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S
ingle-walledcarbonnanotubes (SWCNTs)
are considered as the high end for carbon
nanotube (CNT) technology because they

have much better intrinsic properties when
compared with multiwalled CNTs (MWCNTs),
such as higher specific surface area (SSA),
lower defect density, and tunable electronic
characteristics according to their chirality.1

However, the performance of SWCNTs in
large-volume applications, such as fillers
for nanocomposites, transparent conduc-
tive films, and electrode materials for en-
ergy storage, is always limited by problems
of dispersion, anisotropy, and strong inter-
face resistance between SWCNTs resulting
from their one-dimensional (1D) structure
and nanoscale size.2,3 With the rapid rise
of graphene in recent years, a three-dimen-
sional (3D) hybrid structure constructed by
placing SWCNTs among graphene planes

throughcovalentC�Cbondingwasproposed
to solve the above-mentioned problems.4,5

Graphene, which is a two-dimensional (2D)
and one-atomic-thick sp2 carbon layer, shares
many similar properties with SWCNTs since
the SWCNTs can be considered as a gra-
phene cylinder rolled at a certain angle.6

Therefore, combining the 1D SWCNTs and
2D graphene into 3D G/SWCNT hybrids is
considered to be an effective route to bridge
microscopic SWCNTs as well as graphene and
macroscopic devices through a bottom-up
strategy to further extend their applications
without introducing any noncarbon impuri-
ties. The SWCNTs and graphene can be
well dispersed in the G/SWCNT hybrids and
effectively connected with reduced inter-
face thermal and electrical resistances. There-
fore, many excellent features of the G/SWCNT
hybrids, such as thermal, mechanical, and
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ABSTRACT The theoretically proposed graphene/single-walled carbon nanotube (G/SWCNT) hybrids by

placing SWCNTs among graphene planes through covalent C�C bonding are expected to have extraordinary

physical properties and promising engineering applications. However, the G/CNT hybrids that have been

fabricated differ greatly from the proposed G/SWCNT hybrids because either the covalent C�C bonding is not

well constructed or only multiwalled CNTs/carbon nanofibers rather than SWCNTs are available in the

hybrids. Herein, a novel G/SWCNT hybrid was successfully fabricated by a facile catalytic growth on layered

double hydroxide (LDH) at a high temperature over 950 �C. The thermally stable Fe nanoparticles and the
uniform structure of the calcined LDH flakes are essential for the simultaneously catalytic deposition of

SWCNTs and graphene. The SWCNTs and the CVD-grown graphene, as well as the robust connection between

the SWCNTs and graphene, facilitated the construction of a high electrical conductive pathway. The internal spaces between the two stacked graphene

layers and among SWCNTs offer room for sulfur storage. Therefore, the as obtained G/SWCNT-S cathode exhibited excellent performance in Li�S batteries

with a capacity as high as 650 mAh g�1 after 100 cycles even at a high current rate of 5 C. Such a novel G/SWCNT hybrid can serve not only as a prototype to

shed light on the chemical principle of G/CNT synthesis but also as a platform for their further applications in the area of nanocomposites, heterogeneous

catalysis, drug delivery, electrochemical energy storage, and so on.
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energy storage properties, have been proposed by
theoretical modeling.4,5 Controllable fabrication of the
G/SWCNT hybrids is the first step in their realistic
applications.
Up to now, several strategies have been explored to

fabricate G/CNT hybrids, including postorganization
methods through layer-by-layer self-assembly,7�12

electrodeposition,13 liquid phase reaction,14,15 and
direct chemical vapor deposition (CVD) growth routes
through growing CNTs on graphene layers16�21 and
in situ growth of G/CNT hybrids on Cu foil coated with
an Fe catalyst layer.22 However, it should be noted that
the postorganization methods cannot provide the
covalent C�C bonding between graphene and CNTs.
On the other hand, the direct growth routes for the
fabrication of G/CNT hybrids show advantages in
providing the possibility for the formation of a covalent
C�C bonding connection, the growth of CNTs on
graphene planes to enhance the dispersion of gra-
phene, and the integration of high-quality CVD-grown
graphene layers. However, one of themajor drawbacks
of these methods was the unstable catalyst nanopar-
ticles (NPs) on graphene or metal substrates for CNT
growth during CVD. As a result, only MWCNTs and
carbon nanofibers were available for the as-fabricated
G/CNT hybrids in these investigations.16�23 The pro-
posed G/SWCNT hybrids are still not available for
realistic applications. Fabrication of G/SWCNT hybrids
with covalent C�C bonding connections is still a great
challenge for nanoscience and nanotechnology.
Generally, the CVD growth of SWCNTs requires

