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Nanocomposites consisting of transition-metal oxides and carbon nanomaterials with
a desired size and structure are highly demanded for high-performance energy storage
devices. Here, a facile two-step and cost-efficient approach relying on directly thermal
treatment of chemical vapor deposition products is developed as a general synthetic
method to prepare a family of metal oxides [I\/IXOy (M = Fe, Co, Ni))/single-walled carbon
nanotube (SWNT) macrofilm nanocomposites. The MXOy nanoparticles obtained are of
3-17 nm in diameter and homogeneously anchor on the free-standing SWNT macrofilms.
NiO/SWNT also exhibits a high-specific capacitance of 400 F g~' and fast charge-transfer
Faradaic redox reactions to achieve asymmetric supercapacitors with a high power and
energy density. Al l\/IXOy/SWNT nanocomposites could deliver a high capacity beyond
1000 mAh g=' and show excellent cycling stability for lithium-ion batteries. The impressive
results demonstrate the promise for energy storage devices and the general approach
may pave the way to synthesize other functional nanocomposites.

Keywords: carbon nanotube macrofilms, metal oxides, nanocomposites, asymmetric supercapacitors, lithium-
ion batteries

Introduction

Nanocomposites, consisting of a set of first-row transition-metal oxides such as Fe,O, (Wang et al.,
2012; Cao and Wei, 2013a), Fe O, (Su et al., 2011; Cao and Wei, 2013b), CoO (Guo et al., 2013),
Co,0, (Wu et al,, 2010; Liang et al., 2012), NiO (Lee et al., 2005; Zhou et al., 2012), V.0, (Cao and
Wei, 2013c), and MnO, (Yu et al., 2011; Qin et al,, 2013) in a variety of structures at nanoscale,
and carbon nanomaterials such as carbon nanotubes (CNTs) and graphene, have been extensively
explored and investigated for electrochemical applications, in particular, energy storage (Cao and
Wei, 2013d; Xu et al., 2013). One common strategy in designing such materials is coupling size-
controllable nanoparticles on the supporting carbon scaffolds to tailor surface area, conductivity,
and charge-transfer interaction in order to obtain the desired characteristics such as a high energy
and power density as well as a long-cycle stability (Poizot et al., 2000; Grugeon et al., 2001; Li
etal., 2007). However, current synthetic methods based on such a strategy vary with specific cases
and are complicated with high cost, which impedes the practical production and application.
Hence, efficient, general, and robust synthesis methods are sought to address these challenges. In
our previous work, we have successfully demonstrated a facile heat treatment process to convert
single-walled CNT (SWNT) macrofilms, containing Fe catalysts and obtained via chemical vapor
deposition (CVD), to alpha-Fe,O,/SWNT nanocomposites (Cao and Wei, 2013a). The resulting
Fe,O,/SWNT nanocomposite films exhibited good electric conductivity and strain accommodation
for lithium-ion batteries with a high-specific capacity (Cao and Wei, 2013a).
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Herein, following the analogous formation mechanism of
the Fe,O,/SWNT nanocomposite, we generalize this facile route
to the family of MO, (M = Fe, Co, Ni) with SWNT macrofilm
nanocomposites for electrochemical applications. The size of M O
nanoparticles is successfully controlled within 3-17 nm and the
desired morphology of electrically interconnected networks that
associate metal oxides with SWNT is formed. We particularly
discussed an optimized asymmetric supercapacitor that consists of
NiO/SWNT as the positive electrode and a pure CN'T macrofilm as
the negative electrode, which has shown a high specific capacitance
of 130 F g! after a long-term discharge—charge duration of 5000
cycles. In addition, both of the NiO/SWNT and Co,0,/SWNT
nanocomposites exhibit an exceptionally high capacity beyond
1000 mAh g™ in Li-ion batteries.

