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ABSTRACT: Design and synthesis of three-dimensional (3D) structured carbon materials
are crucial for achieving high-performance supercapacitors (SC) for energy storage. Here, we
report the preparation of 3D architectured GN-CNT hybrid as SC electrodes. Controllable
growth of carbon nanotubes on graphene sheets was realized through a facile one-pot
pyrolysis strategy. The length of the carbon nanotubes could be rationally tuned by adjusting
the amount of precursors. Correspondingly, the resulted GN-CNT hybrid showed adjustable
electrochemical performance as an SC electrode. Importantly, the GN-CNT exhibited a high
specific surface area of 903 m2 g−1 and maximum specific capacitance of 413 F g−1 as SC
electrodes at a scan rate of 5 mV s−1 in 6 M KOH aqueous solution. This work paves a
feasible pathway to prepare carbon electrode materials with favorable 3D architecture and
high performance, for use in energy storage and conversion.
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■ INTRODUCTION

Carbon-based materials, such as activated carbons, carbon
nanotubes (CNTs), graphene, and their derivatives, have
received tremendous attention for their superior thermal,
electrical, and mechanical properties suitable for a wide range of
applications.1−5 In particular, new systems of carbon materials
with unique architectures have been emerged as appealing
candidates for their pronounced properties and boosting
performance, especially toward the applications of energy
storage and conversion.6−11 Among the members of carbon
family, CNTs represent classic one-dimensional (1D) struc-
tured carbon materials, possessing distinct mechanical proper-
ties, large theoretical surface area, good electronic conductivity,
and high electrochemical stability. Meanwhile, graphene,
consisting of a single layer or a few layers of graphitic carbon,
is a typical two-dimensional (2D) structural material, which has
been demonstrated as an ideal scaffold for doping elements or
functionalizing components. In recent years, a series of studies
on combining 1D CNTs with 2D graphene nanosheets (GN),
with the assumption of forming a unique 3D architecture of
carbon materials, have been reported for a variety of
applications.12−14 Apart from taking the advantage of the
formed open and porous network in the resultant hybrid, these
efforts are believed to largely exploit the properties and improve
the performance of the fabricated devices based on a possible
synergistic effect between two different graphitic components.
For example, theoretical simulations have assuredly predicted
that a 3D nanocomposite, building with layered graphene
spaced by vertically aligned carbon nanotubes, could exhibit

fascinating out-of-plane transport and mechanical properties,
maintaining the remarkable character of such architectures.15,16

To obtain such 3D architectures of GN-CNT hybrids
experimentally, some strategies have been successfully
developed. For instance, CNTs grown on graphene film were
obtained by spin-coating graphene oxide on SiO2/Si wafer,
deposition of iron, and plasma-enhanced chemical vapor
deposition (PECVD).6 3D pillared VACNT-graphene archi-
tecture was also prepared by thermal expansion of highly
ordered pyrolytic graphite, followed by a high-temperature SiO2

coating and the growth of CNTs by means of pyrolysis of
FePc.17 Also, a CNT−graphene sandwich (CGS) was
synthesized through microwave treatment and a subsequent
chemical vapor deposition (CVD) method.18 In addition,
electrostatic spray deposition and photolithography liftoff was
reported to fabricate reduced graphene oxide composites
through combination with CNTs.19 In addition, layer-by-layer
(LbL) self-assembly and liquid-phase reaction have also been
explored to fabricate the GN-CNT hybrids.20 However, these
reported methods were found to be limited in their practical
applications, either because of their uncontrollable and
complicated manipulations, or because of the unsatisfied
performance of the resultant materials. Therefore, it is desirable
to search for a novel strategy to fabricate typical 3D porous
structural GN-CNT hybrid with high performance.
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On the other hand, GN-CNT hybrid is an attractive
electrode material of supercapacitors (SCs) for energy-storage
applications. Although it is known that graphene possess a
maximum theoretical gravimetric specific double-layer capaci-
tance of ∼550 F g−1,21 the reported specific capacitances of
graphene-based materials, such as 3D CGS or self-assembled
graphene−CNT films, are far lower than the theoretical value.
Such a gap is mainly ascribed to both the structural defects and
the ineffective electrical properties of the prepared GN-CNT
hybrid, which could be reasonably resolved by designing a route
to fabricate rationally structured GN-CNT hybrid with high
performance.
In this work, we report, for the first time, on a one-pot

