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The application of conventional nanostructure carbon-based materials (such as graphene and carbon

nanotubes (CNTs)) as catalysts for the oxygen reduction reaction always suffers from inferior

conductivity and low surface area because both graphene and CNTs easily aggregate to form networks

with many boundaries. Here, to solve those problems, we have rationally developed “carbon nanoleaf”

networks for the oxygen reduction reaction of fuel cells. The “carbon nanoleaf” networks are

constructed as aerogels with nitrogen-doped CNTs bridged with graphene nanoribbons (GNRs) by using

CNTs as a single precursor. In these carbon nanoleaves, large amounts of unzipped nanoscale GNRs

tightly attach to the intact inner walls of the CNTs and thus allow intrinsically good electrical contact.

Self-assembly of the carbon nanoleaves into three-dimensional porous aerogel networks with large

surface areas guarantees the ultrafast and sufficient mass transfer in the catalytic process. Moreover, the

“carbon nanoleaf” networks restrain the aggregation of adjacent CNTs or GNRs, which is inevitable in

other 3D CNT and/or graphene nanosheet/GNR networks, to reduce the possibility of the formation of

boundaries. Accordingly, the prepared 3D carbon nanoleaf architectures possess a large surface area

(380–497 m2 g�1) and an excellent conductivity (up to 112 S m�1), much higher than those of other

reported 3D carbon-based architectures. The “carbon nanoleaf” networks can thus act as newly

developed oxygen reduction reaction electrocatalysts with a positive onset potential, ultra-low hydrogen

peroxide production and excellent durability that are comparable to or better than those of commercial

Pt/C catalysts both in alkaline and acidic solutions.
Introduction

With the increasing consumption of energy and approaching
depletion of traditional fossil fuels, there is a strong need for
new forms of energy. Fuel cells with high energy and power
density have been widely considered as green and efficient
alternative energy sources and have gradually gained signicant
attention. Efficient catalysts for the cathodic oxygen reduction
reaction (ORR) play a crucial role in the development of fuel cell
technology.1 Pt nanoparticles supported on carbon black (Pt/C)
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have long been the most active catalyst for ORR. However, their
high cost, sluggish ORR process, susceptibility to methanol
crossover and limited stability have hampered their further
industrial application.2 Therefore, alternative ORR catalysts
with high catalytic activity and selectivity, excellent durability
and low cost are highly desirable. To date, tremendous efforts
have been devoted to searching for substitutes for platinum-
based catalysts.3–5 In this eld, metal-free nitrogen-doped
carbon nanomaterials as alternatives to Pt-based catalysts for
ORR have become an important research eld in recent years
due to their low cost, high electrocatalytic activity, good dura-
bility and environmental friendliness.3 Among them, carbon
nanotube (CNT)- and graphene nanosheet (GN)-based materials
outperform many of their counterparts due to their unique
features, including high thermal conductivity, large electron
mobility, large surface area and excellent stability.6,7 Moreover,
the incorporation of heteroatoms within the CNT or GN lattice
can effectively modulate the electronic energy gap and surface
properties of the catalysts, leading to a signicant enhancement
in the ORR performance, which has been proven by both
theoretical calculations and detailed experiments.8–15 However,
it is regrettable that CNTs and GNs easily aggregate to form
J. Mater. Chem. A, 2015, 3, 5617–5627 | 5617

http://crossmark.crossref.org/dialog/?doi=10.1039/c4ta06764a&domain=pdf&date_stamp=2015-02-20
https://doi.org/10.1039/c4ta06764a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA003010


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
7 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 o
n 

6/
27

/2
02

0 
2:

35
:2

1 
A

M
. 

View Article Online
congeries with many boundaries,16 which signicantly hinders
the electron transfer and reduces the electroactive surface area,
resulting in a much lower efficiency of the materials than
expected.

It is well known that an effective catalyst for a catalytic
reaction (such as ORR) should have a combination of several
attributes: (1) excellent conductivity (favorable to electron
transfer); (2) large specic surface area (favorable to mass
transfer); (3) good selectivity (immune to cross effects); and (4)
superior stability. Previously reported carbon-based catalysts
meet conditions (3) and (4) but oen suffer from low conduc-
tivity and limited surface area.3 In our recent work, a versatile
nitrogen-doped graphene nanoribbon (GNR) aerogel (NGNRs-
A), which showed promising performance as an ORR catalyst in
both alkaline and acidic solutions, was developed for the rst
time.17 However, the inferior conductivity and partial aggrega-
tion of the GNRs compromised its performance due to the
existence of boundaries in the self-assembly process of 3D
networks. To overcome these drawbacks and to acquire higher
performance catalysts for fuel cells, a promising method is the
rational design of novel structures to effectively realize charge
transport among CNT- or GN-based materials.18 When it comes
to these, nature always gives us inspiration. It is well known that
a “leaf” can be simply considered as a hierarchical structure of
leaf-blades and leaf-veins coupled with many branches. This
exquisite structure ensures that moisture and nutrients are very
quickly and adequately delivered to the whole blade through the
veins. Inspired by nature, we asked the question of whether
CNTs can be simulated into leaf-like structures with structural
controllability through simple processing. Very recently, Peng
et al. reported for the rst time CNT bridged GNRs obtained by
partial unzipping of the outer walls of the CNTs for application
in the eld of high-efficiency dye-sensitized solar cells.16

Although the reported technique is in its infancy and lacks
further functionalization research, it provides an efficient
strategy to fabricate a leaf-like structure.