catalyst NPs with small size (<5 nm) and high thermal
stability,24�26 while the growth of graphene requires
a continuous flat substrate.27,28 Compared with MWCNTs,
the synthesis of SWCNTs requires much tougher con-
ditions, and achieving rapid growth of SWCNTs on a
graphene substrate is extremely difficult. Attributed to
the fact that the carbon atoms in the graphene sheet
can dissolve into the metal NPs during the precondi-
tion process,29 which results in the quick sintering of
metal NPs on the graphene surface, and the as-grown
CNTs on the graphene substrate usually havemultiwall
numbers and poor graphitization.16�20,22,23 The intro-
duction of barriers, such as SiO2

20 and Al2O3,
21,23

greatly enhances the catalytic activity for CNT forma-
tion; however, the large metal NPs distributed on the
barriers are usually effective for MWCNT formation.
The one-step CVD growth of SWCNT and graphene for
in situ hybrid formation is an interesting idea, but is
difficult to be well realized on pure metal substrates.22

Themain problem lies in the unstable catalyst NPs that
cannot catalyze the growth of SWCNTs during CVD.
Recently, one-step fabrication of G/SWCNT hybridswas
reported by using a mixed catalyst.30�32 However, the
strategy involved in these investigations is much
more like an in situ mixing of the as-grown graphene
and SWCNTs rather than an in situ growth process.

Therefore, exploration of amultifunctional catalyst that
can provide small and thermally stable catalyst NPs for
the growth of SWCNTs and a uniform substrate for the
deposition of graphene layers simultaneously is the
key issue for the fabrication of G/SWCNT hybrids.
With respect to the above-mentioned considera-

tions, layered double hydroxides (LDHs)were expected
to be a promising multifunctional catalyst for the one-
step CVD growth of G/SWCNT hybrids. LDHs, a kind
of hydrotalcite-like material composed of positively
charged layers and charge-balancing interlayer anions,
are a family of smart materials with anticipated composi-
tions and morphologies. The formation of sp2 carbon
materials from LDHs has been a high priority.33�37 The
reason that we selected LDHs as the promising catalyst
for the fabrication of G/SWCNT hybrids is that LDHs can
offer a well-preserved flake structure as a hard tem-
plate for graphene deposition, and they also exhibit
the ability to produce embedded high-density metal
NPs with extraordinary thermal stability for SWCNT
formation based on their layered structure at the
same time.31,38�41 In our previous reports, SWCNTs
with different structures have been fabricated with
LDHs as the catalyst precursor, including entangled
SWCNTs,25 short aligned SWCNTs,42 and SWCNT-array
double helices.38,43 However, no graphene layers, only
CNTs, can be observed in these reports because a
growth temperature of no more than 900 �C was used
in the CNT formation. Herein, a high-temperature (over
950 �C) CVD process was performed using FeMgAl LDH
flakes to achieve the in situ deposition of both SWCNTs
and graphene. G/SWCNT hybrids, with SWCNTs grown
on the graphene plane being available after the re-
moval of the as-calcined FeMgAl layered double oxide
(LDO) flakes. Covalent C�C bonding between the
graphene and SWCNTs can be suspected. On the basis
of the high surface area, excellent electrical conductiv-
ity, and hierarchal porous structure of the G/SWCNT
hybrids, the Li�S battery, which is a promising energy
storage device with high energy density,44�46 was
selected as a prototype to demonstrate the excellent
properties of theG/SWCNThybrid for advanced energy
storage.

