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can be fabricated. [ 15 ]  A novel 3D carbon-network with alternate 
connections of aligned CNTs and graphene nanosheets was 
proposed as a new prototype, [ 16 ]  and have triggered tremendous 
attention due to its extraordinary storage, [ 16 ]  transport, [ 11,17 ]  
and mechanical performances. [ 11 ]  The effective combination 
of CNTs and graphene can not only inherit full advantages of 
both CNTs and graphene, but also herald a new multifunctional 
nanostructured material with unexpected properties. [ 18,19 ]  Up 
to now, several strategies have been explored to fabricate such 
aligned CNT/graphene (ACNT/G) hybrids, while it is still rare 
for facile integration of high-quality aligned CNTs and gra-
phene without barrier layers, which hindered the full demon-
stration of the inherent excellent properties of the as-fabricated 
ACNT/G hybrids. [ 15,18,20 ]  

 Generally, the formation of ACNT/G hybrid was usually 
available via catalytic growth of one building block on the other 
one. However, the stability of metal catalysts on the carbon 
supports is very complex and metal-oxide barriers are com-
monly required during the synthesis. In this contribution, a 
metal-embedded supported bifunctional catalyst was proposed 
for the in-situ growth of ACNT/G sandwiches, with the metal 
nanoparticles as catalysts for CNT formation and metal-oxide 
lamellar as hard template catalyst for graphene deposition. To 
fully demonstrate the sp 2  carbon hybrids for energy storage, 
the chemical characters of carbon scaffolds were also modi-
fi ed via nitrogen incorporation for the formation of nitrogen-
doped aligned CNT/graphene (N-ACNT/G) hybrid, as illus-
trated in  Figure    1  . The reason why we selected nitrogen as the 
dopant atoms is that nitrogen is a unique element that bears 
fi ve valence electrons and induces a shift in the Fermi level to 
the conducting band, which affords the as-obtained carbon with 
curved microstructure, tunable interface, as well as improved 
reactivity. [ 21,22 ]  The as-obtained N-ACNT/G was used as a 3D 
scaffold to accommodate sulfur for high-rate lithium-sulfur 
(Li-S) battery.  

 The vermiculite support consisting of metal oxides afforded 
catalytic activity [ 6,8,12,23 ]  for graphene deposition at high tem-
perature, and the metal catalysts reduced on vermiculite were 
with high density for aligned CNT formation. [ 3 ]  In detail, exfo-
liated vermiculites impregnated with Fe/Mo were used as 
bifunctional catalysts for the in situ growth of aligned CNTs at 
750 °C under C 2 H 4  fl ow, and graphene deposition at 950 °C in 
CH 4  atmosphere sequentially. Parallel graphene sheets are pil-
lared apart by vertically linked aligned CNTs, leading to a 3D 

  The broad applications of sp 2  carbon (e.g., carbon nanotubes 
(CNTs) and graphene) in the area of energy storage, hetero-
geneous catalysis, healthcare, environmental protection, as 
well as nanocomposites are highly dependent not only on 
their superior intrinsic physical properties, such as mechanical 
strength, electrical and thermal conductivity, [ 1 ]  but also on their 
tunable chemical characters, such as functional groups, doping, 
and surface modifi cation. [ 2 ]  On one aspect, to fully demonstrate 
the remarkable inherent physical properties, a large number 
of rationally structured nanocomposites derived from CNTs 
and graphene (such as vertically aligned CNTs (ACNTs), [ 3 ]  
CNT sponges, [ 4 ]  graphene foams, [ 5 ]  graphene nanofi bers, [ 6,7 ]  
unstacked double-layer graphene, [ 8 ]  aerographite, [ 9 ]  CNT or/and 
graphene-based fi lms, [ 10–12 ]  and aerogels, [ 13 ]  etc.) have already 
been precisely designed and fabricated, rendering excellent 
performances from nanoscale to macroscale devices. On the 
other aspect, the chemical properties of sp 2  carbon nanomate-
rials have been easily tailored by heteroatom functionalization 
on nanocarbon sheets or molecular carbon geometries at the 
edges, defects, or strained regions, etc. [ 2 ]  The incorporation of 
heteroatoms into the sp 2  carbon renders the induced modifi ed 
carbon with signifi cantly improved electrochemical perfor-
mances and catalytic activities. [ 14 ]  

 However, the heteroatom-containing nanocarbon inclines to 
agglomerate due to strong van der Waals interactions and large 
surface area explosion. The CNTs prefer to form bundles and 
graphene sheets are easily to be packed with each other, which 
in turn constantly limits the demonstration of their intrinsic 
physical properties and performances in as-fabricated materials 
and practical devices. If the CNTs were effectively bonded with 
graphene, three-dimensional (3D) hierarchical composites that 
mitigate the self-aggregation and re-stacking of nanocarbon 
materials and also facilitate physical properties at macroscale 
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freestanding porous network (Figure  1 a). NH 3  was simultane-
ously introduced during the CVD growth for the incorpora-
tion of nitrogen atoms into the carbon framework (Figure  1 b). 
N-ACNT/G hybrids with a high purity of 98.3 wt.% were avail-
able after the removal of catalysts (Figure S1). ACNT/G hybrids 
grown on the same catalysts without NH 3  introduction for 
nitrogen-doping and ACNTs without the procedure of gra-
phene deposition were prepared as control samples. The scan-
ning electron microscopy (SEM) image ( Figure    2  a) revealed 
the typical sandwich-like structure of as-obtained hybrid, with 
aligned CNTs and graphene sheets grown vertically to each 