One-dimensional (1D) GNRs can be derived from the
unzipping of carbon nanotubes, and the completeness of the
unzipping process can be controlled by the amount of oxidant.19

Therefore, CNTs@GNRs with partial unzipping of the outer
walls of the CNTs may be simulated as “nanoleaves” at the
microscopic level in which the CNTs can be seen as veins and
the vimineous GNRs look like blades. The “nanoleaf” is a type of
complex bridged structure of CNTs and GNRs in which large
amounts of unzipped nanoscale GNRs will tightly attach to the
intact inner walls of the nanotubes and thus allow intrinsically
good electrical contact. In fact, attempts to combine GNs/GNRs
and CNTs have been reported by some groups to study the
unique synergistic effect of 1D CNTs and two-dimensional (2D)
GNs/1D GNRs. For example, GN–NCNT nanocomposites have
been fabricated by Yu's group via a one-step hydrothermal
process and used as an electrode material for ORR.20 Similarly,
ultralight graphene–CNT hybrid aerogel monoliths with prom-
ising performance in water purication have been obtained via
wet chemistry in Zhang's lab.21 In both of these works, GNs and
CNTs were just articially mixed and lack a controllable
intrinsic structural association (such as interface interaction,
5618 | J. Mater. Chem. A, 2015, 3, 5617–5627
3D self-assembly behavior, etc.), which inevitably affects the
electron and mass transfer of the carbon networks and thereby
compromises the performance of the materials. To the best of
our knowledge, methods to assemble hybrids of GNRs and
CNTs into macroscopic 3D networks in a controlled manner
coupled with hetero-atom doping have not been explored.

In the present work, we developed a simple but efficient
method to construct multiporous three-dimensional aerogels
based on nitrogen-doped CNTs bridged with GNRs (denoted as
N-CNT@GNRs-A) by using CNTs as a single precursor. We
called these materials “carbon nanoleaf” cellular networks. An
aerogel is a type of ultralight, highly porous nanomaterial with a
large surface area.22,23 The abundance of 3D interconnected
mesopores within the aerogels can provide an ideal 3D trans-
port channel for active substances and may thus contribute to
the improved mass transfer of materials.22 Taking into account
the unique structural features of the carbon nanoleaf frame-
work, an excellent electrocatalytic performance of our materials
was expected due to the ultrafast and sufficient mass transfer
and electron transfer within the materials. As a result, the as-
prepared 3D carbon nanoleaf architecture possesses a large
surface area (380–497 m2 g�1) and an excellent conductivity (up
to 112 S m�1) and can be used as newly developed ORR elec-
trocatalysts with a quite positive onset potential, ultra-low
hydrogen peroxide production and excellent durability,
comparable to or better than those of commercial Pt/C catalysts,
both in alkaline and acidic solutions. This work thus provides
an efficient method for the construction of high-quality carbon-
based catalysts.

Results and discussion
The synthesis and characterization of the carbon nanoleaves
and their analogues

The synthesis of the carbon nanoleaf networks is illustrated in
Fig. 1. The details of the synthesis are shown in the ESI.† In the
rst step, pristine multi-walled CNTs (MWCNTs) were chemi-
cally partially unzipped to produce graphene oxide nanoribbons
(GONRs) attached to the intact remainder of the CNTs
(CNT@GONRs) using an ullage potassium permanganate
(KMnO4) (#400 wt% with respect to the pristine MWCNTs)
according to the method reported in a previous study.19 For
comparison, completely unzipped GONRs were also produced
using 500 wt% KMnO4.17 Aer unzipping, 10 mg mL�1

CNT@GONRs in water was sonicated for 30 minutes to form a
transparent brown suspension (Fig. S1, ESI†); 5 vol% pyrrole
(Py) acting as the N source was added and then sonicated for
another 5 minutes to achieve a homogeneous mixture. Hydro-
thermal treatment of the mixture at 180 �C for 12 h resulted in a
mechanically robust monolithic hydrogel. An ultralight carbon
nanoleaf framework was obtained by freeze-drying and
annealing the aerogel at 1030 �C for 2 h under Ar atmosphere.
The formation of a monolithic hydrogel was affected by the
amount of KMnO4 and Py monomer. A monolithic hydrogel
could not be obtained without addition of Py monomer, indi-
cating that Py plays a vital role in generating such a uniform
hydrogel. Py may be adsorbed onto the surface of the
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Illustration of the synthetic route for two kinds of carbon nanoleaf aerogels (N-CNT@GNRs25-A and N-CNT@GNRs85-A) and the
reference sample (N-GNRs-A). The last image in each row shows the corresponding aerogel.
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CNT@GONRs through hydrogen bonding and p–p interactions
during the hydrothermal process and can reduce the concen-
tration of the formed gel signicantly, which is consistent with
previous literature.24 If the amount of KMnO4 was less than
300%, the solubility of the as-obtained CNT@GONRs was too
poor for acquisition of gels.

X-ray powder diffraction (XRD) was performed to investigate
the structure of the partly and completely unzipped
CNT@GONRs and the resultant aerogels, as shown in Fig. S2 in
the ESI.† The 2q values located at 25.5� ascribed to pristine
CNTs (002) spacing increased with the level of oxidation.21

When 300 wt% KMnO4 was used to process the pristine CNTs,
the resultant CNT@GONRs showed two predominant peaks at
10.6� and 25.4�, with d spacing of 8.3 Å and 3.5 Å, respectively,
revealing that the CNTs were partially unzipped to form CNTs
bridged with GONR structures. Aer further increasing the
amount of KMnO4 to 400 wt%, the relative intensity of the peak
at 10.6� was increased. From the integration of these two peaks,
we found that CNT@GONRs contained 25% and 85% GONRs.
For simplicity, the samples were denoted as CNT@GONRs25
and CNT@GONRs85, respectively.

