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ABSTRACT The development of three-dimensional carbon-based :
Defect-engineered

3D nanostructures

o4

nanostructures is the next step forward for boosting industrial applications

of carbon nanomaterials such as graphenes and carbon nanotubes. Some
defects, which have been considered as detrimental factors for maintaining

sz &)

-

exceptional materials properties of two-dimensional graphene, can be
actively used to synthesize three-dimensional graphene-based carbon
nanostructures. Here we describe a fast and heretofore unreported

defect-engineered method to synthesize three-dimensional carbon nano-

graphene

hybrid structures with strong bonding between graphene nanoplatelets
and carbon nanotubes using simple microwave irradiation and an ionic liquid. Our one-pot method utilizes defect-engineered sequential processes:
microwave-based defect generation on graphene nanoplatelets, anchoring of palladium nanoparticles on these defects, and subsequent growth of carbon
nanotubes by use of an ionic liquid. The unique three-dimensional nanostructures showed an ultrahigh redox capacitance due to high porosity, a high
surface-to-volume ratio from the spacer role of vertically standing one-dimensional carbon nanotubes on graphene sheets, and capacitance-like redox
response of the palladium nanoparticles. The proposed defect-engineered method could lead to novel routes to synthesizing three-dimensional graphene-
based nanostructures with exceptionally high performance in energy storage systems.
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wo-dimensional graphene-based nano-
']-.materials1 have shown important ap-

plication potential due to their re-
markable properties, such as high thermal
conductivity,? ultrahigh mechanical modu-
lus and strength,® wetting transparency,’
and transparent and stretchable electrodes.”
Recently, nanoarchitectured, three-dimen-
sional (3D) carbon nanostructures made by
connecting two-dimensional (2D) graphene
and one-dimensional (1D) carbon nano-
tubes (CNTs) have attracted great interest,
because an ultrahigh surface-to-volume ra-
tio, which is greatly important in energy
applications, can be achieved with similar
work functions, and reduced agglomeration
between nanomaterials can greatly enhance
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the applicability in industrial fields. The 3D
carbon hybrid materials have great advan-
tages for such practical applications as in
mechanically compliant films,® transparent
conductive thin films,”® anodes for lithium
ion batteries,” supercapacitors,'® solar cells,"
reinforcing agents in nanocomposites,'? and
biomedical imaging."

2D and 3D nanohybrids combining gra-
phene and CNTs can be prepared using
chemically derived graphene as the starting
material, followed by the growth of CNTs
via thermal CVD,%'* by chemically grafting
CNTs onto graphene,'® and by the forma-
tion of graphene patches on CNT bucky
papers.'® These hybrids require multistage
fabrication processes, and in some cases
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Figure 1. SEM micrographs of 3D carbon nanostructures showing CNTs vertically attached to graphene nanoplatelets: (a)
palladium nanoparticles initially anchored on a graphene, (b) vertically standing CNTs grown on graphene by palladium
nanoparticles, (c) CNT forest extensively grown on graphene surfaces after lengthy microwave radiation, (d) direct bonding
between CNTs and graphene, (e) mass production of 3D G—CNT—Pd nanostructures, and (f) terraced structure of multilevel

G—CNT—Pd hybrids.

they suffer from property limitations due to weak
binding between the CNTs and graphene. However,
making strong bonding between carbon nanostruc-
tures is a great challenge in recent nanotechnology.

To date, atomic scale defects in the nanofabrication
process have been considered to be removed for
preserving intrinsically exceptional mechanical, elec-
trical, and thermal properties of carbon nanomaterials.
Especially, high-quality and defect-free graphene syn-
theses'”'® including a mechanical exfoliation method,
chemical methods, unzipping methods, chemical
vapor deposition, and epitaxial growth methods have
been developed for careful defect control of 2D
graphene sheets. However, the atomic scale defects
on graphene can be actively engineered to synthesize
3D carbon nanostructures with designed multifunc-
tional properties. When a crystal of a carbon nano-
structure grows, different imperfections, which can
be classified as either point defects, dislocations, or
plane defects, can play an important role in initiating
the growth as nucleation sites of catalytic metal
nanoparticles. Intentionally designed defects can be
introduced to construct hierarchical 3D carbon nano-
structures with strong bonding between graphene
and CNTs.

