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ABSTRACT In this study, we report a novel route via microwave

irradiation to synthesize a bio-inspired hierarchical graphene— discharge
nanotube—iron three-dimensional nanostructure as an anode

L . . charge
material in lithium-ion batteries. The nanostructure comprises
vertically aligned carbon nanotubes grown directly on graphene o Lithivm
sheets along with shorter branches of carbon nanotubes stemming & (‘)1‘:;“":]
out from both the graphene sheets and the vertically aligned carbon @ Iron

nanotubes. This bio-inspired hierarchical structure provides a three-

dimensional conductive network for efficient charge-transfer and prevents the agglomeration and restacking of the graphene sheets enabling Li-ions to
have greater access to the electrode material. In addition, functional iron-oxide nanoparticles decorated within the three-dimensional hierarchical
structure provides outstanding lithium storage characteristics, resulting in very high specific capacities. The anode material delivers a reversible capacity of
~1024mA-h-g " even after prolonged cyding along with a Coulombic efficiency in excess of 99%, which reflects the ability of the hierarchical network to

prevent agglomeration of the iron-oxide nanoparticles.
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lithium-ion batteries

he recent discovery of graphene, a

free-standing two-dimensional (2D)

carbon material,'* has garnered global
attention due to its outstanding mechanical,?
thermal,* and electrical® properties. Graphene
has been exploited in a wide range of applica-
tions, including supercapacitors,® batteries,”
solar cells2 actuators,” sensors,'® composites, !
and hydrogels."? Also, graphene has been
used as a substrate to make metal-decorated
graphenes with various applications, such as
sensors,'> catalyst supports,'* anode materials
for lithium ion batteries'” and so on. Func-
tionalized graphene nanohybrid and three-
dimensional nanostructure based on gra-
phene as the substrate have recently attracted
attention due to their high surface-to-volume
ratio, electrochemical characteristics, and re-
duced agglomeration originating from their
unique structural morphology and spacer role.
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Such graphene nanohybrids have proven to
be advantageous in applications such as water
treatment,’®  superhydrophobic  surfaces,'”
transparent conductive films,'® mechanically
compliant films,' electrodes for secondary
batteries and solar cells.?

Though there have been some reports
on the integration of one-dimensional (1D)
metal nanorods and nanospikes on 2D
graphene sheets to produce heterogeneous
three-dimensional (3D) arrays,?' the overall
specific surface area of such architectures
is relatively low since the metal nanorods
are solid structure. One way to overcome
this drawback is to grow 1D carbon nano-
tubes on graphene and to decorate zero-
dimensional (0D) metal nanoparticles on
their surfaces. If metal oxide nanoparticles,
such as MnO,, TiO,, Fe,0;, Co30, and
NiO, can be decorated on the 3D carbon
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nanostructure, the resulting hybrid structures may
offer exciting possibilities to improve the performance
of Li-ion batteries among other applications.”? While
we have previously shown the feasibility of growing
nanotube stems off graphene surfaces,? the combina-
tion of 0D, 1D and 2D nanomaterials in one single sys-
tem with larger primary nanotube stems and smaller
secondary nanotube branches growing off these
stems has not been synthesized until now. It should
be noted that such structural hierarchy®* is commonly
observed in most biological systems including chro-
mosomes, proteins, cells, tissues, and organisms.
Natural biomaterials, such as shell,?> bone,?® tendons?’
and the attachment pads of geckos?® consist of multi-
scale and multilevel self-similar hierarchical structures.
There are many advantages of such a structure in terms
of arresting crack propagation, high mechanical stiff-
ness and toughness, ultrahigh surface-to-volume ratio,
improved biochemical activities, and efficient fluidic
channel transport. Many groups have synthesized hier-
archically structured materials to improve the perfor-
mance of functional materials used in applications,
such as optoelectronics,?® biomedicine,*® and energy
storage.®' However, it still remains an enormous chal-
lenge to synthesize a hierarchical 3D nanostructure that
integrates OD, 1D and 2D materials in a single network.
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Here, we report a novel microwave-assisted synthe-
sis method for the production of a hierarchical 3D
nanostructure as an anode material in lithium ion
batteries, based on a combination of graphene, carbon
nanotube, and iron nanoparticles. The 3D graphene—
nanotube—iron (G-CNT-Fe) nanostructure is comp-
posd of stem carbon nanotubes grown on graphene
sheets and much smaller branched carbon nanotubes
which are grown again on both the stem nanotubes
and on the graphenes. In addition, functional 0D iron
nanoparticles are attached both on 1D nanotubes
and 2D graphene sheets. This microwave irradiation
method is very attractive for large-scale synthesis of
such unique 3D nanostructure. The synthesized hier-
archical 3D nanomaterial shows significant potential
as an ultrahigh capacity anode material in lithium ion
batteries.

