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C
arbon nanotubes and carbon fibers
are attractive due to their excellent
properties as support for metal nano-

particle catalysts leading to highly efficient
composite materials for various kinds of elec-
trochemical applications.1�4 Recently, the in-
trinsic catalytic properties of nonmetallic
nitrogen-doped multiwalled carbon nano-
tubes (N-CNTs) have received increasing at-
tention as oxygen reduction reaction (ORR)
catalysts. This is not onlydue to thepotentially
low cost and high abundance of metallic free
catalysts but also due to their better stability
toward COpoisoning compared to traditional
platinum catalysts.5�9 The role of nitrogen
doping in carbon nanostructures for cata-
lytic oxidation reactions has been frequently
debated. It is clear that the inclusion of nitro-
gen in the honeycomb carbon structure in-
duces active sites that can participate in break-
ing the O�O bonds of oxygen molecules. To
achieve high turnover numbers for oxygen
reduction reactions, it is important that the
active sites exhibit a relatively low binding
energy for the oxygen but yet a high electron
density localized around the active catalytic
site.5,10 The high ORR electrocatalytic activity
in N-doped multiwalled carbon nanotubes
is rationalized by an appropriate balance of
these two properties.5 Consequently, Chen
et al.11 and Maldonado et al.12 reported a
strong correlation between oxygen reduc-
tion current and the nitrogen dopant level
in N-CNTs and in N-doped carbon fibers,
respectively. However, although the basic
mechanisms of ORR in nitrogen-doped nano-
structures are known, there is still a large
controversy, both regarding the catalytic effi-
ciency of different nitrogen functionalities
and the role of metallic impurities present

in the samples. Kundu et al.13 reported that
pyridinic type of nitrogen functionalities are
the most catalytically active site for ORR in
accordance with a study by Rao et al.14 In
contrast, Niwa et al.15 found that N-CNTs
with a comparably larger amount of graphi-
tic nitrogen exhibit a higher ORR electro-
catalytic activity than those containing a
large amount of pyridinic nitrogen. A recent
report on N-doped graphene partly sup-
ports the results of Niwa et al. but also con-
cludes that the pyridinic sites lower the ORR
onset potential.16 Nitrogen doping level and
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ABSTRACT Heat treating nitrogen-doped

multiwalled carbon nanotubes containing up to

six different types of nitrogen functionalities

transforms particular nitrogen functionalities

into other types which are more catalytically

active toward oxygen reduction reactions (ORR).

In the first stage, the unstable pyrrolic functionalities transform into pyridinic functionalities

followed by an immediate transition into quaternary center and valley nitrogen functional-

ities. By measuring the electrocatalytic oxidation reduction current for the different samples,

we achieve information on the catalytic activity connected to each type of nitrogen

functionality. Through this, we conclude that quaternary nitrogen valley sites, N-Qvalley, are

the most active sites for ORR in N-CNTs. The number of electrons transferred in the ORR is

determined from ring disk electrode and rotating ring disk electrode measurements. Our

measurements indicate that the ORR processes proceed by a direct four-electron pathway for

the N-Qvalley and the pyridinic sites while it proceeds by an indirect two-electron pathway via

hydrogen peroxide at the N-Qcenter sites. Our study gives both insights on the mechanism of

ORR on different nitrogen functionalities in nitrogen-doped carbon nanostructures and it

proposes how to treat samples to maximize the catalytic efficiency of such samples.