Aer hydrothermal treatment of these precursors and a
subsequent high-temperature pyrolysis procedure, the corre-
sponding aerogels and the completely unzipped reference aer-
ogel were obtained, which were denoted as N-CNT@GNRs25-A,
N-CNT@GNRs85-A and NGNRs-A. As shown in Fig. 2a, all three
samples showed a predominant broad peak at 25.4� in the XRD
pattern, indicating that a reduction process occurred and that
the GONRs were reduced to GNRs during the hydrothermal and
subsequent heat treatment process. Compared to NGNRs-A, the
XRD patterns of the two carbon nanoleaf aerogels showed a
slight difference in the apparent angle, which may be caused by
the two samples retaining intact nanocrystalline CNTs.
This journal is © The Royal Society of Chemistry 2015
To further conrm the partly and completely unzipped
CNTs, UV-visible absorption and Raman spectra were also
obtained (Fig. S3 and S4, ESI†). Pristine CNTs exhibit a strong
absorption peak at 248 nm in the UV-visible spectrum, which
can be attributed to the p / p* transitions of aromatic C–C
bonds.21,25 Aer unzipping, the resulting N-CNT@GNRs25-A, N-
CNT@GNRs85-A and NGNRs-A showed a blue-shi of the
absorption from 245 nm to 229 nm with increasing amounts of
KMnO4, suggesting a gradual oxidation process (Fig. S3†).
Raman spectroscopy was used to determine the structural
features of the partly and completely unzipped CNT@GONRs
samples and the resultant aerogels. As expected, two predomi-
nant peaks at 1348 cm�1 and 1582 cm�1 were observed for the
pristine CNTs samples, corresponding to the D and G bands,
respectively. Aer unzipping, the unzipped samples showed
similar D and G bands to those of CNTs, indicating that the
structure of CNTs was maintained aer the unzipping process.
The ID/IG intensity ratio is a qualitative measure of the quantity
of defects in carbon materials.26 Aer treatment with different
amounts of KMnO4 (300–500 wt%) for unzipping, the ID/IG
values of the unzipped samples increased from 0.81 to 0.94
(Fig. S4†), showing an increasing level of disorder with
increasing oxidation, consistent with the XRD and UV obser-
vations. In the following hydrothermal treatment and high-
temperature pyrolysis procedure, the N atoms ascribed to Py in
these precursors were in situ doped into the GNR skeleton,
resulting in the ID/IG values of the gels increasing from 1.12 to
1.27 (Fig. 2b), consistent with observations reported
previously.22

The chemical attributes of the different samples were dis-
closed by X-ray photoelectron spectroscopy (XPS), as shown in
Fig. S5.† In the XPS C 1s spectra of the oxidized nanoribbons,
the signals at 284.5 eV and 286.5 eV correspond to C–O and
J. Mater. Chem. A, 2015, 3, 5617–5627 | 5619
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Fig. 2 Typical structure characterizations of the aerogels. (a) XRD patterns and (b) Raman spectra of as-obtained aerogels. (c) XPS survey profiles;
and (d and e) high-resolution N 1s peaks of the resulting N-CNT@GNRs25-A and N-CNT@GNRs85-A, respectively. (f) The content of three
nitrogen species (pyridinic-N, pyrrolic-N and graphitic-N) in the resultant aerogel samples ((1): N-CNT@GNRs25-A, (2): N-CNT@GNRs85-A, (3):
NGNRs-A).
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C]O, respectively. The shoulder at 289 eV is assigned to
carboxyl groups, revealing that an abundance of oxygen-con-
taining functional groups was generated during the unzipping
of the CNTs.27 The O content of these samples was between 25%
and 32%, similar to that of graphene oxide.21 The XPS spectra of
the oxidized nanoribbons showed only C and O peaks, whereas
additional N peaks were observed in the assembled aerogels,
which conrmed the doping of N atoms within these aerogels.23

The N contents of the N-CNT@GNRs25-A, N-CNT@GNRs85-A
and NGNRs-A were 2.17%, 2.79% and 2.81%, respectively
(Fig. 2c). In addition, the XPS-determined O content showed a
signicant decrease within these aerogels, suggesting that most
of the oxygen-containing functional groups were removed
during the high-temperature pyrolysis process, which was
further conrmed by the high-resolution C 1s spectra of these
aerogels. The high-resolution N 1s spectra of the aerogels
revealed the presence of pyridinic (398.5 eV), pyrrolic (400.1 eV)
and graphitic (401 eV) N atoms (Fig. 2d and e), indicating that
the N atoms were doped into these aerogels.28 When using
various oxidized nanoribbons as precursors, the contents of
pyridinic, pyrrolic and graphitic N within the corresponding
aerogels were slightly different, as seen in Fig. 2f, which can be
explained by the distinct unzipping degree and the preservation
of some intact internal CNTs.

