles into larger particles and, hence,
degradation of their catalytic activity.16 Therefore, an under-
standing of the binding characteristics necessary to improve
the interfacial strength between CNTs and Pt becomes crucial to
control the stability and catalytic activity of Pt catalysts that are
supported on CNTs for real applications.

Many efforts have been made to understand the interaction
mechanism of Pt atoms at CNT surfaces. Several theoretical

investigations have reported the adsorption energies and the
atomic and electronic structures of Pt atoms interacting with
pristine or defective CNTs.17–21 However, previous studies were
limited by the lack of consideration of the surface functionalization
of CNTs, although most CNT applications involve a surface
treatment process to promote uniform dispersion and/or func-
tionalization of the CNT surface, which would decorate the CNT
surfaces with various functional groups. Moreover, Collins et al.
reported that the electronic properties of CNTs, including the
local density of states, are sensitive to the chemical environ-
ment,22 so any functionalization on the CNT surface should
influence the chemical properties of the CNTs and thus affect the
binding mechanism at the Pt/CNT interface. Consequently, it is
imperative to investigate the interaction of Pt atoms with functiona-
lized CNTs. Recently, Hu and co-workers reported experimental and
theoretical investigations which show that Pt nanoparticles were
immobilized on nitrogen-doped CNTs since nitrogen incorporation
efficiently enhanced the binding energy of Pt on nitrogen-doped
CNTs, resulting in better catalytic activity for oxygen reduction and
methanol oxidation reactions.21 Zhang et al. investigated the catalytic
activity of Pt nanoparticles on CNTs functionalized with amine or
carboxyl groups and suggested that Pt/CNTs functionalized with an
amine group exhibited significantly enhanced oxygen reduction
reaction activity due to their higher electrochemical durability
compared to that of a carboxyl group.8 However, further investiga-
tions are required to reveal the mechanism that improved the
structural stability of Pt/CNTs functionalized by various chemical
environments.

Herein, we theoretically investigate the chemical interaction
between Pt and functionalized CNT surfaces based on the
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density functional theory calculations in addition to a d-band
centre analysis and H2 molecule adsorption on the Pt/CNT
complexes. We focused on how functional groups that include
oxygen and nitrogen affect the binding energy of Pt by examining
the interaction behaviour of a single Pt atom adsorbed on the
outer surfaces of various CNTs with and without four different
functional groups: atomic oxygen (–O), atomic nitrogen (–N),
hydroxyl (–OH) and amine (–NH2) groups, which are most
frequently observed during CNT growth or after the chemical
treatment that is widely used in CNT applications.23–25 Our
results show that the binding energy between Pt and CNTs can
be enhanced by the surface functionalization of CNTs, especially
by atomic nitrogen decoration on the CNT surface. By combining
a d-band centre analysis and H2 adsorption calculations, we
found that the catalytic activity of the Pt/CNT composite catalyst
can be modified by choosing different functional groups.

Calculation details

First-principles calculations of the total energies, geometry
optimization and electronic structures for pristine and topologically
defective CNTs with various functional groups and their complexes
with the adsorption of a single Pt atom have been performed using
the SIESTA code26,27 based on spin-resolved density functional
theory. We adopted the generalized gradient approximation
(GGA) of Perdew, Berke and Ernzerhof (PBE)28 for the exchange–
correlation energy functional and standard norm-conserving
pseudopotentials generated according to the procedure of
Troullier and Martins to describe the ion–electron interactions.29

A split-valence double-z plus polarization function (DZP) basis set
was employed with an energy cutoff of 150 Ry.

We examined the dependence of the binding behaviour of a
Pt atom on the functional groups at the CNT surfaces. (6,6)
armchair CNTs with 5 unit cells in the z-direction were used for our
calculations. To evaluate the interactions between (functionalized)
CNTs and Pt, the binding energies, Eb, of Pt were calculated by

Eb = Etot[(functionalized) CNT + Pt]

� Etot[(functionalized) CNT] � Etot[Pt], (1)

where Etot is the total energy of the system. The binding energies
were corrected using the basis set superposition error (BSSE)
correction through the counterpoise method with ‘‘ghost’’
atoms.30 Negative Eb values denote an exothermic binding
process.