KEYWORDS: nitrogen-doped carbon nanotubes . nitrogen functionalities .
X-ray photoelectron spectroscopy . electrochemistry . cyclic voltammetry .
oxygen reduction reactions
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type of nitrogen functionalities depend strongly on
synthesis conditions17�20 and are in general not easily
controlled. Most studies so far have therefore studied
samples synthesized at different conditions which
contain various nitrogen functionalities. However, in
such set of samples, hidden parameters, such as tube
length, tube diameter, and number of walls, might
have an impact on catalytic properties without being
considered.
In this study, we have therefore used another ap-

proach to reveal and gain more knowledge on the role
of nitrogen functionalities in N-CNTs for ORR. Instead of
trying to control the type of nitrogen functionalities in
the growth process, we have focused on transforming
the nitrogen functionalities into other types in the
already synthesized samples. Similar procedures have
been used to study nontubular nitrogen-containing
carbon materials.21 We show that by heat treating
samples containing up to six different types of nitrogen
functionalities, it is possible to transform particular
types of nitrogen into other types of functionalities
which are more catalytically active toward ORR. By mea-
suring the electrocatalytic oxidation reduction current
density, the ORR onset potential, and the ORR electron
transfer number for the different samples, we achieve
information on the catalytic ORR process connected to
each type of nitrogen functionality. We conclude that
quaternary nitrogen valley sites, N-Qvalley, are the most
active sites for ORR in N-CNTs in agreement with theore-
tical predictions,22 which is more active than pyridinic
nitrogen and N-Qcenter (usually referred as graphitic
nitrogen) sites. The pyridinic nitrogen functionalities on
the other hand seem to lower the onset potential, in
agreement with the study by Lai et al.16 The number of
transferred electrons, determined from rotating disk
electrodeand rotating ringdisk electrodemeasurements,
indicates a four-electron pathway for the edge states,
N-Qvalley, and pyridinic while they indicate a two-electron
pathway for the N-Qcenter sites. Our study gives insights
on the ORR mechanism on different nitrogen function-
alities in nitrogen-doped carbon nanostructures and

demonstrates how to treat samples to maximize the
catalytic efficiency of such samples.

RESULTS AND DISCUSSION

Nondoped and nitrogen-doped CNTs were synthe-
sized by floating catalyst CVD method using ferrocene
(catalyst precursor), either pyridine (C/N precursor) or
acetylene (C precursor), and argon (carrier gas). After
the growth, CNTs were collected from the walls of the
quartz tube (approximately 30 mg in each run). Four
samples were produced at roughly similar conditions
containing 3�6% of nitrogen. The samples were an-
nealed in argon by loading them in an aluminum oxide
crucible and placed at the center of a furnace. The
systemwas purgedwith argon (162mL/min), heated to
desired temperature, treated at the predefined time,
and then cooled to room temperature. All samples
were characterized before and after the heat treat-
ments by X-ray photoelectron spectroscopy (XPS) and
various electrochemical methods.
Figure 1 shows TEM images of N-CNTs or CNTs and

illustrates the difference in morphology between
N-doped and nondoped CNTs. The outer diameter is
about 20 nm for the nondoped tubes, whereas it is
about 30 nm for the N-doped tubes. The large number
of black regions have been analyzed in detail, and we
note that these regions are not iron-rich but rather
represent highly defective regions in the N-CNTs, most
probably due to the presence of nitrogen (Supporting
Information, Figure S1).17

Figure 2A,B shows typical XPS spectra for N-CNTs.
The low-resolution spectrum (Figure 2A) displays
a strong C 1s signal at 284.6 eV together with a
N 1s signal from nitrogen at ∼401 eV and an O 1s
signal at ∼531 eV. A typical high-resolution N 1s
spectrum of the N-CNTs is shown in Figure 2B. Gen-
erally, the synthesized samples contain up to six
different nitrogen functionalities. The different che-
mical states of nitrogen are represented by six main
peaks in the N 1s high-resolution spectrum cen-
tered at 398.6�398.8 eV (N 1), 400.3 eV (N 2), 401 eV