Besides, we also prepared two analogues (N-GNs/CNT-A and
N-GNRs/CNT-A) of the carbon nanoleaves in which GNs or
GNRs were mixed with CNTs randomly before the hydrothermal
process for comparison (see details in the ESI†). The N-doped
5620 | J. Mater. Chem. A, 2015, 3, 5617–5627
contents of N-GNs/CNT-A and N-GNRs/CNT-A were 3.19% and
3.38%, respectively, from the XPS analysis, and the form of the
doped N species was all pyridinic, pyrrolic and graphitic N
atoms, consistent with that of the carbon nanoleaves (Fig. S6
and S7†).
The morphological structure of the aerogels

The structure and morphology of the oxidized product (partly
and/or completely unraveled CNTs) were monitored using
transmission electronmicroscopy (TEM). As shown in Fig. S8,†
aer treatment with different amounts of KMnO4, the features
of the as-prepared oxidized nanoribbons showed a signicant
difference. Typically, for CNT@GONRs25, the outer wall of the
pristine CNTs exhibited a slight exfoliation to form MWCNTs
bridged with a few-layer GONR structure. Aer increasing the
KMnO4 to 400 wt%, most of the outer wall of the pristine CNTs
was unzipped to form few-walled CNTs bridged with a multi-
layer attached GONR complex. When we used 500 wt%
KMnO4, MWCNTs were completely unraveled. The SEM
images of the assembled aerogels also conrmed this result
(Fig. 3). The carbon nanoleaf aerogels (N-CNT@GNRs25-A and
N-CNT@GNRs85-A) exhibited an interconnected, porous
structure with hierarchical pores ranging from hundreds of
nanometers to tens of micrometers. However, in contrast to
the completely unzipped NGNRs-A,17 the carbon nanoleaves
still maintained few-walled CNTs in the 3D network (marked
by the arrows in Fig. 3b and f). Similar morphology was also
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a and b) SEM and (c and d) TEM images of as-obtained
N-CNT@GNRs25-A. (e and f) SEM and (g and h) TEM images of
N-CNT@GNRs85-A. The arrows in (b) and (f) represent the remaining
few-walled CNTs in the 3D network.

Fig. 4 Typical BET and I–V test for all samples. (a) Nitrogen sorption
isotherms and (b) typical I–V curves of as-obtained N-CNT@GNRs25-
A, N-CNT@GNRs85-A and NGNRs-A. Two-probemethod was used to
measure electrical conductivities of the samples.
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found within aerogels before pyrolysis (Fig. S9†). Moreover,
consistent with that of carbon nanoleaf aerogels, the
analogues (N-GNs/CNT-A and N-GNRs/CNT-A) also possessed
interconnected 3D porous structures as evident from SEM and
TEM images (Fig. S10 and S11†).

The porous features and Brunauer–Emmett–Teller (BET)
specic surface areas of the carbon nanoleaf frameworks and
their analogues were investigated by nitrogen isothermal
adsorption/desorption measurements. As shown in Fig. 4a,
the adsorption–desorption curves exhibited type-IV isotherms
with an H3 hysteresis loop, suggesting an open, wedge-shaped
mesoporous structure.29 The BET specic surface areas for N-
CNT@GNRs25-A and N-CNT@GNRs85-A were calculated to be
379 and 497 m2 g�1, respectively, smaller than that of NGNR-A
(617 m2 g�1) (Table 1), but much higher than those of other
carbon-based aerogels.21,22,24,26,28,30–36 Notably, upon
increasing the content of MWCNTs with low specic surface
area within the aerogels, the BET surface areas signicantly
decreased from 617 m2 g�1 to 379 m2 g�1. In addition, the BET
specic surface areas of the analogues (N-GNs/CNT-A and N-
GNRs/CNT-A) were calculated to be 407 and 490 m2 g�1,
respectively (Fig. S12†), close to that of the carbon nanoleaf
aerogels. The pore size distributions obtained from the
isotherms shown in Fig. S13† indicate a number of mesopores
with diameters in the range of 2–3 nm within the aerogels.
This journal is © The Royal Society of Chemistry 2015
These mesopores are expected to facilitate the diffusion of
reactants in the ORR process. Additionally, the carbon
nanoleaf aerogels also possessed good thermal stability; the
TGA curves (Fig. S14†) indicated that all of the as-prepared
aerogels had a weight loss of less than 9.1 wt% at a temper-
ature up to 800 �C in N2 and can tolerate a high temperature of
approximately 400 �C in air.
The electronic conductivity of the carbon nanoleaves and the
analogues

The conductivity of the resulting aerogels was tested by a two-
probe method at room temperature. Fig. 4b shows the typical
I–V curves of the carbon nanoleaf frameworks and NGNRs-A.
All of the samples present linear I–V curves, indicating that
these samples are conductive.22 The conductivity for
N-CNT@GNRs25-A and N-CNT@GNRs85-A was calculated to
be 98 and 112 S m�1, respectively (Table 1), much higher than
that of NGNRs-A (35.6 S m�1) and other 3D carbon-based
architectures.21,22,37–40 The existence of remaining intact CNTs
in both N-CNT@GNRs25-A and N-CNT@GNRs85-A may be the
main reason for their intrinsically good conductivity. However,
the conductivities of N-GNs/CNT-A and N-GNRs/CNT-A were
J. Mater. Chem. A, 2015, 3, 5617–5627 | 5621
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Table 1 Porous attribute, conductivity, N content (atom %) and the ORR electrocatalytic performance of the N-doped carbon nanoleaf
frameworks as well as other comparable catalysts

Samplea N (%) BET (m2 g�1) k (S m�1) Medium E0 (V) E1/2 (V) n Maximum HO2
� (%)