RESULTS AND DISCUSSION

Synthesis and Mechanism. The entire scheme of syn-
thesis and the growth mechanism are depicted sche-
matically in Figure 1. Organometallic chemical com-
pounds, such as ferrocene, can be decomposed into
both a hydrocarbon supplier and a metal catalyst
precursor under microwave irradiation. To obtain the
hierarchical G-CNT-Fe 3D nanostructure, a novel and
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Figure 1. Two-step synthesis of hierarchical G-CNT-Fe 3D nanostructure and its application to anode material in lithium ion
batteries. (a) Step 1, microwave reaction for carbon nanotube growth, and Step 2, iron nanoparticle decoration and fast
explosive growth of smaller carbon nanotubes on original carbon nanotubes and graphene. (b) Schematic diagram for charge

and discharge in G-CNT-Fe 3D anode material.
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simple two-step process was developed by exposing
the mixture of ferrocene, azodicarbonamide (ADC) and
expandable graphite oxide platelets to multiple micro-
wave irradiation cycles.

Under microwave irradiation, three different phe-
nomena occur simultaneously during the synthesis of
G-CNT-Fe nanohybrids. The first is microwave-induced
expansion of few-layered graphene oxide to graphene
nanoworms. This expansion is further augmented by
the presence of gaseous products from the decom-
position of azodicarbonamide (ADC), which releases
large amounts of CO, and N, resulting in further
expansion along the c-axis of the graphene worms. A
byproduct of ADC decomposition is urea, which reacts
with oxygen moieties, such as carboxyl, hydroxyl, and
carbonyl groups of the graphene oxide surface to graft
amine groups. The initial anchoring of iron nanoparti-
cles on graphene sheets in the first step is shown in
Figure 1a. Next, stem carbon nanotubes are grown
through the first microwave irradiation. The formation
of carbon nanotubes is initiated from the decomposi-
tion of ferrocene vapor under microwave irradiation,
resulting in generation of catalyst particles and release
of hydrocarbon fragments. The iron catalyst particles
formed by collision processes are anchored on gra-
phene surfaces and induce the growth of carbon
nanotubes. When the microwave radiation is turned
off, the cooled ferrocene vapor attaches to the 3D
nanostructure, and much smaller carbon nanotubes
are grown on the 3D nanostructure under the second
microwave irradiation, resulting in the formation of
hierarchical G-CNT-Fe 3D nanostructure as show in
Figure 1a.

In this study, to investigate the potential applica-
tion of the hierarchical G-CNT-Fe nanostructure as an
anode material for lithium ion batteries, galvanostatic
charge—discharge studies were carried out as de-
picted schematically in Figure 1b. In a conventional
Li-ion battery, the cathode materials are typically in-
organic compounds, such as transition metal oxides,
characterized by layered or tunneled structures. The
extracted lithium ions from lithium metal oxide cath-
odes are inserted into a graphitic carbon anode during
the charge process. In the discharge cycle, lithium ions
inserted into the carbon layers can be readily extracted
and transported back to the cathode. Figure 1b shows
that the ideal crystal structure of layered LiMO,
(M = Co, Ni) has a close-packed oxygen array which is
slightly distorted from ideal cubic close packing. Tran-
sition metal ions such as nickel and cobalt ions are
surrounded by six oxygen atoms forming MO, infinite
slabs by edge-sharing of the MOg octahedra. Lithium
ions are located between the MO, layers in octahedral
sites. In our system, we expect that during the charging
process, the reduction of Fe*" ions to metallic Fe°
and the formation of amorphous Li,O will occur.
Large amounts of Li ions can therefore be stored and
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released in the Fe,05 structure through the formation
and decomposition of Li,O respectively, accompanied
by the redox reaction of metallic iron during the anodic
process.