Figure 1. TEM images of (A) N-CNTs and (B) CNTs grown at 800 �C with FCCVD method.
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(N 3), 402.3�402.6 eV (N 4), 403.8�404.1 eV (N 5), and
405.3 eV (N 6).
The interpretation and assignment of nitrogen-doped

carbon nanostructures is not straightforward and
depends on a number of factors as discussed by Pels
et al., who combinedmodel calculationswith a study of
nitrogen functionalities in carbon coals.23 A more posi-
tively charged atom needs more energy to release an
electron. The electron density of nitrogen atoms incor-
porated into a graphitic framework strongly depends on
the local structure, and hence the binding energy probed
by XPS reveals important information on the chemical
states of nitrogen functionalities. Charge calculations24,25

show that the positive charge on the nitrogen atoms in
the four different configurations shown in Figure 2C
increases from i to iv (and from N 1 to N 4 in Figure 2D),
in good agreement with the measured binding energy
for these N�C bonds.23

The least positively charged nitrogen displayed in
Figure 2C (i) and Figure 2D (N 1) corresponds to
pyridinc-N. Pyridinic-N refers to nitrogen atoms which
contribute to theπ-systemwith one p-electron and are
represented by a well-defined peak at the binding
energy of ∼398.6 eV in nitrogen-containing carbona-
ceous materials (Figure 2B).26 Pyrrolic type of nitrogen
contributes to the π-system with two p-electrons and
hence has higher binding energy of about 400.3 eV
(N 2). The difference between pyridinic and pyrrolic
nitrogen configurations in a graphene sheet is illu-
strated in Figure 2D. At the edges of a graphene layer,
substitution of C�H by N leads to pyridinic nitrogen,
whereas substitution of C by N either in a six-membered
ring or a five-membered ring leads to pyrrolic nitrogen.27

The identification of other peaks is less ambiguous
and still under debate, although the analysis of model
compounds has helped to clarify their identification.23

Quaternary nitrogen (N-Q) constitutes the most com-
plicated assignment. It is represented in the N 1s spec-
tra by a broad peak centered on 401.3 eV with a FWHM
of about 3 eV. The large FWHM signals that the peak
should be assigned to more than one nitrogen func-
tionality. Wang et al.28 suggested that N-Q represents
nitrogen incorporated into a graphene layer at a posi-
tion other than pyridinic-N. By reviewing a large num-
ber of explanations, Buckley29 concluded that N-Q is
either protonated pyridinic-N or pyridinic-N-oxide. On
the other hand, in nitrogen-doped CNTs, nitrogen oxide
functionalities are usually assigned by peaks positioned
between 402 and 405 eV,30 which contradicts the con-
clusion by Buckley et al.29 The assignment of N-Q to
non-oxide nitrogen functionalities is further supported
by the presence of N-Q functionalities in nitrogen-
containing petroleum fuel cokes after calcination at
high temperature.31 Since nitrogen oxide functional-
ities exhibit low thermal stability, this indicates that
N-Q should not be assigned to pyridinic-N-oxide,
which is in very good agreement with our observa-
tions discussed below. Instead, the double assign-
ment to N-Q functionalities can be well explained by
calculations done by Pels et al.23 Accordingly, the
center-N (N 3) displayed in Figure 2C (ii) is slightly
less positively charged than valley-N (N 4) shown
in Figure 2C (iii). This gives rise to a shift in bind-
ing energy from 401 eV for center-N to 402.3 eV
for valley-N. A plausible assignment is therefore that
N-Q functionalities are represented by two peaks, one

Figure 2. (A) Typical XPS spectrum of nitrogen-doped CNTs with assigned peaks. Inset: high-resolution C 1s peak, (B) high-
resolution N 1s peak, (C) possible nitrogen positions in the structure; (i) top-N, (ii) center-N, (iii) valley-N, and (iv) oxide-N.
(D) Different nitrogen functionalities in a graphitic sheet.
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around 401 eV that is typically referred to as graphitic
nitrogen and here denoted as N-Qcenter (N 3)32,33 and
one around 402.3�402.6 eV which we refer to as
N-Qvalley (N 4). Nitrogen functionalities with higher
binding energies in the XPS spectra (N 5 and N 6) are
assigned to nitrogen oxide groups.
In our study, we have investigated samples which

