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ABSTRACT: Recent experimental reports proposed that pyridinic-type sites on the open
edges of carbon nanotubes (CNTs) may contribute to the high catalytic activity for oxygen
reduction reaction (ORR) on nitrogen-doped CNTs (N-CNTs). Herein, we performed
first-principles spin-polarized density functional theory calculations to examine the catalytic
steps for ORR and water formation reaction (WFR) on the open edges of N-CNTs. For
half-N doping on the open edge of CNTs (HN-CNTs), O2 and OOH can be chemisorbed
and partially reduced on the C−N bridge site without an energy barrier. The subsequent
WFR for reduced O2/OOH with ambient H+ and additional electrons can be finished
without energy barrier for the formation of two H2O molecules. The second H2O molecule
needs an energy of ∼0.49 eV to be desorbed from the catalytic site, which completes an
electrocatalytic reaction cycle on the cathode catalyst for hydrogen fuel cells (HFCs). For
H-saturated open-edge sites of HN-CNT, ORR and WFR can also be completed
energetically. For full-N doping on the open edge of CNTs (FN-CNTs), O2 can be
reduced and dissociated on the N−N bridge site with an energy barrier of 0.81 eV during
the ORR. The WFR steps can then be finished spontaneously. OOH can also be adsorbed and reduced on the N−N bridge site
of FN-CNTs, and the subsequent WFR steps can be completed spontaneously. The rate-limiting steps for the full electrocatalytic
reactions on N-CNTs as cathode catalyst for HFCs are determined.
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1. INTRODUCTION

In the past several years, several research groups have reported
that nitrogen-doped carbon nanotubes (N-CNTs) can be used
as new cathode catalysts for the oxygen reduction reaction
(ORR) for hydrogen fuel cells (HFCs).1−9 Liu et al. at Argonne
Nationaql Laboratory prepared vertically aligned carbon
nanotubes (ACNT) using a versatile chemical vapor deposition
method and demonstrated that ACNTs functionalized through
nitrogen and iron doping can be electrocatalytically active for
ORR.3 Dai and co-workers reported that vertically aligned
nitrogen-containing carbon nanotubes can act as a metal-free
electrode with a much better electrocatalytic activity, long-term
operation stability, and tolerance to crossover effect than
platinum for oxygen reduction in alkaline fuel cells.4 Although
there are a large number of reports on the high ORR activities
of N-CNTs, the full electrocatalytic reactions on N-CNTs as a
metal-free cathode catalyst for HFCs remains unclear. It has
been proposed that N-CNTs catalyze the ORR process on the
cathode of HFCs through a four-electron pathway.4,8 The high
ORR electrocatalytic activity of N-CNTs was ascribed to the
high degree of edge exposure or the great number of pyridinic-
type nitrogen sites.4,7,8,10 To understand the electrocatalytic
reaction steps on the open edge of N-CNTs, we performed
first-principles spin-polarized density functional theory (DFT)
calculations for short pieces of single-walled CNTs with

nitrogen doping. We calculated the elementary catalytic
reaction steps, minimum energy pathways (MEPs) for full
catalytic reaction cycles on the open edges of N-CNTs as the
cathode catalyst for HFC. These include the ORR and water
formation reaction (WFR) processes. We have also calculated
the activation energies for the rate-limiting steps in ORR and
WFR.

2. COMPUTATIONAL METHODS
The present first-principles spin-polarized DFT calculations
were performed by using the Vienna ab initio simulation
package (VASP),11−13 which implemented the projector
augmented plane wave14,15 potentials. The exchange-correla-
tion interaction potentials and energies were described by local
density approximation. The dispersion correction was included
in the DFT computations by using the DFT-D2 method16

