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ABSTRACT: We describe the fabrication of ultrathin wrinkled N-doped carbon
nanotubes by an in situ solid-state method. The positions of Co catalyst were first labeled
by good-dispersion and highly loaded Au and Pt, indicating the most of Co are unsealed.
The resultant unique nanoarchitecture, which exhibits the features of carbon nanotube
and graphene with a combined effect of 1D and 2D carbon-based nanostructures,
exhibited a superior ORR activity to carbon nanotubes and graphene. Moreover, the
novel catalysts showed a better durability and higher tolerance to methanol crossover and
poisoning effects than those of Pt/C.
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Nanoarchitectures provide a powerful impetus to the
development of novel high-performance materials in

energy storage and conversion.1,2 Because of their unique
surface and structural properties, carbon-based nanoarchitec-
tures have attracted a great deal of interest as catalysts in fuel
cells and rechargeable batteries.3,4 In fuel cells, various nano/
microarchitectures were successfully prepared, such as Pt/
hollow carbon nanospheres,5,6 Pt/carbon nanotubes
(CNTs),7,8 Pt/graphene,9,10 and Pt-based alloys.11,12 Although
Pt and its alloys exhibit superior catalytic activities for oxygen
reduction reaction (ORR), their high cost, poor stability, and
poor poisoning effect still limited their application in
commercial fuel cells. Therefore, the development of Pt-free
electrocatalysts as substitutes for Pt-based electrocatalysts is of
essential importance.
Recently, various metal-free carbon-based electrocatalysts

have been demonstrated to exhibit high electrocatalytic activity
for ORR and their catalytic mechanisms have been successfully
proved by experiments and theoretical simulation.13−15

Heteroatom (N, B, P, O, and/or S)-doped carbon electro-
catalysts have shown advanced activities because of the doping-
induced charge polarization.16,17 According to a pioneering
report, vertically aligned N-doped CNTs (NCNTs) exhibited
superior performance to Pt/C.18 N-doped single walled CNTs
also showed good electrocatalytic performance.19 Besides, two-
dimensional heteroatom-doped carbon (e.g., graphene) can

also exhibit good catalytic performance for ORR.20,21 Indeed,
N-doped graphene also shows enhanced catalytic activity for
ORR.22,23

There are three most important requirements for highly
efficient ORR catalysts, including amounts of electrocatalytic
sites, good conductivity for electron transfer, and open paths
for reactant/electrolyte diffusion. Single-walled CNTs can
expose many active sites, but the reactant/electrolyte diffusion
in its small internal channel is often limited and the intertube
conductivity may be low (Figure 1a). Figure 1b shows N-doped
graphene sheet with the desired active sites, but unfortunately,
the layer-by-layer stacking may cause a significant loss of the
active sites and increase in the interface resistance to the
electron/electrolyte transport in the 2D structure. Although
MWCNTs could enhance electron transfer with respect to
SWCNTs and layer-by-layer stacked graphene, their low surface
area may limit the catalytic activity, particularly when their
diameter is >50 nm (Figure 1c). Therefore, it is necessary to
explore novel nitrogen-doped carbon nanostructures with more
catalytic sites and facilitated electron/electrolyte transport
paths.
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A proposed CNT-based structure is shown in Figure 1d,
which combines NCNTs with few-layer 2D graphene thickness.
In this proposed structure, ultrathin wrinkled walls may provide
more ORR catalytic sites and its large diameter could improve
the electrical conductivity of the novel structure by reducing the
interface resistance. Our previous results indicated that the edge
of carbon catalysts have superior ORR activity than that in basal
plane.24 Calculations also demonstrated that N-doped carbon

catalysts may offer good active sites at Stone−Wales defect and
provide tuned ORR activity by the curvature around the active
site based on the first-principle methods.25 Therefore, the
designed advanced structure would be able to show superior
ORR activity and quickening electron transfer because of a
combined effect of carbon materials with different dimensions.
The large-diameter hollow core should also facilitate the
electrolyte transport.
In this work, we developed the in situ fabrication of ultrathin

