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h i g h l i g h t s

� A simple one-step method to synthesize binder-free N-CNTs@Ni electrodes.
� The N-CNTs@Ni electrode delivers a higher capacity of 1814 mAh g�1 electrode.
� The unique 3-dimension network structure leads to less polarization as well as good electrochemical performance.
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a b s t r a c t

Here the binder-free nickel foam supported nitrogen-doped carbon nanotubes (N-CNTs@Ni) are syn-
thesized by a floating catalyst chemical vapor deposition (FCCVD) method. Without any additional
treatment, it could be employed as the air electrode in the lithium-oxygen batteries and delivers
1814 mAh g�1 (normalized to the weight of the air electrode) at the current density of 0.05 mA cm�2. The
loose packing 3-dimension network structure facilitates the O2 diffusion in the inner electrode and
provides enough void volume for the products deposition during discharge process. The improved
contact between N-CNTs and the current collector Ni is beneficial to suppress the volume expansion and
leads to less polarization as well as good cycling performance.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable lithium-oxygen batteries are considered prom-
ising for electric vehicles (EVs) and hybrid electric vehicles (HEVs)
due to their extremely high energy density [1]. A prototype lithium-
oxygen battery is composed of a lithium anode, organic electrolyte
and a porous carbon-based electrode exposed to gaseous O2 during
cell operation. Upon discharge, Liþ reduces O2 to form insoluble,
insulated lithium peroxide, which gradually blocks the electrolyte
and oxygen pathways and eventually leads to the huge polarization
and poor performance [2e4]. Therefore, the essential prerequisite
for a rechargeable lithium-oxygen battery is to develop an opti-
mum carbon electrodewith appropriatemorphology and structure.

To the best of our knowledge, much work has been done to
explore how the morphology and structure of carbon material

influence the cell performance, such as the pore diameter distri-
bution [5,6], the thickness of the electrode [7]. In order to improve
the performance of lithium-oxygen batteries, kinds of carbon have
been employed in the air electrode, including high-surface area
carbon material [8,9], mesocellular carbon [6], hierarchically
porous honeycomb-like carbon [10], porous carbon aerogels [11] as
well as graphene [2,4,12,13]. However, the porous carbon particles
above are closely aggregated by a binder in the electrode and such a
tight aggregation unavoidably results in the decrease in the elec-
trode porosity [14], a lowO2-diffusion rate as well as a limited space
for Li2O2 deposition, which consequently leads to low utilization of
the carbon electrode [15]. In addition, the polyvinylidene difluoride
binder (PVdF) used to fabricate the porous electrode is not stable in
the presence of superoxide as well as Li2O2 [16e18]. Binder
degradation forms a layer of LiF on the surface of the electrode,
which deteriorates the clog within the electrode and reduce the
space for the desired discharge product Li2O2. Hence, binder-free
electrode design will be an effective way to avoid the formation
of LiF. Intense research efforts have been focused on addressing the
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challenges that limit the utility of lithium-oxygen batteries. Carbon
nanotube/nanofiber buckpapers [7,19], all-carbon-nanofiber elec-
trodes [20], free-standing type electrode composed of Co3O4 cata-
lyst and Ni foam current collector [21], free-standing hierarchically
porous carbon derived from grapheme oxide gel in nickel foam [22]
have been applied in lithium-oxygen batteries, which yield high
capacities and cycle performance.

Recent work has reported that nitrogen-doped carbon powder
exhibits excellent electrocatalytic activity for oxygen reduction
reaction and improvement to the discharge capacity [23e25]. In
this work, we synthesize a new class of carbon electrodes, which
are based on nitrogen-doped carbon nanotubes growing directly on
Ni foam current collector (abbreviated as N-CNTs@Ni). Without the
assist of binder, it could be used as the air electrode in the lithium-
oxygen batteries immediately. The electrochemical examination
demonstrated that the binder-free electrode deliveredmuch higher
special capacity and rate performance, comparing to the N-CNTs
electrode.

2. Experimental

2.1. N-CNTs@Ni electrodes synthesis

N-CNTs@Ni electrodes were synthesized by a floating catalyst
chemical vapor deposition (FCCVD) method according to the liter-
ature [25e27]. Ferrocene (99%, Aladdin) was used as the growth
catalyst precursor andmelamine (99%, Sinpharm Chemical Reagent
Co., Ltd) was used as the nitrogen and carbon source. Typically, a
mixture of 50 mg ferrocene and 1.5 g melamine in a combustion
boat was placed at the upstream zone of the quartz tube (the dis-
tance from the combustion boat to a quartz-tube center: w15 cm);
a piece of Ni foam substrate was located in the center of the quartz-
tube. Before the furnace was heated, Argon (99.999% in purity) was
introduced into the heating system to drive the air in the tube out.
Then the system was heated to 550 �C at a rate of 15 �C min�1 and
held at the temperature for 5 min. Then the furnace was heated to
950 �C, held for 15 min and allowed to cool down to the room
temperature naturally.