pyrolysis strategy to prepare 3D interpenetrating nano-
structured GN-CNT hybrid. We demonstrate that controllable
growth of CNT on GN could be easily realized with this novel
method, in addition to obtain a well-defined 3D structural GN-
CNT composite raised from the unique pyrolysis process.
Importantly, the as-prepared GN-CNT not only possesses high
specific surface area of 903 m2 g−1, but also exhibits significant
specific capacitance of 413 F g−1 as SC electrodes at a scan rate
of 5 mV s−1 in 6 M KOH aqueous solution. The as-fabricated
SC based on GN-CNT clearly outperforms the previously
reported results obtained with other GN-CNT-, GN-, or CNT-
based SCs, in terms of the specific capacitance and durability.

■ EXPERIMENTAL SECTION
Synthesis of the GN-CNT Hybrids and GN. The graphite oxide

(GO) was synthesized from natural graphite flake (Alfa Aesar, 325
mesh) by a modified Hummers method.22 To synthesize GN-CNT,
200 mg of GO was dispersed in 200 mL of water. Then, 0.29 g
Co(NO3)2·6H2O was added into the solution, followed by stirring for
4 h at room temperature. After that, 6.0 g urea was introduced into the
above suspension and the mixed solution was stirred continuously at
80 °C until a gray powder was obtained. The gray powder was then
transferred to a tube furnace and annealed at 900 °C for 1 h under an
argon atmosphere to obtain GN-CNT6.00. In addition, GN-CNT30.0,
GN-CNT15.0, and GN-Co-urea3.0 were prepared by adding an
additional amount of urea (30.0, 15.0, and 3.0 g in the same process,
respectively). As a comparison, GN was prepared with the same
procedure without the addition of Co(NO3)2·6H2O and urea. GN-
CNTblend was prepared by physically blending GN and commercial
CNT with a mass ratio of 9:1.
Material Characterization. The morphology was characterized by

scanning electron microscopy (SEM) (QUANTA, Model FEG 250)
and transmission electron microscopy (TEM) (FEI Tecnai, Model G2
T30). Brunauer−Emmett−Teller (BET) measurements using N2
absorption was performed on Autosorb-IQ2-MP-C system. The
obtained products were characterized by X-ray diffraction (Rigaku
Ultima IV, Cu Kα radiation, 40 kV, 40 mA). Raman spectroscopy was
performed on a Renishaw RM 2000 system with a 633-nm laser. X-ray
photoelectron spectroscopy (XPS) (Physical Electronics, Model 5400
ESCA) was used to quantitatively analyze the chemical compositions
of GN-CNT.
Electrochemical Measurements. Electrochemical measurements

were performed in three-electrode cell configuration on electro-
chemical analyzer (CHI Instruments, Model 660). Polytetrafluoro-
ethylene (PTFE) (Sigma−Aldrich; 60 wt % dispersion in water) was
added to the mixture of samples and carbon black (samples/carbon/
PTFE = 80 (10 mg):15 (1.9 mg):5 (0.6 mg) by weight) as a binder.
The mixture was mixed into a paste using a mortar and pestle, and the
slurry was pressed onto a nickel form and dried at 60 °C under
vacuum for use as working electrodes. A graphite sheet with identical
weight and size with a working electrode was used as counter
electrodes and saturated calomel electrodes were used as reference
electrodes. The electrolyte was a 6 M KOH solution saturation with

nitrogen. The specific capacitance of the electrode can be calculated
according to the following equation:
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where C is the specific capacitance (F g−1), ω is the mass of
electroactive materials in the electrodes (g), υ is the potential scan rate
(mV s−1), Vc and Va are the integration limits of the voltammetric
curve (V), and I(V) denotes the response current density (A cm−2).

