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Graphitic carbon-wrapped NiO embedded three
dimensional nitrogen doped aligned carbon
nanotube arrays with long cycle life for lithium ion
batteries

Weina Deng, €22 Xiaohua Chen, ©*° Aiping Hu® and Shiying Zhang*?

In this work, a three-dimensional nitrogen doped aligned carbon nanotube array (NACNTs)@NiO@graphitic
carbon composite was fabricated by an effective strategy involving nebulized ethanol assisted infiltration, In
this structure, the NiO nanoparticles were wrapped by graphitic carbon layers and NiO@graphitic carbon
core-shell nanoparticles adhered strictly to the surface of NACNTs to form a highly ordered 3D
structure. When this composite was used as an anode for lithium ion batteries, the well-ordered pore of
its NACNTSs can facilitate the electrolyte to penetrate and improve electronic conductivity. At the same
time, the graphitic layers can promote the stability of a solid electrolyte interface film. Therefore, the
NACNTs@NiO@graphitic carbon composite containing 68.1 wt% NiO delivers excellent capacity
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1. Introduction

With the increasing demand for large scale energy storage
devices, significant attention has been focused on the devel-
opment of high energy and power density lithium ion batteries
(LIBs). The transition metal oxides (TMOs) such as Fe,Os,
NiCo,0,4 and NiO have been investigated as the anode electrode
in LIBs because of their high energy density and natural
abundance. Among them, with high theoretical specific
capacity (718 mA h g~ ), low cost and environmental benignity,
NiO has attracted great attention."® However, the practical
application of NiO-based materials as the anode for LIBs is
impeded mainly by its poor capacity retention because of the
huge volume change during lithiation/delithiation processes,
resulting in severe pulverization of the NiO particles. In addi-
tion, the compromise of rate capability is another serious
concern because NiO is too insulating to support fast electron
transport for charge/discharge at high rates.”™® To alleviate
these problems, an effective strategy is to fabricate NiO with
different morphologies such as nanoparticles," nanosheets,">**
nanospheres'>*® and nanoflowers* shortening the Li" diffusion
path to alleviate the pulverization of active materials. Hybrid-
izing NiO with carbon to improve the Li" storage properties and
the overall electronic conductivity is another strategy.®'>'+'71%
Up to now, carbon nanotubes (CNTs),">'*' graphene,”*>
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retention of 91.6% after 200 cycles at 0.2C.

ordered mesoporous carbon (CMK-3),"* amorphous carbon®*?
and carbon fiber***® are often used to build carbon/NiO nano-
structure. Among these options, CNTs are of particular interest
because of their favorable structure flexibility, large specific
surface area, good electrolyte accessibility and excellent elec-
trical conductivity.>® Furthermore, when combining NiO with
CNTs, the NiO can increase the available surface area of CNTs,
which can contribute to the high electrochemical activity. In
addition, the CNTs can induce the nucleation, growth and
formation of NiO on their surface.” Unfortunately, the actual
lithium storage performance of the CNTs-based materials is
much lower than the expected value because of the weak
interfacial interaction between active materials and CNTs. Liu
and co-works" demonstrate that the doped N can improve the
interaction between active material and N doped CNTs
(NCNTs), and facilitate the electron hopping from NCNTs to
active material, subsequently, promoting the electronic
conductivity of NCNTs-based composite material. Furthermore,
Z. Yang reported that the aligned NCNTs (NACNTs) exhibit
significantly improved charge transport capability and electro-
Iyte accessibility owing to the well 1D directed conductive
electron channel and the well-ordered pore structure.”” There-
fore, the NACNTs have been intensively investigated as energy
storage devices such as lithium-ion battery*®*** and super-
capacitor.®*¢ It is expected that the NACNTs as a support
material will show better electrochemical properties than
random CNTSs.