RESULTS AND DISCUSSION

Our strategy for the fabrication of G/SWCNT hybrids
is illustrated in Scheme 1. FeMgAl LDH flakes served as
the 2D lamellar substrates for the high-temperature
CVD of graphene with hydrocarbons. The hydrogen
that was generated from the decomposition of hydro-
carbons simultaneously reduced the LDHs to form Fe
NPswith extraordinary thermal stability. Consequently,
SWCNTs grew continuously from these Fe NPs with the
continuous introduction of hydrocarbons. G/SWCNT
hybrids are available after removal of the calcined LDH
flakes. The as-fabricated G/SWCNT hybrids were com-
posed of two portions of the G/SWCNT hybrid with
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their graphene layers stacked together because both
sides of the LDH flakeswere effective for the deposition
of graphene and SWCNTs.
The as-prepared FeMgAl LDHs were well-crystallized

hexagonal flakes with a lateral size of ca. 1 μm and a
thickness of several nanometers (Figure 1a). Calcina-
tion of the FeMgAl LDH flakes resulted in dehydration
and decarbonization, leading to the formation of
corresponding FeMgAl LDO flakes, which were mainly
composed of MgO, Fe3O4, and MgAl2O4 (Figure 1b).
However, the plate-like structure of the LDHs can be
well preserved for the FeMgAl LDO flakes (Figure 1c).
The as-obtained FeMgAl LDO flakes had a uniform

structure rather than randomly mixed metal oxides
and spinals since a clear hexagonal diffraction pattern
was detected by selected area electron diffraction (SAED)
(Figure 1d). This can be attributed to the topotactic
transformation of the close-packed oxygen layers dur-
ing the calcination.47,48

To reduce the amount of amorphous carbon in the
final products, methane was selected as the carbon
source for the growth of G/SWCNT hybrids. After the
CVD of methane on FeMgAl LDO flakes for 10 min at a
high temperature of 950 �C, the as-obtained products
showed the morphology of SWCNTs interlinked with
flakes (Figure 2a). Graphene with one or two layers was

Scheme 1. Schematic illustration of catalytic CVD of G/SWCNT hybrids on LDH flakes.

Figure 1. (a) SEM image of the as-prepared FeMgAl LDH flakes. The inset image shows a hexagonal LDH flake. (b) XRD
patterns of the FeMgAl LDH and FeMgAl LDO obtained by calcining the FeMgAl LDH at 950 �C for 15 min, and the products
after the CVD growth of the G/SWCNT hybrids. (c) TEM image and (d) SAED pattern of the FeMgAl LDO flakes.
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observed on the surface of the LDO flakes, and SWCNTs
grown from the small-sized catalyst NPs embedded
on the LDO flakes could also be observed (Figure 2b,
Figure S2). After the removal of the LDO flakes, the as-
obtained G/SWCNT hybrids exhibited a similar inter-
linked morphology to that of the G/SWCNT/LDO nano-
composites (Figure 2c and d), in which most of
SWCNTs grew on the surface of graphene layers on
both sides. TEM images revealed that the products
weremainly composed of few-layer (<4) graphene and
SWCNTs with some graphene layers encapsulating Fe
NPs (Fe@C NPs) (Figure 2e and f). On the contrary,
when the same CVD procedure was performed on the
FeMgAl LDH flakes at a lower temperature of 900 �C, no
graphene but only SWCNTs could be detected in the
as-grown products (Figure S1a�d). However, similar

G/SWCNT hybrids were available at a higher tempera-
ture of 1000 �C (Figure S1e and f). This indicated that a
high temperature above 950 �C was essential for the
deposition of graphene on FeMgAl LDO flakes from
methane, although the growth of SWCNTs on Fe NPs
embedded in LDO flakes at temperatures even below
900 �C was possible.25,38 This can be attributed to the
reactivity difference for the catalytic deposition of
methane on Fe NPs and LDO flakes. In most cases,
good dispersion of few-layer graphene and SWCNTs
has always been a key hindrance and a great challenge
for their applications. Herein, both the graphene and
SWCNTs in the hybrids were effectively distributed
in the G/SWCNT hybrid sample: in one aspect, the
SWCNTs among graphene layers prevented the stack-
ing of graphene sheets; in another aspect, one end of

