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A B S T R A C T

A highly efficient nitrogen-doped carbon nanotubes (N-CNTs) electrocatalyst derived from nitrogen-doped
carbon dots (N-Cdots) and metal-organic frameworks (MOFs) for oxygen reduction reaction (ORR) was de-
monstrated successfully for the first time. The N-Cdots with plenty of hydroxyl and amine groups can favor the
formation of N-CNTs through the catalytic decomposition of MOFs in a lower temperature. On the other hand,
the N-Cdots serve as inducers of the graphitic structure and supply extra nitrogen, extending a potential elec-
trocatalytic activity of N-CNTs. Results show that the N-CNTs provided an excellent ORR electrocatalytic per-
formance, yielding a positive onset potential of 0.88 V vs. RHE and a high kinetic current density of up to
5.58 mA cm−2 at 0.2 V. In addition, the slope of N-CNTs being∼81 mV/dec can be found to be much lower than
that of the Pt/C catalyst (∼132 mV/dec). These superior performances are attributed to defects in the graphitic
crystal structure and the synergistic coupling effects of N-Cdots and N-CNTs. In addition, a slight loss in activity
for the N-CNTs catalyst can be found whereas the Pt/C catalyst decreases nearly 45% of its initial activity, which
exhibit highly catalytic durability and tolerance to methanol in an alkaline media.

1. Introduction

Rechargeable devices, such as fuel cells and metal-air batteries,
have been the focus of considerable amount of researches in recent
years as they can offer a high energy conversion efficiency and are
environmentally friendly [1–5]. However, the sluggish kinetics of the
oxygen reduction reaction (ORR) at the cathode in rechargeable devices
hinders their further development. Although platinum-loaded carbon
(Pt/C) is currently the most efficient electrocatalyst for the ORR [6,7],
its widespread commercialization is hampered by its extremely limited
content in the earth, poor stability and inactivation with respect to
methanol poisoning [8,9]. It is thus imperative to develop low-cost and
highly active ORR electrocatalysts for use in future rechargeable de-
vices.

It has been proven that N-CNTs provide an extremely effective
electrocatalytic ORR performance and are highly stable compared to
commercially available Pt/C [10,11]. Recent intensive research has
focused on arc-discharge, laser-ablation and chemical vapor deposition
(CVD) methods to synthesize N-CNTs in the presence of NH3, HNO3 and
pyridine among others [12–16]. However, harsh synthetic conditions
and high energy dissipation have been shown to limit the further ap-
plication of those nitrogen-doped carbon nanomaterials. In addition,
the strategy involved in their large-scale syntheses is complex. It is thus
necessary to urgently develop a simple and cost-effective way of pre-
paring N-CNTs that have excellent ORR electrocatalytic activity. On the
other hand, MOFs are a new kind of porous coordination compound
that is comprised of metal ions or clusters and coordinate with organic
ligands. They have a rich carbon and nitrogen content and have been
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identified as promising precursors for synthesizing N-CNTs. For ex-
ample, Yang et al. reported the synthesis of N-CNTs via the direct solid
pyrolysis of Zn–Fe-ZIF, with which catalytically active Fe2+ can be
incorporated in an N2 atmosphere [17]. Lou et al. has reported the
preparation of N-CNTs at high temperature pyrolysis ZIFs in the pre-
sence of H2 [18]. Furthermore, Mai et al. found that the generated re-
ducing gases (NH3 and H2) turned metal ions/clusters into metal na-
nocatalysts during the pyrolysis process, which then further catalyzed
the residual organic units to form CNTs [19]. Therefore, the high pyr-
olysis temperature, inevitable aggregation, low content of nitrogen
doping and low degree of graphitization continue to impede their fur-
ther application, leading to synthesizing N-CNTs from MOFs at a low-
temperature by a general method remaining a formidable challenge.