In addition, recent studies demonstrate that the formation
of a thick and unstable solid electrolyte interface (SEI) film on
TMOs electrode causes consumption of abundant Li* during
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Fig. 1 Schematic diagram of the synthesis procedure for NACNTs@-
NiO@graphitic carbon composite.

cycles, which lead to a high irreversibility loss of capacities.’” In
order to solve the above problem and improve the structural
stability, much effort has been developed to fabrication of
carbon-coated TMOs composites in which the SEI films being
formed on the surface of coated carbon are relatively stable. The
TMOs nanostructures with a coated carbon layer can also
maintain their original morphology by protecting TMOs from
direct contacting with the electrolyte so as to avoid the pulver-
ization resulting from the repeated lithiation/delithiation and
improve cycling stability.’**°

In this work, a 3D NACNTs@NiO@graphitic carbon
composite was fabricated with the help of ethanol-assisted
infiltration and nebulizing action. In this structure, NiO
nanoparticles were wrapped by graphitic carbon generated
from the ethanol thermal decomposition, and the NiO@gra-
phitic carbon particles were deeply and uniformly dispersed
on the surface of NACNTs. The nebulization action could
significantly decrease the size of the nickel nitrate droplets,
and was beneficial to the infiltration of nickel nitrate embed
into the NACNTSs. Fig. 1 shows the synthetic process of the
NACNTs@NiO@graphitic carbon composite formation.
Firstly, the as-prepared NACNTs were purified with maintain-
ing the 3D alignment by being immersed in nitric acid. The
purification was used to remove the surplus catalyst particles
and introduce oxygen containing functional groups (-OH and
—-COOH) which was helpful for absorption of inorganic groups.
Secondly, the Ni(NO;),-6H,0 ethanol solution was nebulized
into the inter-tube spaces with some NACNTs at room
temperature through the ultrasonic nebulizer. Finally, NiO
nanoparticles formed in the NACNTSs via the pyrolysis reaction
of the Ni(NOs),-6H,0 at 400 °C. At the same time, graphitic
carbon layers coated on NiO surface were fabricated with NiO
as catalyst and ethanol as carbon-source.****

2. Experiments

All solvents and chemicals were of analytical reagent grade and
obtained from Sinopharm Chemical Reagent, China.
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2.1 Preparation of NACNTs@NiO@graphitic carbon
composites

3D NACNTs were prepared as our previous report.** 0.8 g
ferrocene was ultrasonically dissolved in a mixed solvent with
26 ml xylene and 14 ml cyclohexylamine. The reaction solution
was atomized by an ultrasonic nebulizer and passed into the
quartz tube, in which a quartz slice (3 mm x 30 mm x 30 mm)
was used as a substrate for the NACNTs at a temperature of
900 °C with argon as the carrier gas. The as-synthesized
NACNTs were immersed into nitric acid at 120 °C for 9 h,
washed with deionized water until it was neutral and then dried
in vacuum at 80 °C overnight.

In a typical synthesis of NACNTs@NiO@graphitic carbon,
40 ml ethanol solution containing 2 mmol Ni(NO;),-6H,0 was
nebulized to a mist of droplets which infiltrate into the obtained
NACNTSs at room temperature with argon carrying gas at a flow
rate of 600 sccm. After that, the resulting samples were heated
for 2 h at 400 °C under an air atmosphere. After being cooled
naturally, it was washed with ethanol and deionized water and
dried at 80 °C under vacuum overnight. The resulting materials
are denoted as NACNTs@NiO@G-20, NACNTs@NiO@G-30 and
NACNTs@NiO@G-40, according to the nebulization time.

2.2 Materials characterization

The morphology, size and intrinsic structure of the samples
were characterized by field emission scanning electron micro-
scope (SEM, Hitachi S4800, 30 kV) and transmission electron
microscope (TEM, JEM-2100F, 200 kV). The crystal structures of
the samples were characterized by X-ray diffraction (XRD) on
a Bruker D8 Advance X-ray diffractometer with Cu Ko radiation
(A = 0.15418 nm). The contents of NiO were carried out by
thermogravimetric analysis (TGA, TG/DTA7300) with a heating
rate of 5 °C min~"' in flowing air atmosphere from room
temperature to 700 °C. X-ray photoelectron spectroscopy (XPS)
analysis was performed using a K-Alpha 1063 (Thermo Fisher
Scientific, UK).

