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We report a microwave-assisted synthesis of a self-assembled three-dimensional graph-

ene-carbon nanotube-nickel (3D G-CNT-Ni) nanostructure, which can be used as a high

capacity anode material in lithium-ion batteries (LIBs). The unique 3D G-CNT-Ni nanostruc-

ture shows that CNTs are grown on graphene sheets through tip growth mechanism by Ni

nano-particles. Bunches of CNTs and graphene sheets produce 3D network nanostructures

with ultrahigh surface area, a large number of activation sites, and efficient ion pathways,

all of which are crucial for high capacity anode materials in LIBs. The synthesized 3D nano-

structure maintains a reversible specific capacity of 648.2 mA h/g after 50 cycles at a cur-

rent density of 100 mA/g, as high capacity electrode structures in LIBs.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

As an energy storage system, rechargeable lithium-ion batter-

ies (LIBs) have been applied to various mobile systems such as

mobile phones, portable electronics, electric vehicles, plug-in

hybrid electric vehicles, and hybrid electric vehicles. As the

consumption of electric power greatly increases, significant

improvements in the performance indexes of LIBs are

impending such as rate capability, cycle life, energy density,

and power density. As an anode material, graphene, has re-

cently come to be considered as a highly potential substitute

material for commercial graphite which has a theoretical spe-

cific capacity of 372 mA h/g [1,2]. Compared to graphite,

graphene can exhibit much higher capacities owing to its lar-

ger number of exposed edges, larger surface area, high con-

ductivity, structural defects, chemical stability and extra

space for lithium-ion storage. However, experimental results

on graphene used as an anode material show poor reversible
capacity and poor cycle life because of structural limits such

as re-stacking nature [1–5].

Hence, considerable efforts have been made to overcome

the structural limits of graphene. One new avenue is to inte-

grate carbon-based nanostructures into a hybrid material in

order to obtain synergy effect [6–17]. With the use of graph-

ene, some morphologically modified carbon nanostructures

such as carbon nanotubes (CNTs), fullerenes, activated car-

bon, and carbon aerogels have been reported [6–8]. Especially

three-dimensional (3D) carbon nanostructures obtained by

combining two-dimensional planar graphene with one-

dimensional vertical CNTs have attracted much interest be-

cause of their structural merits [9,10,12,15]. The geometric

form of 3D carbon nanostructures aligns the conductivity

paths in the planar direction with graphene and in the axial

direction with CNTs, leading to minimal resistance.

Additionally if CNTs are directly bonded to the graphene, it

is possible to minimize the contact resistance at junction
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[18–19]. Lowering of resistance directly contributes to increas-

ing the current access on the anode, enhancing the diffusion

of Li-ion toward the electrode. Additionally, the resulting 3D

carbon nanostructures possess high surface-to-volume ratio,

which is a key parameter in LIBs in terms of both high capac-

ity and energy density. In addition, the bundling of graphene

is overcome by the CNTs as role of spacer in their structures.

As a result, this structural system can be directly applied as

performance enhancers in LIBs. Previously, 3D carbon nano-

structures were usually prepared by chemical vapor deposi-

tion [9–12], plasma-enhanced chemical vapor deposition

[13], chemical reduction with hydrazine [14], etc. However,

some synthetic methods involve multiple steps and process-

ing difficulties due to the use of high temperature conditions

and expensive apparatus in addition to the time-consuming

and hazardous nature of such processes. Therefore, a one-

pot, cost-effective, and simple self-assembly method to form

3D carbon nanostructures remains a challenging topic and is

indispensable to the energy storage community.