N-Cdots are a newly emerging carbon nanomaterial, which has been
attracted enormous attention because of its excellent ORR electro-
catalytic activity [20–23]. It has also been proven that the nitrogen-
doping is a powerful approach used to change the charge and spin
density of Cdots, providing an effective way of extending its potential
electrocatalytic activity toward ORR [24–27]. Moreover, studies have
found that N-Cdots can be employed as reducing agents to synthesize
silver nanoparticles [28–30], which can be used in the place of other
reducing gases (NH3 and H2) in the MOFs pyrolysis process. It can thus
be extremely interesting to prepare N-CNTs via pyrolyzing a mixture of
ZIFs-67 and N-Cdots because N-Cdots can induce the graphitic struc-
ture, acting as an extra nitrogen supplier and also favor the formation of
N-CNTs through the catalytic decomposition of MOFs. In this regard,
we report the preparation of N-CNTs derived from N-Cdots and MOFs
via the direct pyrolysis of ZIF-67 and N-Cdots mixture in a lower
temperature. The possible formation mechanism of the N-CNTs was
accurately investgiated by turning the pyrolysis intervals as well as
mass ratio of ZIF-67 and N-Cdots mixture. The ZIF-67, in combination
with N-Cdots generated synergistic effect during the pyrolysis and
carbonization processes, exhibited a highly efficient ORR electro-
catalytic activity and durability than commercially available Pt/C in
alkaline solution. Consequently, the current works not only provide a
new insight into the preparation of N-CNTs but also offer prospects in
developing highly active ORR electrocatalysts in the future recharge-
able devices.

2. Material and methods

2.1. Reagents and materials

Alanine, histidine, cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O),
and 2-methylimidazole were purchased from J&K Scientific Inc.
(Shanghai, China). A commercially available platinum-loaded carbon
catalyst (Pt/C, 20 wt% Pt loading on carbon black, Johnson Matthey)
was used as received. All other reagents were of analytical grade and
used without further purification. Ultrapure water was prepared by the
Millipore Milli-QTM system and employed throughout the following
experiments.

2.2. Preparation of ZIF-67

ZIF-67 was prepared using a previous procedure that was slightly
modified [31], where 0.45 g cobalt nitrate hexahydrate (Co
(NO3)2⋅6H2O) was dissolved into 3.0 mL of methanol, and 5.5 g 2-me-
thylimidazole in 20.0 mL of methanol was then added prior to vigorous
stirring for 6 h at room temperature. The resulting purple precipitates
were collected by centrifuging, washed with methanol and ultrapure
water in sequence at least three times, and finally dried in vacuum at
50 °C overnight. Prior to use, the ZIF-67 powder was further activated
at 100 °C under vacuum for 24 h.

2.3. Preparation of N-CNTs

The N-Cdots were prepared using a modified protocol previously
reported by us [32]. The N-CNTs were synthesized using a pyrolysis and
carbonization method that involved the following procedure: 0.1 g of
ZIF-67 powder was added to a 5.0mL 1.0 mg/mL N-Cdots solution, the
mixture was then placed in an alumina crucible with a cover and heated
to 600 °C at a rate of 0.5 °C/min in a muffle furnace and maintained at
this temperature for 4 h in a nitrogen atmosphere. The resultant powder
was cooled to room temperature, washed with ultrapure water, col-
lected by filtration and finally dried at room temperature. To enable a
comparison, the synthesized ZIF-67 powder was subsequently treated
solely under the same other conditions, resulting in cobalt nitrogen
carbon (Co–N–C) nanohybrids. Furthermore, to gain a good under-
standing of the possible formation mechanism of N-CNTs, the reaction
conditions, such as the mass ratio of reactants and pyrolysis intervals,
were systematically determined.

2.4. Structural characterizations

The morphology, size and microstructure of N-Cdots, ZIF-67, and N-
CNTs were analyzed by a field emission scanning electron microscopy
(S-4800 FE-SEM, Hitachi, Japan) and a high-resolution transmission
electron microscope (TECNAI-12 HR-TEM, Philips, Netherlands). The
crystalline structure and chemical composition of N-CNTs were in-
vestigated by K-Alpha X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific). Raman spectra were recorded on an iHR550 Raman
microscope (HORIBA scientific) with 532 nm solid laser as an excitation
source.