Morphology of 3D Carbon Nanostructure. To characterize
the morphology changes of the carbon nanostructure
during the synthesis process, SEM micrographs of the
hierarchical G-CNT-Fe 3D nanostructure are provided
in Figure 2. The structure of as-prepared graphene
oxide layers is shown in Figure 2a. The defect sites
of graphene oxide act as good anchoring points for
ferrocene. With further increase in the time of micro-
wave irradiation, the ferrocene sublimes to yield
G-CNT-Fe hybrids. Figure 2b,c shows that CNTs with
very high density are grown on graphene sheets and
are distributed uniformly across the graphene worms.
Figure 2d shows that iron nanoparticles are attached
on both the graphene surfaces and carbon nanotubes,
but the density is slightly higher at the edges of the
graphene sheets. This observation can be attributed
to the predominant distribution of amine groups at
the edges of the graphene sheets. The black tips in
Figure 2b indicate that iron nanoparticles induce the
growth of carbon nanotubes, a phenomenon termed
as “tip growth mechanism”. The ultra-high resolution
SEM micrograph shown in Figure 2c indicates that
the carbon nanotubes are firmly anchored on the
graphene surface, which in turn confirms that the
nanotubes grow ‘from' the graphene substrate, rather
than in the vapor phase as in CVD synthesis. Further-
more, Figure 2d shows the presence of some iron
nanoparticle aggregates along the nanotube surface
and on the graphene surface. After the second micro-
wave irradiation, Figure 2e shows the growth of shorter
branches of carbon nanotubes on the stem carbon
nanotubes, resulting in hierarchical G-CNT-Fe 3D nano-
structure. Consequently, microscale hierarchical G-CNT-Fe
3D structure can be readily produced through our simple
two-step microwave synthesis technique as shown in
Figure 2f.

SEM and TEM images of hierarchical G-CNT-Fe
nanostructure are shown in Figure 3. It can be clearly
seen that the carbon nanotubes are standing vertically
on a graphene sheet, and some iron nanoparticles are
decorated on both the carbon nanotubes and the
graphene surface as shown in Figure 3a. The HRTEM
image of an individual nanotube shows that a large
iron nanoparticle is encapsulated and located at the
tip of the carbon nanotube. The carbon nanotube is
microscale in length and has a bamboo-like structure
with iron nanoparticles adhering to the sidewalls
as shown in Figure 3b. On the basis of the shape of
compartments or “knots”, the bamboo carbon nano-
tubes (BCNTs) can be divided into two broad cate-
gories, namely, complete and incomplete knots.>?
The HRTEM images of the BCNTs reveal the forma-
tion of complete knots, wherein the inner graphene
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Figure 2. SEM images demonstrating step-by-step synthesis of hierarchical G-CNT-Fe 3D nanostructure. (a) Expandable few-
layered graphene platelet, (b) initial growth of carbon nanotubes on graphene sheet in the first step, (c) fully grown G-CNT-Fe
3D nanostructure through the first microwave radiation, (d) initial attachment of iron nanoparticles in the second step,
(e) growth of smaller branched carbon nanotubes on the first stem carbon nanotubes grown in the second step microwave
radiation, and (f) microscale hierarchical G-CNT-Fe 3D nanostructure.

compartment layers are fully formed, elongated, and
have completely bridged the inner diameter of the
outer tube. The diameter of each knot is in the rage of
100—120 nm, and the length of the knots is about
200—250 nm. HRTEM images also exhibit the presence
of iron nanoparticulates adhering to the outer edges
of the nanotubes, displaying morphology of iron-
decorated BCNTs anchored onto the graphene surface.
The iron particles are well distributed along the side-
wall of the bamboo CNTs with occasional clustering
and agglomeration. Low- and high-resolution dark-
field HADF images in Figure 3c show the multilevel
spatial distribution of iron particles with some
aggregation.