N-CNT@GNRs25-A 2.17 379 98 KOH 0.03 �0.180 3.87–3.94 6.45
H2SO4 0.52 — 3.66–3.92 11.4

N-CNT@GNRs85-A 2.79 497 112 KOH 0.04 �0.178 3.89–3.96 5.5
H2SO4 0.58 — 3.86–3.94 6.7

N-GNRs-A 2.81 617 35.6 KOH �0.05 �0.192 3.71–3.96 14.7
H2SO4 0.45 — 3.77–3.94 17.1

N-GNs/CNT-A 3.19 407 49.7 KOH �0.07 �0.215 3.36–3.94 32.1
H2SO4 No No No No

N-GNRs/CNT-A 3.38 490 63.8 KOH �0.04 �0.195 3.77–3.96 11.4
H2SO4 0.49 — 3.59–3.96 20.5

a E0: onset potential; E1/2: half-wave potential; “—”: unknown; “no”: no signal in acidic medium.
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only 49.7 and 63.8 S m�1 (Fig. S15†), respectively, much lower
than that of N-CNT@GNRs85-A. The lower conductivity of
N-GNs/CNT-A and N-GNRs/CNT-A may be due to the uncon-
trollable assemblies between the GNs/GNRs and CNTs. That is,
the GNs/GNRs were mixed with CNTs randomly; therefore,
aggregation easily occurred and formed boundaries within
these networks due to the strong p–p interactions between the
congeneric GNs/GNRs or the CNTs themselves rather than
heterogeneous components.16 The boundaries compromise
their conductivities although these analogues possessed
compositions and porous attributes similar to those of N-
CNT@GNRs85-A. The superior conductivity of the carbon
nanoleaf aerogels ensures that electron transfer is quick and
adequate among the 3D networks, facilitating the reduction
reaction of oxygen in the ORR process, which we will show
below.
The electrocatalytic behavior of the aerogels

The electrocatalytic activity of the carbon nanoleaf aerogels
(N-CNT@GNRs25-A and N-CNT@GNRs85-A) for the ORR was
rst investigated by cyclic voltammetry (CV) in a N2- and O2-
saturated 0.1 M aqueous KOH electrolyte solution at a scan
rate of 10 mV s�1. For comparison, CV curves of NGNRs-A and
their analogue catalysts (N-GNs/CNT-A and N-GNRs/CNT-A)
were also obtained. As shown in Fig. 5a and S16a,† featureless
voltammetric currents within the potential range of �1.0 V to
+0.2 V were observed for all the aerogels in the N2-saturated
solution (dotted curve). In contrast, when the electrolyte was
saturated with O2, a well-dened cathodic peak centered at
approximately�0.13 V, �0.12 V,�0.17 V,�0.21 V and�0.17 V
for N-CNT@GNRs25-A, N-CNT@GNRs85-A, NGNRs-A, N-GNs/
CNT-A and N-GNRs/CNT-A, respectively, was detected, sug-
gesting pronounced electrocatalytic activity of the carbon
nanoleaf aerogels and reference catalysts.41 To gain further
insight into the kinetics of the ORR on the three electrodes,
rotating disk electrode (RDE) linear sweep voltammetry was
performed in an O2-saturated 0.1 M KOH solution at a scan-
ning rate of 10 mV s�1. As shown in Fig. 5b and S16b,† the
onset potentials (E0) of N-CNT@GNRs25-A (0.03 V) and N-
CNT@GNRs85-A (0.04 V) were much more positive than those
5622 | J. Mater. Chem. A, 2015, 3, 5617–5627
of pristine MWCNTs (�0.20 V), pure GNRs (�0.16 V), NGNRs-
A (�0.05 V), N-GNs/CNT-A (�0.07 V) and N-GNRs/CNT-A
(�0.04 V), as well as of other recently reported heteroatom-
doped carbon-based nanomaterials (Tables 1 and S1†).42–46

The values are similar to that of commercial Pt/C catalyst
(approx. 0.05 V), suggesting the excellent electrocatalytic
activity of the carbon nanoleaf aerogels. Moreover, the half-
wave potentials (E1/2) of N-CNT@GNRs85-A (E1/2 ¼ �0.178 V)
and N-CNT@GNRs25-A (E1/2 ¼ �0.180 V) were also higher
than those of NGNRs-A (E1/2¼�0.192 V), N-GNs/CNT-A (E1/2¼
�0.215 V), N-GNRs/CNT-A (E1/2 ¼ �0.195 V) and only
approximately 54 mV more negative than that of the Pt/C
catalyst (E1/2 ¼ �0.124 V).

The effect of the heating temperature on the catalytic activity
of the two kinds of carbon nanoleaf aerogels was also investi-
gated. The aerogels (N-CNT@GNRs25-A and N-CNT@GNRs85-
A) carbonized at 1030 �C possessed the highest onset potential
and largest cathodic current density (Fig. S17†). For a lower
annealing temperature, fewer catalytic active sites can be
generated on the carbon matrix, resulting in inferior ORR
performance, which is consistent with previous reports.8

However, if we further increase the annealing temperature, the
N-content which is doped into the carbon-based materials will
decrease remarkably, thus lowering the ORR activity, which has
been proved by previously reports.47–50