Here, we report a unique defect-engineered micro-
wave method to produce a 3D carbon nanostructure of
graphene—carbon nanotube—palladium (G—CNT—Pd)
that consists of carbon nanotubes vertically standing
on graphene sheets with direct covalent bonding
and palladium nanoparticles attached at the top of
the carbon nanotubes. The resulting 3D G—CNT—Pd
nanostructures show an ultrahigh redox capacitance
due to high porosity, a high surface-to-volume ratio, and
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capacitance-like redox response of the palladium
nanoparticles.

RESULTS AND DISCUSSION

Figure 1 shows SEM micrographs of 3D carbon
nanostructures synthesized by the present microwave
method. At the initial stage of microwave irradiation,
palladium nanoparticles are anchored on a graphene
sheet as shown in Figure 1a. After further radiation,
as shown in Figure 1b, the palladium nanoparticles
induce vertical growth of carbon nanotubes on gra-
phene sheets. Figure 1c shows that the carbon nano-
tubes are extensively grown on graphene surfaces
after sustained radiation, resulting in a CNT forest on
the graphene ground. Densely grown carbon nano-
tubes can play an important role in increasing the
surface-to-volume ratio of the 3D carbon nanostruc-
tures. Here a question about the bonding between
carbon nanotubes and graphene may arise. Figure 1d
shows direct bonding between carbon nanotubes and
graphene due to the defect-based growth mechanism.
Also, it is possible to produce large amounts of the
3D G—CNT—Pd nanostructure through the one-pot
microwave method with large quantities of graphene
platelets, as shown in Figure 1e. From the expandable
few-layered graphene sheets, a terraced structure of
multilevel G—CNT—Pd hybrids can be obtained, as
shown in Figure 1f. The vertically aligned CNTs between
graphene sheets will not only improve the surface area
of graphene materials but also act as spacers to facilitate
a diffusion path for the rapid transport of electrolyte ions
and thermal exchange in 3D nanostructures.

High-resolution SEM micrographs depict the un-
iqueness of the nanohybrid structure with carbon
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Figure 2. One-pot microwave synthesis of three-dimensional carbon hybrid nanostructures showing vertically grown carbon

nanotubes on graphene sheets: (a) scheme and (b) mechanism.

nanotubes firmly anchored to the graphene surface
and palladium particles attached at the top of the
carbon nanotubes. This morphology is unique and
differs from those described in earlier reports®'* of
CVD-grown CNTs on metal particles deposited on
graphene surfaces. One disadvantage of growing CNTs
on a metal—graphene substrate by CVD is that the
CNTs are anchored to the metal catalyst particles rather
than to the graphene sheet itself, because the CNTs are
grown by a “base growth mechanism”. Therefore, if
catalyst particles delaminate from the graphene sur-
face, the CNTs also drop off. However, in the present
case, the catalyst particles are located on the tips of
CNTs, indicating a “tip growth mechanism”. Once the
CNTs are directly formed on a graphene nanosheet
with covalent bonding, there is no direct interac-
tion between the metal nanoparticles and the gra-
phene surface. Therefore, even when the palladium
particle delaminates and falls off the nanotube,
the CNT remains well anchored to the graphene
substrate.