intentionally contained a large diversity of nitrogen
functionalities. Our aim is to understand and ultimately
control how these nitrogen functionalities evolve by
thermal treatment and simultaneously investigate how
the ORR activity correlates to the different types of
nitrogen functionalities.
A typical as-synthesized N-CNT sample before any

thermal treatment has a distribution of nitrogen func-
tionalities which determined from XPS measurements
contain pyridinic (34%), pyrrolic (9%), N-Qcenter (36%),
and N-Qvalley (13%) nitrogen functionalities and a remain-
ing fraction of different nitrogen oxide groups (8%). How-
ever, in order tobeable to analyze the response to thermal
treatment of nitrogen functionalities in a large number of
samples with different starting N/(C þ N) ratios, we have
normalized the measurements to each chemical state of
nitrogen in the original sample before thermal treatment
as explained by eq 1

I(N1s)specific N functionality of sample itreatment at temperature T

I(N1s)specific N functionality of sample ibefore treatment

(1)

where the I(N 1s) is the integrated area obtained from the
deconvolution of the XPS N 1s signal for the specific
chemical state of nitrogen after normalization to the
N/(C þ N) ratio. Figure 3 presents the evolution of the
different types of nitrogen functionalities by analyzing in
total 24 samples treatedat temperaturesbetween500and

1000 �C in argon. In addition to the evolutions shown in
Figure 3, which will be discussed in detail below, wemake
two important observations in our data: (i) The peaks
related to certain types of nitrogen oxide groups (N 5 and
N 6) rapidly vanish already by the thermal treatment at
500 �C. The disappearance of certain nitrogen oxide
groups is accompanied by a concomitant decrease of
the O 1s peak. Concurrent with the decrease of the O 1s
peakand theN5andN6peaks,weobserve that thepeaks
related to quaternary nitrogen, N-Qcenter and N-Qvalley,
increase. This confirms the non-oxygen-related nature of
the N-Q peaks and supports the theoretical calculations.23

(ii) Pyrrolic-N (N 2) rapidly decreases upon thermal
annealing. It is still observable in the samples annealed
up to 500 �C but disappears completely after annealing
at higher temperatures. The decrease in pyrrolic-N
functionalities at high temperatures is in agreement
with earlier reports on thermal treatment of nitrogen-
containing chars,21 but the decrease occurs at lower
temperatures than in the chars where the pyrrolic-
N functionalities show a rather good stability up to
1000 �C.23 Our observations of a fast decrease in
pyrrolic-N and a slow decrease in pyridinic-N concur-
rent with a rapid increase in quaternary nitrogen,
N-Qs, can be rationalized by two different models.
The first “ring expansion”model represents a route for
the transformationof pyrrolic-N (N 2) to pyridinic-N (N 1)
and N-Qs (N-Qcenter and N-Qvalley).

34 However, the gra-
dual decrease of pyridinic-N at higher temperatures also
signals a transformation of pyridinic-N to N-Qs and can
be well described by the model of Pels et al. shown in
Figure 4A,B.
Our results indicate that pyridinic-N functionalities

are more stable than pyrrolic-N but that both are
transformed to N-Qs when a sufficient temperature is
provided. This agrees with previous reports for nitro-
gen-containing carbon structures,21,35�37 although in
most reports, the experimental trend is not as clear as
in our data. It is interesting to note though that, in a
related report by Kundu et al.,13 no significant trans-
formation of nitrogen functionalities was observed up
to 720 �C. Although their investigated annealing tem-
peratures are lower, the different behavior indicates
that small differences in N-CNT properties might influ-
ence the stability of nitrogen functionalities. Our data
show that surface rearrangement is more efficient at
high temperatures and converts the original material

Figure 3. Normalized ratio of nitrogen functionalities cal-
culated from eq 1 vs annealing temperature.