The inset in Figure 3c shows an iron EDX scan. Since
iron nanoparticles are catalytically active, they intro-
duce additional functionality to the G-CNT-Fe nano-
hybrid and open up new potential applications, such
as anode materials for lithium ion batteries. Figure 3d
shows hierarchical G-CNT-Fe 3D nanostructure which
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was synthesized with the two-step microwave irradia-
tion method. The stem CNTs were formed with a diam-
eter ranging from 40 to 60 nm. The second branched
CNTs grow on the stem CNTs and have a diameter
between 10 to 20 nm.

Such a reduction in diameter from the stem CNT to
the branched CNT mimics the structural hierarchy that is
commonly observed in biological systems. Each stem
and branched CNT has an iron nanoparticle at its tip, thus
inducing the growth of CNTs. The second branched CNT
was formed from the stem CNT through the tip growth
mechanism as shown in Figure 3e. While a big flower-like
iron nanoparticle at the tip of the first stem CNT can
be observed in Figure 3d, a smaller iron nanoparticle is
encapsulated at the tip of the second branch CNT, as
shown in Figure 3e. The nanostructure of G-CNT-Fe was
further evaluated with in situ TEM. Much smaller iron
nanoparticles with a diameter of 5—8 nm are observed
on the surface of the second branched CNTs, as con-
firmed by the TEM image included in Figure 3f.
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Figure 3. SEM image of hierarchical graphene—nanotube—iron 3D nanostructure. (a) Vertically standing carbon nanotubes
on graphene sheets; (b) HRTEM of individual nanotube showing bamboo structure of nanotubes with iron nanoparticles
adhering to the sidewalls; (c) low-and high-resolution dark-field HADF images showing the multilevel distribution of iron
particles with some extent of aggregation at lower resolution and at high resolution, the inset shows an iron EDX scan;
(d) hierarchical G-CNT-Fe 3D nanostructure showing first stem and branch CNTs; (e) second branch CNTs grown on the first
stem CNTs; (f) iron nanoparticles decorated on the second branch CNTs.

Chemical Structure Analysis. The chemical structure
of these iron particles was evaluated by XPS analysis,
and the results are shown in Figure 4. The XPS Fe2p
spectrum in Figure 4a shows two peaks at 711.5 and
724.7 eV, which are assigned to the Fe2ps/, and Fe2p; »
binding energies, respectively. The chemical nature of
these moieties can be obtained from the deconvoluted
O1s XPS spectra plotted in Figure 4b, which show
three peaks at 530.1, 531.6, and 533 eV, indicating
the presence of 0%, OH™, and H,0, respectively. These
results indicate that the iron particles exist in a mixed
state of Fe,O; and FeOOH. To further validate the
existence of multiple valences of iron particles, we
obtained EELS spectra of iron particles as plotted in
Figure 4c. The EELS analysis of the Fe L,5 provides
information on the variation of the valence state of iron
phase. The iron particles inside the CNTs show a sharp
L3 peak and a smaller L, peak at a distance of 12.6 eV,
indicating zero valence iron, whereas the iron outside
the carbon nanotubes shows an Lz peak with much
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lower intensity and an L, peak at a distance of 13.2 eV,
indicating oxidized iron particles.