The mechanism of CNT growth on graphene sheets
can be explained as follows: first, impregnation and
partial exfoliation of graphene platelets in ionic liquids
take place in the mixture of few-layered graphene
platelets, palladium acetate, and EMIM-BF, due to
weak van der Waal's and — interactions.'® The Pd
cation and acetate anion of the palladium salt will be
coordinately dissolved by the BF,~ anion and the
larger imidazolium cation of the ionic liquid, respec-
tively. Consequently, the Pd™ cation can be reduced
due to the reducing characteristic of the ionic liquid,
and the palladium nanoparticles are distributed on
the graphene sheets.?>?' Second, when the mixture
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is subjected to microwave irradiation, the graphene
platelet is fully exfoliated to form graphene nanosheets
with atomic defects, which may be caused by either
the catalytic activity of the ionic liquid or microwave
radiation. These defects on the graphene surface act as
nucleation and anchoring sites for imidazolium-shelled
palladium nanoparticles (Figure S2a in the Supporting
Information). The morphology of this intermediate
phase will hence resemble imidazolium-shelled palla-
dium nanoparticles very finely dispersed on graphene
sheets (Figure S2b in the Supporting Information).
Finally, with further microwave irradiation, the imida-
zolium component of the ionic liquid decomposes to
produce carbonaceous gases that serve as carbon
sources for the CNT growth. These gases are captured
by the palladium nanoparticles to form carbon-coated
palladium core—shell nanoparticles, which subse-
quently transform into nanotubes via a mechanism
analogous to the classic “tip-growth” dissolution—
extrusion process. Carbon diffuses on the exposed
palladium particles, forming multiwalled “core-shelled'
carbon—palladium nanoclusters and precipitate at the
tail end of the “teardrop”-shaped particles, forming
tubular graphitic cones. This creation of fresh cones
proceeds until the shape of the palladium changes
from the unstable “teardrop” to the more stable crystal-
line palladium. The total synthesis and mechanism
are schematically illustrated in Figure 2. As the first
unexpected SEM observation of 3D nanostructures, the
vertical growth of carbon nanotubes predominantly at
the edges and rarely on the surfaces of graphene
nanosheets is shown in Figure S1. This can be attrib-
uted to the defect-based growth mechanism describ-
ing the anchoring sites of carbon nanotubes, which are
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Figure 3. Deconvoluted XPS spectra of (a) G—Pd without CNT growth and (b) G—CNT—Pd; (c) EELS spectra of encapsulated
palladium at various positions; (d) Raman spectra changes in graphene-based nanohybrids with and without CNT growth.

predominantly grown at the edges rather than on the
surface of graphene sheets.

In order to further prove that the carbon source for
the CNT growth is from the ionic liquid, we carried out
two separate tests involving a first reactant mixture of
palladium and ionic liquid (EMIM BF,) alone without
graphene and a second reactant mixture of palladium
and graphene alone without ionic liquid by using
urea as a reducing agent®? and subjecting these two
reactant mixtures to microwave irradiation. The mor-
phologies of the products obtained from these two
different tests are shown in Figure S3 of the Supporting
Information. In the first case, extensive formation
of carbon nanotubes can be observed. In the second
case, extensive cutting of the graphene sheets due to
the mobility of palladium nanoparticles occurred, and
CNT growth was not seen, as previously reported.”®
These two results conclusively confirm that the carbo-
naceous byproducts that evolve due to the microwave-
induced decomposition of the imidazolium moiety
of the ionic liquid are the carbon source for the growth
of carbon nanotubes on the graphene surfaces.

Evidence of chemical transformations in palladium
particles can be observed in the deconvoluted XPS
spectra for both G—Pd without carbon nanotube
growth'® and G—CNT—Pd, as plotted in Figure 3a
and b, respectively. Deconvoluted XPS spectra of the
G—Pd nanosheet plotted in Figure 3a show two major
peaks,* at 335.4 and 340.8 eV, in the Pd 3ds,, and Pd
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3ds,, regions, respectively, with spin—orbit splitting of
the 3ds,, and 3ds,, states at 5.3 eV, indicating the
existence of more than one chemical state of palladium
nanoparticles. The dominant Pd 3ds,, peak with a
binding energy of 335.4 eV is characteristic of so-called
“alectron-deficient” Pd species, such as Pd* or Pd®"
(0< 6 < 1).In case of the G=CNT—Pd 3D nanostructure,
besides these two peaks at 335.4 and 340.8 eV, two
additional peaks at 337.8 and 343.2 eV, indicating the
formation of PdCx** and PAN?® moieties, respectively,
are observed, as shown in Figure 3b. The formation
of PdCx indicates chemisorption of carbon onto the
palladium surface and the formation of CNTs by the
well-known “tip-growth” dissolution—extrusion model
as discussed earlier. The presence of the PdN peak is
interesting and can explain the formation of bamboo-
shaped carbon nanotubes.?”