2.5. Electrochemical measurements

A CHI 660D electrochemical workstation (CH Instrument) was used
to make cyclic voltammetry (CV) and linear sweep voltammograms
(LSVs) measurements. All electrochemical studies were conducted
using a conventional three electrode system, and a flow of N2 or O2 was
maintained during the measurements to ensure an N2 or O2 saturated
electrolyte, and an Ag/AgCl (3 M KCl) and a Pt wire were used as the
reference and counter electrodes, respectively. All the potentials men-
tioned below are relative to the reversible hydrogen electrode (RHE) by
adding a value of (0.197 + 0.059 × pH) V. A glassy carbon electrode
(GCE, diameter: 3 mm) or a rotating disk electrode (RDE, Area:
0.196 cm2) was polished carefully with 0.3mm and 0.05mm alumina
powders on the silk. A catalyst aqueous solution of 20 μL (10.0 mg/mL,
with 5 wt % Nafion solution) was then transferred onto the electrode
via a controlled drop-casting approach, and the electrode was then
dried air for 12 h to serve as a working electrode. The ORR kinetics
were analyzed by Koutechy–Levich plot (K–L) equation and the electron
transfer number (n) of the electrocatalyst can be derived from it:

= + = +

j j j Bω j
1 1 1 1 1

L K K
1/2 (1)

in which, j is the current density at the applied voltage, jK is the kinetic
current density, jL is the limiting diffusion currents density, and ω is the
electrode rotating rate (rpm). The parameter B at different applied
voltages could be obtained from the slope of K–L plots. Meanwhile, n
values at different voltages have a relationship with parameter B ac-
cording to the Levich equation as below in the alkaline solution:

=
−( )B nF D ν C0.2 O O

2/3 1/6
2 2 (2)

where n represents the overall transferred electron number per oxygen
molecule, F is the Faraday constant with the value of 96485 Cmol−1,
DO2 is the diffusion coefficient of O2 in 0.1M KOH
(1.9× 10−5 cm2 s−1), ν is the kinetic viscosity of the solution
(0.01 cm2 s−1), and CO2 is the bulk concentration of O2
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(1.2× 10−6 mol cm−3). The constant 0.2 is adopted when the rotation
speed is expressed in rpm in alkaline solution.

3. Results and discussion

Scheme 1 shows a schematic of N-CNTs derived from N-Cdots and
MOFs toward highly efficient electrocatalyst of ORR. First, the N-Cdots
were prepared using a modified hydrothermal carbonization protocol
and a representative TEM image is shown in Fig. S1 (Supporting In-
formation). The as-synthesized N-Cdots have a dispersive quasi-sphe-
rical shape with an average size of approximately 10 nm (Fig. S1A), and
the lattice spacing of 0.304 nm agrees well with the spacing between
graphite (002) layers, revealing a high-crystalline graphitic structure
(Fig. S1B) [32]. The well-dispersed ZIF-67 nanocrystals exhibiting a
dodecahedral appearance with an average size of approximately
300 nm were synthesized by the room-temperature reaction of Co
(NO3)2 and 2-methylimidazole in a methanol solution (Fig. S2, Sup-
porting Information).

N-CNTs were synthesized by the simultaneous direct pyrolysis of
mixed ZIF-67 and N-Cdots in an N2 atmosphere at a lower temperature,
with which the morphology, size and microstructure of the N-CNTs
were characterized by FE-SEM and HR-TEM as shown in Fig. 1. In
Fig. 1(A), ZIF-67 precursors were formed into uniform rod-like particles
with open end. Specifically, similar to the bottom-up organic method
[15,16], it is apparent from the larger particles, which have a rough
appearance where the ZIF-67 dodecahedron was eventually converted
into thin N-CNTs with the presence of N-Cdots by the pyrolysis process.
The as-prepared N-CNTs have an average diameter of approximately
15 nm as shown in Fig. 1(B). Fig. 1(C) and 1(E) show HR-TEM images of
detailed structural information and the atomic lattice fringes of the N-
CNTs. The HR-TEM image of the corresponding selected area shows the
clear atomic lattice fringes of N-Cdots and Co nanoparticles (Fig. 1(C)).
It is interesting to observe that the lattice fringes of the N-CNT are not
perfectly identical to those of commercially available CNTs, which may
be attributed to nitrogen doping and the catalysis of N-Cdots, an ef-
fective way of changing the charge and spin density of carbon atoms in
CNTs. In addition, small domains of defective graphitic structures in the
N-CNTs can be found, which are beneficial for enhancing the electro-
catalytic properties of the catalyst. Note that the lattice spacing
(∼0.311 nm) is coincident with the interlayer spacings of the graphite
(002) as shown in Fig. 1(D) [32], while the lattice spacing (∼0.205 nm)
is also consistent with the Co (111) facet as shown in Fig. 1(E) [19].
Furthermore, the energy dispersive X-ray spectroscopy (EDS) elemental
mapping images of the N-CNTs (Fig. 1(F)) clearly identifies the full and
uniform distribution of C, Co and N, respectively. All these results re-
flect the N-Cdots and MOFs are well-hybridized into the graphitic
carbon structure of N-CNTs.