Raman spectroscopy is widely used to investigate
structural changes in carbonaceous materials. The
spectra of graphene and G-CNT-Fe synthesized by
the ferrocene method are plotted in Figure 4d. The
Raman spectrum of carbonaceous material is charac-
terized by three main features. In the case of graphene,
a G mode due to the emission of zone-center optical
phonons is usually observed at ~1575 cm™', a dis-
order induced D mode is seen at ~1350 cm™', and
a symmetry-allowed 2D overtone is detected at
~2700 cm™". The G band spectra of graphene oxide
show a peak at 1582 cm ™', which is attributed to the
stretching of the carbon—carbon bond in graphene,
whereas this peak in the G-CNT-Fe is shifted to
1583 cm ™' associated with bamboo CNTs. In the case
of D-band peaks, the D band spectra of graphene oxide
and G-CNT-Fe show a peak at 1351 cm™ 'and
1354 cm ™', respectively. Although the shift at the band
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Figure 4. XPS, EELS and Raman Spectra of 3D nanostructure. Deconvoluted Fe2p (a) and O1s (b) XPS spectra of iron, (c) high-
resolution EELS spectra of iron nanoparticles inside and outside of the carbon nanotubes, and (d) Raman spectra of graphene

oxide and G-CNT-Fe.

locations is not significant, the shapes of the peaks
provide valuable information regarding the defects.
The G-band of G-CNT-Fe at 1583 cm™' is significantly
narrower and thinner than thatin graphene. The D-band
in graphene oxide at 1351 cm ™' and the D'-shoulder at
1620 cm ™' have been attributed to the structural dis-
order at defect sites and finite size effects, respectively.
In the case of G-CNT-Fe nanostructure, this D' band at
the 1620 cm™' peak is considerably weaker, indicating
'partial-healing’ of defects by the grown carbon nano-
tubes. More information confirming the growth of CNTs
can be obtained from the second-order Raman spectra,
the main lines of which are at ~2700 cm™' (2D),
2925 cm™' (D + G), 3150 cm ™' (2G), and 3240 cm ™'
(2D'). After CNT growth, considerable sharpening and
increase in the intensity of the peaks was observed.
Another interesting observation is the presence of iron-
related peaks in the G-CNT-Fe samples, the prominent
peaks being located at 224.1,291.8,and 411.1 cm ™. The
most intense of these peaks occurred at 224.1cm ™' and
is attributed to maghemite, the alpha phase of Fe,0s.
Furthermore, the peak at 512.71 cm™ " is also attributed
to maghemite. The minor peak at 611 cm™" is associated
with hematite. The Raman spectra indicate that the main
iron particles decorated on the G-CNT-Fe 3D nanostruc-
ture are the alpha form of Fe,0s, and small portions of
different forms are attached with a mixed valence state,
further validating the previous XPS and EELS analyses.
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Anode Performance in Lithium lon Battery. Galvanostatic
charge—discharge studies were carried out to investi-
gate the applicability of hierarchical G-CNT-Fe nano-
materials as anode electrodes for lithium ion batteries.
Figure 5a presents the voltage profiles for charge and
discharge of a Li*/G-CNT-Fe cell recorded at a current
density of 100 mAg ™" in the potential range of 0to 3 V.
This demonstrates that the discharge curve of the first
lithiation process shows significant difference when
compared to those of the next cycles. Poizot et al. have
reported that this difference results from Li-driven,
textural or structural modification during the initial
discharge process.®® After the second cycle, the dis-
charge curves are almost overlapping, indicating
that the lithium reversibility of the cell was stabilized
after subsequent cycling up to 40 cycles, which can be
clearly seen in Figure 5b. The discharge curves from the
second cycle exhibit two obvious potential plateaus
at about ~1.6 and 0.8 V, which are similar to those
of Fe,0; reported elsewhere.3*** The sloping region
between 1.6 and 1 V corresponds to Li-ion insertion
into the composite structure and the transformation
of Fe** to Fe?*. A longer discharge plateau appears
near 0.85 V and is attributed to the formation of highly
irreversible cubic Li,Fe,03 accompanied by a further
reduction of this phase to metallic iron ca. Fe*" to
Fe?3° During the first discharge, a steep decrease in the
voltage was observed at ~1.15 V. Thereafter, a plateau
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Figure 5. Anode performance of hierarchical 3D graphene—nanotube—iron nanostructure. (a) First discharge curves of aLi*/
G-CNT-Fe cell recorded at 100 mA-g ' current density in the potential range of 0—3 V; (b) specific capacity and Coulombic
efficiency of anode electrodes for both baseline and hierarchical 3D G-CNT-Fe nanomaterial; (c) C—V responses of baseline
and hierarchical 3D G-CNT-Fe nanomaterial; (d) impedance responses of baseline and hierarchical 3D G-CNT-Fe nanomaterial.