Figure 2. (a) SEM and (b) TEM images of the as-grown G/SWCNT/LDO hybrids; (c, d) SEM image of the as-fabricated G/SWCNT
hybrids; (e) TEM and (f) high-resolution TEM image of the G/SWCNT hybrids.
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the as-grown SWCNTs was anchored on the surface of
the graphene layers, which inhibited the aggregation
of SWCNTs.
A family of strong radial breathing mode (RBM)

peaks were detected in the Raman spectra for the
G/SWCNT hybrids, indicating the existence of SWCNTs
(Figure 3a). In addition, the ID/IG ratio for the G/SWCNTs
was 0.28, which was larger than that of SWCNTs (0.12).
This can be attributed to the defects on the deposited
graphene on LDO flakes and the unavoidable defects
at the connection spot between graphene and SWCNTs.49

The thermogravimetric analysis (TGA) curve shown in
Figure 3b revealed that the G/SWCNT hybrids had a
high carbon purity of 97.5 wt %. Only one sharp weight
loss peak was detected with no obvious mass drop
before 500 �C in the TGA curve, indicating the hybrids
had a small amount of amorphous carbon and the
graphene and SWCNTs in the hybrids exhibited similar
thermal stability.
Figure 4a and b shows the interface between SWCNTs

and graphene in the G/SWCNT hybrids. The FeNPs play a
decisive role and facilitate the connection between
an SWCNT and graphene. At the initial stage of the
G/SWCNT hybrid formation, it is suspected that deposi-
tion of graphene on the surface of LDO flakes oc-
curred first since only CH4 was introduced into the
reactor chamber. Thus, the generated H2 from CH4

decomposition can induce a gradual reduction of
FeMgAl LDO flakes to form Fe NPs, the existence of
which was demonstrated by the XRD patterns shown
in Figure 1b. SWCNTs started to grow on the small-
sized Fe NPs along with the continuous deposition of
graphene on the LDO flakes. Because of the high
solubility of carbon atoms in Fe NPs at such a high
temperature (950 �C),29 the carbon atoms in both the
graphene and SWCNTs can be dissolved in the Fe NPs
around them. According to the vapor�liquid�solid
growth mode, supersaturation of the carbon atoms
dissolved in Fe NPs leads to the formation of CNTs. This
means that reorganization of carbon atoms takes place
in the Fe NPs, which facilitates the effective connections
between the SWCNTs and graphene. The morphology
of the connection spot between the SWCNT and gra-
phene after the removal of FeNPs is shown in Figure 4b.
A cyclic graphene layer was observed at the end of the
SWCNT where it connected with the graphene layer.
This was not detectedwhen only SWCNTswere grown if
the reaction temperature was low.25 This morphology is
similar to the topviewof theproposedG/SWCNThybrid,
in which the extra cyclic graphene layer inside the
SWCNT can be attributed to the vacancy on graphene
where it connects to the SWCNT. Therefore, a covalent
C�C bonding connection can be suspected.
To determine themass ratio of graphene to SWCNTs

in the G/SWCNT hybrids, TGA under a CO2 atmosphere
was adopted. As shown in Figure 5a, the TGA curve of
the G/SWCNT hybrids under CO2 exhibit two distin-
guished weight-loss periods (stages I�III and III�IV).
Residues of the samples at different stages were char-
acterized by TEM. Figure 5b shows the TEM image of
the initial G/SWCNThybrids at stage I, inwhich SWCNTs
and the whole graphene layers are observed. At stage
II, it is observed that part of the graphene layer has
been oxidized by CO2 with the obvious migration of Fe
NPs (Figure 5c). No graphene layers but a large amount
of SWCNT bundles and aggregated Fe NPs were ob-
served at stage III (Figure 5d). This indicated that the Fe

Figure 3. (a) Raman spectra of the SWCNTs obtained at
900 �C and the G/SWCNT hybrids grown from the FeMgAl
LDH flakes; (b) TGA curve of the G/SWCNT hybrids under an
O2 atmosphere.