2.3 Electrochemical characterization

The electrochemical performance tests were performed under
ambient temperature conditions, using CR2025-type coin cells
assembled with lithium foils as the counter electrodes in a high
purity argon filled glove box. The working electrode consisted of
active materials, carbon black and polyvinylidene fluoride
(PVDF, Aldrich) with a 80:10: 10 weight ratio in N-methyl-
pyrrolidone (NMP) with constant stirring for 8 h to form
a homogeneous slurry. Then the well-mixed slurry was spread
onto a copper foil and dried at 80 °C in a vacuum oven for 12 h.
A Celgard 2300 microporous polypropylene membrane was
used as a separator and the utilized electrolyte was a solution of
1 M LiPF; in ethylene carbonate/dimethyl carbonate (1:1 in
volume). The charge/discharge tests were performed on a Land
CT2001A battery test system (Wuhan, China). Cyclic voltam-
metry and electrochemical impedance spectroscopy measure-
ments (EIS) were performed on an electrochemical workstation
(CHI660D).
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3. Results and discussion

3.1 Morphology and structure characterization

The morphology of the prepared NACNTs and NACNTs@:-
NiO@graphitic carbon composites was firstly studied by scan-
ning electron microscope (SEM) in Fig. 2. It can be seen that
large-area NACNTs still maintain the good alignment after NiO
particles embedded. Such aligned CNTs and their regular pore
structure could provide short diffusion pathways for Li" and
electronic transport, which are greatly beneficial for the elec-
trochemical performance. As shown in Fig. 2b-d, the NiO
particles anchored on the surface of the NACNTs homoge-
neously owing to the interaction between oxygen containing
functional groups and NiO particles, and the number of NiO
nanoparticles mainly depends on the duration of the nebuli-
zation. With increasing the nebulization time, the number of
NiO nanoparticles increases, and the particles size remains
similar. When the nebulization time increases to 40 min, the
NiO particles aggregate each other, which may provide
complicate pathways for Li* to the NiO nanoparticles and thus
making it difficult for electrolyte penetration.

From the transmission electron microscopy (TEM) images
(Fig. 3), it can be clearly observed that the as-obtained NiO with
the size around 30 nm was wrapped by some graphitic carbon
layers (marked by arrow), which could be distinctly observed in
the subsequent HRTEM. In the NACNTs@NiO@G-20 and
NACNTs@NiO@G-30 samples (Fig. 3a and b), the NiO nano-
particles uniformity distributed on the surfaces of NACNTs.
Increasing nebulization time to 40 min, NiO nanoparticles
featured observably overlapping and aggregating (Fig. 3c). The
HRTEM image of NACNTs@NiO@G-30 shows that the lattice
fringe with an interplanar spacing of 0.24 nm is consistent with
the (111) planes of NiO (Fig. 3d). In addition, it can also be
obviously examined that some graphitic layers, with the inter-
planar distance of 0.34 nm, wrapped on NiO particle surface.
The graphitic carbon layers can promote the formation of stable
SEI film and reduce the consumption of some Li". It is expected
that the graphitic carbon layers will be beneficial to achieve
superior cycling stability.

Fig. 4a shows the XRD patterns of the NACNTS,
NACNTs@NiO@G-20, NACNTs@NiO@G-30, NACNTs@NiO@G-

200 nm

200 nm

Fig. 2 SEM images of NACNTs (a); NACNTs@NiO@G-20 (b);
NACNTs@NiO@G-30 (c) and NACNTs@NiO@G-40 (d).
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Fig. 3 TEM images of NACNTs@NiO@G-20 (a); NACNTs@NiO@G-30
(b) and NACNTs@NiO@G-40 (c). HRTEM image of the individual NiO
nanoparticles from sample NACNTs@NiO@G-30 (d).

40 and NiO. A broad diffraction peaks at around 26° can be
indexed to (002) planes of NACNTs and the peak intensities
decreased with increasing the nebulization time, owing to the
increase of the NiO nanoparticles coated on the surface of the
NACNTs. The diffraction peaks at 37°, 43°, 62°, 75° and 79° can
be indexed to (111), (200), (220), (311) and (222) planes of the
crystalline NiO, respectively.

