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Abstract Herein we study the effect of strain on the catalytic activity of different Pt-doped single wall metallic carbon nanotubes (SWCNT) towards the oxygen reduction reaction (ORR). We consider the possibility of the Pt-doped at
single vacancy inside the SWCNT to investigate the effect of
confinement on the reaction mechanism. Density functional
theory calculations indicate that for the SWCNTs with tube
diameters below 7 Å, the strain energy varies significantly
influencing the adsorption energies of the key intermediates
of the ORR reaction. For the SWCNTs with tube diameters
above 7 Å, on the other hand, both the calculated strain and
the adsorption energies are almost constant. We furthermore
find that the adsorption energies are strongly affected by
confinement effects as shown for Pt-doped systems that are
located inside the SWCNT. We show that the Pt-doped at

single vacancy of the SWCNT strongly binds the oxygenated species under ORR potentials and therefore the active
species is covered by oxo- or hydroxo group. Because the
presence of Pt atoms doped at the single and double vacancies of the SWCNT is equivalently probable we also studied
the Pt-doped at double vacancy. We find that the most active
motif is the Pt-doped at double vacancy of SWCNT with
0.24V overpotenital.
Graphical Abstract

Electronic supplementary material The online version of this
article (doi:10.1007/s10562-017-2200-8) contains supplementary
material, which is available to authorized users.
* Samira Siahrostami
samiras@stanford.edu
1

Department of Chemical Engineering, SUNCAT Center
for Interface Science and Catalysis, Stanford University, 443
Via Ortega, Stanford, CA 94305, USA

2

SLAC National Accelerator Laboratory, SUNCAT Center
for Interface Science and Catalysis, 2575 Sand Hill Road,
Menlo Park, CA 94025, USA

3

School of Physics and Engineering, Henan University
of Science and Technology, Luoyang 471023, China

1 Main text

4

Institute of Catalysis Research and Technology, Karlsruhe
Institute of Technology, Hermann‑von‑Helmholtz Platz 1,
76344 Eggenstein‑Leopoldshafen, Germany

5

Institute for Chemical Technology and Polymer Chemistry,
Karlsruhe Institute of Technology, Engesserstr. 18,
76131 Karlsruhe, Germany

Proton-exchange membrane fuel cells are one of the most
promising renewable energy conversion devices for automotive applications. The ideal turnover frequency of protonexchange membrane fuel cells with H2–O2 is about 83% at
25 °C [1]. However, in practice low-temperature fuel cells
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do not exhibit such efficiency mostly because of the sluggish oxygen reduction reaction (ORR) at the cathode side,
which marks a great challenge for the fuel cell technology
development. Platinum (Pt) has long been used as the most
efficient catalyst for the ORR. However, its scarcity and high
cost hinders its wide spread application in fuel cells leading
to scalability issues. Thus, rational design of catalysts with
low Pt content and higher ORR activity than pure Pt is at the
heart of the fuel-cell research.
Carbon-based materials are particularly interesting class
for development of new electrocatalyst for the ORR due to
their low cost and ability to form a wide range of nanostructures. Sputtering Pt nanoparticles on carbon-based substrates
is a broadly used strategy to reduce the precious Pt catalysts
in PEM fuel cell cathode [2–5]. Moreover, single Pt atoms
trapped in the vacancies of graphene or carbon nanotubes
(CNTs) provide a unique paradigm which is potentially
attractive to reduce the amount of loaded Pt in PEM fuel
cell cathode [6, 7]. Various transition metals doped graphene
have been studied by Kaukonen et al. for the ORR where,
Ni, Pd, and Pt doped at graphene double vacancies have
been shown to be promising ORR candidates [8]. Theoretical studies indicate that gold-doped graphene is a promising
ORR electrocatalyst in contrast to Au(111) [7].
In this study, we focus on carbon nanotubes (CNTs)
because of their distinctive structure and excellent properties [9–13]. We investigate the stability and ORR activity of
a single Pt atom embedded in the single vacancy of different diameters of carbon nanotube using density functional
theory (DFT) calculations. As it is known that water molecules can diffuse inside the CNTs [14], we also consider the
possibility of Pt being present inside the CNTs. This allows
to study the effect of the confinement on the adsorption
energies. We show that the predicted activity of Pt-doped at
single vacancy of the CNT is dependent on the diameter of
the CNTs and in all cases the ORR intermediates bind too
strongly. Hence, we expect the Pt-doped at single vacancy of
the CNT to be pre-covered by oxygenated species at relevant
ORR potentials. We show that the activity of the Pt-doped
CNT with pre-adsorbed ORR intermediate is in the order of
Pt(111). We also show that Pt-doped at the double vacancy
of one example of CNTs has higher activity than Pt(111)
surface.
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C, 5d96s1 for Pt, 2s22p4 for O, and 1s1 for H. The cutoff
energy for plane-wave basis functions was 400 eV. The
added vacuum layer is approximately 18 Å. The structural
parameters of pure SWCNTs and the graphene sheet are
well optimized with a C–C bond length of 1.4243 Å. The
Pt-doped SWCNTs and graphene sheet are then modeled in
1 × 1 × 6 and 12 × 12 × 1 supercells, respectively. For the Ptdoped graphene sheet a 6 × 6 × 1 Monkhorst–-Pack k-point
mesh was used whereas Pt-doped SWCNTs are sufficiently
modeled using only one Gamma k-point. All calculations are
spin-polarized with the energy convergence 1 0−5 eV, and all
structures have been fully relaxed with the force convergence
0.01 eV/Å.
In order to calculate adsorption energies, we employ the
computational hydrogen electrode (CHE) model [18]. In this
model, chemical potential of proton–electron pair is equal to
the gas-phase H
 2 and the electrode potential is considered by
shifting the electron energy by − eU where e and U are the
elementary charge and the electrode potential respectively.