Figure 4. High-resolution TEM images of the G/SWCNT hybrids showing the interface between SWCNTs and graphene (a)
before and (b) after the removal of Fe NPs. The SWCNT and extra graphene layer inside the SWCNT are colored and indicated
by arrows.
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NPs selectively catalyze the oxidation of graphene
layers during the CO2 TGA during stages I�III. At stage
IV, the residues became brown, indicating the full
oxidation of carbon materials in the hybrids. The
continuous mass drop after stage IV was attributed to
the unstable baseline during TGA. On the other hand,
TGA measurement on SWCNTs with a purity of 94.0%
was also carried out under a CO2 atmosphere for
comparison (Figures S1a�d, S3). It was observed that
below stage III, only a small weight loss of 9.4%
occurred for the SWCNTs, most of which corresponds
to the burning of carbon layers that encapsulate the
Fe NPs (Fe@C NPs). This further demonstrated that the
burning of SWCNTs under CO2 probably occurs only
above stage III. Therefore, the two weight-loss periods
shown in Figure 5a can be assigned to the oxidation of
graphene and SWCNTs in the hybrids by CO2, respec-
tively. In fact, the thermal stabilities of graphene and
SWCNTs do not greatly differ according to their theo-
retical structure. However, there were ca. 2.5 wt % Fe
NPs (appeared as Fe@C) on the graphene layers in the
as-fabricated hybrids. These Fe NPs are responsible for
the enlarged difference in the thermal stability between
graphene and SWCNTs in the hybrids and provide the
possibility to distinguish them by the TGA profile under
CO2. In addition, the defects on graphene may also
contribute to their oxidation reactivity. Themass ratio of
graphene to SWCNTs in the as-synthesizedG/SWCNTs is

determined as ca. 3:2. Note that the yield and length of
SWCNTs grown from FeMgAl LDHs are tunable by
varying the composition of LDHs and growth
parameters.25,38,42,43,50 Besides, the lateral size of the
graphene is controllable in the range of tens of nano-
meters to several micrometers depending on the size
of LDH flakes. The thickness of graphene can also be
adjusted through controlling the reaction time. There-
fore, the mass ratio of graphene to SWCNTs in the
G/SWCNT hybrids is adjustable in a wide range to
optimize their performance.
The as-fabricated G/SWCNT hybrids are expected to

have a large SSA, high electrical conductivity, excellent
structural stability, and abundant porosity, which ren-
der them as promising electrode materials for energy
storage. Herein, the performance of G/SWCNT hybrids
was evaluated as the sulfur host for Li�S batteries.
The G/SWCNT-S cathodes prepared through a simple
melt-diffusion method showed no obvious morphol-
ogy change compared with the G/SWCNT hybrids
(Figure 6a and b). The S can be distributed uniformly
in theG/SWCNThybrids evenwith a high incorporation
ratio of 60 wt % (Figure 6b�d). No bulk S particles can
be found. Both the compartment between the two
opposite graphene layers and the internal pore of
the SWCNT bundles provide the free space to hold
the active S phase (Figure 6d). A strong interaction
between the G/SWCNT and Swas demonstrated by the

Figure 5. (a) TGA curve of the G/SWCNT hybrids under a CO2 atmosphere; TEM images of the G/SWCNT hybrids at (b) stage I,
(c) stage II, and (d) stage III during the CO2 oxidation.
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fact that the S in the G/SWNCT-S nanocomposites
exhibited a much better thermal stability compared
with pure S powders (Figure 7a). No characteristic X-ray
diffraction (XRD) peaks of S can be detected for the
G/SWNCT-S nanocomposites (Figure 7b), which also
indicated a uniform distribution of S in the com-
posite cathode. The G/SWCNT hybrids had a high
SSA of 806.2 m2 g�1 calculated by the multipoint
Brunauer�Emmett�Teller (BET) method. It reduced
to 25.4 m2 g�1 after the incorporation of S. The pore
size distribution of the samples was calculated based
on the density functional theory (DFT) model. The
G/SWCNT hybrids exhibited a large total pore volume
of 1.55 cm3 g�1 with pore size distribution concen-
trated around 8 nm. Most of the pores were filled after
the incorporation of S with the total pore volume
reduced to 0.087 cm3 g�1 (Figures S4, 7c).
Li�S cells were fabricated to investigate the electro-