Figure 4. Condensation reactions by annealing (A) frompyrrolic-N (N 2) to N-Qvalley (N 4) and (B) frompyridinic-N (N 1) toN-Qs
(N-Qcenter and N-Qvalley).
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to a sample containing more N-Qs. After thermal an-
nealing at 1000 �C, the ratio of N-Qvalley is almost 2.5
times higher than that in the starting material.
Figure 5 shows the electrocatalytic performance for

CNTs (inset) and N-CNTs toward ORR. When the alka-
line solution was purged with nitrogen, no redox peak
is observed for either the CNTs or the N-CNTs in the
potentialwindowbetween�0.6 and0.2V.When instead
purging the solution with oxygen, a broad reduction
peak was observed at the CNT-modified electrode.
The thermal annealing of the CNT samples removes

impurities and heals out defects. A comparison of the
Raman spectra of an untreated CNT sample and a
sample heat treated at 850 �C shows that the ID/IG of
untreated CNTs (0.997) is significantly larger than the
ID/IG of treated CNTs at 850 �C (0.811) (see Figure S2,
Supporting Information). The ID/IG ratio is a very direct
measure of the amount of defect in carbonaceous
materials,38 which supports our interpretation that
defects are healed out during the annealing of the
CNTs. The lower number of defects enhances the
electron transfer properties and causes a positive shift
of the reduction potential (inset, Figure 5). Simulta-
neously, the decreased number of defects by thermal
treatment reduces the number of available catalytically
active sites, which rationalizes the slight decrease in
ORR current density. Values for current density and
reduction peak potential are summarized in Tables S1
and S2. In total, it is clear from our results that the
thermal annealing does not significantly affect the ORR
properties of the nondoped CNTs. More importantly,
the ORR current density for untreated N-CNTs (Figure 5)
is about two times higher than that for the nondoped
CNT sample. This is explained by the presence of
nitrogen defect sites which act as catalytically active
sites for the ORR.5,9,13,14 Moreover, the thermal anneal-
ing of the N-CNTs has a very distinct influence on the
ORR properties in contrast to the thermal annealing of
the CNTs. The ORR current density is about 1.2 times
higher for theN-CNTs treated at 400 �C compared to the
untreatedN-CNTs accompaniedbyapositive shift of the

peak potential of about 30 mV. The enhanced catalytic
efficiency is further expressed for samples treated at
higher temperatures. The current density obtains its
maximum value for the sample treated at 850 �C
but remains almost constant for the sample treated at
1000 �C. For these samples, the current density is 1.7
times higher than the untreated N-CNTs. The large
difference in response to the heat treatment for the
annealed N-CNTs compared to the annealed CNTs also
signals that the iron particles in the samples have
negligible contribution to the ORR activity (we note that
the iron content and iron particle morphology are
similar in N-CNTs and CNTs as evidenced by XPS, TEM,
and TGA). This is in some contrast to reports stating that
transition metals can take an active role in the ORR
processes.39,40 However, in most of these studies, it is
revealed that the active transition metal site is corre-
lated with an Fe�Nx species. In the XPS spectra, Fe�Nx

species are characterized by a peak at 397.7 eV. As seen
in Figure 2B, no such peak is observed. Another reason
for thenegligible contributionof the transitionmetals to
the ORR activity can be deduced from the TEM pictures
which show that the iron particles adhered on the
outside of the N-CNTs and the CNTs all are covered with
an amorphous carbon layer (Supporting Information,
Figure S3). This carbon layer can efficiently hinder the
oxygen to reach the iron particles.
By correlating the ORR measurements with the XPS

analysis, we propose that the sharp increase in ORR
current density for thermally treated N-CNT samples
can be attributed to the increase in N-Qvalley sites. The
high catalytic ORR efficiency of quaternary nitrogen is
in partial agreement with previous reports,16,41,42 but
in neither of these reports have the N-Qvalley states
been considered or analyzed individually from N-Qcenter.
The very sharp increase in N-Qvalley states after thermal
treatment as probed by the XPS measurements concur-
rent with the enhanced catalytic efficiency in these
samples implies that the main contribution to the en-
hanced ORR current density originates from N-Qvalley