In this study, periodic boundary conditions were applied
along the tube axis (z-direction) to simulate one-dimensional
infinite nanotubes. In the lateral (x, y) directions, vacuum
regions were approximately 15 Å to avoid image–image inter-
actions between neighbouring supercells with eight k-points
generated by the Monkhorst–Pack scheme along the tube
axis.31 All atom positions in the supercell were fully relaxed
without any constraints using the conjugate-gradient algo-
rithm, and the convergence threshold was set at 0.04 eV Å�1

for the forces on each atom.

Results and discussion

Table 1 summarizes the calculation results of the present work:
nearest-neighbour distances between Pt and the carbons, the
equilibrium distance between Pt and the functional groups
(dPt–X), the binding energies of the atomic Pt adsorbed on the
(functionalized) CNTs, and the average energy of the d electrons
(d-band centre) of a Pt atom. Note that we considered a single Pt
atom even though Pt nanoparticles are used as the metal catalyst
in real experiments. Thus, the calculated binding energies of a
single Pt atom would be larger than those of Pt nanoparticles
since no Pt–Pt interactions are included in the adsorption of a
single Pt atom. However, our aim of this work is to investigate
the effects of functional groups on the binding energies of a Pt
atom adsorbed on the CNTs. Our results can provide useful
information which shows the interaction behaviour of a Pt atom
with CNTs functionalized in various chemical environments.

Pt adsorption on various CNTs without functional groups

The calculated binding energy of a single Pt atom on the surface
of pristine CNTs (P-CNT) was �1.57 eV, which is consistent with
the previous first-principles calculation results.17 After geometry
optimization, the Pt atom was found to be at the bridge site on
the CNT with a Pt–C distance of 2.05 Å, as shown in Fig. 1(a). The
projected partial density of states (PDOS) for the Pt and C atoms
on CNTs shows a very weak hybridization between the Pt 5d and
C 2p orbitals (Fig. 1(d)). It is well known that any defects on
CNTs can enhance the adsorption of a metal atom due to the
increased reactivity of carbon atoms near the defects.18,32 For Pt
adsorption on the Stone–Wales CNT (SW-CNT), the calculated
binding energy was increased to �2.29 eV. As shown in Fig. 1(b),
Pt tends to bond to the site above the C–C bond between two
pentagons. The bond lengths of Pt–C were 2.04 Å, similar to
those for Pt on the P-CNT. Our PDOS analysis revealed that the
improved binding energy is attributed to hybridization between

Table 1 Nearest-neighbour distances between Pt and the carbon(s)
(dPt–C), the equilibrium Pt-functional group distance (dPt–X) for the (func-
tionalized) CNTs, the binding energies of the atomic Pt adsorbed on
the (functionalized) CNTs (Eb), and the average energy of the d electrons
(d-band centre) of a Pt atom

dPt–C (Å) dPt–X (Å) Eb (eV) Edc (eV)

Pt/P-CNT 2.05/2.05 — �1.57 �1.75
Pt/P-CNT-O 2.06/2.04 3.65 �2.19 �1.80
Pt/P-CNT-N 2.14/2.14 2.12 �3.26 �2.71
Pt/P-CNT-OH 2.04/2.10 2.13 �2.43 �1.79
Pt/P-CNT-NH2 2.06 2.19 �2.07 �2.27

Pt/SW-CNT 2.04/2.04 — �2.29 �1.96
Pt/SW-CNT-O 1.98/2.31 2.05 �2.90 �2.34
Pt/SW-CNT-N 2.06/2.55 1.88 �3.37 �3.02
Pt/SW-CNT-OH 2.06/2.03/2.49 2.99 �2.54 �1.93
Pt/SW-CNT-NH2 2.10/2.10 2.33 �2.70 �1.98