The general approach is composed of two steps to synthesize
MO /SWNT macrofilms as illustrated in Scheme 1. First,
bis(cyclopentadienyl)metal (MCp2, M = Fe, Co, Ni) and sulfur
(with an atomic ratio of M/S = 10) were mixed as precursors to
produce SWNT macrofilms by CVD. Taking NiO as an example,
nickelocene (NiCp2) is decomposed during the CVD reaction to
Ni ions as catalyst sources and two parallel Cp rings as carbon
source for SWNT formation. Sulfur is a predominant additive to
control the wall number of CNTs so that to promote SWNT growth
as well as to enhance the growth rate. The deposition lasted for half
an hour at 1100°C and the as-prepared SWNT macrofilms were
not achieved until cooled down to room temperature followed
by the second step, calcination in air. The heat treatment resulted
in the oxidation of the metal catalysts to metal oxides and also
the growth of the oxides. The detailed synthetic procedures are
described in the following section.

Materials and Methods

Synthesis of M,0, (M = Fe, Co, Ni)/SWNT
Macrofilm Nanocomposites

Single-walled carbon nanotube (SWNT) macrofilms were
synthesized by the modified floating CVD method reported in
the previously published work (Zhu and Wei, 2007). In brief, a
mixture of bis(cyclopentadienyl)metal (MCp2, M = Fe, Co, Ni)
and sulfur (atomic ratio M:S = 1:10, both from Sigma Aldrich) as

precursors in a crucible boat was placed at the inlet of a ceramic
tube of an electric furnace. The furnace was pre-heated to
1100-1150°C with an argon gas flow of 500 mL min~'. Meanwhile,
the MCp2 with a relatively low sublimation point (~100°C) was
introduced by the Ar carrier gas flow into the central reaction
zone of the furnace. During the deposition, a mixed gas flow of
Ar (1500 mL min™') and H, (150 mL min~") was delivered and
the MCp2 then started pyrolysis at such a high temperature to
generate carbon source and metal catalysts for CNT growth. It
was widely recognized that sulfur is indispensable in controlling
the wall number of CNTs. Sulfur acts as an additive to promote
SWNT growth as well as to enhance the growth rate of SWNTs.
After a 30 min reaction, large-area SWNT macrofilms [M-CNT
(M = Fe, Co, Ni)] containing metal catalysts with uniformity
(randomly homogeneous entanglement of SWNT bundles) and
conformability (distribution of the nanotube diameter ranges
from 0.8 to 1.3 nm) could be collected from the entire furnace
tube. It is the result of a reverse gas flow generated from the central
hot zone to the cold ends caused by the pressure difference (Cao
and Wei, 2013d). The thickness of the films can be controlled
by mainly adjusting the amount of the precursor mixtures and
reaction time. The M-CNT macrofilms were peeled off from the
tube walls when the furnace was cooled down. Subsequently,
the direct thermal treatment was performed to the M-CNT by
calcination in air for 30 min below the critical temperature that
CNT began to burn out (about 450°C). During the heat treat-
ment, metal catalysts were oxidized to metal oxide nanoparticles
with fine sizes. Three samples of Co,O,/SWNT were prepared
at different annealing temperatures: Co-CNT (100°C), Co,0,/
SWNT (200°C), and Co,0,/SWNT (400°C) because of the more
complicated phases than NiO/SWNT, which was obtained by
annealing only at 400°C.

Structural Characterization

Morphological and structural characterizations were per-
formed using transmission electron microscope (TEM) and
high-resolution TEM (HRTEM) on JEOL JEM-2010F field
emission TEM operating at 200 kV. The crystalline phase of
the samples was determined using X-ray diffraction (XRD)
collected on a Philips X’Pert powder diffractometer with Cu
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e Co N

F i

CvD

SCHEME 1 | Two-step synthetic route to MXOy (M = Fe, Co, Ni)/SWNT macrofilm nanocomposites.

Metal oxides
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Ko radiation (A = 0.15418 nm) operating at 45 kV and 40 mA.
Raman spectroscopy (Bruker SENTERRA with 532 nm laser
excitation) was employed to verify the transformation of metal
catalysts to metal oxides. The thermogravimetric analysis
(TGA) was carried out on a Mettler Toledo TGA/DSA 1 STARe
System under air flow (20 mL min™') with a heating rate of
5°C min™.