X-ray photoelectron spectra (XPS) were further conducted to ana-
lyze elemental compositions and nitrogen bonding configurations of N-
CNTs. As expected, the survey spectrum of N-CNTs (curve b) as illu-
strated in Fig. 2(A) exhibits four peaks corresponding to C, O, N and Co
elements where the relative elemental contents can be calculated to
76.1% for C, 11.7% for O, 10.7% for N and 1.5% for Co, respectively. To
enable a comparison, the synthesized ZIF-67 powder was subsequently
treated solely under the same condition, resulting in cobalt nitrogen
carbon (Co–N–C) nanohybrids. As displayed in curve a of Fig. 2(A), the
relative elemental compositions of Co–N–C nanohybrids can be calcu-
lated to 79.4% for C, 10.3% for O, 8.4% for N and 1.9% for Co, in-
dicating that N-Cdots introduce not only a large number of nitrogen-
containing groups but also a certain number of oxygenated functional
groups on N-CNTs. The greatly increased N contents in the XPS spec-
trum of N-CNTs further confirms that N-Cdots are embedded into the
graphitic structure. To comprehensively study the chemical/electronic
environments of neighboring atoms and reveal the potential electro-
catalytic activities, high resolution spectra of C1s, N1s and Co2p were
then respectively evaluated. The C1s spectrum of N-CNTs (Curve b in
Fig. 2(B)) can be deconvoluted into four different bands that correspond
to C–C (282.6 eV), C–N (283.6 eV), C]N/C]O (284.9 eV) and O–C]O
(288.6 eV) functional groups. The slightly decreased binding energy of
C–C for N-CNTs compared to the pristine Co–N–C nanohybrids (Curve a
in Fig. 2(B)) can be ascribed to the incorporation of N. In contrast to the
slightly increased binding energy of pyridinic N and a little decreased
graphitic N in the N1s spectrum of Co–N–C nanohybrids (Curve a in
Fig. 2(C)), the N-CNTs (Curve b in Fig. 2(C)) exhibit four relative ni-
trogen species, including pyridinic N (396.8 eV), pyrrolic N (398.8 eV),
graphitic N (400.3 eV) and oxidized N (404.2 eV), respectively. The
results strongly confirm that the N-Cdots have been successfully doped
into the N-CNTs. The graphitic N is known to be susceptible to oxygen
adsorption, even at low pressures while the pyridinic N is of great im-
portance to enhance the electrocatalytic performance for ORR [33–36].
This is why the prepared nanomaterials exhibit remarkable ORR elec-
trocatalytic activities and details will be discussed later. Furthermore,
The Co 2p XPS spectrum of the N-CNTs (Curve b in Fig. 2(D)) is com-
posed of two noticeable peaks of Co 2p1/2 and Co 2p2/3, which further
split into four subpeaks assigned to Co2+ (779.2 and 795.3 eV) and
Co3+ (777.3 and 793.1 eV). The slightly decreased binding energies of
Co2+ and Co3+ in the N-CNTs compared to the pristine Co–N–C na-
nohybrids (779.4 and 795.6 eV for Co2+, 777.9 and 793.3 eV for Co3+)
(curve a in Fig. 2(D)) can be attributed to the incorporation of N-Cdots,
which allow more Co-Nx active sites to be generated, leading to an ef-
fective way of extending their potential electrocatalytic activity toward
ORR [17–19].