implemented in VASP. An energy cutoff of 400 eV was
employed. In the self-consistent DFT computations, the
calculated total energy converged to less than 1 × 10−5 eV.
The atomic positions were fully relaxed in all the DFT
calculations until the residual forces were less than 0.05 eV/Å
on the atoms. A supercell with lattice parameters of 15 Å × 18
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Å × 15 Å and α = β = γ = 90° was used to simulate the N-
CNTs and interactions with O2 and H+ and additional
electrons. According to the experimental reports, the
synthesized N-CNTs exhibit a bamboo-like structure, a great
part of which consists of open ends of relatively short
CNTs.1,2,4,17−19 Individual short CNTs are weakly stacked
one on the top of the other to create a long nanofiber. In this
work, short pieces of (6, 6) CNT with 6 carbon atomic rings
were used. Our first-principles DFT calculations show that the
total energy of the short piece (6, 6) CNT with an N-doping at
the open edge is lower than that with an N-doping in its middle
wall by 1.93 eV. Therefore, N substitutional doping tends to
locate at the open edge of the short CNT. In addition, Ozkan
and co-workers studied the role of graphitic edge plane
exposure in N-doped carbon nanofibers for ORR.20 They
proposed that edge-N content is the electrocatlytic active site
for ORR. Here, we study the possible electrocatalytic reactions
on the open edge of the N-CNTs.
Two N doping cases were considered (also see Figure S1 in

Supporting Information (SI)): half N-doping on the open edge
of short CNTs, in which half of the carbon atoms at the open
edge are substituted by N atoms (HN-CNT); and full N-
doping on the open edge of short CNTs, in which all the
carbon atoms at the open edge are substituted by N atoms
(FN-CNT). We focus on the electrocatalytic reaction on the
C−N and CH-NH bridge sites of HN-CNT and the N−N
bridge site of the FN-CNT. The MEPs of the reaction
processes were calculated by using a nudged elastic band
(NEB) method21−23 implemented in VASP. By using this
method, we have successfully calculated the MEPs for ORR and
WFR on nitrogen-doped fullerenes.24

3. RESULTS AND DISCUSSION
3.1. Oxygen Reduction Reaction (ORR) on C−N Bridge

Site of HN-CNTs. In this work, we first studied half N-doping
on the open edge of short CNTs, in which half of the carbon
atoms at the open edge are substituted by N atoms (HN-CNT)
(shown in Figure S1 in Supporting Information (SI)). We
calculated the effective charges and charge transfers for the
system by Bader charge analysis using the code developed by
Henkelman et al.25 At the open edge, the calculated charge
transfers (CT) for N and C atoms are N−2.94 and C+1.67,
respectively. N-Doping also induced magnetism to the open
edge of the CNT. The calculated magnetic moments are 0.15
μB/N and 0.49 μB/C, respectively. Figure 1a shows the relative
potential energy for ORR on the C−N bridge site of HN-CNT.
The embedded images in Figure 1a show the side views of
relaxed atomic structures for the initial, intermediate, transition,
and final states. The corresponding top views are shown in
Figure S2 in the SI.
In the initial state, an O2 molecule is far away from the C−N

bridge site, with O−C and O−N distances at 3.0 Å. After O2
adsorption (the intermediate state), the O2 molecule is partially
reduced on the C−N bridge site of the short CNT. The O−O
bond length is increased to 1.45 Å from the O−O bond length
(1.22 Å) of free O2 molecule. The O(1)−C and O(2)−N bond
lengths are 1.36 and 1.49 Å, respectively. Here, O(1) refers to
the oxygen atom bonded to a carbon atom, and O(2) refers to
the O atom atop the nitrogen atom at the C−N bridge site. The
O(1)−C bond is much stronger than the O(2)−N bond. The
calculated charge transfers for the two O atoms are O(1)−0.92

and O(2)−0.18, respectively. An additional quantity to describe
the ORR is the change of the magnetic moment of O2

molecule. The magnetic moment of the reduced O2 is 0.01
μB. In comparison, a free O2 molecule has a magnetic moment
of 2.0 μB. There is no activation energy barrier for this O2
adsorption and partial reduction process. The partially reduced
O2 needs to overcome an activation energy barrier of 0.15 eV,
crossing a transition state (TS) (which has a maximum total
energy among the nearby reaction configurations), and
becomes much dissociated (the final state).
We further calculated the vibrational frequencies of the two