states. The small changes in the evolution of N-Qcenter

sites and pyridinic sites make it more difficult to differ
between the ORR activity of N-Qcenter and pyridinic sites.
In previous studies, Kundu et al.13 and Rao et al.14

assigned the largest catalytic ORR efficiency to the
pyridinic sites, but it should be noted that in their study
the amount of N-Qvalley sites is relatively low and there-
fore not taken into account in their conclusions. The
reason that the ORR current density does not increase
further for the sample treated at 1000 �C, although the
N-Qvalley sites continue to increase, is explained by that
the overall amount of nitrogen decreases by about 30%
for samples treated at 1000 �C so that the total number of
available sites is lower.
The total current density obtained in the CV is a

combination of several parameters, where the most
important are (i) a high turnover frequency (i.e., how

Figure 5. Background-corrected cyclic voltammograms in
oxygen-saturated 1 M KOH electrolyte for undoped CNTs
and nitrogen-doped CNTs annealed at high temperatures.

A
RTIC

LE



SHARIFI ET AL. VOL. 6 ’ NO. 10 ’ 8904–8912 ’ 2012

www.acsnano.org

8909

many catalytic reactions that can occur at a specific site
per second), (ii) a high electrical conductivity of the
catalyst support in order to conduct electrons to/from
the catalytic site, and finally, (iii) the electron transfer
number “n” which for the ORR process depends on if
the oxygen reduction occurs by a direct four-electron
pathway to water or by an indirect two-electron path-
way via hydrogen peroxide, H2O2. The general con-
sensus is that the ORR process on nitrogen edge
defects (i.e., pyrrolic, pyridinic, and N-Qvalley sites) pro-
ceeds through the four-electron pathway, while it
proceeds via the more inefficient two-electron path-
way on bulk nitrogen defects, such as the N-Qcenter

sites.43,44Many studieshavebeenconducted to study the
ORR process of different nitrogen functionalities in nitro-
gen-containing carbon nanostructures,44,45 and Gong
et al.5 showed that both vertically aligned and non-
alignedN-CNTsexhibitedefficientcatalyticpropertieswith
close to four electrons transferred in each step of the ORR.
To get insight into the ORR mechanism of different

nitrogen functionalities, different electrodes were pre-
pared for ring disk electrode (RDE) measurements and
rotating ring disk electrode (RRDE) measurements.
Figure 6A shows the RRDE voltammograms for glassy
carbon electrodes modified with CNTs and N-CNTs
annealed at 550, 850, and 1000 �C. From Figure 6A, it
is clear that the CNT-modified glassy carbon electrode
shows a typical feature of a two-electron pathway with

two onset potentials of about �0.22 and �0.65 V,
similar to the report by Gong et al. for nonaligned
CNTs, where the first onset is assigned to the two-elec-
tron reduction of O2 to HO2

�. In contrast, the N-CNTs
exhibit clear signs of a direct four-electron process for
the ORR similar to the reference Pt-Vulcan sample
(inset, Figure 6A) and similar to the N-CNTs studied
by Gong et al.5

The electron transfer number can be calculated in
two ways. The first is to use the ring current and the
disk current at V = �0.6 from Figure 6A,B in eq 2;

n ¼ 4ID

ID þ IR
N

(2)

where ID is the Faradaic disk current, IR is the Faradaic
ring current, andN = 0.4 is the collection efficiency. The
second way to calculate n is by using the Koutechy�
Levich plots in Figure 6C, which are based on the RRDE
current potential curves at different rotation rates for
the CNT- and N-CNT-based electrodes (Figure S4, Sup-
porting Information). The transferred electron number n
can then be calculated by eq 3:16,46

1
j
¼ 1

Bω0:5
þ 1
jk

(3)

where jk is the kinetic current and ω is the elec-
trode rotating rate. B represents the slope of the

Figure 6. Rotating ring disk electrode voltammograms recorded with CNT, N-CNT-550, N-CNT-850, and N-CNT-1000
electrodes in O2-saturated 0.1 M KOH at 1500 rpm. (A) Disk current inset: 60% Pt-Vulcan. (B) Ring current. The disk potential
was scanned at 10 mV s�1, and the ring potential was constant at 0.6 V. (C) Koutecky�Levich plots of ORR at different
potentials on treated N-CNT-modified electrodes.