It is well known that Raman spectroscopy is an efficient and non-
destructive way of investigating the structural defects of carbon

Scheme 1. Schematic illustration of highly efficient nitrogen-doped carbon nanotubes electrocatalyst derived from carbon dots and metal-organic frameworks for
ORR.
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materials [37,38]. Therefore, the Co–N–C nanohybrids and N-CNTs
were characterized by Raman spectroscopy using a 532 nm solid laser
as an excitation source as shown in Fig. 3(A). Clearly, both samples
reveal D and G peaks, which are the result of in-plane and out-plane sp2

hybridized vibration modes of carbon atoms where the difference in
positions of peaks is attributed to the presence of structural defects.
Furthermore, the integral intensity ratio of two peaks (ID/IG) reflects the
degree of defects [39–41]. As depicted in Fig. 3(A), the ID/IG=0.845 of
the N-CNTs (curve b) is slightly smaller than that of the Co–N–C na-
nohybrids (ID/IG=1.08, curve a), which indicates that the partial out-
plane vibrations of Co–N–C nanohybrids (sp3 bonds) are converted into
in-plane vibrations (sp2 bonds) in relation to N-Cdots doped at high
temperature where small domains of defective graphitic structures are
formed with the significantly enhanced conductivity. The reason can be
explained where N-Cdots serve as both an inducer of the graphitic
structure and an extra nitrogen supplier for the N-doping, which ex-
tends the potential electrocatalytic activity of the N-CNTs. As a result,
as-prepared N-CNTs present excellent electrocatalytic properties that
are superior to those of N-Cdots and Co–N–C nanohybrids. It has re-
cently been discovered that the distinctive nanostructure of N-Cdots
incorporated into graphene layers favors the reactivity of neighborly
linked carbon atoms via alteration of electronic structure, resulting in

an excellent electrocatalytic activity [27]. It has also been found that
the partially converted sp2-hybridized carbon with small domains of
defective graphitic structures formed in nitrogen-doped carbon nano-
materials can be beneficial to enhance electrocatalytic properties
[26,29]. As previously mentioned, the N-Cdots can be used in place of
reducing gases (NH3 and H2) and can favor the formation of N-CNTs
through the catalytic decomposition of MOFs. Therefore, the in-
troduction of N-Cdots strongly influences decomposition of the ZIF-67
precursors. To better understand the formation mechanism of N-CNTs,
changes in crystallographic structure after the pyrolysis process were
confirmed by XRD results. As can be seen in Fig. 3(B), all carbon ma-
terials exhibit a broad peak located at approximately 24°, belonging to
the (002) interlayer peak of graphitic carbon in stark contrast to a broad
peak centered at approximately 25° for N-Cdots (Fig. S3A, Supporting
Information) and strong peaks of ZIF-67 precursor as the simulated
patterns (Fig. S3B). Moreover, two weak peaks located at around 44°
and 52° are assignable to the (111) and (200) diffractions of fcc Co
(JPCDS file no. 15–0806) originated from the Co NPs embedded in N-
CNTs as the mass ratios increase, suggesting the complete transition of
N-Cdots and ZIF-67 to N-CNTs.

Furthermore, SEM images of mixed ZIF-67 and N-Cdots after the
pyrolysis with different mass ratios were obtained under the same

Fig. 1. Low-resolution (A), high-resolution (B) SEM images, high-resolution (C, D, E) TEM images and (F) Elemental mapping images of as-synthesized N-CNTs,
including C, Co and N elements.
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conditions. As can be seen in Fig. 4(A), the products maintained the
dodecahedral morphology and no carbon nanotubes were obtained in
the separated pyrolysis processes. However, when the N-Cdots were
introduced and the mass ratio of ZIF-67 and N-Cdots was controlled to