Lithium-lon Battery Electrochemical
Measurements

The total mass of free-standing M, O /SWNT films as working
electrodes were weighed by a micro/ultramicro balance (Mettler
Toledo XP6) with 0.001 mg accuracy. CR2032 coin cells were
assembled under a half-cell system with lithium ribbons
(0.38 mm thick, 99.9%, Sigma Aldrich) as both counter and
reference electrodes in an argon-filled glovebox (MBRAUN
UNIlab). Celgard 2500 were used as separators. Electrolyte is
1 M LiPF_ dissolved in 1:1 (v/v) ethylene carbonate (EC): diethyl
carbonate (DEC) (Ferro Co.). The CV curves were collected
by PARSTAT 2273 (Princeton Applied Research) potentiostat/
galvanostat. The galvanostatic discharge—charge tests were car-
ried out using BT-4 four-channel battery test equipment (Arbin
Instrument, Ltd.).

Asymmetric Supercapacitor Electrochemical
Measurements

Similarly, the free-standing NiO/SWNT macrofilms were employed
as working electrodes. The CV tests of the NiO/SWNT electrodes
were performed on the potentiostat PARSTAT 2273 (Princeton
Applied Research) in a three-electrode cell. Pt wire was used as the
counter electrode and Ag/AgCl electrode as reference electrode.
The specific capacitance of the electrode can be calculated from
the CV curves according to the following equation:

f idv

C—
vAV (1)

where C is the specific capacitance (faraday per gram) based on
the mass of the active materials, i is the current density response
(with the unit of ampere per gram. i = I/m, I is the current response
in ampere), AV is the voltage window of CV, v is the scan rate.
To assemble an asymmetric supercapacitor, the loading mass
ratio between NiO/SWNT (+) as positive electrode and purified
SWNT (—) as negative electrode was estimated to be 0.25 from
the equation:

m, CAE_

m_ C.AE,

)

where m is the mass, C is the specific capacitance and AE is the
potential window for electrodes on each side. The subscripts of +
and — represent the positive and negative electrodes, respectively.
The electrochemical measurements of the asymmetric supercapaci-
tor were carried out at room temperature under a two-electrode
configuration in a CR2032 coin cell with Whatman' glass micro-
fiber filter as separator in 1 M KOH aqueous electrolyte. The cycling
performance was measured by galvanostatic discharge—charge tests

on BT-4 four-channel battery test equipment (Arbin Instrument,
Ltd.). The specific capacitance could be also calculated by:

o it
AV (3)

where i is the galvanostatic charge/discharge current density
(ampere per gram), At is the time for a full discharge in one cycle,
AV is the voltage window delimited for charge/discharge cycling.

Results and Discussion

The size, morphology, and structure of the resulting materials were
characterized using TEM. TEM images show size distribution of
the Co,O, nanoparticles in the range of 5-17 nm (Figure 1A) and
the NiO nanoparticles with a diameter of 3-10 nm (Figure 1D).
It is noted that the isolated-dispersed tiny particles in Figure 1A
are Co catalysts, implying an incomplete oxidization at the low
temperature of 200°C. In contrast, NiO has a better uniformity
with a narrow size distribution due to complete transformation
to NiO nanoparticles at a higher temperature of 400°C. It was
confirmed that the Co residues in the Co,O,/SWNT sample
(200°C) could be further oxidized when they were heated at 400°C
in air. Figures 1B,E show similar morphologies of the M O/
SWNT macrofilm nanocomposites. Metal oxide nanoparticles are
coupled with the entangled serpentine CNT bundles. HRTEM
images (Figures 1C,F) reveal the well-defined lattice fringes cor-
responding to face-centered cubic Co,0O, and NiO, respectively.
TGA (shown in Figure 2A) demonstrates 23 wt. % CNT in the
Co,0,/SWNT nanocomposite (200°C) while the NiO/SWNT
nanocomposite contains only 12 wt. % carbon scaffold.