wrinkled NCNTs fabricated by a solid catalysis route. The
novel structure exhibited excellent catalytic performance as an
efficient ORR electrocatalyst. In brief, the carbon materials
were prepared using a facile in situ solid-state reaction involving
polymerization and self-catalytic synthesis of CNTs with Co
catalyst (see the Supporting Information for more details).
Electrochemical results showed the ultrathin wrinkled NCNTs
have ideal electrocatalytic activities with a good durability, and
superior tolerance and poisoning effects to Pt/C electrocatalyst.
The novel structure possesses the features of graphene and
CNTs that improved ORR activity.
N-doped carbon materials often employed urea, melamine,

and their derivatives as carbon and nitrogen sources because of
their low cost, abundance, and nonflammability. In this work,
we also use melamine as starting materials and cobalt acetate
tetrahydrate as catalyst precursor to prepare N-doped materials
in a facile self-catalytic method. It is to be observed that the low
pressure (below −0.5 atm) and the amount of Co are key
conditions to obtain the unique N-doped carbon materials at
650 °C, much lower than reported reaction temperatures of
900 °C or higher in Table S1. More details are provided in

Figure 1. (a) Nitrogen-doped single-walled CNTs; (b) nitrogen-
doped graphene; (c) nitrogen-doped multiwalled CNTs; and (d)
nitrogen-doped few-layered distorted CNTs.

Figure 2. Morphologies of ultrathin distorted carbon nanotube obtained at 650 °C and Co catalyst removed. (a) FESEM image of CNT-650; (b)
TEM image of CNT-650 obtained at 100 kV; (c) TEM and (d) HRTEM images of CNT-650 obtained at 200 kV.
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Supporting Information. The as-synthesized sample at 650 and
700 °C were named CoCNT-650 and CoCNT-650. After Co
catalyst was removed, the materials were entitled CNT-650 and
CNT-700, respectively.
The morphologies of the obtained materials were first

collected by electron microscopy (EM) analysis including
FESEM and TEM. In Figure 2a, FESEM image shows that
CNT-650 consists of CNTs with a corrugated surface and a
large channel size of 100−300 nm, and FESEM image at low
magnification displays the length of more than 5 μm in Figure
S1. To observe its surface and thickness, TEM images were
collected at 100 kV. Figure S2 shows the tubelike structure with
ultrathin wall. Figure 2b is an enlarged TEM image which also
exhibits the unique wrinkled surface of CNT-650. TEM images
of CNT-650 were collected at a higher voltage of 200 kV to
confirm the structure. Figure S3 shows the same tubelike
structure as observed in Figure S2. Different from the
conventional CNTs, the CNT-650 has a large channel
diameter, ultrathin wall and corrugated surface. HRTEM
images are also collected to check the corrugated wall in
Figure 2c, d. As shown in Figure 2c, the thickness of wall of
CNT-650 is only few nanometres. In Figure 2d, we can further
find the wall consisting of few-layer graphene, which may
exhibit good catalytic activity for ORR. When synthesized at
700 °C, the CoCNT-700 also retains the unique structure as
shown in Figure S4.
The crystal structures of as-obtained materials were studied

by powder X-ray diffraction (XRD) analysis. The XRD pattern
of CoCNT-650 shows metal Co exists in the sample (Figure
S5). In Figure S6, the peak at 26.4° of CNT-650 comes from
(002) of graphite and agrees well with the above HRTEM
results. On the other hand, the peak height increases
significantly on account of improved degree of graphitization
by elevating the reaction temperature from 650 to 700 °C.
Raman spectra were also recorded to study the electronic
properties structure of the prepared CNTs. The typical bands
(D and G) at 1348 and 1587 cm−1 represent the defect-C and
the graphitic-C respectively as shown in Figure S7. The IG/ID
ratio markedly increases from 1.08 to 1.30 when the synthesis
temperature increases in good consistence with XRD results.