30:1, the products were morphology-preserved, but the smooth surfaces
become rough (Fig. 4(B)). When the concentration of N-Cdots slightly
increases to 20:1, the pyrolysis is more complete and rod-like particles
were formed as shown in Fig. 4(C). To the closer observation, a num-
bers of rod-like particles were found to grow up from surfaces of ZIF-67
precursors, for which the growth direction is considered to be from
inside to outside. This explicitly suggests that ZIF-67 precursors were
completed transformed into uniform N-CNTs. Nevertheless, when the
concentration of N-Cdots further increases, most of ZIF-67 precursors
were decomposed into irregularly shaped nanoparticles with particle
sizes that were much smaller than those of precursors and some na-
notubes were scattered among the particles as shown in Fig. 4(D).
Moreover, the mixture of ZIF-67 and N-Cdots (mass ratio is 20:1) was
pyrolyzed at 600 °C with different intervals to accurately understand
the formation mechanism of N-CNTs. As can be shown in Fig. 5(A)
when the sample was pyrolyzed at 600 °C for 1 h, the structures re-
tained the dodecahedral morphology of the precursors and had a
smooth interface. A large number of ZIF-67 precursors maintained the
dodecahedral morphology as the pyrolysis interval was increased to 2 h
(Fig. 5(B)). However, the surfaces were much rougher, which implies
that only a small amount of ZIF-67 precursors were decomposed to rod-
like particles. When the synthesis temperature is continuously elevated,
the increased pyrolysis enables formation of a small quantity of rod-like
particles and the surface of the particles becomes rougher as shown in
Fig. 5(C). This is mainly attributed to incomplete pyrolysis of ZIFs-67
and insufficient growth of CNTs. As shown in Fig. 5(D), although there
are still many particles with the similar size of ZIF-67, the ZIF-67 pre-
cursors attained a large quantity of uniform tubular morphology with
diameters of approximately 15 nm and lengths of 300 nm after the
pyrolysis interval rises to 4 h. These results are in consistence with the
schematic of the stepwise thermal decomposition to form N-CNTs
(Fig. 5(E)). The N-Cdots can reduce metal ions into metals, facilitating
the nucleation of nanocatalysts, firstly. Then, organic residuals acting as

Fig. 2. (A) XPS survey spectrum, high-resolution (B) C1s, (C) N1s and (D) Co2p peaks of Co–C–N nanohybrids (a) and N-CNTs (b), respectively.

Fig. 3. (A) Raman spectra of as-prepared (a) Co–N–C nanohybrids and (b) N-
CNTs. (B) XRD patterns after pyrolysis the mixed ZIF-67 and N-Cdots with
different mass ratios of 10:1 (a), 20:1 (b), and 30:1 (c).
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basic units are catalyzed into N-CNTs on the nanocatalysts. Therefore,
the similar to the bottom-up organic method [15,16,42], the formation
process of N-CNTs involves the catalytic decomposition of ZIF-67 by N-
Cdots, the formation of nanocatalysts and the growth of N-CNTs, re-
spectively.

As previously mentioned, it is anticipated that the prepared N-CNTs
may exhibit remarkable ORR electrocatalytic activities in rechargeable
devices when used as fuel cells and metal-air batteries. Therefore,
conventional three electrode cyclic voltammetry (CV) measurements

were conducted to evaluate the ORR catalytic activity. For the com-
parison, bare GCE, N-Cdots, Co–N–C nanohybrids and commercially
available Pt/C catalysts were also tested under the same condition. As
can be shown in Fig. 6(A) and Fig. S4 (Supporting Information), in
addition to an inferior capacitive behavior, featureless peaks were ob-
served for bare GCE (Curve a in Fig. S4A) in an N2-saturated solution.
Although no noticeable feature was observed the same as before, a
superior capacitive current with high conductivity was observed for N-
Cdots (Curve a in Fig. S4B), Co–N–C nanohybrids (Curve a in Fig. S4C),

Fig. 4. SEM images of (A) pyrolysis ZIF-67 and mixed ZIF-67 and N-Cdots with different mass ratios of (B) 30:1, (C) 20:1, and (D) 10:1 at 600 °C for 4 h in an N2

atmosphere, respectively.

Fig. 5. SEM images of ZIF-67 and N-Cdots mixture (mass ratio 20:1) with different pyrolysis intervals (A) 1 h, (B) 2 h, (C) 3 h, and (D) 4 h at 600 °C in an N2