The NiO content of the composite was determined through
the TGA carried out from room temperature to 700 °C with
a heating rate of °C min~ " in air atmosphere. As shown in Fig. 4b,
a first mass loss was noticed in the range of 30-200 °C, which is
mainly due to the release of traces of absorbed water. A sharp
mass loss was detected at 400-600 °C and it is attributed to the
combustion of the NACNTs and graphitic carbon. According to
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Fig. 4 (a) XRD patterns of NACNTs, NACNTs@NiO@G-20,
NACNTs@NiO@G-30, NACNTs@NiO@G-40 and NiO; (b) TGA curve of
the NACNTs@NiO@G-20, NACNTs@NiO@G-30, NACNTs@NiO@G-
40 composites; (c) XPS spectra of the surface chemical composition of
NACNTs@NiO@G-30 composite; (d) Ni 2p XPS spectra of the
NACNTs@NiO@G-30 composite.
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calculations, the NiO contents of NACNTs@NiO@G-20,
NACNTs@NiO@G-30, NACNTs@NiO@G-40 are estimated to be
around 52.5%, 68.1% and 73.5% by weight, respectively.

X-ray photoelectron spectroscopy (XPS) is used to further
investigate the detailed elemental composition and the valence
states of the NACNTs@NiO@G-30, and the corresponding wide
range spectrum is presented in Fig. 4c. The full spectrum of
NACNTs@NiO®@G-30 indicates the presence of carbon (C 1s),
oxygen (O 1s), nitrogen (N 1s) and Ni. In the Ni 2p region
(Fig. 4d), the peaks at 854.1.1 eV and 855.9 eV with its satellite
peak at 861.2 eV were ascribed to the Ni 2p;,. The peaks located
at 871.8 and 873.5 eV combining with a satellite peak at 879.3 eV
are the Ni 2p;,.

The peak positions and shapes imply that the characteristic
peaks of Ni-O bonds mainly exists, which indicates that Ni
element mainly exists in the form of Ni*".

3.2 Electrochemical performance

The electrochemical performance of NACNTs@NiO@graphitic
carbon as anode materials for LIBs was investigated in the
voltage window of 0.01-3.0 V at room temperature based on the
mass of NACNTs@NiO@graphitic carbon composite (Fig. 5).
Cyclic voltammetry (CV) test for the first three cycles was carried
out to elucidate the redox processes of NACNTs@NiO@gra-
phitic carbon electrode (Fig. 5a). In the first cathodic scan, the
irreversible peak is located at around 0.42 V, which originate
from the initial reduction of Ni** to Ni® as well as the formation
of the solid electrolyte interface (SEI) layer on the surface of
electroactive materials.*»** In the subsequent anodic scan,
a peak at around 2.26 V can be obviously observed, which is
normally assigned to the reversible oxidation of NiO to Ni** and
decomposition of Li,O to Li.***® While the peak at 1.55 V is
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Fig. 5 (a) The first three CV curves of the NACNTs@NiO@G-30
electrode at a scan rate of 0.1 mV s~ % (b) rate performance of
NACNTs@NiO@G-20, NACNTs@NiO@G-30, NACNTs@NiO@G-40,
NiO and NACNTSs at various current rates; (c) cycling performance of
the electrodes made from NACNTs@NiO@G-20, NACNTs@NiO@G-
30, NACNTs@NiO@G-40, NiO and NACNTSs at 0.2C current rate; (d)
charge/discharge curves of the NACNTs@NiO@G-30 electrode 0.2C
current rate.
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associated with the partial decomposition of the SEI layer. The
cathodic peak shifts to about 1.0 and the anodic peak to 2.36 V
for the subsequent cycles due to the drastic lithium-driven
structural or textural modifications.*” The CV curves are quite
similar after the first cycle, suggesting a good electrochemical
reversibility and a cyclic stability of the synthesized
NACNTs@NiO@graphitic carbon electrode.