The specific capacitance from galvanostatic CD tests was calculated
according to
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where I is the applied current and m is the mass of electrode material;
the term dV/dt is calculated from the slope of the discharge curves.

■ RESULTS AND DISCUSSION
The strategy for the fabrication of GN-CNT hybrids is
illustrated in Scheme 1. First, GO solution was prepared

through a general ultrasonic treatment. Then, Co2+ was
introduced into the obtained solution with a thorough mixing
process, which enables a full adsorption of Co2+ on the surface
of GO via ion exchange between positively charged Co ions
and the oxygen-containing functional groups. After that, a
certain amount of urea was added into the mixture, and the
hydrophilic urea could be easily inserted into the graphene
layers and form complexes with Co2+, resulting a stable mixture.
Thus, it is assumed that the addition of urea may prevent the
restack between GO sheets during the following drying and
annealing process. On the other hand, urea can act as carbon
resource during the annealing process for growing CNTs.
Finally, we noted that the annealing process is a key step for the
growth of CNTs on graphene sheet on the aid of the existence
of cobalt species. It was reported that the pyrolysis of urea may
produce carbon nitride, accompanied by the release of gas.23 As
a consequence, in our case, a large amount of carbon nitride
gases (e.g., C2N2

+, C3N2
+, C3N3

+) could be produced with the
elevation of temperature, which is believed to loosen graphene
sheets. Moreover, the carbon nitride gases that are produced
could provide carbon sources to form CNTs with the help of a
cobalt catalyst. By the virtue of the simple pyrolysis process, a
mass of pores could be simultaneously created, resulting in an
open structural and porous material.

Scheme 1. Schematic Representation of the Procedure for
the Preparation of the GN-CNT Hybrids
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To investigate the morphology of as-prepared GN-CNT
hybrids, scanning electron microscopy (SEM) images are
presented in Figure 1. As seen, the GN-CNT hybrids clearly

show interlinked CNTs on the graphene flakes, where the well-
defined CNTs have a diameter range of 25−35 nm and a length
range of 163−525 nm (Figure 1a). From the side view, we
found that CNTs were grown on both sides of graphene with a
dense and uniform distribution (Figure 1b). It implies that such
a method could successfully realize the growth of CNTs on GN
via an effective adsorption of cobalt catalysts into the graphene
layers. For control experiments, GN, GN-Co, and GN-urea
samples were also prepared with the same procedure; their
morphologies are compared in Figure S1 in the Supporting
Information. It can be seen that both GN and GN-urea exhibit
clean surfaces, without any appearance of nanotubes (see
Figures S1a and S1b in the Supporting Information). Besides,
GN-urea shows many more pores than GN, verifying that urea
help to create a porous structure. Similarly, no CNTs were
observed for GN-Co sample, while only disordered particles
were found (Figure S1c in the Supporting Information). The
results strongly demonstrate that GO, urea, and cobalt salt are
essentially necessary for producing the expected 3D structured

GN-CNT hybrids. Furthermore, to examine the mechanical
stability of CNTs on GN, as well as to verify that CNTs were
chemically bonded to GN, not just physically adsorbed on GN,
we ultrasonicated the GN-CNT for 30 min. We found that the
CNTs adhered well to GN after unltrasonication, implying that
CNTs were firmly linked with GN. Such a stable linkage of two
different graphitic components was further investigated with
TEM images. As shown in Figure 1c, the obtained CNTs are
mainly multiwalled CNTs with an inner diameter of 16 nm and
an outer diameter of ∼32 nm. In addition, the cobalt-based
catalysts were also identified as particles with the diameter of
36−122 nm, holding at the surface of GN and at the top of the
CNTs. It suggests a tip growth mechanism of CNTs on GN,
which agrees well with previously reported work.24,25 A side
view is also presented in Figure 1d, showing that the random
growth of CNTs on GN by a stable linkage. However, note that
the diameter of the CNTs ranged from 28 nm to 140 nm,
which might be caused by different sizes of the adsorbed cobalt-
based catalyst particles on GN. Nevertheless, with a facile
pyrolysis method, we realized the growth of CNTs on both
sides of GN. The well-characterized 3D structure of the hybrid
is expected to exhibit good electron conductivity, low diffusion
resistance of protons/cations, benign accessibility for the
electrolyte, and high electroactive areas as electrode materials
for high-performance SCs.
We further used X-ray diffraction (XRD) to characterize GN