Meanwhile, several studies have attempted to use com-

posite materials of graphene and CNTs as anode materials

in LIBs. Yoo et al. reported the preparation of CNT and graph-

ene nanostructures using acid-treatment followed by ultra-

sonic mixing; these materials utilized as anode materials

and demonstrated a reversible capacity of 480 mA h/g after

20 cycles at a current density of 50 mA h/g [6]. Chen et al.

demonstrated the hybridization of CNT-graphene through in

situ chemical vapor deposition process; these materials

exhibited a reversible capacity of 518 mA h/g after 30 cycles

at a current density of 74 mA h/g [15]. Fan et al. prepared com-

posites of carbon nanofibers (CNFs) grown on graphene

through chemical vapor deposition approach; these materials

had a reversible capacity of 607 mA h/g after 30 cycles at a

current density of 0.12 mA/cm2 [12]. Recently, Sun et al. suc-

cessfully fabricated reduced graphene oxide-CNT composites

using microwave-assisted synthesis by adjusting the weight

percentage of CNTs [16,17]. Even though graphene and CNT

composites show synergetic effects in terms of electrochem-

ical activity, it is difficult to keep the specific capacity stable

from the early stages of cycles. As a result, graphene and

CNT composites delivered a reversible capacity of 298 mA h/

g after 50 cycles at a current density of 50 mA/g. In short,

the poor electrochemical performances may result from the

absence of direct bonding between graphene and CNTs be-

cause the researchers used commercial CNTs that were not

directly grown on the surface of the graphene sheets. The di-

rect bonded conjunction between the graphene and the CNTs

significantly contributes to not only maintaining a stable level

of work function in carbon structures but also giving rise to

efficient charge transfer and Li-ion migration, thereby

enhancing the Li-ion storage properties [20].

Herein, we report a cost-effective microwave self-assem-

bly of a 3D graphene-carbon nanotube-nickel (G-CNT-Ni)

nanostructure composed of graphene sheets and CNTs. To

the best of our knowledge, nickel nano-particles have not

yet been used to construct 3D carbon nanostructures or their

derivatives for adoption as anode materials for LIBs. These

novel 3D G-CNT-Ni functional nanostructures show excellent

performance in terms of their high lithium storage capacity

with improved reversible cycling stability; they also have high
rate capacity due to their high surface area, high porosity, and

non-stacking of graphene layers.

2. Experimental

2.1. Preparation of self-assembled 3D nanostructure

The self-assembled 3D G-CNT-Ni nanostructure has been syn-

thesized in a two-step process. In the first step, expandable

graphite oxide was prepared using the modified Hummer’s

method [21]. And expandable graphite oxide powder was

added to 200 mL of deionized water, followed by ultrasonica-

tion for 30 min. The above solution was filtered and dried in a

vacuum oven. This dried material was added to an empty

500 ml beaker, which was covered with wiper. And then the

beaker was put on the hot plate at 400 �C for 5 min. The

resulting fluffy-black powder is called thermally exfoliated

reduced graphene oxide (TErGO). In the second step, the TEr-

GO powder was mixed with an appropriate amount of nick-

elocene (Ni(C5H5)2) and was dispersed in acetonitrile

(CH3CN), followed by ultrasonication for 30 min. Finally, the

above mixture was placed in a microwave oven (MAS-II,

SSMCT Co. Ltd., China) and was irradiated at 700 W for

5 min, then the microwave was turned off and the mixture

was allowed to cool for 5 min. After that, the mixture was

irradiated at 700 W for 5 min again. Finally the 3D G-CNT-Ni

nanostructure was synthesized through the above two-step

process. Bamboo CNTs which are a reference sample for com-

parison were synthesized within the second step, excluding

TErGO.