O atoms at the TS. In the harmonic approximation, the
calculated vibrational frequencies of the two O atoms are 995,
590, 405, 323, 231, and 85i cm−1, respectively. There is only
one imaginary frequency, which is related to the vibration of the
reduced O2 along the MEP. The result confirmed that the TS
derived from the NEB calculation is a saddle point. At the TS,
the O−O bond length is 1.67 Å; the O(1)−C and O(2)−N
bond lengths are 1.44 and 1.26 Å, respectively. Charge transfers
for the two O atoms at the TS are O(1)−0.95 and O(2)−0.32,
respectively. The magnetic moment of the reduced O2 is 0.065
μB.
In the final state, the partially reduced O2 is further

dissociated after crossing an energy barrier of 0.15 eV; the
O−O distance is 2.74 Å; and the O(1)−C and O(2)−N bond
lengths become 1.22 and 1.26 Å, respectively. The calculated
charge transfers for the two O atoms become O(1)−1.82 and
O(2)−0.43, respectively. The magnetic moment of the reduced
O2 in the final state is 0.0. Figure 2a displays the 3-D iso
surfaces (with an iso density value of 0.1 e/Å3) of the electron

Figure 1. Relative potential energies for ORR on (a) C−N bridge site
of HN-CNT and (b) N−N bridge site of FN-CNT.
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density (spin-up plus spin-down) map of the reduced O2 on the
C−N bridge site of HN-CNT. Clearly, the electron density in
the region between the two O atoms is greatly reduced after O2
reduction. The overlaps of the electron densities between O(1)
and C, as well as O(2) and N, indicate the formations of new
O(1)−C and O(2)−N bonds. Figure 2c shows the 3-D iso
surfaces (with an iso density value of 0.05 e/Å3) of
magnetization density (which is defined as spin-up density
minus spin-down density) map of O2 before and after reduction
on the C−N bridge site of HN-CNT. The magnetization
density between the two O atoms is also much reduced after O2
reduction on the C−N bridge site of the HN-CNT. The
calculated magnetic moments of both the reduced O(1) and
O(2) are 0 μB, much smaller than the magnetic moment of 1.0
μB per O atom in free O2 molecule.
3.2. Water Formation Reaction on C−N Bridge Site of

HN-CNTs. As discussed by Kaukonen and co-workers,26,27 to
achieve high catalytic activity toward ORR through nitrogen-
relaxed defect at the cathode electrode of HFCs, the activation
energies for the ORR and subsequent water formation reaction
(WFR) for the reduced O2 with H

+ and e− reactions should not
be too high. We further performed a series of first-principles
spin-polarized DFT calculations to examine the possibilities of
the WFR after ORR on the C−N bridge site of HN-CNT. To
simulate the four-electron electrocatalytic reaction process at
the cathode of HFCs step by step, we introduce one H+ and
one additional electron for each reaction step and then calculate
the MEP for the reaction process with the reduced O2. To
simulate the ambient H+ and additional electrons around the
reduced O2, the initial state of H should be as free as possible.
Therefore, in each WFR step, we first introduce one H, which is
far away (3.0 Å) from the reduced O2, O, or OH. For the
reaction of H with O2 or O, H is initially placed 3.0 Å atop O2/
O. For the reaction between H and OH, H is initially
positioned with an O−H distance of 3.0 Å and a H−O−H
angle of 104.5°, which is the same as the H−O−H angle in a
free H2O molecule. Then the system is fully relaxed by first
principles DFT calculations to obtain a stable state for
subsequent NEB calculations.
Figure 3a shows the possible electrocatalytic reaction steps

for a full electrocatalytic reaction cycle involving ORR and
WFR on the C−N bridge site of HN-CNT. Using the relative