and GN-CNT to identify the chemical compositions of the
samples, as shown in Figure 2a. A small amount of cobalt was
observed with the GN-CNT sample, compared to the GN
sample, which was indicated by the presence of typical peaks at
44.2° and 51.5°, corresponding to metallic cobalt. It is
suggested that the metallic cobalt was formed during the
growth of CNT, where the cobalt salt was reduced to metallic
cobalt, as well as acting as a catalyst. Raman spectra of GN and
GN-CNT samples are also shown in Figure 2b. The intensity
ratio (ID/IG) of D band and G band of GN is ∼1.03, whereas
the ID/IG value for GN-CNT is 1.51, implying that the graphitic
crystalline structure of the GN is much better than that of GN-
CNT. In other words, it means that the GN-CNT possesses a
much more highly disordered graphitic structure, compared to
GN, after the introduction of CNTs.26 Furthermore, previous
works have reported that the shape of the 2D band is strongly
dependent on the number of graphene layers, where the 2D
band becomes broader and asymmetric when the thickness
increases.27 As shown in the inset, the 2D band of GN-CNT is
clearly sharper than that of GN, strongly demonstrating that
GN-CNT has much fewer graphene layers than GN. Thus,

Figure 1. (a, b) SEM images of GN- CNT6.0 and (c, d) TEM images
of GN- CNT6.0.

Figure 2. (a) XRD patterns of GN and GN-CNT6.0. (b) Raman spectra of GN-CNT6.0 and GN; the inset shows an expanded view in the region of
2500−3000 cm−1. (c) High-resolution N 1s XPS spectra of GN-CNT6.0.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501362g | ACS Appl. Mater. Interfaces 2014, 6, 8497−85048499



Raman results apparently prove that such a one-pot pyrolysis
strategy could easily induce in situ growth of CNTs in the space
of GN layers, resulting further interlayer expansion and
structural distortion of GN. X-ray photoemission spectroscopy
(XPS) spectrum of GN-CNT is presented, as shown in Figure
2c. The N 1s spectrum of GN-CNT shows pronounced peaks
at 400.5 and 398.1 eV, corresponding to quaternary N and
pyridinic N, respectively.28 It suggests that the pyrolysis of urea
could effectively nitridize the C atoms of the hybrid. The
Brunauer−Emmett−Teller (BET) surface area was also tested
to measure the specific surface area (see Figure S2 in the
Supporting Information). It is believed that the introduction of
CNTs into GN not only modifies the morphology, but also
induces a large increase in specific surface area. The specific
surface area of GN-CNT6.0 was measured as 903 m2 g−1, which
is nearly 4.5-fold greater than that of graphene (205 m2 g−1).
Such a huge increase can be either ascribed to the effective
intercalation and distribution of CNTs between graphene,13 or
could be due to the generation of a mass of pores during the
release of a large amount of gases.9 Furthermore, to identify the
content of Co in GN-CNT6.0, thermogravimetric analysis was
performed, as shown in Figure S3 in the Supporting
Information. The ∼400 °C decrease in temperature was
attributed to the oxidation of cobalt species. Accordingly, the
carbon/cobalt mass ratio in GN-CNT6.0 is calculated to be 8:1.
Apart from the successful growth of CNTs on GN, we found

that the length of the CNTs could be easily tuned by altering
the amount of added urea in the precursor mixture. As such, it
is reasonable to expect that the structure of the hybrid could be
tailored and the performance could be optimized accordingly.
To verify this, three samples of GN-CNT6.0, GN-CNT15.0, and
GN-CNT30.0 were prepared and the SEM images of the samples
are presented. As shown in Figure 3a−f, it is clear that the
length of the CNTs grown on GNs increases as the amount of
urea in the precursor mixture increases. For the sample of GN-
CNT6.0, CNTs have an average length of 80 nm. For the
sample of GN-CNT15.0, the average length of CNTs increases
to 400 nm, in addition to a higher density coverage at the GN
surface. For the sample of GN-CNT30.0, it is obviously that the
CNTs have a length range of 600−850 nm, which most of the