3 Results and Discussion
Our study considers nine different single wall metallic
carbon nanotubes (SWCNT) having tube diameters ranging from 4 Å to ~50 Å (see Table S1 in the Supplementary
Information). Figure 1 displays two of the studied SWNCTs,
(3,3) and (36,36) as examples. We focus on the armchair
SWCNT, i.e. (n,m) and n = m, where the integers n and m
denote the number of unit vectors along two directions in
the honeycomb crystal lattice of graphene where we consider doping of Pt at the single vacancy, both inside and
outside of each SWCNT. This provides a unique paradigm
with attractive catalytic behavior which is marginally different from Pt(111) as shown by projected density of states
(PDOS) analysis in the Figure S1. This is due to the electronic hybridization with carbon atoms, which results in
opening a gap between occupied and unoccupied states in
contrast to those of Pt(111).

2 Computational Details
DFT calculations have been carried out using the projectoraugmented wave m
 ethod30 and a plane-wave basis set as
implemented in the Vienna Ab Initio Simulation Package
(VASP) [15, 16]. The Bayesian Error Estimation Functional
with van der Waals correlation (BEEF–vdW) was employed
[17]. The valence configurations were treated as 2s22p2 for
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Fig. 1  The smallest (3,3) and largest (36,36) nanotubes with both the
diameter and the length of the unitcell that is being repeated
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We start by calculating the strain energy of Pt-doped at
the single vacancy using Eq. (1) [19, 20] as a function of
both inverse square diameter (1∕D2) and diameter (D),
(1)
 sheet are the calwhere Es is the strain energy, ECNT and E
culated electronic energy for the CNT and an infinite graphene sheet, respectively. NCNT and Nsheet are the number
of carbon atoms in the CNT and infinite graphene sheet,
respectively. The results depicted in Fig. 2 indicate that the
calculated strain energy decreases considerably (0.2 eV)
with increasing tube diameter from 4 Å in (3,3) to ~ 7 Å in
(5,5) SWCNTs, respectively. In comparison, a small change
in the strain energy is observed when increasing the diameter
from 8 Å in (6,6) to ~ 10 Å in (8,8) SWCNTs. The strain
energy significantly drops for the larger size SWCNTs, i.e.,
(12,12), (18,18), (24,24) and (36,36) approaching the limit
given by an infinite graphene sheet having zero strain.