potential energy, Goddard et al. studied the oxygen hydration
mechanism for the ORR at the Pt and Pd as cathode catalysts
for fuel cells.28 Figure 3b shows the relative potential energies
for the MEPs of the possible electrocatalytic reaction cycles on
the C−N bridge site of HN-CNT. Detailed structures for the
WFR steps are shown in SI Figure S3. To simulate WFR after
O2 reduction and dissociation on the C−N bridge site, we first
introduce one free H+ and an additional electron. The H atom
is adsorbed by the reduced O2, forming a kind of OOH (step 4
of path I-A in Figure 3a). The H atom is bonded to both O(1)
and O(2). The O(1)−H and O(2)−H bond lengths are 1.27
and 1.45 Å, respectively. There is no activation energy barrier
for the OOH formation reaction (as can be seen from the
relative potential energy in Figure 3b).
We then introduced another H+ and additional electron

moving close to the formed OOH (step 5). The second H
reacts with O(1), forming an OH adsorbed on C. At the same
time, the first H moves closer to O(2), forming another OH
adsorbed on N. The O(1)−H and O(2)−H bond lengths are
0.99 Å and 1.0 Å, respectively. There is no activation energy
barrier for this OH formation reaction. Subsequently, we
introduced a third H+ and an additional electron to the system.
They can react with OH, which is adsorbed on N, forming a
H2O(2) molecule (step 8). The OH bond length and H−O−H
bond angle are 1.0 Å and 107.8°, respectively. No activation

Figure 2. 3-D electron density maps for reduced O2 on (a) C−N
bridge site of HN-CNT and (b) N−N bridge site of FN-CNT; (c, d)
3-D magnetization density maps after ORR on the two catalytic sites.

Figure 3. (a) Possible electrocatalytic reaction steps involving ORR
and WFR on the C−N bridge site of HN-CNT. (b) Relative potential
energy for the MEPs of the electrocatalytic reaction cycles.
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energy is needed for the H2O formation process. We then
introduced the fourth H+ and additional electron moving close
to OH that is adsorbed on C. The relaxed structure is shown in
step 9 in Figure 3a). The fourth H could not react with OH on
the C site and directly produce a second H2O molecule
(H2O(1)). Instead, it reacts with the O atom, forming an OH.
The as-formed H2O(2) molecule grabs one H from OH and
gives one H to N, forming NH (see step 9). During this WFR
step, the previously formed OH on C and the H2O(2)
molecule act as a shuttle, which transfers the fourth introduced
H+ and additional electron to the N site. There is no activation
energy barrier for this H transferring process.
We then introduced the fifth H+ and additional electron

moving close to OH on C, which forms a H2O(1) molecule
without an activation energy (step 10). The H2O(1) is bonded
to C, with a C−O bond length of 1.44 Å. The OH bond length
and H−O−H in H2O(1) are 1.0 Å and 121.2°, respectively.
The O(2)−N distance becomes 3.0 Å. The OH bond length
and H−O−H bond angle in H2O(2) are 0.98 Å and 110.5°,
respectively. We also evaluated the desorption process of the
H2O(1) molecule. By overcoming a desorption energy of 0.49
eV, H2O(1) could be desorbed from the C site (step 11)
(O(1)−C bond length is 4.34 Å). After the formations and
desorptions of the two water molecules from the C−N bridge
site, the HN-CNT recovers back to its original structure, and
the full catalytic reaction cycle is completed. The C−N bridge
site is ready for the next catalytic reaction cycle.
Our first-principles spin-polarized DFT calculations also