2.2. Characterization

The physical characterization of self-assembled 3D nano-

structures was examined using X-ray diffractometry (XRD,

D/MAX-2500, Japan), field emission scanning electron micros-

copy (FESEM, Magellan-400, Nova230, Japan), transmission

electron microscopy (FETEM, Tecnai F20, USA), high resolu-

tion dispersive Raman spectroscopy (LabRAM HR UV/Vis/

NIR, France), Fourier transform infrared spectroscopy (FT-IR,

4100 Jasco, Japan), multipurpose X-ray photoelectron spec-

troscopy (XPS, Sigma Probe, UK), Brunauer Emmett Teller

(BET, Tristar ll 3020 V1.03, Micromeritics, USA) surface area

characterization and thermogravimetric analysis (TGA, 92-

18, Setaram, France). The electrochemical measurements

were performed using a CR2032 coin cell configuration in

which the synthesized nanostructures were used as the

working electrode and lithium foil acted as the counter elec-

trode. The composite anodes were prepared by pressing a

slurry containing 5 mg of 3D G-CNT-Ni nanostructures or

bamboo CNT active materials, 1 mg of Ketzen black (KB),

and 1 mg of teflonized acetylene black on a 200 mm2 nickel

mesh; this mixture was dried at 160 �C for 4 h in a vacuum

oven. The test cells were fabricated in an argon filled glove

box by pressing of the prepared anodes along with a lithium

foil cathode separated by a polypropylene separator (Celgard

2600, USA). 1 M LiPF6 (1:1 v/v EC:DMC, Soulbrain, Korea) was

used as the electrolyte. All electrochemical tests were per-

formed using the constant current method. Electrochemical

profiles were obtained in the voltage range of 0–3 V at a
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current density of 100 mA/g using a battery tester system

(PNE solution, Korea). The electrochemical impedance spec-

troscopy (EIS, BIO-LOGIC, SP-150, France) measurements were

carried out in the frequency range of 0.1 Hz to 100 kHz.

3. Results and discussion

A schematic representation of the formation process of the

self-assembled 3D G-CNT-Ni nanostructure and its role as

an anode material in LIB is given in Fig. 1. During the ultra-

sonication process, nickelocene (Ni(C5H5)2) and acetonitrile

(CH3CN) dispersed between and on the graphene sheets.

When the mixture was subjected to microwave irradiation,

the Ni(C5H5)2 organometallics thermally decomposed into

nickel nanoparticles and hydrocarbon molecules; theses nick-

el nanoparticles induce the growth of CNTs, as shown in

Fig. 1. Importantly, carbonaceous gases that arose from aceto-

nitrile were captured by the nickel nanoparticles, forming car-

bon-coated nickel nanoparticles [22]. The graphene defects

acted as nucleation sites and anchoring sites for the nickel

nanoparticles; then, the nickel nanoparticles release the dis-

solved carbon, leading to CNT growth. This CNT growth fol-

lows the ‘tip-growth’ mechanism [23]. Additionally, it is well

known that decomposed nitrogen from CH3CN contributes

to the formation of bamboo-shaped CNT structures with

atomic defects.

The surface morphology of the self-assembled 3D G-CNT-

Ni nanostructures was characterized by FE-SEM. Fig. 2 shows

the SEM images of the thermally exfoliated graphene precur-

sor, the nickel-decorated graphene sheets, and the 3D G-CNT-

Ni nanostructures. Fig. 2a shows the rippled and fluffy nature
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Fig. 1 – Schematics of (a) microwave-assisted synthesis of self-a

nanostructure as an anode material during the charging and di
of the thermally-exfoliated graphene sheets [24], which were

used as the starting material for the synthesis of the 3D G-

CNT-Ni nanostructures. Some scrolling of the graphene sheet

was caused by thermal exfoliation during the reduction pro-

cess [24]. In the middle of microwave irradiation to the

homogenous mixture, we found that nickel nanoparticles

were uniformly decorated on the graphene sheets, as shown

in Fig. 2b. The bright and white dots on the graphene sheets

represent the nickel nanoparticles. During the CNT growth,

nickel nanoparticles mainly adhered to the surface of the

graphene sheet or between the graphene sheets.

These nickel nanoparticles were encapsulated inside CNTs

in the initial stages [25], which led to upward growth of CNTs

from the graphene root. Fig. 2c shows the initial growth of

CNTs on the graphene sheets after short-time microwave

irradiation. Especially, Fig. 2d and Fig. S3 show the growth of

CNTs between the graphene sheets. During the additional

microwave irradiation, CNTs grow by tailing the movement

of the nickel nanoparticles. The direction of CNT growth

was not necessarily unidirectional. Actually the nickel nano-

particles moved randomly, leading to the tip growth mecha-

nism. Some CNTs were bent or curled, as shown in Fig. 2e.