chemical performance of the G/SWCNT-S cathodes.
Note that a 3D electroconductive network with excel-
lent conductivity can be constructed with the G/SWCNT
hybrids; thus no other conductive agent, such as carbon
black, was required for the fabrication of the electrode.
During the first four cycles of the cyclic voltammogram
(CV) profiles, no obvious changes can be observed for
both the anodic/cathodic peaks (Figure 8a), indicating
the electrochemical stability of the cathode. The cy-
cling stability of the G/SWCNT-S nanocomposites is

illustrated in Figure 8b. An initial reversible capacity of
928 mAh g�1 was achieved at the current rate of 1 C,
which decreased to ca. 530 mAh g�1 after 100 cycles
with a capacity fading of over 40%. However, with a
high current rate of 5 C, the capacity decay was
reduced to ca. 20% after 100 cycles with an initial value
of 822 mAh g�1. In addition, the Coulombic efficiency
of the G/SWCNT-S nanocomposites was also increased
from 85% at 1 C to 92% for 5 C (Figure 8b). Two
discharge plateaus corresponding to the reduction of
S to high-order lithium polysulfides and to Li2S2 and
Li2S,

45 respectively, were observed for all the discharge
curves at different current rates (Figure 8c). At a current
rate of 0.5 C, a reversible capacity of ca. 1010 mAh g�1

was achieved. The capacity decreased gradually with
the increased current rate. However, a high reversible
capacity of ca. 650mAh g�1 can still be preserved even
at the very high current rate of 5 C, indicating an
excellent rate performance of the G/SWCNT-S nano-
composites (Figure 8d). It is noticed that the capacity
corresponding to the first plateaus at higher voltage on
the discharge curves, which is contributed by the
reduction of S to high-order lithium polysulfides, un-
dergoes no obvious decrease with the increasing
current rate. However, the capacity corresponding to
the second plateaus at lower voltage on the discharge
curves, which is contributed by the further reduction
of high-order lithium polysulfides into Li2S2 and Li2S,

Figure 6. (a) SEM and (b) TEM image of the G/SWCNT-S nanocomposites; (c, d) EDS mapping of the G/SWCNT-S
nanocomposites showing the distribution of C and S.
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decreases greatly with increasing the current rate.
As shown in Figure 8c, the S in the G/SWCNT-S
cathodes can be fully utilized at every current rate.
However, the reduction of high-order lithium poly-
sulfides to Li2S2 and Li2S is partially hindered at high
current rate due to the fast electron transfer. Polar-
ization of the cathode materials is also observed
due to their increasing charging-voltage and de-
creasing discharging-voltage with the increasing
current rate. The recovery of a reversible capacity
of ca. 860 mAh g�1 was achieved at 0.5 C following
the charge/discharge process at the high current
rate of 5 C (Figure 8d).

Recent advances in nanocarbon�sulfur cathodes
have demonstrated enhanced capacity and stability
of Li�S batteries. For instance, mesoporous carbons
have been demonstrated to be an excellent cathode
material for Li�S batteries.45,51�53 However, the high-
rate performance of Li�S cells based on mesoporous
carbons is restricted due to their limited electrical
conductivity. Recently, nanocarbon materials with im-
proved electrical conductivity, such as graphene and
MWCNTs, have been widely used as cathode materials
for Li�S batteries.54�59 However, the graphene mate-
rials used were always prepared by chemically derived
processes and still showed poor conductivity due to

Figure 7. (a) TGA profiles of S and G/SWCNT-S nanocomposites under N2 atmosphere; (b) XRD patterns of S, G/SWCNT
hybrids, and the G/SWCNT-S nanocomposites; (c) pore size distribution of the G/SWCNT hybrids and G/SWCNT-S
nanocomposites.