Es = ECNT ∕NCNT − Esheet ∕Nsheet
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For Pt to bind sufficiently strong in the CNT a vacancy
must be created. We calculated single vacancy formation
energies (∆EVac) for each individual studied SWNCT using
Eq. (2) [21] (the vacancy formation energies are shown in
Table S2 of the SI).
(2)
 SWCNT are the energies of the SWCNT
where, ESWCNT_* and E
with and without a vacancy, respectively, and µC is the carbon chemical potential calculated by dividing the respective
ESWCNT by the number of the carbon atoms in the SWCNT.
Figure 3a displays the vacancy formation energies for each
studied SWCNT. Creating a vacancy in the SWCNT exhibiting small tube diameters is less energy demanding than
vacancy formation in larger diameter SWCNTs. We note that
there is a significant drop in the vacancy formation energy
when going from SWCNT (7,7) to (12,12). This is mainly
due to the formation of a pentagon and a nonagon because of

ΔEVac = (ESWCNT_∗ ) − ESWCNT + μC

Fig. 2  The calculated strain energy using Eq. (1) as a function of a inverse square tube diameter (1/D2) and b tube diameter (D) for the different
examined SWCNTs, referenced to graphene sheet

Fig. 3  a Vacancy formation energies for different sizes of SWCNTs. b Formation energies with respect to bulk chemical potential of Pt for single impurity of Pt atom at a single vacancy both inside and outside of different sizes of SWCNTs
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removing a carbon from the structure which forms a stable
structure compared to the SWCNT below (7,7) and above
(12,12).
We turn our focus on the formation energies of different
Pt-modified SWCNTs. Figure 3b shows the formation energies of Pt-CNTs with respect to the bulk chemical potential
of Pt using Eq. (3) for Pt being located both inside and outside of the SWCNTs. As can be seen from Figure 3b the
presence of the Pt atom inside of the SWCNT of the smallest sizes such as (3,3), (4,4), (5,5), (6,6) and (7,7) forms
an unstable structure with respect to reference chosen in
Eq. (3). This is likely due to the destructive interaction of
the Pt d orbitals with the delocalized p orbitals of the other
side of the SWCNTs. For SWCNTs with diameters larger
than 10 Å the formation energies start to become favorable
for Pt atoms that are located inside the SWCNTs. Due to
the instability of Pt inside small SWCNTs we exclude these
scenarios for the smallest sizes of SWCNTs [(3,3) to (7,7)].
For Pt being located on the outside of the SWCNTs we find
that all SWCNTs form stable structures (see Fig. 3b).
(3)
 SWCNT_* are the energies of the
where, ESWCNT−Pt and E
SWCNT with and without Pt-doped in the single vacancy,
respectively. EPt_bulk is the energy of a Pt atom in the bulk
structure.
In order to investigate Pt-CNT’s for the ORR we evaluate
the adsorption energies of the three intermediates, namely
OOH*, O* and OH*, with the CHE model described in computational details and Ref. [18].
We considered both structures discussed above where the
Pt atom can be located either inside or outside of the corresponding SWCNTs. Figure 4a and b show the optimized
structures for the adsorption of the OOH* intermediate of
the ORR/OER on the Pt-doped outside and inside of the
SWCNT (12,12), respectively.

Ef = ESWCNT-Pt − ESWCNT_* − EPt_bulk

Fig. 4  The optimized structures for the adsorption of the OOH*
intermediates of the ORR/OER reactions on Pt-doped both a outside
and b inside of SWCNT (12,12). Color code: C (gray), Pt (blue), O
(red), H (white)