In order to study the chemical changes in the vicinity
of palladium nanoparticles, we used EELS spectra. The
inset in Figure 3c shows annular dark-field (ADF)
images obtained during the EELS point spectra acqui-
sition. The EELS spectra showing the chemical compo-
sition at three different points are plotted in Figure 3c.
The EELS spectra obtained on the walls of the nano-
tubes show pure carbon peaks, whereas the spectra
at the head of the palladium nanoparticle show a
palladium peak in addition to the carbon peaks. These
results confirm that the palladium particle is encapsu-
lated inside the carbon nanotube.
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Figure 4. TEM micrographs of vertically standing carbon nanotubes on graphene sheets: (a) anchored carbon nanotube,
(b) bamboo-like carbon nanotube, (c) a bunch of micrometer-long carbon nanotubes, and (d) detached palladium nanoparticles

and open-ended carbon nanotubes (SEM).

Raman spectroscopy is a powerful tool to investigate
structural changes in carbonaceous materials, and the
spectra of 2D G—Pd and 3D G—CNT—Pd nanostruc-
tures are plotted in Figure 3d. The Raman spectra of
carbonaceous materials are characterized by three
main features: in the case of graphene, the G mode
due to the emission of zone-center optical phonons
(usually observed at ~1575 cm™), a disorder-induced
D mode (~1350 cm™ '), and a symmetry-allowed 2D
overtone (~2700 cm ™). The spectra of both samples
show G-bands at 1583 and 1584 cm™', respectively,
and a D-band at 1358 and 1359 cm™'. Although
the shifts in the band locations are not substantial,
the shapes of the peaks provide valuable informa-
tion regarding the defects. The D-band in the 2D
G—Pd sheet at 1358 cm™' is significantly narrower
and thinner than that in the 3D G—CNT—Pd nanostruc-
ture. The D-band in graphene at 1357 cm™' and the
D’-shoulder at 1620 cm ™' are attributed to structural
disorder at defect sites and finite size effects, respec-
tively. In the case of the 3D G—CNT—Pd nanostructure,
this D'-band at 1620 cm™' is considerably weaker,
indicating “partial healing” of defects by the grown
carbon nanotubes. The intensity ratio of the D-band to
the G-band is also used as a measure of the quality of
the graphitic structures. In the case of the 2D G—Pd
sheet, the D/G intensity ratio is 0.74 due to the pre-
sence of Pd nanoparticles on the graphene sheets,
which induce structural disorder and defects within the
graphene sheets. However, this D/G intensity ratio
reduces to 0.51 in 3D G—CNT—Pd nanohybrids, con-
firming that the growth of CNTs can facilitate healing of
the defects of graphene substrates and a lot of CNTs

SRIDHAR ET AL.

can increase relatively G-band peaks. Based on entropy
considerations, the palladium particles should travel
along the defect sites, since the energy of mobility
through defects is less when compared to that through
defect-free sites.”® More information confirming the
growth of CNTs can be obtained from the second-
order Raman spectra, the main lines of which are at
2450, 2705 cm ™' (G'), 2945 cm ™' (D+G), 3176 cm ™'
(2G), and 3244 cm™" (2D'). After CNT growth, consider-
able increases in the intensities of all these peaks can
be observed.