Pt/MV-CNT 1.92/1.92/2.00 — �5.77 �5.08
Pt/MV-CNT-O 2.15/2.10 2.14 �2.25 �2.64
Pt/MV-CNT-N 2.04/2.05 2.89 �2.36 �1.89
Pt/MV-CNT-OH 2.17/2.09/2.10 3.23 �2.12 �2.15
Pt/MV-CNT-NH2 1.98/2.18/2.03 2.47 �3.27 �3.15
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the Pt 5d and C 2p orbitals at the deep level of around �6 eV
(Fig. 1(e)). For the monovacancy CNT (MV-CNT), the calculated
binding energy was significantly enhanced to �5.77 eV; the
Pt atom was observed to strongly bond to the vacancy site and
saturate the dangling bonds of the C atoms near the defect
site via a very strong hybridization of the Pt 5d orbital with the
C 2p orbital in the Pt/MV-CNT (Fig. 1(f)). When a monovacancy
defect is created in the CNTs, the three active dangling bonds
surrounding the defect rearrange to form a pentagon–enneagon
structure, which leaves only one dangling carbon. However, we
observed that Pt adsorption at the vacancy site caused a return of
its atomic configuration to the original triangular form with Pt in
the centre with a shorter bond distance of Pt–C ranging from
1.92 to 2.0 Å, as shown in Fig. 1(c). Nevertheless, direct adsorp-
tion of Pt on the defects, as described above, is hardly expected
due to the high reactivity of the defective carbons under ambient
conditions. Usually, these defects would be healed by adsorbing
molecules from the ambient atmosphere or during the chemical
treatment of the CNTs. Nitrogen-containing molecules are fre-
quently observed when a single-walled CNT is grown under a
nitrogen atmosphere, whereas oxygen-containing functional
groups are usually found after a strong acid treatment process,
which is widely used in CNT applications.23–25

Pt adsorption on various CNTs with –O and –N functional
groups

Both –O and –N functional groups enhanced the binding
energy of a Pt atom on the P-CNT to values of �2.19 eV and
�3.26 eV, respectively. It was observed, as shown in Fig. 2(a),
that the Pt atom preferred to bind with the C atoms that do not
bind to the O atom in the –O functionalized P-CNT. However,
the Pt atom was observed to directly bind to the N atom with a
bond length of 2.12 Å, which resulted in a higher binding
energy due to the strong hybridization between the Pt 5d and

N 2p orbitals in the –N functionalized P-CNT, as shown in
Fig. 2(b and d). For the SW-CNT shown in Fig. 3, it was also
revealed that both functional groups could enhance the binding
energy to values of�2.90 and�3.37 eV for –O and –N functionalized
SW-CNTs, respectively; this increase was even greater than in the
cases of the P-CNT because the Pt atom preferred to directly bind to
the functional groups for both –O and –N functionalized SW-CNTs.
In particular, for Pt/SW-CNT-N, we observed that the Pt 5d orbital
was strongly hybridized with the C 2p and N 2p orbitals.

However, for the MV-CNT, we obtained relatively low (�2.25 and
�2.36 eV) binding energies for both the –O and –N functional
groups compared to the other cases (Fig. 4). As shown in Fig. 4(a)

Fig. 1 Energy-minimized structures and the density of states for Pt adsorption on pristine and defective CNTs: (a and d) Pt/P-CNT, (b and e) Pt/SW-CNT,
and (c and f) Pt/MV-CNT. The orange ball represents the Pt atom, and the grey balls represent the carbon atoms.