surface of the GN sample is clearly covered. Interestingly, we
noted that when the additive amount of urea decreased to 3.0 g
(GN-Co-urea3.0), no CNTs but only some particles were
obtained, as shown in Figure S1d in the Supporting
Information. This could be possibly explained by the fact that
there are not enough carbon sources for the growth of CNTs
with a low amount of urea. As such, we suggest that the
percentage of urea in the mixture could not only control the
length of the CNTs, but also adjust the surface coverage of
CNTs on GN. Again, it demonstrates that urea plays a very
important role in producing CNTs in the resultant nano-
composite.
With the unique structure, the GN-CNT is expected to show

promising performance for the fabrication of SCs, because of its
possible good electron conductivity, low diffusion resistance of
protons/cations, ease of electrolyte penetration, and highly
electroactive areas. Graphene has been reported as electrodes
for SCs with a specific capacitance of 135 F g −1 in aqueous
KOH and 117 F g −1 in H2SO4 electrolyte.

29,30 Other types of
GN-CNT hybrids have also been obtained and used for SCs.31

However, the GN-CNT obtained with a one-pot pyrolysis
strategy in this work is supposed to possess better performance,
because of its remarkable physical properties. The electro-
chemical performance of as-prepared GN-CNT was first
investigated by cyclic voltammetry (CV) in a three-electrode
electrochemical cell. As shown in Figure 4a, GN-CNT6.0
exhibits the CV curves of nearly rectangular shape, even at a
scan rate of 1 V s−1, indicating ideal capacitive behavior, which
is probably due to the high conductivity and fast ion transport
of the GN-CNT6.0 sample. We noted that, in contrast to the
previously reported sandwiched CGS sample, only small redox
peaks was found with GN-CNT, even though the cobalt
catalyst was presented as demonstrated by XRD. This
observation could be explained by the fact that only a very
small amount of cobalt was utilized in our case, compared to
that of sandwiched CGS.18 According to the CV analyses, the
specific capacitance of GN-CNT6.0 was calculated to be 413 F
g−1 at a scan rate of 5 mV s−1 in 6 M KOH solution, which is
prominently higher than that of sandwiched CGS prepared via
the combination of microwave treatment and traditional

Figure 3. SEM images of (a, b) GN-CNT6.0, (c, d) GN-CNT15.0, and (e, f) GN-CNT30.0.
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CVD.18 Such a promising performance of the hybrid might be
contributed from both electrical double-layer capacitance
(EDLC) of carbon composition and pseudo-capacitance
possibly caused by the cobalt species. Furthermore, the CV
curves of GN-CNT30.0, GN-CNT15.0, GN, GN-CNTblend, and
GN-Co-urea3.0 at the scan rate of 5 mV are shown in Figure 4b,
in which the redox peak observed at approximately −0.1 V can
be contributed to the cobalt species.32 The specific capacitances
are 394 F g−1 for GN-CNT15.0 and 387 F g−1 for GN-CNT30.0,
respectively. In contrast, GN-Co-urea3.0, GN-CNTblend, and GN
only show low capacitances, of 268, 136, and 63 F g−1,
respectively. As a result, the additive amount of 6.0 g of urea
could achieve the highest specific capacitance. In comparison,
although no CNTs were obtained and, thus, no unique GN-
CNT structure was formed, GN-Co-urea3.0 shows improved
performance than GN and GN-CNTblend. This should be easily
understood by its unique porous structure created by the
pyrolysis of urea. When it comes to GN-CNT hybrids, we
found that the presence of shorter CNTs on GN cuased them