Moreover, it was possible to induce these CNTs to grow to a

few micrometers in length by controlling the radiation time.

Fig. 2f shows that the growth of CNTs is uniform on the

graphene sheets and that there is a well-packed forest of

CNTs. These CNTs are densely on the inner and outer sur-

faces of graphene.

The TEM image shown in Fig. 3 confirms the formation of

the 3D G-CNT-Ni nanostructures. Fig. 3a shows well grown

CNTs of various sizes of up to several nanometers in length.
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Fig. 2 – SEM images of (a) a wavy reduced graphene oxide sheet obtained by thermal exfoliation, (b) uniformly decorated

nickel nanoparticles on the graphene sheets, (c) initiation of CNT growth by nickel nanoparticles from the graphene surface,

(d) well distributed nickel nanoparticles on the inner and outer surfaces of graphene, which induce CNT growth between

graphene layers, (e) full-grown CNTs after completion of the microwave irradiation, and (f) CNTs densely grown over several

graphene sheets, showing self-assembled 3D G-CNTs-Ni nanostructures.
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CNTs of various lengths and diameters are attached to the

graphene sheets. The diameter of the CNTs strongly depends

on the particle size of nickel [23]. Through a deep investigation

of the 3D G-CNT-Ni nanostructures, we found that most nickel

nanoparticles are observed inside the CNTs. That is, nickel

nanoparticles remained in the CNTs after finishing the growth

of CNTs. Fig. 3b shows the bamboo-shaped nature of the as-

grown CNTs. These CNTs assume a bamboo-shaped structure

due to the incorporation of nitrogen defects. Fig. 3c,d show the

energy dispersive spectrometer (EDS) mapping of unique

CNTs including nickel nanoparticles. Fig. 3c reveals the carbon

maps of high angle annular dark field-scanning transmission

electron microscopy (HAADF-STEM) image for bamboo-

shaped CNTs. However, the carbon mapping is not clear due

to the use of holey-carbon-film as a substrate. Ni elements

are expressed as yellow parts in the EDS mapping, as shown

in Fig. 3d. Typically, these encapsulated nickel particles corre-

sponded to the XRD results shown in Fig. 4a.

XRD was used to confirm the phases of the starting mate-

rial and the final product of the 3D G-CNT-Ni nanostructure.

The XRD patterns of the TErGO and 3D G-CNT-Ni nanostruc-

tures are shown in Fig. 4a. A typical 2h peak in graphene cor-

responding to the (002) diffraction peak was observed at 25.2�
in the XRD pattern of TErGO. The d-spacing value was about

0.35 nm. This value is slightly larger than the peak of graphite

(0.336 nm), suggesting that TErGO has some atomic scale de-

fects in the basal planes and residual oxygen-functional

groups [26]. In the 3D G-CNT-Ni nanostructures, this peak

slightly shifted to 26.2� in the XRD pattern. During the forma-

tion of 3D G-CNT-Ni nanostructures, the residual oxygen-

functional groups were removed, leading to a decrease in
the d-spacing value to 0.33 nm. Besides this, in the XRD pat-

tern of 3D G-CNT-Ni, as shown in Fig. 4a, new peaks at

44.42, 51.76, and 76.26�, corresponding to (111), (200), and

(220) peaks from nickel nanoparticles are also observed [27].

This indicates that the nickel catalyst remained as nickel

nanoparticles in the 3D G-CNT-Ni nanostructures [28]. Espe-

cially, the nickel particles encapsulated with carbon layers

show pure peaks of nickel rather than that of nickel oxide

(NiO) [27,28].