Fig. 2 Energy-minimized structures and the density of states for Pt
adsorption on functionalized pristine CNTs with atomic oxygen and
nitrogen: (a and c) Pt/P-CNT-O and (b and d) Pt/P-CNT-N. The red ball
represents the O atom, and the blue ball represents the N atom.
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for Pt/MV-CNT-O, it was observed that the O atom saturated the
carbon atom, which had one dangling bond in the enneagon ring,
then bound to the Pt atom located on the pentagon carbon ring.
However, when a N atom was incorporated into the MV-CNT shown
in Fig. 4(b), the N atom was located at the vacancy site and
saturated the dangling bonds of the C atoms near the defect site,
which was analogous to N doping in CNTs. Our calculations show
that the Pt atom was observed to bind with the C atoms near the –N
functional atom instead of binding directly to the N atom. From the
PDOS analysis in Fig. 4(d), the contribution of the N 2p orbital to
the Pt adsorption in the –N functionalized MV-CNT was observed to
be negligible compared to those in –N functionalized pristine and/
or SW-CNTs, as mentioned above.

However, it is known that N incorporation into the CNTs
results in the activation of neighbouring carbon atoms due to

the high electron affinity of nitrogen; thus, the N atom promotes
the binding energy enhancement of the Pt atom on the –N
functionalized MV-CNT.19 Consequently, our result showed that
an –N functional atom can promote better structural stability of a
Pt/CNT composite catalyst, which is consistent with the experi-
mental observation that the doping of N into CNTs demonstrated
long-term durability.11 Moreover, we suggest that the N atom
decoration on the CNTs would be more desirable than substitution
in terms of the binding energy enhancement between Pt and
the CNTs.

Pt adsorption on various CNTs with –OH and –NH2 functional
groups

We also considered –OH and –NH2 functional groups because
both atomic O and N atoms can be easily hydrogenated by
capturing H atoms under any experimental conditions. It is
noted that the –OH and –NH2 functional groups retained their
molecular structure without dissociation after Pt adsorption on
the functionalized CNTs for all the cases under our simulation
conditions. As shown in Fig. 5, a Pt atom bound to CNTs at a
distance from the –OH functional groups, whereas the –NH2

functional groups acted as a bridge between the Pt atom and
CNTs for both the pristine and defective CNTs. The binding
energies of a Pt atom on –OH or –NH2 functionalized P- or
SW-CNTs were found to be �2.43 eV, �2.07 eV, �2.54 eV,
and �2.70 eV for P-CNT-OH, P-CNT-NH2, SW-CNT-OH, and
SW-CNT-NH2, respectively; these values were lower than the
values for the –O and –N functional groups (see Table 1)
because the –OH or –NH2 functional groups showed a reduced
chemical activity due to electron deprivation by hydrogen.
Moreover, Pt adsorption on –OH functionalized CNTs exhibited
higher binding energies than that on –NH2 functionalized
CNTs even though the Pt atom was directly bonded to NH2

and CNTs. However, the Pt/MV-CNT-NH2 complex showed a
remarkably enhanced binding energy (�3.27 eV).

Fig. 3 Energy-minimized structures and the density of states for Pt
adsorption on functionalized Stone–Wales defective CNTs with atomic
oxygen and nitrogen: (a and c) Pt/SW-CNT-O and (b and d) Pt/SW-CNT-N.

Fig. 4 Energy-minimized structures and the density of states for Pt
adsorption on functionalized monovacancy defective CNTs with atomic
oxygen and nitrogen: (a and c) Pt/MV-CNT-O and (b and d) Pt/MV-CNT-N.

Fig. 5 Energy-minimized structures of Pt adsorption on functionalized
CNTs with hydroxyl and amine: (a) Pt/P-CNT-OH, (b) Pt/SW-CNT-OH, (c)
Pt/MV-CNT-OH, (d) Pt/P-CNT-NH2, (e) Pt/SW-CNT-NH2, and (f) Pt/MV-
CNT-NH2. The white balls represent the H atoms.
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From our PDOS analysis, it can be deduced that the bonding
of the –NH2 functional group with C1 caused a weakening of the
carbon–carbon interaction in a hexagon ring, resulting in the C1
atom becoming more reactive, so that a strong hybridization
between the C1 2p and Pt 5d orbitals was observed (Fig. 6).