On the other hand, carbon-based electrocatalysts generally
possess sluggish ORR processes and oen suffer from poor
electron transfer to the adsorbed oxygen molecules, i.e., the
two-electron reduction of oxygen may also occur, accompa-
nied by the four-electron reaction, which is less desired due to
the low efficiency and the corrosive nature of the resulting
hydrogen peroxide.51 To further conrm the electron transfer
number (n) and the peroxide yield of the carbon nanoleaf
foams during the ORR process, rotating ring-disk electrode
(RRDE) analysis was performed, as shown in Fig. 5c and
S16c.† The n values obtained from the RRDE curves for
N-CNT@GNRs85-A were 3.89–3.96 over the measured poten-
tial range (Fig. 5d), similar to those of N-CNT@GNRs25-A
(3.87–3.94), NGNRs-A (3.71–3.96), N-GNs/CNT-A (3.36–3.94)
and N-GNRs/CNT-A (3.77–3.96) (Fig. S16d†) and approaching
that of Pt/C catalysts (�4e), suggesting that all the samples
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Electrocatalytic activities of resultant aerogels in alkaline solution. (a) CV curves of as-prepared N-CNT@GNRs25-A, N-CNT@GNRs85-A
and NGNRs-A in a N2- and O2-saturated 0.1 M KOH solution at a scanning rate of 10 mV s�1. (b) Rotating disk electrode voltammograms of N-
CNT@GNRs25-A, N-CNT@GNRs85-A, NGNRs-A, MWCNTs, GNRs and Pt/C in an O2-saturated 0.1 M KOH solution at a scanning rate of 10 mV
s�1 and a rotation speed of 1600 rpm. (c) Rotating ring-disk electrode curves of N-CNT@GNRs25-A, N-CNT@GNRs85-A and NGNRs-A at 1600
rpm. (d) Electron transfer number (n) and (e) peroxide percentage (%) with respect to the total oxygen reduction product of N-CNT@GNRs25-A,
N-CNT@GNRs85-A and NGNRs-A. (f) The kinetic limiting current density of different catalysts at potential of �0.6 V with corresponding n
derived from RRDE curves. Samples: (1) NGNRs-A; (2) N-CNT@GNRs85-A; (3) N-CNT@GNRs25-A; (4) Pt/C; (5) GNRs; (6) MWCNTs. Insets in (f)
are model illustrations of the catalysts with various structures. Catalyst loading was 0.08 mg cm�2 for all samples.
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show mainly a four-electron ORR mechanism, which is
consistent with the RDE measurements (Fig. S18 and S19†).
Additionally, the measured H2O2 yield on the
N-CNT@GNRs85-A electrode was less than 5.5% at all
potentials, decreasing to �1.5% at �0.3 V (Fig. 5e), which is
slightly superior to that of N-CNT@GNRs25-A (2.96–6.45%).
Those values are nearly the same as those of the carbon
nanotube–graphene complexes reported by Dai's group
(<4%)3 and much lower than those of NGNRs-A (2.22–14.7%),
N-GNs/CNT-A (2.9–32.1%), N-GNRs/CNT-A (1.8–11.4%) and
most of the graphene-based ORR catalysts reported previously
(Table S1†).20,24,42–54 The relatively lower electron transfer
number and higher peroxide percentage of N-GNs/CNT-A and
This journal is © The Royal Society of Chemistry 2015
N-GNRs/CNT-A compared to the N-doped carbon nanoleaf
catalysts may be caused by their random assemblies in which
GNs/GNRs and CNTs cannot maintain good conductive
contact, which further conrmed the superiority of the carbon
nanoleaf structural design. In addition, the kinetic limiting
current densities of N-CNT@GNRs25-A (Jk ¼ 29.4 mA cm�2)
and N-CNT@GNRs85-A (Jk ¼ 31.8 mA cm�2) were much higher
than those of pristine MWCNTs (Jk ¼ 3.86 mA cm�2), pure
GNRs (Jk ¼ 6.8 mA cm�2), NGNRs-A (Jk ¼ 25 mA cm�2) and
even slightly higher than that of commercial Pt/C (Jk ¼ 28.01
mA cm�2) catalyst at �0.6 V (Fig. 5f).

It is well known that for better mass transport within a
catalyst, both the oxygen diffusivity and access of aqueous
J. Mater. Chem. A, 2015, 3, 5617–5627 | 5623
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electrolyte should be considered. Therefore, to further assess
the advantages of the structural design for mass transfer in the
present work, we analysed the Tafel curves of N-CNT@GNRs25-
A and N-CNT@GNRs85-A with different catalyst loading density
on the RDE. As expected, on increasing the mass loading of
catalysts per area, the onset potential of the catalysts shis to
positive ones and the cathodic current density presents a
marked increase (Fig. S20†). Moreover, the high ORR activity of
CNT@GNRs25-A and N-CNT@GNRs85-A was further supported
by the comparative Tafel slope compared to the Pt/C catalyst. In
the high overpotential region (<�0.15 V), where the overall ORR
rate is dependent on the oxygen diffusion, the Tafel slope values
for CNT@GNRs25-A and N-CNT@GNRs85-A are between 165
and 190 mV dec�1. This value is very close to that of the
commercial Pt/C catalyst (189 mV dec�1) (Fig. S21 and S22†),
further conrming the smooth diffusion of the reactant in the
carbon nanoleaf aerogel and proving its excellent mass-transfer
property.8 Besides, our prepared carbon nanoleaf aerogels are
super-hydrophilic (the water contact angle is close to 0�), due to
the N-doped nature (Fig. S23†), hence the aqueous electrolyte as
well as oxygenmolecules can enter into the pores of the aerogels
easily and react immediately. Based on the above facts, we
believed that the carbon nanoleaf aerogels favour a better mass
transfer for the ORR.