FT-IR study in the range of 4000–400 cm�1 was carried out

in the present study. The FT-IR spectra of the TErGO and 3D G-

CNT-Ni nanostructures are presented in Fig. 4b. In the TErGO

and 3D G-CNT-Ni nanostructures, the peaks at 3400 cm�1 in

the IR spectrum are attributed to O-H stretching. In the spec-

tra acquired from the TErGO, the peak at 1739 cm�1 and the

broad peak region near 1160 cm�1 correspond to residual car-

boxyl groups and epoxy functional groups after the thermal

exfoliation, respectively [29]. In the spectra acquired from

the 3D G-CNT-Ni nanostructures, such broad peaks

(1160 cm�1) in the identical regions are so altered, as shown

in Fig. 4b. In this region, some oxygen-containing functional

groups were partially shifted and split into two groups at

1200 and 1005 cm�1 after microwave irradiation. During the

microwave irradiation, some oxygen-functional groups were

removed by heat energy and some defects were formed on

the surface of graphene. These defects acted as nucleation

sites, at which nickel nanoparticles were anchored and gave

rise to CNTs [22]. From this, atomic binding occurred between

CNTs and graphene, resulting in the construction of the 3D G-

CNT-Ni nanostructures. The peaks at 1550 and 1535 cm�1 in

both materials correspond to the skeletal vibration of



Fig. 3 – TEM images of (a) curled CNTs on wrinkled paper-like graphene sheets, (b) nickel nanoparticles inside bamboo-

shaped CNTs and EDS maps of HAADF-STEM image for (c) carbon, and (d) nickel atoms in 3D G-CNT-Ni nanostructures.
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graphene [16,30], which indicates that graphene existed in the

material before and after the reactions.

It is well known that Raman spectroscopy, as a non-

destructive technique, plays a critical role in characterizing

3D graphene-based materials. Therefore, this tool has been

employed to obtain information about new structures and de-

fects in this study. Fig. 4c shows Raman spectra acquired from

the TErGO and 3D G-CNT-Ni nanostructures. There are two

prominent bands in the spectra of each sample. The TErGO

used as the starting material exhibited D and G bands at

1346 and 1571 cm�1, respectively. However, the 3D G-CNT-Ni

nanostructures exhibited D and G bands at 1352 and
1577 cm�1, respectively. A small shift of 6 cm�1 toward the

lower wavenumber side of the G band is observed compared

to that the G band in the spectra of the TErGO. The shift of

the G band in the 3D G-CNT-Ni nanostructures is related to

the charge transfer between carbon material and the other

compounds [31–33]. Therefore, the shift indicates that the

3D G-CNT-Ni nanostructures are produced in the form of a

composite with direct bonding after microwave irradiation

and that charge transfer occurs among the graphene sheets,

nickel nanoparticles, and CNTs. The intensity ratio of the

D–G band (ID/IG) of the 3D G-CNT-Ni nanostructures is 0.71,

while that of the TErGO is 0.58. In Raman spectroscopy, the
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D band indicates the extent of disorder in the crystalloid.

Thus, a slight increase in ID/IG means an increase in disorder.

It was arising from the remaining nickel nanoparticles inside

of CNTs, and that CNTs which are present between (or inter-

calated into) the graphene sheets [32,34]. This result reveals

that the levels of disorder in the basal planes of 3D G-CNT-

Ni nanostructures are higher than that of TErGO.

The weight percentage of nickel in the 3D G-CNT-Ni nano-

structure has been confirmed by TGA as shown in Fig. 4d.

When comparing the both TGA curves, the TErGO curve

shows a sharp decrease in weight at temperatures over

500 �C. Since TErGO is mainly composed of carbon and oxy-

gen functional groups, all carbon material burns out in air

or causes the formation of carbon dioxide until 800 �C. How-

ever, the weight of the 3D G-CNT-Ni nanostructures also de-

creases from around 500 �C: 23.2 percent of the material

was left after 800 �C. That means that the nickel composition

is nearly 23.2%, including both nickel catalysts and residual

nickel in the 3D G-CNT-Ni nanostructures.