show the possibility of O2 hydration before full reduction on
the C−N bridge site of HN-CNT. As shown in path I-B in
Figure 3a, one H+ and additional electron could react with the
partially reduced O2, forming an OOH, which is adsorbed on
the C−N bridge site (step 6 in Figure 3a). There is no
activation energy barrier for the OOH formation. The O(1)−C
bond length is 1.34 Å. The H atom is bonded to reduced O2,
with a bond length of 1.04 Å. The N−H distance is 1.57 Å,
which indicates a weak bonding between N and H. Then the
second H+ and additional electron could react with OOH,
forming a H2O(2) (step 7) without an activation energy. The
O(2)−N distance is 2.89 Å. The O−H bond length and H−
O−H bond angle in H2O(2) are 0.99 Å and 100.0°,
respectively. The O(1)−C bond decreases to 1.23 Å, indicating
that O(1) is more strongly grabbed by the carbon atom on the
CNT after the formation of H2O(2). Subsequently, the third
H+ and additional electron react with O(1), forming an OOH
that is adsorbed on C (step 8). Path I-B merges with path I-A at
step 8 into path I for the rest WFR steps. Comparison of the
relative potential energies for paths I-A and I-B indicates that
for a full electrocatalytic reaction cycle on the C−N bridge site
of HN-CNT, WFR based on partially reduced O2 is more
favorable than that based on fully reduced/dissociated O2.
There is no need for O2 to be completely reduced to complete
the WFR.
We also examined another possible pathway for the first

electron transfer process in the electrocatalytic reaction cycle,
that is, an ORR starting with OOH adsorption. SI Figure S4
shows the relative potential energy for the OOH adsorption
reaction on the C−N bridge site of HN-CNT. Initially, an
OOH is far away from the C−N bridge site, where the O−C
and O−N distances are 2.96 and 2.95 Å, respectively. The
OOH could be adsorbed and reduced on the C−N bridge site
without any activation energy (see step 6 of path II in Figure
3). The reduced OOH then proceeds with the WFR steps as

discussed above for path I-B. The relative potential energies
shown in Figure 3b indicate that a full electrocatalytic reaction
cycle starting with OOH adsorption and reduction is quite
favorable on the C−N catalytic site of HN-CNT.
It is possible that H atoms could be adsorbed on the edge

sites of the CNT before any ORR and WRF. Therefore, we also
calculated the electrocatalytic reaction steps on the C−N bridge
site of HN-CNT with the edge C and N sites saturated by H
atoms (the CH−NH bridge site) (see step 1 in Figure 4a).

Figure 4. Possible electrocatalytic reaction steps on the CH−NH
bridge site of HN-CNT. Embedded are (a) side and (b) top views of
relaxed structures for the reaction steps. The relative potential energy
for the MEP of the electrocatalytic reaction cycle is presented in part c.
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Figure 4a shows the electrocatalytic reaction steps on the CH−
NH bridge site of HN-CNT. Embedded are the side views of
the relaxed atomic structures for each reaction step. The
electrocatalytic reaction steps related to top views of the atomic
structures are shown in Figure 4b. Figure 4c shows the
corresponding relative potential energy for the MEP of the
electrocatalytic reaction cycle. A free O2 molecule can be
adsorbed and reduced on the CH−NH bridge site by forming a
C−O bond (step 2 in Figure 4). The C−O bond length is 1.43
Å. Meanwhile, the H atom on the N site react with O2, forming
an OOH adsorbed on the C site. There is no activation energy
barrier for this OOH formation step. A H+ and an additional
electron can react with the OOH without an activation energy,
producing a H2O molecule, which then desorbs away from the
catalytic site (step 3). Subsequently, another H+ and additional
electron reacts with the O atom pending on the C site, forming
an OH adsorbed on C (step 4). No activation energy is needed
for the OH formation step.
Finally, by overcoming an activation energy barrier of 0.19

eV and crossing a TS, a third H+ and additional electron can
react with the OH that is adsorbed on the C site of the CH−
NH bridge site, forming the second H2O molecule and then
desorbing from the catalytic site (step 5). The calculated
vibrational frequencies of the H+ in the TS are 734, 389, and
1033i cm−1, respectively. There is only one imaginary frequency
along MEP, indicating that the TS derived from NEB
calculation is a saddle point. Bader charge analysis shows that
after OH reduction, the charge transfer for the O atom is O−1.7