In a word, the relatively positive onset potential, half-wave
potential and the cathodic current density compared to the
other reference samples and NGNRs-A can be attributed to the
exquisite structures of the carbon nanoleaves, which ensure
efficient mass transfer and electron transfer to the catalytic sites
and markedly facilitate ORR diffusion kinetics, in spite of the
relatively lower BET surface areas and lower N doping content.
The superior catalytic performance of the carbon nanoleaf
aerogels toward ORR supports the proposed synergistic effect of
1D CNTs and 1D GNRs derived from their unique bridge
structure. All of the results mentioned above support the
conclusion that the carbon nanoleaf aerogels are efficient
catalysts for ORR in alkaline medium.

Conventional carbon-based materials show low ORR activi-
ties in acidic solutions due to the lack of catalytic sites.3 Only
limited research on metal-free graphene-based catalysts has
reported pronounced electrocatalytic activity under acidic
conditions.3,55–57 Therefore, rationally designing novel doped
carbon-based catalysts with superior catalytic performance in
acidic medium is extremely desirable. With this in mind, the
electrocatalytic performances of the carbon nanoleaf catalysts
toward ORR in an acidic medium were investigated by CV in O2-
saturated 0.5 M H2SO4. Commercial 20 wt% platinum on
carbon black (Pt/C) was measured in an acidic medium for
comparison (Fig. S24†). As shown in Fig. 6a and S25a,† the ORR
onset potential (E0) and peak potential (Ep) of the N-
CNT@GNRs85-A electrode were 0.58 and 0.38 V, respectively, vs.
the Ag/AgCl reference electrode, much more positive than those
of N-CNT@GNRs25-A (E0 ¼ 0.52 V and EP ¼ 0.27 V), NGNRs-A
(E0¼ 0.45 V and EP¼ 0.20 V), N-GNRs/CNT-A (E0¼ 0.49 V and EP
¼ 0.26 V) and other heteroatom-doped graphene-based mate-
rials under the same conditions.57 However, due to the poor
activity of the N-GNs/CNT-A catalyst, the N-GNs/CNT-A electrode
5624 | J. Mater. Chem. A, 2015, 3, 5617–5627
did not show any signal when the electrolyte was saturated with
O2 in 0.5 M H2SO4 (Fig. S26†). The high catalytic activity of N-
CNT@GNRs85-A in the acidic medium is facilitated by the
strong coupling between CNTs and GNRs. Although the N-
CNT@GNRs25-A sample has a similar structure, the relatively
lower BET surface area and the lower N doping content
compromised its catalytic performance compared to that of N-
CNT@GNRs85-A. Similar trends in the ORR activities were also
observed in the RRDE measurements. As shown in Fig. 6b and
S25b,† N-CNT@GNRs85-A catalyst outperformed the N-
CNT@GNRs25-A, NGNRs-A and N-GNRs/CNT-A catalysts in
terms of the onset potential. The disk current density of the two
carbon nanoleaves was also higher than that of NGNRs-A.

In addition, the percentage of peroxide species with respect
to the total oxygen reduction products and the electron reduc-
tion number (n) calculated from the RRDE curves suggest that
reactions for all of the catalysts proceed mainly through the
four-electron (4e) pathway in acidic solutions. The n values were
3.86–3.94 for N-CNT@GNRs85-A, 3.77–3.94 for N-
CNT@GNRs25-A, 3.66–3.92 for NGNRs-A and 3.59–3.94 for N-
GNRs/CNT-A (Fig. 6c and S20c†) at all potentials. The H2O2 yield
was 3–6.7% from �0.2 to 0.4 V for N-CNT@GNRs85-A, much
lower than that of N-CNT@GNRs25-A (3–11.4%), NGNRs-A (4.2–
17.1%) and N-GNRs/CNT-A (2.5–20.5%) (Fig. 6d and S25c†). The
n values obtained from the K–L plots based on the RDE
measurements (Fig. S25d and S27†) were consistent with the
RRDE results.

In light of practical application in fuel cells, fuel molecules
(e.g., methanol) may pass through the membrane from anode to
cathode and poison the cathode catalyst. The carbon nanoleaf
electrodes, NGNRs-A electrode and Pt/C catalyst were thus
exposed to methanol to verify possible crossover and poisoning
effects. As shown in Fig. 7a, when 3 Mmethanol was introduced
into the electrolyte, the carbon nanoleaves and NGNRs-A elec-
trode showed no noticeable change, indicating high catalytic
selectivity against the electro-oxidation of methanol, whereas
the Pt/C electrode was rapidly poisoned under the same
conditions. These results demonstrated that the carbon nano-
leaves possessed a remarkably better tolerance to methanol
poisoning than commercial Pt/C. The durability of the carbon
nanoleaves with respect to commercial Pt/C and NGNRs-A was
assessed through chronoamperometric measurements at �0.4
V in an O2-saturated aqueous solution of 0.1 M KOH at a rota-
tion rate of 1600 rpm. As shown in Fig. 7b, similar to NGNRs-A,
the two carbon nanoleaf aerogels both exhibited very slow
attenuation aer continuous work for 20 000 s, at which time
approximately 88% of the relative current was preserved,
whereas the Pt/C electrode lost nearly 35% of its initial activity,
revealing that the carbon nanoleaf network electrocatalyst is
also much more stable than commercial Pt/C in an alkaline
medium. This result was also conrmed by accelerated dura-
bility tests (Fig. S28†). Obviously, negligible negative shi in the
half-wave potential was observed for the two kinds of carbon
nanoleaf aerogels (N-CNT@GNRs25-A and N-CNT@GNRs85-A)
and N-GNRs-A, while the Pt/C catalyst displayed an inferior
durability with obviously cathodic current loss accompanied
with negative shi in both the half-wave potential and onset
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Electrocatalytic activities of resultant aerogels in acidic solution. (a) CV curves and (b) RRDE voltammograms of as-prepared N-
CNT@GNRs25-A, N-CNT@GNRs85-A, NGNRs-A in a N2- and O2-saturated 0.5 M H2SO4 solution at a scanning rate of 10 mV s�1. (c) Electron
transfer number (n) and (d) peroxide percentage (%) with respect to the total oxygen reduction product of N-CNT@GNRs25-A, N-
CNT@GNRs85-A and NGNRs-A. Catalyst loading was 0.08 mg cm�2 for all samples.
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potential aer 3000 potential cycles between 0.2 V and �1.0 V.
In addition, N-CNT@GNRs85-A also has a better durability than
commercial Pt/C in acidic solutions (Fig. S29†).