Figure 8. Electrode performance of the G/SWCNT-S nanocomposites for Li�S cells: (a) CV profiles; (b) cycling stability;
(c) galvanostatic charge�discharge curves at different current rates; (d) rate performance.
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their severe structural defects introduced during the
exfoliation and reduction processes.55�59 The electro-
chemical performance of CNTs as the cathode materi-
als for Li�S batteries was always limited due to the
poor S-storage ability of MWCNTs.54 The combination
of CVD-grown graphene and SWCNTs into hybrid
materials renders their promising applications as cath-
odes with high-rate performance. On one hand, the
internal spaces between the two stacked graphene
layers and among the SWCNT bundles contributed
mesopores with sizes of ca. 8 nm for the G/SWCNT
hybrids, which offers the space for S storage. The
shuttling effect in the confined space of the meso-
pores can be inhibited.44,52,60 On the other hand, a
good electrical conductivity can be expected for the
G/SWCNT hybrids. The G/SWCNT hybrids were com-
pressed at 5 MPa into a disk with a diameter of 13 mm
and a thickness of 150 μm to determine their electrical
conductivity (Figure S5). The conductivity was mea-
sured as 3130 S cm�1 by the four-probe technique,
which was much higher than that of the chemically
derived graphene paper (60�350 S cm�1)12,61 and
SWCNT paper (100�700 S cm�1).62,63 Electrochemical
impedance spectroscopy was measured for the
G/SWCNT-S electrode to further demonstrate the high
electrical conductivity of the G/SWCNT hybrids
(Figure S6). It is obvious that the charge transfer
resistance of the G/SWCNT-S electrode, which corre-
sponds to the diameter of the semicircle at high
frequencies, is much lower than that when graphene
or even polyacrylonitrile-coated graphene was used as
the electrode materials.56,64 The high electrical con-
ductivity of the CVD-grown graphene and SWCNTs as
well as the effective connections between the SWCNTs

and graphene facilitated the construction of the high
electrical conductive network to ensure a fast electron
transfer, which greatly contributes to the extraordinary
rate performance of the G/SWCNT-S cathode. The
cathode of the Li�S battery serves as a prototype
application to shed light on the combination of gra-
phene and SWCNTs into advanced hybrid materials
with unexpected properties.

CONCLUSIONS

In summary, direct growth of G/SWCNT hybrids was
successfully achieved through one-step CVD of
methane on FeMgAl LDO flakes at a high temperature
above 950 �C. The LDO surface served as the substrate
for graphene deposition, and the thermally stable Fe
NPs embedded on the LDO flakes catalyzed the growth
of SWCNTs and facilitated the effective connection
between SWCNTs and graphene. The mass ratio of
graphene to SWCNTs in the hybrids was determined to
be 3:2. When S was incorporated into the hybrids as
electrode materials for Li�S batteries, a 3D electrical
conductive net could be constructed by the hybrids
themselves, which ensured the fabrication of conduc-
tive agent-free G/SWCNT-S electrodes. The G/SWCNT-S
nanocomposites exhibited excellent rate performance
for Li�S batteries. A reversible capacity of 928mAhg�1

can be achieved at 1 C with a S loading amount of 60%.
At a very high current density of 5 C, a capacity as high
as ca. 650 mAh g�1 can be preserved even after 100
cycles with a Coulombic efficiency of ca. 92%. The
strategy is generally applicable for the fabrication of
the proposed theoretical G/SWCNT hybrids to fully
explore their potentials and extend the applications
of graphene and SWCNTs.

EXPERIMENTAL SECTION
Catalyst Preparation. The FeMgAl LDH flakes were prepared

using a urea-assisted co-precipitation reaction. Fe(NO3)3 3 9H2O,
Mg(NO3)2 3 9H2O, Al(NO3)3 3 9H2O, and urea were dissolved in
deionized water (1000 mL) with [Fe3þ]þ [Mg2þ]þ [Al3þ] = 0.15
mol L�1, n(Fe):n(Mg):n(Al) = 0.4:3:1, and [urea] = 3.0mol L�1. The
solution was kept at 94 �C under continuous magnetic stirring
for 12 h in a 2000 mL flask (equipped with a reflux condenser)
under an ambient atmosphere. The as-obtained suspension
was then filtered, and the residue was washed by deionized
water. After freeze-drying, the final products were ground into
brown-yellow powders, which were used as the catalyst for the
growth of the G/SWCNT hybrids.