13

S. Siahrostami et al.

We calculated the chemisorption energies of all the three
ORR intermediates relative to the gas phase H2 and H2O.
We note that the Pt–O bond lengths in the case of all the
three adsorbates are ~ 0.3 Å less than the ones in the Pt(111)
surface (Table S4, SI).
Figure 5 displays the chemisorption energies of all the
three ORR intermediates as a function of diameter for both
cases of outside (a) and inside (b) Pt-doping. An analysis
of the chemisorption energies using the CHE model reveals
that all Pt-SWCNTs bind O*, OH*, and OOH* too strongly
compared to the Pt(111) surface [18] and to the best possible catalyst predicted by theory [18] (1.05, 1.57, and
4.2 eV for O, OH, and OOH, respectively). As can be seen
from Fig. 5a the calculated adsorption energies of all the
three intermediates of the ORR smoothly change with the
tube diameter for the substitutional Pt dopant both outside
and inside of the SWCNT. The activity of the Pt-dopant is
influenced by the strain effect of the nanotubes in the small
sizes of SWCNTs with tube diameters below 7 Å. However,
for the SWCNTs with tube diameters above 7 Å and lower
strain energies (Fig. 2b), the activity of the Pt-dopant is only
slightly affected. The adsorption energies are roughly the
same for the SWCNTs with tube diameters larger than 9 Å,
which is expected from the trend in corresponding strain
energies. These results again demonstrate that the activity of
the Pt-dopant is directly affected by the strain energies. This
is in agreement with the previous reports on pure SWCNTs
showing that the reactivity decreases as the tube diameter
increases due to the reduction in curvature [22–24].
Lastly, we turn our focus on the correlation between the
chemisorption energy of OOH* and OH*. As can be seen
from Fig. 6, there is clear trend in adsorption energies for the
case of Pt-doped outside of the SWCNTs showing a linear
scaling behavior between ∆GOH and ∆GOOH with an offset
of 0.99 eV. Figure 6b displays the scaling relationship for
the case of Pt-doped inside of the SWCNTs. We note that
the adsorption energies of OH* and OOH* are scattered in
a much smaller window of free energy in this case with a
similar offset of 0.82 eV. This indicates that the confinement
almost similarly affects the adsorption energies of the intermediates in all the examined SWCNTs. Moreover, by comparing a similar SWCNT, for example (12,12), we find that
both OH* and OOH* chemisorption energies are less stable
than the ones on Pt being doped outside of the SWCNT indicating that the chemisorption energies are largely affected
by the confinement of the SWCNT.
It is also important to note that the intercept of the scaling
relations in both plots (Fig. 6a and b) are ~ 0.3 eV different
from the known scaling relation on transition metals [25]
and transition metal oxides [26], i.e., ΔGOOH = ΔGOH + 3.2.
For the ideal class of material, the intercept for this equation would be 2.46 eV, theoretically allowing for a material
without any overpotential for the ORR [27].
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Fig. 5  The calculated adsorption energies of the key intermediates
of the ORR/OER reactions on Pt-doped both outside and inside of
the examined SWCNTs. a and b are the calculated adsorption energies versus 1/D2. c and d are the calculated adsorption energies ver-
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sus D. The adsorption energies of O*, OH* and OOH* are calculated
relative to liquid water and gas phase hydrogen using H
 2O(l) + *
→ O* + H2(g), H2O(l) + * → OH* + 1/2H2(g) and 
2H2O(l) + * →
OOH* + 3/2H2(g), respectively

Fig. 6  The calculated adsorption energy of OOH* as a function of the key intermediates of the ORR reaction on different examined Pt-doped
both outside (a) and inside (b) of the SWCNTs
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The scaling relation for the different Pt-doped SWCNTs
examined herein is hence moving closer to the ideal case. In
practice, one would need to identify a material that follows
the scaling observed here but exhibits significantly weaker
∆GOH and ∆GOOH. The fact that these materials bind both,
oxygenated species too strongly indicates that the Pt-doped
in the SWCNT is covered by oxygen (O*) or hydroxyl (OH*)
intermediate at relevant ORR potentials (Figure S2). This
means that the active site is hydroxo- or oxo-Pt (Pt–OH or
Pt–O) instead of bare Pt. We take hydroxo-Pt group in the
SWCNT (12,12) as an example (Fig. 7a) and study the ORR
activity by constructing the free energy diagram along the
reaction pathway (Fig. 7b). The U = 0 V demonstrates a

hypothetical case where reaction is running by short circuiting the cell and all the steps are strongly exothermic. However, the maximum potential allowed by thermodynamics is
obtained by shifting the chemical potential of the electrons
at the equilibrium potential of U = 1.23 V. This allows to
obtain the theoretical overpotential, which is defined as the
maximum difference between each successive step at the
equilibrium potential. The potential at which the electrochemical reaction takes place (limiting potential) can be then
obtained by the difference between the equilibrium potential
(U = 1.23 V) and overpotential. At the limiting potential,
all the reaction steps are downhill in free energy. Figure 7b
displays the free energy diagram at U = 0 V, U = 1.23 V and