Surface features of CNT-650 were analyzed by using N2
sorption test at 77 K. Brunauer−Emmett−Teller surface area of
CNT-650, which is derived from its N2 sorption isotherms in
Figure S8, is up to 94.7 m2 g−1, larger than of common
MWCNTs (<50 m2 g−1) with a diameter of 100 nm reported
previously.26 CNT-650 with a high surface area could present
abundant catalytic sites for ORR. The surface area distribution
curve (inset of Figure S8b) demonstrates that the area in a
range from 3 to 8 nm is associated with the corrugated surface
of CNT-650, which is supported by the TEM analysis.
X-ray photoelectron spectroscopy (XPS) experiments are

used to detect the main compositions of CNT-650. Full XPS
curve of CNT-650 is given in Figure S9 and presents that
carbon, nitrogen and oxygen are the main components. It
should be mentioned that nitrogen content is 2.1 at % for the
CNT-650 sample whereas cobalt is only 0.29 at %, indicating
that trace Co exists in the ultrathin wall of NCNTs. Co residue
is possibly coated completely by carbon and difficult to be
removed. XPS spectra in high resolution were shown in Figure
S10. N 1s XPS spectra were fitted into two main peaks at 398.5
and 401.2 eV for pyridine-N and graphitic-N microenviron-
ments, respectively.
The possible growth mechanism is explored by in situ

labeling for the unique CNT structure. Because metal Co is a
reducing agent that can react with Au(III) to form Au or Au−
Co alloy in situ, Au(III) can be used to label the position of
cobalt. We herein use AuCl3 to check the status of Co catalyst
in CoCNTs. Figure S11 depicts the TEM images of CoCNT-
650 with low Au loading of 5 wt %. Figure S11a shows the
good-dispersion ultrafine Au nanoparticles could be obtained
without any reduction reagent added indicating the part of Co0

is not sealed in the CoCNTs. Figure S11b displays that the
obtained nanoparticle is face-centered cubic Au with the (111)
plane lattice spacing of 0.23 nm. To test the position of most
Co, highly loaded Au is provided as a direct proof to prove the
unencapsulated Co position in Figure 3a−c. Figure 3a, b shows
typical TEM images of Au/CoCNT (Au ∼ 25 wt %)
composite, which clearly display the Au deposit with ∼5 nm
throughout CoCNTs. Cobalt has high dispersion in the CNT,
especially on the surface. HRTEM analysis (Figure 3c) revealed
the highly crystalline features of Au particles with a crystal size

Figure 3. High noble metal-loaded CoCNTs obtained at 650 °C. (a, b) TEM images and (c) HRTEM image of 25 wt % Au/CoCNTs; (d, e) TEM
images and (f) HRTEM of 30 wt % Pt/CoCNTs; (g) STEM and elemental mappings (Co, Pt, C, N) of 30 wt % Pt/CoCNTs.
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of ∼5 nm. This suggests that Co had enough reducing ability to
convert the Au(III) precursor into Au. To the best of our
knowledge, a uniform dispersion of ultrafine nanoparticles onto
the entire region of the CNT support was realized in situ
without any additional reducing agents for the first time. It is
worth noting that the Au particle size could be mediated while
Au(III) ion content could be tuned as wish.
We further prepared Pt/CoCNT composites using the same

method to test its universal applicability. TEM images in Figure
3d−f illustrate highly loaded Pt (∼30 wt %) on CoCNTs,
which displays that numerous particles with an ultrafine size
(3−6 nm) and a very narrow size distribution were coated on
surface of CoCNTs. The crystal size of Pt in Pt/CoCNT-650 is
∼5 nm using Scherrer equation based on XRD curve in Figure
S12. We also examined the elemental mappings of Co, Pt, C,
and N in Figure 3g, which are all uniformly distributed in Pt/
CoCNTs, leading to the possible formation of Pt-shell
nanotube structure. These results demonstrated that the
good-dispersion Co might have encapsulated the N-doped
CNTs structure. Unlike the reported Pt/CNTs catalysts with
alcohols or polyols as reducing agents,27,28 we do not use any
additional reducing agent to prepare Pt/CoCNTs and Au/
CoCNTs (Table S2). As a contrast, we also tested the Pt
loaded on CNT-650 with ethylene glycol as reducing agent at
140 °C. The result shows uneven Pt distribution on CNT-650
in Figure S13.
Ultrathin wrinkled NCNTs are expected to speed up

electron transfer and improve reaction rate by a combined
effect of carbon materials of 1D and 2D architectures. Figure 4a
shows the main reduction process of CNT-650 is at ∼0.75 V,
but there is no response in N2-saturated condition. CNT-650
has a higher activity than N- or B−N-doped graphene-based