High-resolution TEM (HR-TEM) images of an indivi-
dual nanotube show the anchoring region of the
CNT on the graphene surface (Figure 4a and its inset).
The root area of the carbon nanotube bonded with the
graphene sheet does not include palladium compo-
nents, which should appear in back in the HR-TEM
image. This state of anchoring indicates strong adhe-
sive bonding between two nanostructures, resulting in
enhanced durability of the hybrid nanostructures. The
3D G—CNT—Pd nanostructures with covalent bonding
endured ultrasonication for more than 30 min without
detachments. The nanotubes have bamboo structures
with a thickness of around 20—50 nm, as shown in
Figure 4b. Also, bunches of micrometer-long agglom-
erated CNTs on graphene surfaces can be realized by
controlling the microwave radiation time, as shown in
Figure 4c. One interesting observation is the formation
of open-ended carbon nanotubes due to detachment
of the palladium nanoparticles, as shown in Figure 4d.

A detached catalytic palladium nanoparticle induces
regrowth of another CNT at a different location on the
graphene, as shown in the Supporting Information.
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This indicates that the shape of the catalyst plays a
critical role in the catalytic activity of palladium in the
process of CNT growth. If the shape of palladium is
retained as a “teardrop” (Figure S4a), then it is cataly-
tically active®® and can regrow fresh CNTs after falling
away. If the shape of palladium is spherical, then it will
be catalytically inactive and stable, as shown in Figure
S4b of the Supporting Information.

The unique structure of the 3D G—CNT—Pd nano-
structure where CNTs are anchored on graphene and
palladium particles are enclosed in the carbon nano-
tubes offers distinct advantages in energy storage
systems such as supercapacitors and lithium ion bat-
teries. Supercapacitors offer a safer, longer-cycle-life,
and maintenance-free alternative power source when
compared to lithium ion or lead acid batteries. The
energy storage mechanism of supercapacitors can be
broadly divided into two categories: electric double
layer capacitance (EDLC) and pseudocapacitance.
Double-layer capacitors are composed of all-carbon
electrodes, and the capacitance arises from the charges
accumulated at the interfaces between the electrode
and electrolyte. Activated carbons or porous carbons
have been the most widely used materials to date,
but recently new allotropes of carbon such as carbon
nanotubes and graphene have been investigated.
One of the main drawbacks of using graphene in
supercapacitors is that the graphene sheets have a
high tendency to restack, leaving behind intergra-
phene pore sizes that are not sufficient for accessibility
to the electrolyte and the formation of EDLC charges.
In order to overcome this problem, some researchers
have used a combination of graphene and CNTs for
supercapacitors.'®?' An alternative to EDLC is pseudo-
capacitors, which usually consist of hybrids of carbon
nanostructures such as graphene or carbon nanotubes
with conducting polymers such as polyaniline or metal
oxides, especially ruthenium oxide, which has the
highest capacitance value thus far. The main drawback
of pseudocapacitors, however, is a progressive de-
crease in charge storage during the multiple charge
and discharge cycles due to irreversible Faradic red-ox
reactions occurring primarily at the metal oxides. The
specific surface area of three nanomaterials was mea-
sured with the N, adsorption Brunauer—Emmett—Tel-
ler (BET) method. The measured BET values of rGO,
G—Pd, and G—CNT—Pd are 517.12, 293.07, and 397.20
m?/g, respectively. Because the BET value is divided by
total mass, the carbon—palladium hybrids have rela-
tively high values. The 2D G—Pd hybrid does not have
high BET values because of the high weight of palla-
dium particles, while 3D G—CNT—Pd nanostructures
show relatively high BET values due to the large surface
area of bamboo-shaped carbon nanotubes.