Synthesis of G/SWCNT Hybrids. The synthesis of G/SWCNT hy-
brids was carried out using a high-temperature catalytic CVD.
Typically, the FeMgAl LDH flakes were sprayed uniformly into a
quartz boat, which was then placed at the center of a horizontal
quartz tube inserted into a furnace at atmospheric pressure. The
furnace was then heated under an Ar atmosphere with a flow
rate of 400 mL min�1. On reaching 950 �C, CH4 (400 mL min�1)
was introduced into the reactor for 10 min. After that, the
furnace was cooled to room temperature under Ar flow. Similar
processes were also performed at 900 and 1000 �C. The as-
obtained products were treated with an HCl (1 mol L�1) aqu-
eous solution at 80 �C for 3 h and an NaOH (6 mol L�1) aqueous

solution at 150 �C for 6 h, subsequently, to remove the FeMgAl
LDO flakes. After filtering and drying, the samples were further
treated with CO2 (20%) and Ar (80%) at 750 �C for 30 min
followed by an HCl treatment at 80 �C for 1 h to further remove
iron in the samples. The as-obtained products were filtered,
washed, and freeze-dried for further characterizations.

Fabrication of G/SWCNT-S Nanocomposites. The G/SWCNT-S nano-
composites were fabricated following a typical melt-diffusion
strategy. The G/SWCNT hybrids were first mixed with S powder
with a mass ratio of 1:2 by milling. The mixture was then placed
in a sealed flask at 155 �C for 24 h to incorporate the S into the
G/SWCNT hybrids.

Characterizations. The morphology of the samples was char-
acterized by a JSM 7401F (JEOL Ltd., Tokyo, Japan) SEM oper-
ated at 3.0 kV and a JEM 2010 (JEOL Ltd., Tokyo, Japan) TEM
operated at 120.0 kV. X-ray diffraction patterns were recorded
on a Bruker D8 Advance diffractometer at 40.0 kV and 120 mA
with Cu KR radiation. The pore-size distribution and BET specific
surface area of the samples were measured by N2 adsorption/
desorption using an Autosorb-IQ2-MP-C system. Energy disper-
sive spectroscopy (EDS) analysis was performed using a JEM
2010 TEM equipped with an Oxford Instrument energy disper-
sive spectrometer, and the acceleration voltage applied was
120.0 kV. Raman spectra were recorded with He�Ne laser
excitation at 633 nm using a Horiba Jobin Yvon LabRAM
HR800 Raman spectrometer. The TGA was carried out on the
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samples using a TGA/DSC1 STARe system under an O2, CO2, and
N2 atmosphere, respectively. The resistance measurements of
the G/SWCNT hybrid disk were performed using the KDY-1 four-
probe technique.

G/SWCNT-S Cathode for Li�S Battery. Two-electrode cells using
standard 2025 coil-type cells were constructed to evaluate the
electrochemical performance of the G/SWCNT hybrids as the
cathode material for Li�S batteries. The G/SWCNT-S cathode
slurry was prepared by mixing 90% of the G/SWCNT-S nano-
composites and 10% of the poly(vinylidene fluoride) binder in
an N-methylpyrrolidone solvent dispersant. The positive elec-
trodes were fabricated through coating the slurry on aluminum
foil and drying at 60 �C for 24 h. a 1 mol L�1 lithium bis-
(trifluoromethanesulfonyl)imide solution in 1:1 (v/v) 1,3-dioxo-
lane/1,2-dimethoxyethane was used as the electrolyte. Lithium
metal foil was used as the anode, and polypropylene mem-
branes from Celgard Inc. were used as the separators. The coin
cells were tested in galvanostatic mode at various currents
within a voltage range of 1.5�3.0 V using a Neware multi-
channel battery cycler. The CV measurements were performed
on a Solartron 1470E electrochemical workstation at a scan rate
of 0.1 mV s�1. A current density of 1672mA g�1 (1 C) equivalent
to full discharge or charge in one hour was applied in both
current sweep directions. The capacities were calculated corre-
sponding to the mass of sulfur.
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