In order to investigate the change in the internal bonding

of the structure after microwave irradiation, XPS analysis

was conducted for the two materials. In Fig. 5a, the C 1s spec-

tra of TErGO is shown to possess three peaks at 284.6, 286.2,

and 290.6 eV, corresponding to sp2 carbon, hydroxyl groups,

and carboxyl groups, respectively [35]. The higher intensity

of the non-oxygenated peak, located at 284.6 eV, indicates

the completion of the thermal reduction process. After micro-

wave irradiation, only very small residual oxygen functional

groups still remained, as shown in Fig. 5c. However, there

were some major changes in bonding between the oxygen
groups. Before comparing the O 1s spectra of the TErGO with

that of the 3D G-CNT-Ni nanostructures, the relative intensity

ratio of oxygen can be seen to have dropped from 11.74% to

3.41% (Table S2). Inside the envelope, there was an extra low

intensity peak at 529.7 eV in the 3D G-CNT-Ni nanostructure.

This new binding state of oxygen suggests that the residual

nickel nanoparticles, which were not used in CNT growth as

catalysts, might have bonded to oxygen and led to the forma-

tion of NiO [36].

This can also be confirmed by surveying the nickel spectra.

In the Ni 2p spectra (Fig. S1), the overall curve shapes corre-

spond to the NiO spectra [33]. However, the noise level of

the low intensity peaks appears to be due to the powder-type

samples. Moreover, only a tiny content of nickel contributed

to form the NiO (Table S2). In short, most of the nickel in

the 3D G-CNT-Ni exists as nickel nanoparticles encapsulated

inside CNTs, as shown in Fig. 3b; a small amount of the nickel

is in the state of NiO.

To estimate the possibility and the potential synergy ef-

fects of using 3D G-CNT-Ni anode material for LIBs, an elec-

trochemical test of the 3D G-CNT-Ni electrode was

conducted. Besides, the results were compared with those

for the bamboo-shaped CNT (CNT-Ni) electrode. Fig. 6a pre-

sents the first charge/discharge profiles of the 3D G-CNT-Ni

nanostructure and the bamboo-shaped CNT electrodes at a

current density of 100 mA/g. At the early stages of discharge

curve, the profile of the bamboo-shaped CNTs decreases stee-

ply from 3.0 to 1.0 V, while the profile of the 3D G-CNT-Ni

nanostructure electrode decreased to 1.7 V. The capacity dif-

ferences of lithium accommodation are mainly based on the
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specific surface area (Table S1), resulting in a severe reduction

of the specific capacity of about 200–300 mA h/g. In the initial

discharge, a long distinct plateau was observed at 0.75 V and

at 1 V for the bamboo-shaped CNTs and the 3D G-CNT-Ni

nanostructure electrode, respectively. The formation of this

plateau is due to the conversion reaction between nickel

and Li. In addition, both the electrodes exhibited another

pleateau below 0.5 V, which corresponds to the interaction be-

tween the composite materials and the electrolyte, forming a

solid electrolyte interface (SEI) layer [37].

It can be seen in Fig. 6a that initial capacites of 1088.6 and

2395.2 mA h/g were obtained from the Li/bamboo-shaped

CNTs and the Li/3D G-CNT-Ni half cells, respectively. It is

apparent that the initial discharge capacity values for both

the composite electrodes were greater than the expected the-

oretical capacities. This excess capacity of the electrodes ar-

ose from (1) decomposition of the electrolyte at a lower

potential subsequent to the formation of SEI on the surface

of the electrode, (2) reduction of the adsorbed impurities on

the active material surfaces and (3) the reversible formation

and decomposition of lithium oxide, as well as possible inter-

facial lithium ion storage.