set in and continued until the capacity reached about
1440 mA-h-g~ ', which corresponds to the consump-
tion of 8.6 mol of Li/mol of Fe,0s. Another discharge
plateau at ~0.85 V, corresponding to a capacity of
1110 mA-h-g~, was observed followed by a gradual
decrease in voltage until 0 V was reached. At the end
of the first discharge, the total capacity of 3240 +
10 mA-h-g~ ' was achieved. This value corresponds
to a consumption of 19.4 mol of Li/mol of Fe,Os.
In general, it was expected that there would be a
maximum uptake of 6 mols of Li per mole of Fe,0s
according to the full reduction of Fe>" to Fe®. The
excess capacity delivered by the G-CNT-Fe nanocom-
posite results from the formation of a solid-electrolyte
interface (SEI) layer on the surface of the 3D nanostruc-
ture, which is expected to occur in the 0.85 V region.
In spite of achieving a maximum capacity of over
3000 mA-h-g~" in the first cycle, electrochemical
equilibrium was achieved after the end of the first
charge resulting in a stable two-plateau discharge
profile as observed from the second discharge onward.
This interpretation corroborated well with the single
and double peaks observed in the first and second
cycles in cyclic voltammetry (CV) testing, respectively.
In addition, the reversible capacity loss associated
with SEI formation that is usually observed in the first
charge—discharge cycle for high surface area anodes
was also observed in the present investigation. Similar
trends have also been reported for high-performance
iron oxide composites, such as carbon/Fe,03, graphene/
Fe,05, and SWNT/Fe,05.3%%” Moreover, the consumption

of 19.4 mol of Li is superior to other values reported
elsewhere for iron-based composite electrodes. 38
These results clearly reveal that the morphology of
the G-CNT-Fe 3D nanostructure plays a crucial role in
its electrochemical performance.

Figure 5b shows the cycle performance of a Lit/
G-CNT-Fe cell at 100 mA-g~ " in the 0—3 V potential
region. It is evident that the difference in discharge
capacity between the first and second cycle is quite
large due to the formation of the SEI layer which is
completed at the end of the first cycle. Note that from
the second cycle onward, the capacity appears to
stabilize and the Coulombic efficiency was more than
99% after the second cycle. As seen in Figure 5b, the
hierarchical G-CNT-Fe 3D nanostructure delivered an
initial capacity of 3240 mA-h-g~' and a reversible
capacity of 1024 mA-h-g~ ' even after 40 cycles. The
G-CNT-Fe 3D nanostructure provided the first specific
capacity of 2892 mA-h-g~’, and the specific capacity
achieved after 40 charge/discharge cycles was
~865 mA-h-g~". Note that the G-CNT-Fe 3D structure
is obtained after the first microwave irradiation and
contains only large CNT stems but no CNT branches
growing off the stems. The hierarchical G-CNT-Fe 3D
structure is obtained after the second microwave
irradiation and contains both the CNT stems and
branches as shown in Figure 2e. It should be noted
that the capacity values reported here are much higher
than that of Fe,O; (450 mA-h-g~") or graphene
electrodes (500—700 mA-h-g~") when tested indivi-
dually as electrode materials. Such behavior has been
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reported previously with other forms of composite
electrodes. For example, Yu et al. have reported
the preparation of a CNT/Fe,0; composite®® which
delivers a capacity of 768 mA-h-g~' after 40 cycles.
Zhu et al. also reported a reversible capacity of
~980 mA-h-g~' from a graphene/Fe,0; composite
after 50 cycles.>” These studies suggest that there
exists a synergy between the CNT, Fe,03 and graphene
phases in the composite. In the present study, we have
combined all three phases into a single hierarchical
architecture, which prevents restacking of the gra-
phene planes due to the CNT spacers, strongly anchors
the iron nanoparticles to the graphene and CNT planes,
and improves the utilization of the iron particles during
the charge—discharge process. The resulting hierarch-
ical, open pore, high surface area electrode structure
enables greater number of Li-ions to be inserted and
stored within the network resulting in specific capa-
cities of 1024 mA-h-g~' after prolonged cycling
along with a Coulombic efficiency in excess of 99%
which makes it a promising material for Li-ion battery
applications.