atmosphere, respectively. (E) Schematic of the stepwise thermal decomposition to form N-CNTs.
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N-CNTs (Curve a in Fig. 6(A)) and Pt/C electrodes (Curve a in Fig. S4D)
in an N2-saturated solution. However, in the presence of O2, a single
cathodic oxygen reduction peak was observed for all cases, namely,
0.54 V for bare CGE (Curve b in Fig. S4A) and 0.65 V for N-Cdots (Curve
b in Fig. S4B) and 0.73 V for Co–N–C nanohybrids (Curve b in Fig. S4C),
respectively. However, the observed oxygen reduction peak of N-CNTs
shifts to more positive potentials at 0.80 V (Curve b in Fig. 6(A)), which
is an equivalent result to that of the commercially available Pt/C cat-
alyst (0.83 V) (Curve b in Fig. S4D) for ORR. Moreover, the peak current
density (jp) of N-CNTs (jp=1.21mA/cm2) is significantly (2 and 1.3
times) higher than the N-Cdots (jp= 0.67mA/cm2) and Co–N–C na-
nohybrids (jp= 0.95mA/cm2), respectively. Therefore, the more posi-
tive potentials and higher jp explicitly suggest that the N-CNTs have an
excellent catalytic activity for ORR. To further clarify the role of N-
CNTs in ORR, linear sweep voltammetry (LSV) measurements were
recorded on a rotating disk electrode (RDE) in an O2 saturated 0.1 M
KOH electrolyte at a rotating rate of 1600 rpm. For the comparison, the
ORR polarization plots of bare GCE, N-Cdots, Co–N–C nanohybrids and
commercially available Pt/C electrodes were also obtained. As can be
seen in Fig. 6(B), the onset potential (E0=0.88 V) and half-wave po-
tential (E1/2=0.82 V) of N-CNTs are remarkably more positive than
those of GCE, N-Cdots and Co–N–C nanohybrids electrodes while they
are only slightly negative than that of Pt/C catalyst (E0=0.93 V, E1/
2=0.83 V). Furthermore, the current density (j) of N-CNTs
(j=5.58mA cm2) is close to that of Pt/C (j=5.89mA/cm2) and is
higher than those of N-Cdots (j=3.40mA/cm2) and Co–N–C nanohy-
brids (j=3.98mA/cm2). These results are very consistent with CV
measurements that N-CNTs possess highly efficient electrocatalytic

activity toward ORR. The fact that N-CNTs greatly outperformed N-
Cdots and Co–N–C nanohybrids, which highlights the importance of the
intimate contact between N-Cdots and Co–N–C nanohybrids toward an
efficient charge transfer with respect to the ORR performance. Fur-
thermore, to completely understand the electron transfer mechanism
involved in the performance of ORR, the ORR polarization curves at
different rotating speeds (ω) were discussed in detail. As shown in
Fig. 6(C), Figs. S5(A), S5(C) and S5(E), the limiting current density (jL)
increases with higher rotating rates for all catalysts because of the
shortened diffusion length at higher speeds. These results are compar-
able to most of those previously reported for metal-free ORR catalysts
and even for those recently reported on carbon-based catalysts with
metals (Table S1) [42,43]. Moreover, in Fig. 6(C) inset, Figs. S5(B),
S5(D) and S5(F), a linear relationship between the j−1 and ω−1/2 has a
similar slope to that of other studies in Koutecky−Levich (K–L) plots,
which indicates first-order reaction kinetics toward dissolved oxygen in
the electrolyte solution [44]. It is well acknowledged that the four-
electron (4e−) reduction pathway in an alkaline solution provides a
faster oxygen reduction rate, which is beneficial for enhancing the
charge and discharge properties of rechargeable devices. Therefore, the
electron transfer number (n) per oxygen molecule and the kinetic cur-
rent density (jK) were analyzed thoroughly according to the K−L
equations. In Fig. 6(D), values of n in the present study vary from 1.3 to
1.7 over the potential range for N-Cdots and Co–N–C nanohybrids,
which show a two-electron (2e−) dominated ORR process with HO2

−

on the electrode. It is also well known that a two-step two-electron
(2e−) dominates the ORR process, involving that the formation of in-
termediate species will decelerate the ORR processes. However, the N-