As shown in Fig. 6a, the 3D G-CNT-Ni electrode showed lith-

ium storage behavior better than that of the bamboo-shaped

CNT electrode. The improved performance of the 3D G-CNT-

Ni electrode is mainly attributed to the addition of a graphene

matrix, resulting in the improvement of the electrical

conductivity and an increased surface area. Therefore, the
3D G-CNT-Ni nanostructures can provide more reaction sites

for redox cycling. Moreover, the structures lead to a smaller

diameter of active particles, which induces a shorter diffusion

length for Li-ions, enhancing the reaction kinetics and, there-

by improving the overall electrochemical performance of the

3D G-CNT-Ni nanostructure electrode. Furthermore, the addi-

tion of the graphene matrix not only increases the electrical

conductivity of the composite, but also facilitates more elec-

trolyte adsorption through the open network system formed

during the microwave irradiation, as shown in the SEM images

in Fig. 2; this 3D network system stabilizes the electrode–elec-

trolyte interface and hence improves the storage capabilities

in an exceptional way. In contrast, the bamboo-shaped CNT

electrode delivered relatively low capacity compared to that

of the 3D G-CNT-Ni composite due to the agglomeration of

CNTs during the preparation, which affects the connectivity

between the nanotube network and the Ni particles, thus lim-

iting the lithium ion storage property of the bamboo-shaped

CNT composite [38]. Although the 3D G-CNT-Ni electrode

delivered capacity higher than that of the other electrodes, it

also has a large irreversible capacity loss (ICL). This large ICL

could be attributed to the presence of oxygen functional

groups in the 3D G-CNT-Ni composite, as is evident in the

XPS studies, as shown in Fig. 5. These functional groups in

the composite can irreversibly entrap Li+ions and thereby lead

to large ICL [39]. It is in under progress to reduce the irrevers-

ible capacity during the initial cycle by controlling the specific

surface area and optimizing the electrolyte with additives
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because the large irreversible capacity loss is not favorable for

LIBs in commercial applications.

In order to compare the effect of graphene addtion on the

cycliability, cycle tests of these two materials were conducted

at 100 mA/g between 0 and 3.0 V, with results as shown in

Fig. 6b. The 3D G-CNT-Ni nanostructure maintains a very high

reversible specific capacitiy of 648.2 mA h/g after 50 cylces.

However, the reversible capacity of the bamboo-shaped CNT

electrode was about 282.4 mA h/g. The value is much smaller

value than the reversible capapcity of the 3D G-CNT-Ni nano-

structure electrode. This remarkable difference in the cycle

performance between the two materials could be the result

of the unique structural characteristics of the 3D G-CNT-Ni

electrode. Since the 3D G-CNT-Ni nanostructure had high sur-

face-to-volume ratio, this 3D structure possesses high stabil-

ity during the charge and discharge process; this high stability

results from the good mechanical flexibility of graphene,

which contributes to the reduction of the large volume

change. Moreover, CNTs grown between the graphene layers

acted as spacers. Therefore, the 3D nanostructure mitigates

self-aggregation and re-stacking of the graphene layers and

provides more available active sites for the electrochemical

reaction. Moreover, the interactions of the graphene, due to

its high van der Waals force, formed an open network system,

through which electrolyte species were easily able to access

the surface of the graphene layer, improving the formantion

of SEI. This process also increased the utilization of electrode

active species during the electrochemical reaction process. It
is noteworthy that the hybridization of CNTs and ultrathin

graphene sheets leads to the formation of a highly conductive

3D graphene network with highly porous morphology, as

illustrated in Fig. 2. This conductive 3D network significantly

improved the overall conductivity of the composite electrode

and the carrier mobility, thereby ensuring excellent cycling

performance [38].