which is bonded to C. When a H+ moves close to OH from a
free state to the TS, there is a potential energy reduction of
∼1.49 eV due to the Coulomb electric interaction. Part of the
change of potential energy will transfer to the kinetic energy of
H+ in the dynamical process that is not included in the DFT
calculation, which was done essentially at T = 0 K. The kinetic
energy of the H+, when it reaches the TS, can easily overcome
the activation energy barrier (0.19 eV) during the WFR for the
formation of the second H2O molecule. With the formation
and desorption of the two H2O molecules from the CH−NH
bridge site, a full catalytic reaction cycle is completed. The HN-
CNT recovers back to its original structure and is ready for the
next catalytic reaction cycle.
3.3. Oxygen Reduction Reaction on N−N Bridge Site

of FN-CNTs. For further comparisons, we also examined the
ORR and WFR processes on the N−N bridge site of full N-
doping on the open edge of short CNT (FN-CNT). Bader
charge analysis for the charge transfer shows that the N atoms
at the open edge become N−1.32. The C atoms that are bonded
to N atoms become C+1.30. There is a substantial charge transfer
from the C atoms to the N atom around the doping site. The
calculated magnetic moment of the N atom is 0.0. The MEP for
ORR is shown in Figure 1b. Embedded images show the side
views of relaxed atomic structures for the initial, transition, and
final states. Detailed side and top views of the initial, transition,
and final states are shown in Figure S5 in the SI.
In the initial state, the O−N distances are at 2.67 Å. To move

close to the N−N bridge site, O2 needs to overcome an
activation energy barrier of 0.81 eV to cross the TS, and then
become much dissociated with an O−O bond length at 2.60 Å.
We calculated the vibrational frequencies of O2 at the TS for
the ORR process. In harmonic approximation, the calculated
vibrational frequencies of O2 are 953, 510, 366, 149, 114, and
268i cm−1. There is only one imaginary frequency related to the
vibration of O2 along the MEP. The TS derived from the NEB

calculation is a saddle point. At the TS, the O−O bond length
is 1.29 Å, which is 0.08 Å larger than the O−O bond length
(1.21 Å) in a free O2. O(1)−N and O(2)−N distances are 1.98
and 1.64 Å, respectively. The calculated charge transfers on the
two O atoms are O(1)−0.10 and O(2)−0.06, respectively. The
calculated magnetic moments of O(1) and O(2) are 0.51 μB
and 0.16 μB, respectively. After crossing over the TS, the O2
molecule becomes much reduced, with an O−O distance of
2.60 Å. The O(1)−N and O(2)−N bond lengths are 1.23 Å.
The calculated charge transfers for the two O atoms are
O(1)−0.41 and O(2)−0.42, respectively. The magnetic moment of
the reduced O2 is nearly 0. There is not much covalent bonding
electron density between O(1) and O(2) (Figure 2b) because
of the reduction and dissociation of the O2 molecule; however,
the overlaps of the electron densities between O(1) and N(1)
as well as O(2) and N(2) indicate the formations of new
O(1)−N and O(2)−N bonds. The magnetization density in
the region between the two O atoms is greatly reduced after O2
dissociation on the N−N bridge site of the FN-CNT (Figure
2d). The calculated magnetic moments of the dissociated O(1)
and O(2) are 0 μB.