To investigate the electrochemical reactions asso-
ciated with charging and discharging, cyclic voltamme-
try (CV) was performed on Li*/ G-CNT-Fe cells between
0and3Vata0.05mV-s~ ' scan rate, and the results are
presented in Figure 5c. There was one peak observed
around 0.8 V during the cathodic process, and the
corresponding anode peak appeared at 1.75 V during
the discharging process. The first peak indicates
the formation of Li,O species, which results from the
conversion reaction of Li* intercalation. The latter is
attributed to the reversible oxidation of Fe° to Fe*™.
According to the CV studies, the possible mechanism
of Li and G-CNT-Fe interaction can be written as>***

Fe203 + 2LiT +2e — Liz(FGzOg) (1)
Lio(Fe,05) +4Lit +4e~ — 2Fe +3Li,0  (2)

2Fe’ + 2Li,0 < 2Fe®TO + 4L +4e~ 3)

During the charging process, the reduction of Fe*™ ions
to metallic Fe® and the formation of amorphous Li,O
occur. The corresponding discharge process is given as
expressed in eq 3. It is clear from the above equations
that large amount of Li ions can be stored in the Fe,05
structure through the formation and decomposition
of Li,O accompanied by the redox reaction of metallic
iron during the anodic process. Additionally, the hier-
archical G-CNT-Fe nanostructure shows much larger

METHODS

Hierarchical 3D G-CNT-Fe Nanostructure. Expandable graphite
oxide was synthesized from natural graphite (Samjung C&G,
99.95%, average size of 200 um) by a modified Hummers
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capacitance than the baseline G-CNT-Fe nanostructure,
resulting in better performance as an anode material.

To investigate the effect of graphene and CNT on
the conductivity of both baseline and hierarchical
G-CNT-Fe nanostructure electrodes, the EIS spectra
were recorded from 100 mHz to 100 MHz, and the cor-
responding Nyquist plots are presented in Figure 5d.
Both the spectra were similar in shape, which consisted
of a semicircle in the high-frequency region and an
inclined line in the low-frequency region. The semi-
circle in the high-frequency region is attributed to the
charge transfer resistance (R.). The R represents the
sum of the electrode/electrolyte resistance, that is,
the electrode resistance and the resistance associated
with the migration of Li* through the bulk of the
electrode. According to the fitted data inserted in
Figure 4d, the hierarchical and baseline G-CNT-Fe
nanostructure electrodes have R values of 5 and
15 Q, respectively. The values could be considered to
be small when compared to the values reported for
composites and iron oxide in previous studies.3>4°
Lowering the R, permits improving the charge transfer
characteristics, which in turn enhance the Li™ diffusion
rate toward the electrode and increases the electro-
chemical performance of the materials. Furthermore,
the following studies to reduce the gap between initial
and reversible capacities should be performed for
practical commercialization of the 3D carbon nano-
structure through careful and experimental work in
near future.