The rate performances of the 3D G-CNT-Ni nanostructure

and of the bamboo-shaped CNT electrodes are shown in

Fig. 6c. The rate performance measurement was conducted

at the specific current densities of 100, 200, 400, 800, and

1600 mA/g between the potential range of 0 and 3.0 V. It can

be seen from Fig. 6c that the discharge capacity of both elec-

trodes was gradually decreased with increasing current den-

sity. This is due to the polarization effect of the electrodes

at high current rates, which reduces the time required for

Li-ion diffusion. Hence, Li-ion can participate mainly on the

surface of the electrode materials in the high rate charging-

discharging process. It should be noted in Fig. 6c that the cell

containing the 3D G-CNT-Ni nanostructure electrode showed

much higher specific capacitiy than that of the bamboo-

shaped CNT electrode at all current densities. After returning

to 100 mA/g, the 3D G-CNT-Ni nanostructure electrode still

showed a high specific capacity value of 699 mA h/g, even

after being cycled at high current rates; this specific capacity

value is higher than that in previous reports and is also com-

parable with values of other 3D carbon/carbon composites

[3,7,16,25]. These results provide strong evidence that the
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electrochemical process of the 3D G-CNT-Ni nanostructure

electrode is highly reversible to a certain extent. It is possible

to explain the excellent rate performance of the 3D G-CNT-Ni

nanostructure electrode, resulting from the enhanced electro-

chemical reactivity. It is due to the large specific surface area

of 3D G-CNT-Ni nanostructures and the nano-crystalline nat-

ure of nickel particles. Hence, this improved electrochemical

performance was realized for the 3D G-CNT-Ni nanostructure

electrode even at the high current rates. Although the bam-

boo-shaped CNT electrode showed electrochemical activity,

the agglomeration of CNTs during the irradiation, due to the

van der Waals force, reduced the flexible nature of the nano-

tubes, as well as the surface area of the composite, thus

affecting the protection of the SEI layer at high current rates

and hence decreasing the lithium storage capacity [38].

Several EIS studies were consulted to determine the influ-

ence of graphene addition on the electrical conductivity; the

corresponding Nyquist plots are presented in Fig. 6d. The Ny-

quist traces were fitted according to an equivalent circuit (in-

set in Fig. 6d); the fitting parameters are listed in Table S3. The

Nyquist plots of the 3D G-CNT-Ni nanostructure and of the

bamboo-shaped CNT electrodes are similar; both showed a

semi-circle in the low frequency region and an inclined line

in the high frequency region. The semi-circle at low frequency

region represents the resistance associated with the charge

transfer resistance (Rct), which is used to measure the elec-

trochemical reaction kinetics. On the other hand, the sharp

upward line in the high frequency region corresponds to Li-

ion diffusion into the bulk of the electrode. According to the

fitting data shown in Table S3, the Rct values of the bam-

boo-shaped CNT and the 3D G-CNT-Ni nanostructure elec-

trodes were calculated and found to be about 60.11 and

34.50 O, respectively. It is clear that the cell containing the

3D G-CNT-Ni nanostructure electrode has a lower Rct, demon-

strating that the addition of graphene has effectively reduced

the cell resistance. It is a noteworthy fact that the lowering of

the resistance directly increases the current access on the

electrode, enhances the Li-ion diffusion rate toward the elec-

trode, and improves the electrochemical reactivity of the 3D

G-CNT-Ni nanostructure electrode. The EIS results correlate

well with the charge and discharge studies.

4. Conclusions

We have developed a microwave-assisted method to synthe-

size self-assembled 3D G-CNT-Ni nanostructures for use as

high-capacity anode materials in LIBs. Microwave-assisted

thermal heating delivers a huge amount of energy in a short

duration, leading to fast chemical decomposition and reac-

tions, finally forming a self-assembled 3D carbon nanostruc-

ture. CNTs are vertically grown on the graphene sheets

through the tip growth mechanism by Ni nanoparticles. The

CNTs firmly standing on the graphene sheets play the role

of spacers, preventing graphene layers from re-stacking and

self-agglomerating. Moreover, the 3D G-CNT-Ni nanostruc-

tures electrode shows enhanced reversible performances in

cyclic and rate tests, maintaining the specific capacity of

648.2 mA h/g after 50 cycles at a current density of 100 mA/

g. These unique 3D G-CNT-Ni nanostructures have the poten-

tial for use in backbone structures of anode materials in LIBs.
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