to be prone to exhibit higher capacitive behavior, which is in
accordance with previous reports.33 We next performed
galvanostatic charge/discharge (CD) of GN-CNT6.0 in a
potential window from −1.0 V to 0 V at different current
densities, as shown in Figure 4c. At current densities from 1 A
g−1 to 10 A g−1, the discharge curves of GN-CNT6.0 are
approximate straight lines, indicating idea EDLC behavior of
the electrode. The capacitance performances corresponding to
different discharge current densities for the samples are
presented in Figure S4a in the Supporting Information. A
specific capacitance of 401 F g−1 was achieved for GN-CNT6.0
at a current density of 1 A g−1. Even at a high current density of
10 A g−1, a promising high capacitance of 271 F g−1 for GN-
CNT6.0 is maintained. Such performance is apparently superior
to that of GN. As a control experiment, the performance of
GN-CNTblend was also measured, and the mechanical mixture
obviously shows very poor SC performance, compared to GN-
CNT. We further investigated the durability of the samples by
carrying out continuous cycles tests. As shown in Figure 4d, a

Figure 4. (a) Cyclic voltammograms of GN-CNT6.0 in 6 M KOH solution with different scan rates. (b) Cyclic voltammograms of GN-CNT hybrids,
GN, GN-CNTblend, and GN-Co-urea3.0 in 6 M KOH solution at 5 mV s−1. (c) Galvanostatic charge/discharge curves for GN-CNT6.0 at various
discharge current densities. (d) Average specific capacitance versus cycle number for GN-CNT hybrids, GN-CNTblend, and GN at a galvanostatic
charge and discharge current density of 1 A g−1. (e) Electron transfer path on GN-CNT hybrids. (f) Complex plane plot of the impedance; inset
shows an expanded view in the region of high frequencies for GN-CNT hybrids.
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capacitance increase of ca. 15% of the initial capacitance for
GN-CNT6.0 is observed after 5000 cycle tests, exhibiting
excellent electrochemical stability of the sample. Such a 15%
increase of the initial capacitance should be caused by activation
of the cobalt species. Along with the operation in 6 M KOH in
the applied potential range, the cobalt in GN-CNT hybrid
should be oxidized to cobalt oxide. Cobalt oxide has been
widely reported as a pseudo-capacitance material with high
specific capacitance. Thus, it is reasonable to observe an
increase in capacitance, along with the increased cycle number.
A similar phenomenon has been observed in a previous study.18

In contrast, the capacity retention for GN-Co-urea3.0, GN-
CNTblend, and GN are 95%, 93%, and 92%, respectively. Based
on the CV analyses, CD results, and durability tests, we
conclude that all GN-CNT samples obtained with the proposed
synthesis method possess better SC performance than GN and
GN-CNTblend. In addition, we have noted that GN-CNT6.0
shows the best performance among all the GN-CNT samples.
We attribute the significant improvement of the SC perform-
ance of GN-CNT to the following possible reasons:
(1) The unique physical properties of GN-CNT hybrids, in

terms of special interior structures, and large specific surface
area are responsible for the high SC performance. As
demonstrated above, the GN-CNT hybrid may benefit from
the intercalation and distribution of CNTs between graphene
layers. In contrast, pure GN suffers from the restacking during
the annealing process, thus decreasing its specific surface area.
The undesired restacking of GN leads to a great loss of
electrical double-layer and poor capacitances, which is
unavoidable in annealing-assist reduction of GO.34 On the
other hand, because of that condition, an open porous structure
is highly favorable for high SC performance. Therefore, a mass
of pores generated during the pyrolysis for GN-CNT hybrids
helps to achieve high EDLC when applied in a voltage range.
(2) The synergistic effect between GN and CNTs in GN-