X-ray diffraction and Raman spectroscopy further confirm
the transformation from metal catalysts to metal oxides during
calcination. The XRD patterns before and after heat treatments
are shown in Figures 2B,C. The results indicate that the crystal
structure of Co,O, is cubic phase with Fd-3m space group accord-
ing to JCPDS No. 42-1467 and NiO is of the natural Brunsenite
phase with Fm-3m space group (JCPDS No. 47-1049). This is in
a good agreement with the HRTEM observations. Consistently,
two distinct phases, Co,O, (marked by asteroid) and pure Co
(marked by spade) are present in the XRD pattern of the Co,O,/
SWNT sample (200°C). The absence of Co diffraction peaks in the
Co,0,/SWNT sample annealed at 400°C confirms the complete
oxidation of the Co catalysts. Raman spectra (Figure 2D) show
the RBM features of SWNT for all the samples at the wavenumber
of ~100 cm™ as well as the typical D and G modes at 1350 and
1587 cm™, consistent with the TEM results (Jorio et al., 2003).
The presence of two small peaks, Eg (488cm™)and F, (522cm™)
separate at each side of 500 cm™ with F, (618 cm™) and the
strongest peak A, (691 cm™) are typically indicative of the Co,O,
formation after the heat treatment (Hadjiev et al., 1988). Likewise,
the first-order transverse optical (TO, 404 cm™), longitudinal opti-
cal (LO, 564 cm™), and two two-photon (2TO at 705 cm™', 2LO at
1080 cm™) peaks belong to NiO nanoparticles (Wang et al., 2002;
Zhou et al., 2012).

The electrochemical performance was studied in a half cell that
consists of the free-standing M, O /SWNT macrofilms as working
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FIGURE 1 | (A,B,D,E) TEM and (C,F) HRTEM images of (A-C) C0,0,/SWNT (200°C) and (D-F) NiO/SWNT. Insets: histograms of the nanoparticle size distribution.

electrodes and lithium metal as both counter and reference elec-
trode under a two-electrode configuration. Cyclic voltammetry
(CV) was performed at an extremely slow scan rate of 0.1 mV s™*
to adapt to the sluggish kinetics of lithiation/delithiation. The CV
plot (Figure 3A) exhibits the first two cycles for MO /SWNT in
fresh cells. The cathodic peaks at the potential higher than 1 V vs.
Li*/Li on the first-cycle curves for both samples are ascribed to
the formation of a solid electrolyte interface (SEI) film (Varghese
et al., 2008; Zhou et al., 2012). The disappearance of them in the
second cycle indicates the irreversible processes of SEI (Guo et al.,

2013). The peaks with a maximum current at 0.45 and 0.87 V
for NiO/SWNT and Co,0,/SWNT, respectively, are assigned to
the reduction of M ions to M° according to conversion reactions
(2yLi + MKOy < xM + yLi,0) (Taberna et al., 2006). Both the
reactions shift to a more positive potential on the CV curves in
the following cycles. The difference in the number of the cathodic
peaks (oneat 1 V for NiO/SWNT, two at 0.9 and 1.36 V for Co,O/
SWNT) suggests the different reduction steps from the single
oxidized state of Ni (II) in NiO and the multi-oxidized states of
Co (I or IT) in Co,0,, which agrees with the previously reported
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FIGURE 2 | (A) TGA curves of NIO/SWNT and Co,0,/SWNT (200°C). (B) XRD patterns of Co-CNT (100°C), Co,0,/SWNT (200, 400°C). (C) XRD patterns of
Ni-CNT and NiO/SWNT. (D) Raman spectra of Co-CNT (100°C), Co,0,/SWNT (200, 400°C), Ni-CNT, and NiO/SWNT.