To further determine the origin of the excellent ORR perfor-
mance of the carbon nanoleaf cellular networks, we investigated
their structural features to determine the unique synergistic effect
of the “carbon nanoleaf” structure on the electron transfer and
mass transfer toward ORR. HRTEM conrmed that the carbon
nanoleaves consisted of two building blocks (Fig. 8a) in which 1D
CNTs were bridged with 1D GNRs. The intact inner walls of the
nanotubes lying on the nanoscale GNRs formed a bond structure
of CNT@GNRs. The intact CNTs can maintain their good elec-
trical conductivity, and the unzipped GNRs can provide a large
specic surface area. Therefore, the electron transfer should be
more rapid between CNTs and GNRs than other random CNT
and/or GN/GNR 3D networks (Fig. 8b), which was conrmed by
the I–V tests. In addition, through this ingenious design, we have
integrated rigid CNTs and exible GNRs together, making the N-
CNT@GNRs-Amonoliths robust enough to retain their porous 3D
structure when the pores were lled with liquid, favoring a better
mass transfer for the ORR. Compared with their lm-structured
counterparts, which lack an abundant pore structure, the pores/
spaces formed between adjacent carbon nanoleaves enabled fast
mass transport throughout the carbon nanoleaves in a 3D model
This journal is © The Royal Society of Chemistry 2015
(allowing the mass transport in multiple dimensions and
multiple directions) due to the nanoscale pores within the cellular
networks (Fig. 8c and d), and, as a result, the performance would
be enhanced.58 Moreover, this unique structure can restrain the
aggregation of adjacent CNTs or GNRs, which is inevitable in
other 3D CNT and/or GN/GNR networks. When the adjacent
CNTs are close to each other, the embedded GNRs can act as
spacers to impede their aggregation. When the adjacent GNRs
aggregate, the bonded, intact CNTs can also serve as spacers to
inhibit the stacking of GNRs. Therefore, this quirky design can
reduce the possibility of the formation of boundaries, whereas
with conventional CNT and/or GN/GNR 3D networks, the
formation of boundaries is unavoidable. Furthermore, the addi-
tion of Py monomer not only serves as doped N species which
enhance the reactivity and electrocatalytic ability of GNRs but also
as a swelling agent to suppress the shrinkage of the gel, resulting
in a porous structure of the materials. EDS mapping shows that
the doped N species have a homogeneous distribution
throughout the carbon nanoleaf cellular networks (Fig. S30†). As a
result, the catalytic reaction can be performed within the entire
material rather than only in some local regions. All of the results
mentioned above support the conclusion that the carbon nano-
leaves are efficient catalysts for ORR, both in acidic and alkaline
solutions.
J. Mater. Chem. A, 2015, 3, 5617–5627 | 5625
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Fig. 7 The stability of resulting aerogels. (a) Methanol crossover
effect test of resulting samples and Pt/C catalyst upon addition of
3 M methanol after about 10 min in an O2-saturated 0.1 M KOH
solution at �0.4 V. (b) Current–time chronoamperometric
response of as-obtained aerogel samples and Pt/C catalysts at
�0.4 V in O2-saturated aqueous solution of 0.1 M KOH at a rotation
rate of 1600 rpm.

Fig. 8 (a) HRTEM image of as-prepared carbon nanoleaf aerogels,
in which GNRs and CNT are labeled. Scheme of (b) the carbon
nanoleaf bridged structure (CNT@GNRs) for enhancing electron
transfer and of (c) the interpenetrated 3D porous network for
facilitating mass transfer (here exemplified with molecular oxygen).
(d) Natural pattern for facilitating mass transfer in an actual cluster
of leaves.
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Conclusions

In summary, we successfully fabricated a type of carbon nano-
leaf framework using MWCNTs as a single precursor. Through
this rational design, we acquired an effective method for the
hybridization of CNTs and GNRs in a controlled manner. The
resulting carbon nanoleaf frameworks possessed low density,
large surface area and good conductivity. Based on these char-
acteristics, the resultant carbon nanoleaf frameworks can act as
ORR catalysts with superb electrocatalytic activity, excellent
tolerance to methanol and superior stability, both in acidic and
alkaline solutions. The excellent catalytic properties for ORR
can be attributed to the synergistic effect of the N-doped,
nanoporous structure, structural integrity, high surface area
and good conductivity, which originated from the unique
bridged structure of the CNTs and GNRs, ensuring that electron
transfer and mass transfer are more rapid and complete within
CNT@GNRs than other random CNT and/or GN/GNR 3D
networks. The catalyst synthesis strategy we described here
exploits novel carbon-based structures and could represent a
general approach to developing other 3D carbon-based mono-
lithic materials for various applications, such as super-
capacitors, batteries and oxygen sensors.
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