Fig. 7  a The optimized structure of hydroxo-Pt group doped at single vacancy outside of the SWCNT (12,12) and the relevant ORR
adsorbates. b Free energy diagram for the ORR on Pt–OH active site
at three different potentials, U = 0 V, U = 1.23 V and limiting potential. c The optimized structure of Pt-doped at single vacancy inside of

the SWCNT (12,12) and the relevant ORR adsorbates. d Free energy
diagram for the ORR on Pt-doped at single vacancy at three different
potentials, U = 0 V, U = 1.23 V and limiting potential. Color code: C
(gray), Pt (blue), O (red), H (white)
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limiting potential of U = 0.44 V for Pt–OH as the active site.
Based on the free energy diagram although the maximum
limiting potential is only 0.44 V (with the overpotential of
0.79 V) in the case of Pt–OH, the activity is significantly
improved compare to the bare Pt-doped structure. Figure 7c
displays the optimized structures for the case of the Pt-doped
being present inside of the SWCNT and Fig. 7d displays the
free energy diagram. Due to confinement effect the maximum limiting potential is 0.58 V (with the overpotential
of 0.65 V) in this case, exhibiting further improvement in
ORR activity.
Although the activity of the Pt-doped at single vacancy
of SWCNTs are improved by the hydroxo- species, it is
slightly less than that of Pt(111) with 0.45 V overpotential
[27]. Lastly, as the presence of the Pt-doped at the single and
double vacancies is equally possible, we turn our focus on
the Pt-doped at the double vacancy of the SWCNT. In fact,
Pt-doped at double vacancy of graphene has been reported
as a promising ORR candidate [8]. We examined the Ptdoped at double vacancy of SWCNT (12,12) (Fig. 8a) as an
example. As indicated in the free energy diagram in Fig. 8b,
the activity of Pt-doped at the double vacancy of SWCNT is
significantly higher than Pt-doped at the single vacancy with
limiting potential of U = 0.99 V and overpotential of 0.24 V.
Lastly we would like to mention that several experimental efforts have been made to embed single metal atoms in
graphene and nanotube [6, 28–31]. For example, irradiating
graphene and nanotube with energetic Ar ions creates vacancies and pre-deposited metal clusters or in situ evaporating
of metal impurities result in creating single metal atoms
embedded in vacancies of graphene [6, 28]. Ball milling

Fig. 8  a The optimized structure of Pt-doped at double vacancy outside of the SWCNT (12,12) and the relevant ORR adsorbates. b Free
energy diagram for the ORR on Pt-doped at double vacancy at three
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[31] and atomic layer deposition [29, 30] have also been
successfully used to experimentally synthesize metal-doped
graphene. We emphasize that metal-doped at both single and
double vacancies may exist in the experimentally synthesized material. On the basis of our analysis, future experimental works should consider strategies to enhance Pt-doped
at double vacancies to achieve significantly enhanced ORR
activity.

4 Conclusion
In summary, we have investigated the activity of Pt-doped
in the single vacancy of SWCNTs both inside and outside
of towards oxygen reduction reaction. We consider wide
range of different tube diameters and find that for the SWCNTs with tube diameters below 7 Å, the strain energy varies
significantly and the adsorption energies of the key intermediates of the ORR reaction are affected notably. For the
SWCNTs with tube diameters above 7 Å both, the calculated
strain and the adsorption energies vary more smoothly. We
also find that the adsorption energies are strongly affected
by the confinement in the case of Pt-doped inside of the
SWCNT. Our calculations indicate that the intermediates
of the ORR bind more strongly on the Pt-doped at single
vacancy of SWCNTs compared to the Pt(111) surface.
Therefore, the active site is covered by the oxygenated species such as OH under operating ORR potentials. The activity of Pt–OH group doped at single vacancy of SWCNTs
is significantly improved compare to bare Pt-doped. We
showed for SWCNT (12,12) as an example that the Pt-doped

different potentials, U = 0 V, U = 1.23 V and limiting potential. Color
code: C (gray), Pt (blue), O (red), H (white)
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in the double vacancy presents significantly higher ORR
activity than Pt(111) with 0.24V overpotential. This analysis
offers a new pathway in designing active catalysts with low
quantity of Pt for ORR.
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