2.2. Physical characterization

The morphologies of binder-free N-CNT electrodes were
observed by field emission scanning electron microscopy (FE-
SEM, Hitachi S-4800A) and transmission electron microscopy
(TEM, JEM-2100F). Structures of the as-prepared electrode were
characterized by a Bruker D8 Advance X-ray diffractometer using
Cu Ka radiation at a scan rate of 5� min�1. A Kratos Axis Ultra X-ray
photoelectron spectrometer (Al Ka source) was employed to record
the XPS spectra. N2 adsorption/desorption isotherms were ob-
tained using a Micromeritics Tristar 3000. Fourier-transform
infrared reflection (FTIR) measurements were carried out on a
Shimadz IRPrestige-21 FTIR spectrometer using KBr pellet. Raman
scattering spectra were constructed on a HORIBA Scientific
LabRAM-1B Raman spectrometer system equippedwith a 632.8 nm
laser.

2.3. Electrochemical measurement

The N-CNTs@Ni electrodes were utilized in lithium-oxygen bat-
teries without any additional binders or catalysts. For charge/
discharge tests, lithium-oxygen batteries were constructed in an
argon atmosphere glove box (H2O � 10 ppm) using Swagelok bat-
teries with an air window of 78.5 mm2. They were assembled by
stacking a Li foil, a Celgard 3500 membrane and N-CNTs@Ni elec-
trodes. Thenonaqueouselectrolyte consistedof1MLiPF6 indimethyl

sulfoxide (DMSO). Discharge/chargemeasurementswere performed
on a Land cycler (Wuhan Jinnuo Electronic Co. Ltd.) in the voltage
range of 2.0e4.3 V vs. Liþ/Li at various discharge current densities.

Before each test, there was a 2 h rest to allow the batteries to
reach oxygen equilibrium between the ambient environment and
the electrode. All of the tests were performed at room temperature.

3. Results and discussion

3.1. Morphology and structure of the N-CNTs@Ni electrodes

As is shown in Fig. 1a, a visible black coating in the whole
nickel foam was clearly observed after chemical vapor deposi-
tion. The results of XRD patterns confirmed the coating of N-
CNTs. The diffraction peaks at around 26.4� correspond to (002)
facet of hexagonal carbon. From the low-magnification SEM im-
age of the N-CNTs@Ni electrode, the skeleton of Ni foam is uni-
formly entangled by N-CNTs. High-magnification observation
showed that the diameters of the N-CNTs were on the order of
60 nm. The typical bamboo-like structure demonstrates that ni-
trogen was introduced into the carbon network [24]. These N-
CNTs were loosely packed and formed binder-free structures,
leaving large interconnected tunnels throughout the entire
electrode depth. These favorable tunnels and the pores among
the Ni foam facilitate oxygen diffusion during the discharge
process and provide enough void volume for the discharge
product deposition.

The XPS survey spectrum further confirms the successful doping
of nitrogen. As is shown in Fig. 2a, three strong peaks at 286, 400,
534 eV are attributed to C 1s, N 1s and O 1s, respectively. Mean-
while, a few other peaks are observed in the survey scan, which
could be assigned to Ni 3p spectrum (the small peak around
66.8 eV) and the NiKLL Auger peaks (the peaks around 481.6 eV,
460.8 eV and 409.5 eV). The high-resolution N 1s peak listed in the
inset of Fig. 2b indicates that covalent CeN bonds were doped in
three forms, which correspond to pyridinic N (398.6 � 0.3 eV),
pyrrolic N (400.3 � 0.3 eV) and graphitic N (401.3 � 0.3 eV) [28].
Primarily, nitrogen can play the role of n-type carbon dopant,
which assists in the formation of disordered carbon nanostructures
and therefore facilitates the ORR process [29].

Fig. 3 shows the N2 adsorption/desorption isotherms curve of
the N-CNTs@Ni electrode. Owing to the much heavier atomic
weight of Ni foam, its contribution to the BET surface area could be
negligible. The N2 adsorption/desorption isotherms present type IV
shape with a surface area of 42 m2 g�1. The hysteresis loop in the
P/P0 range of w0.4e1.0 is indicative of mesoporosity in addition to
the presence of microporosity.

3.2. Electrochemical performance

The chargeedischarge measurement was carried out in the
voltage range of 2.0e4.3 V for the N-CNTs@Ni electrodes at the
current densities of 0.05 mA cm�1. As is shown in Fig. 4a, the N-
CNTs@Ni electrodes exhibit a specific capacity of 1814 mAh g�1,
which are normalized to the weight of the air electrode excluding
the current collector. Previous studies have been reported by
fabricating the air electrodewith the addition of binder and N-CNTs
[24]. If all the mass of the active components (carbon þ binder) in
the electrode is considered, the N-CNTs electrodes deliver an initial
capacity of 779 mAh g�1 at the current density of 75 mA g�1, which
is comparable to rates of 0.05 mA cm�2 in our work. Obviously, the
N-CNTs@Ni electrodes have a much higher first specific capacity
than that of N-CNTs electrode, even more than 2 times that of
N-CNTs. The average discharge plateau of the N-CNT@Ni electrode
is 2.68 V, higher than that of N-CNTs electrode by about 160 mV.
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