The cyclic voltammetry responses of reduced gra-
phene oxide (rGO), 2D G—Pd, and 3D G—CNT-Pd
nanostructures were tested in two different potential
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ranges of [0V, +0.6 V] and [-1.0 V, +0.6 V] at a scan
rate of 100 mV/s, as shown in Figure 5a and c. In
Figure 5a, the 3D G—CNT—Pd nanostructures synthe-
sized in the present study show a maximum current
density of 48.2 A/g compared to 8.4 A/g in 2D G—Pd
nanostructures. This exceptionally high current density
in 3D nanostructures can be attributed to the unique
3D hierarchical carbon nanostructures that provide low
diffusion resistance to charge, easy electrolyte pene-
tration, and high electro-active areas. An obvious
increase of current density is observed with increasing
scan rates, indicating good rate capability of our 3D
G—CNT—Pd composite electrodes. Under the positive
potential range of [0 V, +0.6 V], the measured specific
capacitances of reduced graphene oxide, 2D G—Pd,
and 3D G—CNT—Pd nanostructures at various scan
rates (10—100 mV/s) are shown in Figure 5b. At the
lowest scan rate of 10 mV/s and with the potential
window of [0V, +0.6 V], 3D G—CNT—Pd nanostructures
show an outstanding specific capacitance value of 597
F/g, which progressively decreases to 345 F/g at a scan
rate of 100 mV/s. The specific capacitance of 2D G—Pd
and 3D G—CNT—Pd nanostructures under the poten-
tial window of [—1.0 V, +0.6 V] increases more than
3 times, although that of rGO remains almost the same,
in comparison with cyclic voltammetry responses of
the positive potential window. This clearly demon-
strates the effect of palladium nanoparticles on the
pseudocapacitance as well as electric double-layer
capacitance. The vertically aligned CNTs on the gra-
phene surface will not only improve the surface area of
the graphene materials but also act as spacers®** 32 to
prevent graphene sheets from restacking and to facil-
itate diffusion paths for the rapid transport of electro-
lyte ions within the 3D G—CNT—Pd electrode, resulting
in outstanding improvement of the electrochemical
properties of the 3D G—CNT—Pd nanostructures.

The high values of specific capacitance at all mea-
sured scan rates imply synergetic utilization of both
pseudocapacitance due to the presence of palladium
nanoparticles and electric double-layer capacitance
due to the unique arrangement of two different carbon
allotropes, 1D carbon nanotubes vertically standing on
2D graphene sheets. The cyclic voltammetry responses
in the potential ranges of [-1.0V, +0.6 V] at a scan rate
of 100 mV/s are shown in Figure 5c. As shown in
Figure 5c, the 3D G—CNT—Pd nanostructures synthe-
sized in the present study show a maximum current
density of 74.8 A/g compared to 23.02 A/gin 2D G—Pd
nanostructures. The interesting observation is the re-
versible anodic peak occurring at —0.275 V, which
corresponds to the conversion reaction of palladium
particles in an alkaline KOH electrolyte solution, indi-
cating pseudocapacitance characteristics of the 3D
G—CNT—Pd nanostructures. Under the potential range
of [-1.0V, +0.6 V], the measured specific capacitances
of reduced graphene oxide, 2D G—Pd, and 3D
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Figure 5. Capacitance tests: (a) current—voltage responses of G—CNT—Pd, G—Pd, and reduced graphene oxide under
a potential window of [0 V, +0.6 V], (b) specific capacitances according to the scan rates under a potential window of
[0V, +0.6 V], (c) current—voltage responses of G—CNT—Pd, G—Pd, and reduced graphene oxide under a potential window of
[-1.0 V, +0.6 V], (d) specific capacitances according to the scan rates under a potential window of [-1.0 V, +0.6 V],
(e) capacitance retention history for 1000 cycles, and (f) charge—discharge responses of G—CNT—Pd nanostructures at

different current densities.

G—CNT—Pd nanostructures at various scan rates
(10—100 mV/s) are shown in Figure 5d. The G—CNT—Pd
nanostructures show an outstanding specific capacitance
value of 1615 F/g at the lowest scan rate of 10 mV/s,
and the specific capacitance progressively decreases to
700 F/g at a scan rate of 100 mV/s.

Regarding electrochemical reactions of palladium
in the KOH solution, some previous studies* 3¢ reveal
redox states of palladium itself. It has been widely
accepted that OH™ ions are first chemisorbed in the
initial stage of the oxide formation, and then they are
transformed into higher valence oxides at higher
potentials®>*3° as described by

Pd +OH <PdOH,qys + €~ (1)

SRIDHAR ET AL.