The rate performances of NACNTs@NiO@graphitic carbon
are evaluated by galvanostatic charge/discharge cycling at
different rates. For comparison, we measured NACNTs and pure
NiO synthesized by hydrothermal method under the same test
condition (Fig. 5b). It can be obviously observed that the charge/
discharge capacity decreases with the rate increasing and the
NACNTs@NiO@G-30 electrode shows the best rate perfor-
mance among all samples. Its discharge specific capacities in
the first cycle are 1030, 559, 507, 425, 383 and 630 mA h g’1 at
the rate of 0.1, 0.2, 0.5, 1, 2 and 0.1C, respectively, and the
coulombic efficiencies sustained over 95% during each cycling.
The NACNTS, NiO, NACNTs@NiO@G-20 and
NACNTs@NiO@G-40 cathodes exhibit lower specific capacities
at each rate stages than NACNTs@NiO@G-30 and retained
specific capacities of only 146, 95, 308, and 173 mA h g~ " at 2C
with specific capacities of 319, 1054, 1003 and 1039 mA h g~ for
the first cycle, respectively. According to the compositions of
sample and the theoretical specific capacity of NiO
(718 mA h g ') and CNTs (345 mA h g '), the theoretical
capacity of the active material strongly depends on the NiO
fraction. The theoretical capacity was calculated in the
following section:

— o o
CTheoretical - CNiO X /“mass of Nio CCNTS X /Omass of CNTs

It can be obviously known that the theoretical capacity of the
active material increases with the increasing of NiO fraction.
Unfortunately, when the nebulization time increases to 40 min,
the transport channels for electron and Li* to the agglomerated
particles become more complicated, which makes the electro-
Iyte penetrate into the inner part of active materials more
difficult, thus leading to the decrease of the specific capacity. To
determine the effect of NiO amount on the electrochemical
properties, we test the cycle performance of various
NACNTs@NiO@graphitic samples up to 200 cycles at the
current rate of 0.2C. Moreover, pure NiO sample and NACNTs
were also investigated under the same conditions. As shown in
Fig. 5c, it can be seen that NACNTs@NiO@graphitic carbon
composites exhibit better cycle stability compared to NACNTSs or
pure NiO. The NACNTs@NiO@G-30 electrode delivers the best
electrochemical properties. It exhibits a capacity of
708 mA h g~ for the first cycle and above 95% coulombic effi-
ciency after the first five cycles with maintaining capacities of
624 mA h g~ ! for the 70th cycle. While, the NACNTs@NiO@G-
20 electrode and the NACNTs@NiO@G-40 electrode exhibit
capacities of 693, 713 mA h g~ for the first cycle with retaining
capacities of 533 and 525 mA h g~ for the 70th cycle, respec-
tively. Interestingly, with the discharging and charging going
on, the specific capacities of all NACNTs@NiO@graphitic
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carbon composites electrodes increase gradually and reach
a value as high as 649 mA h ¢!, 571 mA h g and
543.2 mA h g~ " at the 200th cycle, respectively. These results can
be ascribed to the electrochemical activation process during the
cycle process, which is commonly observed for transition metal
oxides electrodes.>**">°

In addition, it should be noted that when using pure NiO or
NACNTs separately as the electrode, they exhibit very low
discharge capacities of 64 and 202 mA h g~ * respectively. This
indicates that our strategy is very beneficial for promoting the
cycling stability of the NiO-based active material. Fig. 5d depicts
the charge/discharge voltage profiles of the NACNTs@NiO@G-
30 cathode at different cycle (1, 5, 15, 25, 50, 100 and 200) at
0.2C. It can be observed that the first charge profile exhibits
a well-defined discharge plateau between 0.65 V and 0.55 V,
while the plateaus in the following cycles become less obvious
and located between 1.05 V and 0.90 V. This result agrees well
with that of the CV measurement and finally delivers a capacity
of 1092 mA h g~ *. For NACNTs@NiO@G-30 electrode, an initial
discharge capacity of 695 mA h g~ ' is achieved with an initial
coulombic efficiency of 64%. Its irreversible capacity loss can be
explained by the formation of SEI layer on the surface of active
material and the irreversible lithium insertion reaction, which
is a common phenomenon for most anode materials.*
Furthermore, a discharge capacity of 702 mA h g,
665mAhg",654mAhg " 651 mAhg "and 609 mAhg ' is
achieved in the 5th, 15th, 25th, 50th and 100th cycle. With the
electrochemical cycles going on, the capacity fade is minimal.
Up to the 200th cycle, a capacity of 649 mA h g ' with
a coulombic efficiency of 95.2% maintained and a capacity
retention of 91.6% is achieved. The outstanding stability results
from our novel structure, in which the electronic conductivity of
active materials can be improved and the pulverization and
aggregation of NiO can be prevented.