Fig. 6. (A) CVs for N-CNTs electrodes in N2-saturated (curve
a) and O2-saturated (curve b) 0.1M KOH at a scan rate of
10mV s−1. (B) LSVs for bare GCE (curve a), N-Cdots (curve
b), Co–N–C nanohybrids (curve c), N-CNTs (curve d) and Pt/
C electrodes (curve e) at 1600 rpm in O2-saturated 0.1M
KOH with a scan rate of 5mV s−1. (C) LSVs of N-CNTs
electrode in O2-saturated 0.1M KOH solution at a series of
rotation rates from 400 to 2025 rpm with a scan rate of
5 mV s−1, inset figure illustrates the K−L plots (j−1 versus
ω−1/2) of N-CNTs at different potentials. (D) Dependence of
electron transfer number and (E) kinetic current density as
the functions of potentials for N-Cdots, Co–N–C nanohy-
brids, N-CNTs and Pt/C electrode in O2-saturated 0.1M
KOH, respectively. (F) Tafel plots of N-CNTs and Pt/C in O2-
saturated 0.1M KOH where Tafel slopes were calculated by
a linear regression method.
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CNTs exhibit higher electron transfer numbers (n̄= 3.92) in potential
ranges of 0.3–0.7 V, representing an efficient four-electron (4e−)
dominated ORR process that is similar to that of the Pt/C catalyst (n̄
=4.01). As a result, the jK value of N-CNTs can reach 8.10mA/cm2 at
0.3 V, which is nearly 2.2 times larger than that of N-Cdots, 1.6 times
larger than that of Co–N–C nanohybrids and 1.3 times larger than that
of Pt/C as shown in Fig. 6(E), respectively. In addition, Tafel slope is an
important element used to evaluate catalytic activity. As a result, the
slope of N-CNTs being ∼81 mV/dec can be found to be much lower
than that of the Pt/C catalyst (∼132 mV/dec) as shown in Fig. 6(F),
which suggests that N-CNTs have faster kinetics. As a result, the 4e−

ORR process reveals that N-CNTs provide superior electrocatalytic ac-
tivity.

The commercially available Pt/C catalyst exhibits weak durability
in relation to the ORR at the cathode in rechargeable devices. It is thus
crucial to determine the stability and durability of the as-prepared
catalyst. To shed light on this part, stability and durability are generally
evaluated through chronoamperometric measurements at −0.4 V for
40000 s (∼11 h) for Pt/C and N-CNTs catalysts as shown in Fig. 7(A).
Clearly, a slight loss in activity for the N-CNTs catalyst can be found
(Curve b in Fig. 7(A)) whereas the Pt/C catalyst decreases nearly 22.9%
of its initial activity (Curve a in Fig. 7(A)). These results indicate that
the N-CNTs catalyst is much more stable than the commercial Pt/C in
an alkaline solution. We further tested the methanol tolerance ability of
N-CNTs and Pt/C catalysts by adding 3M methanol with 10mL in the
0.1 M KOH electrolyte (Fig. 7(B)). After adding methanol to the elec-
trolyte, the current density of the Pt/C catalyst shows a sharp loss in
activity of 45% (Curve a in Fig. 7(B)), whereas the N-CNTs retain a
stable current response (Curve b in Fig. 7(B)). These results clearly
show the superior catalytic tolerance of the N-CNTs catalyst and that it
is more suitable for use as a cathode catalyst in alkaline fuel cells than
the commercial Pt/C catalyst. Findings here not only provide a new
insight into the preparation of N-CNTs, but also offer prospects of de-
veloping highly active ORR electrocatalysts in future rechargeable

devices.

4. Conclusions

A direct pyrolysis with doping strategy was developed to prepare N-
CNTs derived from N-Cdots and MOFs as a highly efficient electro-
catalyst for ORR where N-Cdots serve as inducers of the graphitic
structure and supply extra nitrogen, extending a potential electro-
catalytic activity of N-CNTs. The SEM and TEM results indicate that N-
Cdots, which have plenty of hydroxyl and amine groups, were able to
catalyze the residual organic units and metal ions/clusters of ZIF-67
into thin N-CNTs with Co nanoparticles inside of them. The XPS and
Raman spectra results suggest that N-Cdots serve as an inducer of the
graphitic structure and an extra nitrogen supplier, which thus extends
the potential electrocatalytic activity of N-CNTs. Results show that ZIF-
67 in combination with N-Cdots generated a synergistic effect during
the pyrolysis and carbonization processes, exhibiting a more highly
efficient ORR electrocatalytic activity and durability than commercially
available Pt/C in an alkaline solution. More importantly, the synthesis
process of N-CNTs is simple, has a low energy consumption, and it could
easily be employed in large-scale production. Therefore, the strategy
developed here provides a new and general approach to the design of
metal-free electrocatalysts for ORR.
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