electrocatalysts.29,30 We attribute the improved performance to
its high-efficient active sites associated with the ultrathin
distorted structure. Moreover, CNT-650 with a large diameter
may increase the conductivity of electrode. Although CoCNT-
650 has a little positive potential centered at o.76 V due to the
contribution of Co catalyst,10 CNT-650 exhibits a superior
activity to CoCNT-650. The possible reason is that CNT-650
offers more effective catalytic sites after Co removed than
CoCNT-650.
Linear-sweep voltammetry (LSV) curves of distorted nitro-

gen-doped CNT-650, CoCNT-650 and CoCNT-700 are
provided in Figure 4b. CNT-650 exhibits a good activity with
a high onset potential at 0.87 V at 1600 rpm. CNT-650 also
offers higher current density of 4.82 mA cm−2 than 3.48 and
3.28 mA cm−2 of CoCNT-650 and CoCNT-700 at 0 V,
respectively. LSV curves of the CoCNT-650 exhibit a lower
onset potential of 0.85 V than 0.87 V for CNT-650. Therefore,
the novel metal-free structure contributes to the enhanced
ORR activity, which is superior to the CoCNTs catalysts. In
Figure 4c, the Koutecky−Levich (K−L) curves of CNT-650
suggest the first-order kinetics on CNT-650 for ORR. The
transferred electron numbers (n) per O2 molecule for CNT-
650 are 3.82, 3.93, 3.95, and 4.03 at the potential of 0.45, 0.40,
0.35, and 0.30 V on the basis of LSV curves of distorted
nitrogen-doped CNT-650 at different rotation speeds (Figure
S14). Furthermore, cycling performances of commercial 20%
Pt/C and N-doped CNT-650 were further investigated as
shown in Figure 4d. At the first cycle, CNT-650 and Pt/C have
close current densities of 4.81 and 4.77 mA cm−2 at 0 V,
respectively. More importantly, the current density retention is
nearly 100% for CNT-650 and only 79% for Pt/C at 0 V after
2000 cycles, indicating better stability of CNT-650 than Pt/C.

Figure 4. Electrochemical performances of electrocatalysts in 0.1 M KOH aqueous solution. (a) Typical cyclic voltammograms at the electrodes of
CNT-650 and CoCNT-650 in a N2/O2-saturated conditions; (b) RDE voltammograms of CNT-650, CoCNT-650, and CoCNT-700 electrodes in
an O2-saturated conditions at 1600 rpm; (c) K−L plots of CNT-650 at 0.45, 0.40, 0.35, and 0.30 V; (d) LSV plots of CNT-650 and Pt/C at initial
cycle and after 2000 cycles at 1600 rpm, respectively.
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To assess the tolerance of CNTs for methanol, CV curves
were tested in O2-saturated solutions with 0.1 M KOH and 1 M
CH3OH. There is a little change for CV curves of CNT-650
with and without 1 M methanol in Figure S15. Twenty wt %
Pt/C was used in a comparative experiment under the same
conditions (Figure S16). The results show that the current
density (only 1.03 mA cm−2) of Pt/C at 0.61 V is much lower
than 2.96 mA cm−2 of CNT-650. Therefore, the ultrathin
winkled NCNTs exhibit a superior methanol tolerance
performance than Pt/C.
In conclusion, ultrathin wrinkled NCNTs were facile

synthesized in situ using a facile solid-state method. The
novel structure has ultrathin wall of 1−2 nm and wrinkled
structure, providing a desired large interface. The Co catalysts
were labeled with high-loaded Au and Pt in situ, indicating the
most of Co are unsealed and can be almost removed.
Electrochemical measurements showed that the unique features
contributed to the enhancement of ORR activity, superior to
common NCNTs and graphene, respectively. The ultrathin
NCNTs exhibit an excellent electrocatalytic activity with better
durability, and higher tolerance to CH3OH crossover and
poisoning effects than those of Pt/C. Furthermore, this work
provides a universal strategy for developing good-dispersion
and/or highly loaded metal/alloy−CNT composites as electro-
catalysts in fuel cells.
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