CONCLUSION

In summary, we have developed a fast and facile
microwave method to synthesize a novel G-CNT-Fe 3D
functional nanostructure composed of stem carbon
nanotubes grown on graphene sheets and much
smaller branched carbon nanotubes grown again on
both the stem nanotubes and on the graphene sheets.
In addition, functional 0D iron nanoparticles are em-
bedded in the network creating a unique 3D ensemble
of OD iron nanoparticles distributed on 1D carbon
nanotubes and 2D graphene nanosheets. Raman spec-
tra and XPS indicated the presence of iron moieties in
mixed valence states of FeOOH and Fe, 03, which was
further validated by nanoscale EELS data. The obtained
hierarchical G-CNT-Fe 3D nanostructure exhibited
very high lithium storage capacity significantly above
that of its individual constituents indicating a strong
synergy between the graphene, CNT, and iron oxide
phases in the hierarchical structure.

method. Ferrocene (Fe(CsHs),, 98%) and azodicarbonamide
(C3H40,N,, 97%) were purchased from Aldrich and used as
received. Expandable graphite oxide platelet was dispersed in
acetonitrile, and 0.1 g of ADC and 0.5 g of ferrocene were added
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and ultrasonicated for 20 min. This mixture was subjected
to microwave irradiation in a microwave reactor (KR-H20MT,
Daewoo Electronics Co. Ltd., Korea) at 700 W for 120 s. For
constructing a structural hierarchy, subsequent multiple micro-
wave irradiations were performed again each for 30 s after
cooling-down and turning off.

Measurements. SEM micrographs were recorded using a
Nova NanoSEM 230 FEI at 1 kV in gentle-beam mode without
any metal coating. TEM micrographs were recorded on a JEM-
3011 HR microscope using a holey-carbon-coated copper grid.
EELS spectra were recorded on a JEM-ARM200F microscope
operated at 200 kV using a holey-carbon-coated copper grid.
For both TEM and EELS studies, a drop of very dilute dispersion
after settling was placed on respective substrates and dried
under ambient conditions. Raman spectra were recorded on a
LabRAM HR UV/vis/NIR (Horiba JobinYvon, France) using a CW
Ar-ion laser (514.5 nm) as an excitation source focused through
a confocal microscope (BXFM, Olympus, Japan) equipped with
an objective lens (50, numerical aperture = 0.50). High-
resolution X-ray photoelectron spectroscopy was carried
out with a Multilab 2000 system (VG, U.K.) spectrometer using
nonmonochromatic Mg Ka X-ray sources. The XPS spectra were
curve-fitted with a mixed Gaussian—Lorentzian shape using the
XPS peak analysis software, PEAK.

Anode Performance Test. Electrochemical measurements were
performed with a CR2032 coin-type cell in the voltage range
of 0—3 V under the current density of 100 mA-g~' using
a computer-controlled multichannel battery test unit (WBCS
3000, Won-A-Tech, Korea). The G-CNT-Fe nanohybrid acted as
an anode electrode, and lithium foil was used as a cathode. The
anode for coin cells was prepared by mixing accurately weighed
(G-CNT-Fe, 70 wt %) active material along with ketjen black as
conducting additives (KB, 15 wt %), and Teflonized acetylene black
(TAB, 15 wt %) as binder. The material was pressed on a 200 mm?
nickel mesh and subsequently dried at 160 oC for 4 h in a vacuum
oven. The test cell was fabricated in an argon-filled glovebox by
pressing together a lithium foil cathode and nanohybrid anode
between a porous polypropylene separator (Celgard 3401) in 1M
LiPFg in an ethylene carbonate (EC)/dimethyl carbonate (DMC)
(1:1 by v/v, Techno Semichem Co.,, Ltd., Korea) mixture. In the CV
measurements, Li metal acted as both the counter and reference
electrode in the potential window of 0—3.0 V at a scan rate of
0.05 mV/s using a Solartron electrochemical analyzer (1287,
Ameteck, U.K). Electrochemical impedance spectroscopy (EIS)
was performed using a Bio-Logic electrochemical work station
(SP-150, Biologic, France) with a three electrode cell configuration.
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