A
RTIC

LE



SHARIFI ET AL. VOL. 6 ’ NO. 10 ’ 8904–8912 ’ 2012

www.acsnano.org

8910

curves in Figure 6C:

B ¼ 0:2nF(DO)
2=3v�1=6CO (4)

where n represents the number of electrons transferred
peroxygenmolecule, F is theFaraday constant (F=96485
Cmol�1), DO is the diffusion coefficient of O2 in 1 M KOH
(1.9� 10�5 cm2s�1),v is thekineticviscosity (0.01cm2s�1),
and CO is the bulk concentration of O2 (1.2 � 10�6

mol cm�3). The constant 0.2 is adopted when the
rotation speed is expressed in rpm. Taking the average
of n calculated by the two methods above, measured
over three set of samples, gives n = 1.9( 0.3, 2.7( 0.1,
3.0 ( 0.1, and 2.9 ( 0.2 for the bare CNT, N-CNT-550,
N-CNT-850, and N-CNT-1000 electrodes, respectively. It is
not unambiguous to interpret the electron transfer num-
ber n deduced from our measurements. Taking both the
shape of the steady state voltammograms and the de-
duced electron transfer numbers n into account, it is clear
that we go from ORR processes dominated by two-
electron pathways for CNTs to ORR processes dominated
by four-electron pathways for N-CNTs. However, the
thermal annealing of the samples has relatively small
effects on the electron transfer numbers, which for all of
the annealed samples lie close to three. We rationalize
these results in the followingway: the rather steep increase
in the amount of N-Qvalley functionalities is partly compen-
sated by the decrease in pyridinic functionalities and
further compensated by a slight increase in the amount
of N-Qcenter functionalities. The almost constant trend for
the electron transfer number, n, supports that N-Qvalley

andpyridinic sites reduceoxygenbya fourelectronprocess
while the bulk N-Qcentre sites reduce oxygen by a two-
electron process, in agreement with earlier reports.43 The

fact that the electron transfer numbers are distinctly
below three can be explained by two origins: (i)
All samples contain a substantial amount of bulk
N-Qcenter sites which contribute only by two-electron
pathways and which is evidenced by the rather large
evolution of HO2

� ions seen in the amperometric
response curves in Figure 6B. (ii) The nonideal elec-
tron transfer from the catalytic sites to the electrodes
explained by the fact that the N-CNTs are nonaligned,
in contrast to the report by Gong et al., and that the
N-CNTs suffer from low dispersibilty resulting in a
nonideal film formation.

CONCLUSIONS

We have shown that thermal annealing of nitrogen-
doped carbon nanotubes from 500 to 1000 �C allows
the transformation of pyrrolic nitrogen functionalities
into pyridinic sites followed by a transition to quatern-
ary N-Qcenter and N-Qvalley states. By correlating XPS
data with electrochemical measurements, we conclude
that certain types of quaternary nitrogen, N-Qvalley

located at the edge of graphene planes, exhibit the
highest catalytic ORR efficiency. RRDE measurements
support previous reports that the edge plane nitrogen
functionalities N-Qvalley and pyridinic sites catalyze
four-electron pathways for the ORR process, while bulk
N-Qcenter sites catalyze a two-electron pathway via a
H2O2 intermediate. Our study further improves the
understanding of the specific role of nitrogen func-
tionalities for ORR processes and demonstrates a route
for transforming low-active sites to high-active states.
This will be of importance for the future development
of nonmetallic catalyst materials.