PdOH,gs + OH ~<PdO + H,0 4 e~ )]

The mild oxidation peaks, which correspond to differ-
ent electrochemical processes occurring on the surface
of the palladium particles, are observed during the
positive-going sweep in Figure 5c. The peak around
—0.6 V can be attributed to the formation of the
palladium(ll) oxide layer on the surface of the catalyst.
Corresponding to the oxidation process, the reduction
of the palladium oxide during the cathodic sweep can
be described as

PdO +H,0 +2e <~>Pd 4+ 20H ™ (3)

The CV response of 3D G—CNT—Pd nanostructures
as shown in Figure 5¢ has very similar oxidation and
VOL.6 =

NO.12 = 10562-10570 =

ACS

2012 A

LM\

N
\ O

WWW.acsnano.org

10568



reduction peak positions in comparison with redox states
of palladium itself, as described in ref 33. The well-
defined reduction peak of palladium lies in the potential
range from —0.15 to —0.45 V, mainly around —0.275 V.
The redox states of palladium particles contribute to the
pseudocapacitance of the 3D G—CNT—Pd nanostruc-
tures in the potential window of [-1.0 V, +0.6 V].

The electrochemical durability of the G—CNT—Pd
nanomaterial at a scan rate of 100 mV/s for 1000 cycles
is shown in Figure 5e. A capacitance increase of about
46% relative to the initial capacitance after 600 cycles has
been observed, with the capacitance stabilizing even
until 1000 cycles. This excellent electrochemical stability
and retention of the 3D G—CNT—Pd electrode material is
crucial for the practical application of supercapacitors.
Also, charge—discharge diagrams of 3D G—CNT—Pd
nanostructures are shown in Figure 5f with different
current densities. High surface-to-volume ratio, removal
of restacking of 2D nanostructures, and nitrogen-doped
bamboo-shaped CNTs in the 3D G—CNT—Pd nanostruc-
tures play a synergistic role in ultrahigh capacitance as
well as pseudocapacitance of palladium nanoparticles.

CONCLUSION

We have grown CNTs on graphene nanosheets to
form unique 3D carbon nanostructures. This has been

METHODS

This one-pot microwave method for the 3D carbon nano-
structure, which is suitable for upscale, is simple and utilizes
three ingredients: expandable graphene platelets (Samjung
C&G), a palladium(ll) acetate catalytic precursor (98%, Sigma-
Aldrich), and an ionic liquid (EMIM BF,, Merck). These ingredi-
ents were mixed with the same weight of 0.5 g and ultrasoni-
cated for 30 min. Subsequently, the mixture was subjected to
microwave irradiation at 700 W for about 10 min to yield a fluffy
powder of carbon nanohybrid. This synthesis can be achieved
even with palladium nanoparticles and can be used to generate
nanometer-sized tubular carbon clusters firmly bonded to
graphene surfaces and edges.
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achieved by a simple defect-engineered technique
using an ionic liquid, a palladium catalyst, and micro-
wave radiation. Despite its simplicity, the proposed
method is an effective way to overcome the cost and
operational limitations of thermal CVD and yields
nanohybrids of CNTs firmly anchored onto graphene
nanosheets, a major challenge in today's graphene
research. The unique structure endows high-rate trans-
portation of electrolyte ions and electrons throughout
the electrode matrix and comprehensive utilization
of pseudo and double-layer capacitance, resulting in
excellent electrochemical performances. The capaci-
tance of 3D G—CNT—Pd exhibits an exceptionally
high value at a scan rate of 10 mV/s even in a weak
electrolyte solution of 1 M KOH. After 600 cycles, a
capacitance increase of 46% relative to the initial
capacitance is observed, indicating excellent electro-
chemical stability of the electrode. We believe that this
unique and versatile method for the synthesis of 3D
carbon nanostructures, whose functionality can be
tailored by changing the catalyst with cobalt, nickel,
and other metals, will open a new era for practical
applications such as supercapacitors, lithium ion bat-
teries, media for hydrogen storage, catalysts for fuel
cells, sensors, and actuators, materials for energy sto-
rage, and biomedical devices.
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