results of Fe,O, (Cao and Wei, 2013a). Afterwards, the subsequent
galvanostatic discharge/charge cycling measurements were car-
ried out between 0.001 and 3 V at a constant current density of
50 mA g~' with the same samples. Figure 3B shows their discharge/
charge voltage profiles. Consistent with CV analysis, two plateaus
at ~1.5 and ~1 V on the discharge curve of Co,0,/SWNT were
observed corresponding to the two cathodic peaks, while NiO/
SWNT has one plateau at ~1 V during discharge. A common dis-
charge tail in the low voltage region between 0.8 and 0.001 V with
more inclined slope is present for M O /SWNT, which is attributed
to the partial capacity contribution from the SWNT macrofilms.
Upon charging, there are two plateaus for both samples, which
originate from the reverse processes of the conversion reactions
from M® to MO, (Varghese et al., 2008). For Co,0,/SWNT, they
(1.26 and 2 V) correspond to the two anodic peaks at 1.28 and
2 V on the CV curve. By contrast, NiIO/SWNT has the higher
ones at 1.32 and 2.2 V corresponding to peaks (1.39 and 2.22 V)
in the CV plot. The continuous cycling results of NiO/SWNT over
80 cycles are selectively recorded in every 10 cycles as shown in
Figures 3C,D. Basically, the discharge/charge curves are almost
overlapped (Figure 3C), indicating a good cyclic stability. The
discharge capacity maintains at 894 mAh g after 80 cycles with
a retention as high as 88%. Compared with non-free-standing
NiO/graphene (883 mAh g™! after 50 cycles) (Zhou et al., 2012)

and Co,O,/graphene (~935 mAh g™ after 30 cycles) (Wu et al,
2010) nanocomposites prepared by the cumbersome synthesis,
to the best of our knowledge, the MO /SWNT nanocomposites
(over 1000 mAh g!) demonstrate one of the best electrochemical
performance with an additional binder-free benefit among the
reported hybrid anode materials.

In spite of the higher energy density, lithium-ion batteries usu-
ally suffer from a lower power density than supercapacitors. Taking
advantage of both virtues of these two energy storage devices, we
turn to an alternative approach to compose the asymmetric superca-
pacitors with a battery-type Faradaic electrode (as the energy source)
and a capacitor-type electrode (as the power source) (Yan et al.,
2012). They can extend operation voltage in the cell system with
aqueous electrolyte beyond the water splitting limit (~1.23 V) by
making full use of the two electrodes at different potential windows,
consequently resulting in an enhanced specific capacitance and
significantly improved energy density (Yan et al., 2012). Figure 4A
shows the typical CV curves of the NiO/SWNT nanocomposite
at different scan rates in 1 M KOH aqueous solution. All the CV
curves have a pair of strong redox peaks, which are representative
of the pseudo-capacitive behavior due to Faradaic redox reactions.
This is distinct from an approximately ideal rectangular shape of
CV curves for electric double layer capacitors. The redox couple, for
example, located at around 0.27 V (cathodic)/0.35 V (anodic) vs.
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Ag/AgCl at the scan rate of 50 mV s, is attributed to the reversible
Faradaic redox reactions between NiO and NiOOH according to the
equation: NiO + OH™ — e” <> NiOOH (Lu et al,, 2011). The specific
capacitance of the NiO/SWNT electrodes as a function of scan
rates calculated from the CV curves (inset of Figure 4A) is stable
at ~400 F g77, suggesting the fast charge transfer in the Faradaic
processes (Yan et al., 2012). Purified SWNT macrofilms without
metal oxide nanoparticles, which deliver a specific capacitance
of ~40 F g™' as described in previous work (Yu et al., 2009), are
employed as negative electrodes to assemble the asymmetric
supercapacitors in 1 M KOH aqueous electrolyte with the NiO/
SWNT positive electrodes by carefully matching their mass ratio
(see Section “Materials and Methods” for details). Figure 4B
exhibits the CV curves of the asymmetric supercapacitor at vari-
ous scan rates from 5 to 200 mV s within an operation voltage
window of 1.5 V. The specific capacitance of the asymmetric
cell (based on the total mass of the two electrodes) maintains
as high as 249 F g7! at 200 mV s~ from 468 F g™' at 5 mV s*
as the scan rate increases. The galvanostatic charge/discharge
curves at a current density of 20 A g’ (inset of Figure 4C)
show a good linear correlation of voltage with time, confirming
a rapid I-V response of NiO/SWNT (Fan et al.,, 2011). The
nearly equilateral triangular shapes demonstrate the excellent
electrochemical reversibility. It is worth noting that at such
a high-current density, the specific capacitance approaches
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