CNT hybrids is another reason for the high capacitance
performance. It is supposed that a unique 3D interconnected
structure of GN-CNT hybrids, coupled with strong bonding
between GN and CNTs, ensures ideal contact between GN and
CNTs. Since both GN and CNTs possess intrinsic high
electrical conductivity, the direct connection between the two
components could contribute to fast electronic conductivity,
thereby promoting energy storage (see Figure 4e). In contrast,
it lacks good contact between GN and CNTs for the GN-
CNTblend sample, thus leading to poor electrochemical behavior
and low SC performance.
(3) XRD and TGA analysis have demonstrated the existence

of cobalt species in GN-CNT hybrids. It is well-known that the
cobalt species can deliver outstanding pseudo-capacitance.
Thus, a pseudo-capacitance that is contributed from cobalt
oxides contained in the GN-CNT hybrid helps to increase the
overall performance.
(4) XPS analysis also shows that the pyrolysis of urea in this

novel strategy can successfully nitrodize carbon materials. Such
a nitrogen doping has been reported to promote the SC
performance of carbon materials.35 Therefore, the introduction
of nitrogen into GN-CNT hybrid can induce high capacitance.
To identify such an assumption, the electrochemical property

was further investigated by electrochemical impedance spec-
troscopy (EIS). Figure 4f displays the Nyquist plots of GN-
CNT hybrids. The Nyquist plots of GN-CNT hybrids all show
typical features of EDLC with a straight line, indicating an ideal
capacitive behavior in the low-frequency region. Among the

three samples, GN-CNT6.0 show the most vertical line,
indicating the best SC behavior. This is because the small
distance in short CNTs could minimize the electrolyte
resistance by shortening the mean ionic diffusion pathway
between the electrodes.25 In contrast, all the samples of GN-
Co-urea3.0, GN-CNTblend, and GN show a sloping trend (see
Figures S4b−d in the Supporting Information). The value of
the equivalent series resistance (ESR) includes the electrolyte
resistance, the internal electrode resistance, and the electrical
resistance between the electrode and the current collector,
which can be obtained from the real axis intercept of the
Nyquist plots. Since the electrolyte resistance and contact
resistance between the electrode and the current collector are
identical for all electrodes, ESR values can reflect the internal
electrode resistance. The detected ESR values are 0.15, 0.31,
and 0.47 Ω for GN-CNT6.0, GN-CNT15.0, and GN-CNT30.0,
respectively. It was found that the ESR values increase as the
amount of urea increases. This could be caused by the increase
of the CNT length in the samples, which agrees well with the
previously reported results.25 From Figures S3b−d in the
Supporting Information, the ESR value is obtained to be 0.58
for GN-Co-urea3.0, 0.62 for GN-CNTblend, and 0.80 for GN,
respectively. Such a difference clearly demonstrated the
synergistic effect between CNTs and GN in the as-prepared
GN-CNT samples. As such, we believe that the 3D
interconnected structure generated from our one-pot pyrolysis
strategy could greatly reduce the ESR value and is favorable for
energy conversion in SC applications.
We finally make a summary of the SC performances with a

variety of carbon-material-based electrodes. As shown in Table
S1 in the Supporting Information, among all the electrode
materials prepared with different methods, the GN-CNT
hybrid fabricated in this work shows the highest specific
capacitance, as well as a promising durability (an increase of
15%, even after 5000 cycles). It strongly demonstrates that the
one-pot pyrolysis strategy proposed in this work is an effective
way to prepare a characteristic 3D GN-CNT composite as
electrode material with fascinating SC performance.

■ CONCLUSION

In summary, we have developed a one-pot pyrolysis strategy to
prepare three-dimensional (3D) nanostructured GN-CNT
hybrids as appealing supercapacitor (SC) electrode materials,
which is substantially different from the previously reported
methods in its cost-effective and facile manner. Apart from the
well-defined 3D structure, the obtained GN-CNT hybrids
exhibit controllable growth of CNTs on GN in their tunable
length. Importantly, the unique structure of the hybrid endows
it with remarkable physical properties, resulting in excellent
electrochemical performances. The SC based on the as-
prepared GN-CNT hybrid with a promising surface area of
903 m2 g−1 gives a high specific capacitance of 413 F g−1, as well
as significant durability (115% after 5000 cycles). Therefore, we
essentially pave a viable pathway to prepare 3D structured GN-
CNT hybrids as high-performance SC electrode material. The
method could also be easily expanded to prepare other carbon-
oxide- or metal-oxide-based nanostructured composites for
sensing, catalysis, and energy storage or conversion applica-
tions.
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