Stability of functional groups

The binding energies of functional groups on various CNTs
were also calculated and summarized in Table 2 in order to
make sure that the functionalized CNTs considered in this
work are still stable even after Pt adsorption. For both –O and
–N functional groups, it showed that the binding energies of
functional groups were higher than those of Pt adsorption on
CNTs. It indicates that the substitution of the Pt atom for
functional groups attached on CNTs, i.e., direct adsorption on
CNTs (�1.57 eV for Pt/P-CNT, �2.29 eV for Pt/SW-CNT, and
�5.77 for Pt/MV-CNT) is found to be energetically unfavour-
able. On the other hand, the binding energies of the –OH and
–NH2 functional groups were found to be slightly lower or
comparable to the direct adsorption of the Pt atom. However,
it is worth noting that the functional group attachment occurs
during the surface treatment process which is performed prior
to Pt deposition in most experiments.5,8–11,16,24 Therefore, we
assume that Pt substitution for functional groups is hardly
expected in this work.

Catalytic activity variation

It is known that the average energy of the d electrons (called the
d-band centre) of a Pt atom is highly correlated with the
catalytic activity for oxygen and hydrogen adsorption. When

the d-band centre is close to the Fermi energy, antibonding
states are shifted up and become empty states, whereas bonding
states are shifted down and become occupied states; as a result,
the oxygen and hydrogen adsorption energies increase.33,34

Table 3 and Fig. 7 show the calculated H2 adsorption energies
on various Pt/CNT composite catalysts with respect to the d-band
centre of a Pt atom on the functionalized CNTs. We found
a linear dependence of the adsorption energy of H2 in various
Pt/CNT complexes with the d-band centre of a Pt atom. The
higher binding energy of the H2 molecule with various CNTs
indicates that the d-band centre is closer to the Fermi energy. It
can be concluded that the electronic structure of the Pt/CNT
surface, and hence the catalytic activity, can be controlled by
introducing different functional groups.

Conclusions

The binding energies and electronic structures of various
Pt/CNT complexes composed of a single Pt atom and pristine
or defective CNTs functionalized with atomic oxygen and
nitrogen, hydroxyl and amine groups were investigated through
first-principles calculations. Our calculations showed that
chemically active oxygen or nitrogen on functionalized CNT
surfaces can be a promising candidate as the fabricating agent
of a Pt/CNT composite catalyst to promote better structural
stability. Moreover, our calculations suggest that atomic nitro-
gen decoration on the surface of CNTs rather than substitution
into CNTs would be more desirable in terms of the binding

Fig. 6 The density of states for Pt/MV-CNT-NH2. The carbon and hydro-
gen atom indices correspond to the carbon and hydrogen atoms in the
configuration in Fig. 5(f).

Table 2 The binding energies of atomic oxygen and nitrogen, hydroxyl
and amine functional groups on the various CNTs

O (eV) N (eV) OH (eV) NH2 (eV)

P-CNT �5.27 �2.16 �1.53 �0.83
SW-CNT �5.10 �2.09 �2.30 �1.61
MV-CNT �8.21 �9.65 �4.22 �3.92

Table 3 The adsorption energies of the H2 molecule on the various Pt/
CNT composite catalysts

None –O –N –OH –NH2

P-CNT �1.60 �1.50 �0.80 �1.60 �1.33
SW-CNT �1.50 �1.31 �0.69 �1.49 �1.98
MV-CNT �1.06 �1.62 �1.45 �1.51 �0.53

Fig. 7 The calculated H2 adsorption energy with respect to the d-band
centre of a Pt atom on pristine and defective CNTs with various functional
groups.
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energy enhancement between Pt and CNTs. Analysis of H2

adsorption on various Pt/CNT complexes with respect to the
d-band centre of a Pt atom clearly shows a linear dependence,
which indicates that the catalytic activity of the Pt/CNT compo-
site catalyst can be controlled by introducing different func-
tional groups.
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