METHODS

Synthesis and Treatment. Nondoped and nitrogen-doped
CNTs were synthesized by floating catalyst CVD method. A
quartz boat containing 10 mg of ferrocene Fe(C5H5)2 (Sigma,
98%) was placed in a horizontal quartz tube at the entrance of
furnace. Before heating, the system was purged with argon
(162 mL/min). When heating the system to 800 �C, the tem-
perature at the entrance reached the evaporation temperature
of ferrocene (around 200 �C) whichwhen decomposed tometallic
iron constituted the catalyst precursor. Simultaneously, either
acetylene (C precursor) or pyridine (C/N precursor) was introduced
into the reaction chamber. Acetylene (3.8 mL/min) was carried
with the argon flow (162mL/min), while pyridinewas injected into
the reaction chamber at different rates using a NEMSYS syringe
pump (from Cetoni GmbH) and carried with the same flow of
argon. After 45 min of growth, the system was cooled to room
temperature and CNTs were collected from thewalls of the quartz
tube (approximately 30 mg in each run). Four samples were pro-
duced at roughly similar conditions containing 3�6% of nitrogen.
The samples were divided into six parts that were annealed in
argon by loading them in an aluminum oxide crucible and placed
at the center of a furnace. The system was purged with argon
(162 mL/min), heated to the desired temperature, treated at the
predefined time, and then cooled to room temperature.

Characterization. The samples were characterized before and
after treatment by various techniques. Transmission electron

microscopy (TEM) was performed on a JEOL 1230 transmission
electron microscope at 80 keV. XPS was recorded on a Kratos
Axis Ultra DLD electron spectrometer using amonochromatic Al
KR source operated at 150W. Thermogravimetric analyses were
measured on a Mettler Toledo TGA/DSC 1 LF/948 at a heating
rate 5 �C/min up to 800 �C. The electrocatalytic activity testing
of the materials was performed on an Autolab PGSTAT30 with
a typical three-electrode cell equipped with gas flow systems at
room temperature (about 22 �C).

Electrochemical Testing. A Hg/HgO electrode and a Pt wire
were used as reference and counter electrodes, respectively. A
glassy carbon electrode coated with N-CNTs or CNTs was used
as the working electrode and prepared as follows: (i) 1 mg of
N-CNTs or CNTs was mixed with 5 mL of DMF solution contain-
ing 10 μL of Nafion solution (5%) and then ultrasonicated for at
least 1 h to form a dispersed suspension; (ii) a glassy carbon
electrode was carefully polished with 0.05 μm aluminum oxide
paste on a chamois and then rinsed subsequently in acetone,
ethanol, and water under ultrasonication for 5 min; (iii) 10 μL of
suspension mixture was dropped onto the electrode surface
(0.07 cm2) and dried at room temperature in air without any
heating process. The obtained electrode was used as the work-
ing electrode. One molar KOH was used as the electrolyte
solution during the electrochemicalmeasurement. Prior to each
measurement, the test solution was bubbled with nitrogen or
oxygen for at least 30 min to prepare N2- or O2-saturated KOH
solution.
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For the RDE measurements, catalyst solutions were pre-
pared similar as the method for CV measurement. Fifteen micro-
liter suspensions (0.5 mg/mL) were loaded on a glassy carbon
rotating disk electrode of 5 mm in diameter (Pine Instruments).
The working electrode was scanned cathodically at a rate of 10
mV s�1 with rotating speeds from 300 to 1500 rpm.

For the RRDE measurements, catalyst solutions and electro-
des were prepared by the same method as that for RDEs. The
suspension was dried slowly in air, and the drying conditionwas
adjusted so that a uniform catalyst distribution across the
electrode surfacewas obtained. The disk electrodewas scanned
cathodically at a rate of 10 mV s�1, and the ring potential was
constant at 0.6 V vs Hg/HgO.
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