3.4. Water Formation Reaction on N−N Bridge Site of
FN-CNTs. For the purpose of comparisons, we further studied
the WFR steps for the reduced O2 on the N−N bridge site of
FN-CNT. Figure 5 shows the electrocatalytic reaction steps and
relative potential energies for full electrocatalytic reaction cycles
involving ORR and WFR on the N−N bridge site of FN-CNT.
More details for the WFR pathways are shown in SI Figure S6.
As shown in path I in Figure 5, a H atom can be adsorbed by
O(1) and O(2) and trapped between them (step 3 in Figure 5),
forming a kind of OOH. The O(1)−H and O(2)−H bonds are
1.24 and 1.17 Å, respectively. The O(1)−N and O(2)−N bond
lengths are elongated to 1.30 and 1.31 Å (from 1.23 Å),
respectively. There is no activation energy barrier for this step.
A second H+ and electron can react with O(1), forming an OH
bonded to N(1) (step 4). Meanwhile, the H adsorbed between
the two O atoms moves to O(2), forming an OH bonded to
N(2). After the formation of the two OH, the O(1)−N and
O(2)−N bond lengths are elongated to 1.38 and 1.35 Å,
respectively. There is no activation energy barrier for this
reaction step. Subsequently, a third H+ and additional electron
can react with O(2)H, producing a H2O(2) molecule, which
then desorbs from the catalytic site (step 7). The O−H bond
length and H−O−H bond angle in H2O(2) are 0.99 Å and
107.1°, respectively. The formation of H2O(2) needs no
activation energy. Finally, the OH on N(1) can further react
with another H+ and additional electron, and form the second
water molecule, H2O(1), which then desorbs from the
adsorption site (step 8). The O(1)−N distance is 2.81 Å. In
addition, there is no activation energy barrier for the formation
of the second water molecule. The relative potential energy in
path I in Figure 4b indicates that as long as the O2 molecule
overcomes an activation energy barrier of 0.81 eV to be reduced
and dissociated (ORR step) on the N−N bridge site, the
following WFR steps will be very favorable without any
activation energy barrier.
Path II in Figure 5 shows the pathway for the electrocatalytic

reaction steps starting with OOH adsorption on the N−N site
of FN-CNT. The corresponding relative potential energy for
OOH adsorption and reduction on the N−N bridge site of FN-
CNT is shown in SI Figure S7. Initially, an OOH is about 3.0 Å
atop the N−N bridge site. The OOH can be adsorbed and
reduced onto the N−N bridge site without any activation
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barrier by forming an O(1)−N bond in step 5. After reduction,
the O(1)−N bond length is 1.36 Å, and the N(2)−H distance
is 1.60 Å, indicating the H is weakly bonded to the N(2). The
O−O bond length is increased to 1.44 Å from 1.22 Å in a free
OOH. A second H+ and additional electron can react with the
adsorbed OOH, forming a H2O(2) molecule (step 6 in Figure
5). No activation barrier is needed for the formation of
H2O(2). The O(1)−N bond decreases to 1.24 Å from 1.36 Å.
Then the third H+ and additional electron can be adsorbed on
N(1) to form an OH without any activation energy (step 7 in
Figure 5). The subsequent WFR steps are the same as
discussed above for path I. From Figure 5b, we can see that on
the N−N bridge site of FN-CNT, the electrocatalytic reaction
cycle starting from OOH adsorption is more favorable than that
from O2 dissociation.

4. CONCLUSIONS
In summary, by utilizing first-principles spin-polarized DFT
calculations, we studied the full electrocatalytic reaction cycle
involving ORR and WFR on open edges of N-CNTs. On the
C−N bridge site of HN-CNT, O2 and OOH can be
chemisorbed and partially reduced without an activation energy
barrier. The subsequent WFR for the reduced O2/OOH with

ambient H+ and additional electrons can be completed
spontaneously in the formation of two H2O molecules. The
second water molecule needs an energy of about 0.49 eV to be
fully desorbed from the catalytic site and complete the
electrocatalytic reaction cycle on the cathode catalyst for
HFCs. There is no need for the adsorbed O2 to be fully
reduced to complete the WRF cycle. H2O desorption is the
rate-limiting step for the electrocatalytic reaction on the open
edge of the HN-CNT catalyst. In the case of a H-saturated
open edge of HN-CNT, ORR and WFR can also be completed
energetically on the CH−NH site. As comparisons, we also
studied the ORR and WFR on the open edge of FN-CNTs. On
the N−N bridge site of FN-CNT, O2 can be reduced and
dissociated with an activation energy barrier of 0.81 eV. The
following WFR steps can be finished spontaneously without
any activation energy barrier. ORR is the rate-limiting step for
the electrocatalytic reaction on the open edge of FN-CNT.
OOH adsorption, reduction, and the subsequent WFR steps on
the N−N bridge site of FN-CNT can also be completed
spontaneously. The electrocatalytic reaction cycle starting from
OOH adsorption is more favorable than that from O2
dissociation on the N−N bridge site of FN-CNT.
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