It is worth noting that the NACNTs@NiO@G-40 electrode
exhibits a higher discharge capacity than that of the other
electrode during the initial 30 cycles, which may be due to the
fact that the theoretic specific of NiO (718 mA h g™') is higher
than that of NACNTs and the theoretical specific capacity of
NACNTs@NiO@ graphitic carbon composite increases with the
nebulization time. After 30 cycles, the NACNTs@NiO@G-30
electrode shows the highest discharge capacity. In order to
explain this phenomenon, electrochemical impedance spec-
troscopy (EIS) measurements were performed for the
NACNTs@NiO@G-30 and NACNTs@NiO@G-40 electrodes after
different cycles at 0.2C. Fig. 6 shows the Nyquist plots for the
two electrodes, which consist of a depressed semicircle in the
high and middle frequency regions and an inclined line in the
low-frequency region. The high frequency semicircle can be
assigned to the contact resistance caused by formation of SEI
layer (Rsg), while the middle frequency semicircle is attributed
to the charge-transfer impedance on electrode-electrolyte
interface (R.). The linear region represents typical Warburg
behavior, reflecting the solid state diffusion of Li" into the active
materials. As can be observed, the fresh cells show the lowest
values of the combined Rgy; and R for the both electrodes,
confirming the existence of SEI layer after the first charge/

28444 | RSC Adv., 2018, 8, 28440-28446
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Fig. 6 (a) EIS of NACNTs@NiO@G-30 electrode after different cycles;
(b) EIS of NACNTs@NiO@G-40 electrode after different cycles.

discharge process. Moreover, it can be obviously observed that
the value of Rgg; and R, of NACNTs@NiO@G-40 electrode is
always higher than that of NACNTs@NiO@G-30. This is due to
the comparatively high NiO content for NACNTs@NiO@G-40,
which results in a decrease in the interfacial area between the
NACNTs and the electrolyte, thus increasing the resistance.
Besides, with increasing the content of NiO in the composite,
the transport pathways for electron and Li' to the NiO particles
become more complicated in NACNTs@NiO@G-40 electrode,
resulting in the inaccessible for electrolyte penetration to the
active materials. The result is consistent with the cycling
performance tests of the two electrodes.

Fig. 7 is the schematic illustration of electron transfer and
the Li" diffusion on the 3D NACNTs@NiO@graphitic carbon.
The outstanding electrochemical performance of the
NACNTs@NiO@G-30 composites can be attributed to several
aspects. @ The 1D directed conductive electron paths of
NACNTSs ensures the excellent electronic conductivity of integral
electrode; @ the well-ordered pore structure can not only
promote the penetration of electrolyte into the active materials
and shorten the Li" diffusion length, but also allow the efficient
electrolyte transport throughout the active materials; ® the
coated graphitic layer improves the structural stability by pro-
tecting NiO from directly contacting with electrolyte and facil-
itate the formation of the stable SEI layer. Due to the
combination effect of these factors, the 3D NACNTs@NiO@g-
raphitic carbon electrode shows excellent electrochemical
properties.

electron transport
pathway

“a
Li* transport pathway

Fig. 7 Schematic illustration of electron and Li* transport pathway for
NACNTs@NiO@graphitic carbon composite.
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Conclusions

In summary, 3D NACNTs@NiO@graphitic carbon composites
were successfully synthesized with the help of nebulizing action
followed by calcination at air and used as anode materials for
LIBs. In this structure, well-ordered pore structure combined
with well 1D directed conductive electron channels of NACNTs
provided the shortest transport pathways for electron and Li".
The coated graphitic carbon layer on the surface of NiO nano-
particles prevents the direct contact between NiO and electro-
Iyte and also alleviates pulverization of NiO during the
lithiation/delithiation processes. A capacity of 649 mA h g™ " at
a current density of 0.2C after 200 cycles is achieved for
NACNTs@NiO@G-30. In view of this, NACNTs@NiO@graphitic
carbon composites might serve as a promising candidate for
next generation lithium-ion batteries.
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