other, which was in long-range periodicity (Figure S2a). After a 
growth time of 30 min, the aligned CNTs grown from the ver-
miculite layers were uniform with a length of ca. 10 µm, which 
further expanded the adjacent vermiculite fl akes, thereby giving 
rise to effective diffusion pathways for carbon source to infi l-
trate and reach the vermiculite layer for graphene deposition 
at the bottom of aligend CNT arrays. The top-view SEM and 
transmission electron microscopy (TEM) images clearly dem-
onstrated the formation and effective link of graphene layers to 
the bottom of aligned CNTs (Figure S2b, 2b). Figure S2c fur-
ther showed the connection region between aligned CNTs and 
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 Figure 1.    Conceptual scheme of the design of N-ACNT/G hybrids with graphene and aligned CNTs as building blocks. (a) Structural hybridization of 
aligned CNTs and graphene via catalytic growth on bifunctional natural catalysts; (b) In situ nitrogen doping for moderate chemical modifi cation of 
the carbon scaffolds.

 Figure 2.    Structure characterization of N-ACNT/G hybrids. (a) SEM and (b) TEM images of N-ACNT/G hybrids; (c) Typical TEM image of the bamboo-
structured NCNT in the hybrids; (d) The N 2  sorption isotherms (inset) and pore size distribution of N-ACNT/G hybrids and ACNTs based on QSDFT 
model; (e) The N 1s XPS spectra of N-ACNT/G hybrids.
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deposition (Inset of Figure S2c). The typical bamboo-like struc-
ture of nitrogen-doped CNTs shown in Figure  2 c revealed 
the successful doping of nitrogen atoms into the carbon scaf-
folds [ 24 ]  and a moderate modifi cation of the surface characters. 
Raman spectroscopy was employed to differentiate the crystal-
line structure of carbon after nitrogen doping (Figure S3). Both 
ACNTs and N-ACNT/G exhibited a disorder-induced D-band 
(∼1350 cm −1 ) caused by phonon scattering at defect sites or 
impurities, and a doubly degenerated G-band (∼1580 cm −1 ) 
assigned to in-plane vibration of sp 2  carbon. [ 25 ]  The I D /I G  
ratio of N-ACNT/G hybrids (1.95) was much larger than that 
of ACNTs (0.99), demonstrating a relatively low graphitization 
degree and a higher density of defect sites due to the structural 
hybridization and nitrogen doping. The strong single-sharp 2D 
band around 2700 cm −1  arising from a double resonance pro-
cess also revealed the few-layered characteristic of the as-grown 
graphene (Figure S3). [ 25 ]   

 The N 2  sorption isotherms of N-ACNT/G hybrids were sim-
ilar to that of ACNTs (Inset of Figure  2 d). Both the samples 
displayed hierarchical porous structures, which were mainly 
attributed to the high-order arrangement of aligned CNTs 
(Figure  2 d). With the introduction of graphene sheets to the 
bottom of aligned CNTs, the self-aggregation of CNTs and the 
re-stacking of graphene in N-ANCT/G hybrids were supposed 
to be mitigated. However, the N-ACNT/G exhibited a relatively 
lower specifi c surface area (SSA) (217 m 2  g −1 ) than the ACNTs 
(259 m 2  g −1 ), and the total pore volume was decreased from 
0.77 to 0.72 cm 3  g −1 , which was attributed to the enhanced 
interfacial interaction and stacking due to the abundant func-
tional groups on the surface of N-ACNT/G. The surface chem-
istry of N-ACNT/G hybrids was further evaluated by X-ray 
photoelectron spectroscopy (XPS). Both N 1s and O 1s peaks 
were observed besides the C 1s region, demonstrating that the 
carbon matrix was chemically modifi ed with diverse functional 
groups (Figure S4). The nitrogen content was ca. 0.86 at.%, and 
various nitrogen bonding states had been distinguished (pyri-
dinic N, pyrrolic N, quaternary N, oxidized N, and chemisorbed 
N) from high-resolution N 1s spectrum (Figure  2 e, Table S1), [ 26 ]  
which were believed to tune the properties of carbon matrix 
with enhanced surface wettability and activity. [ 22,27 ]  With the 
hybridization of 1D CNTs and 2D graphene and nitrogen 
modulation of the carbon matrix, the N-ACNT/G hybrids were 
expected to have robust structural stability, hierarchically con-
nected ion pathway, 3D electron freeway, and enhanced sur-
face affi nity and activity, thereby rendering them as prospective 
alternates for effective electrochemical energy storage. 

 Herein, lithium-sulfur batteries were constructed based on 
N-ACNT/G@S composite cathodes, with ACNT/G@S and 
ACNT@S as control samples, to evaluate the electrochemical per-
formance and elucidate the roles of hybridization and nitrogen 
doping. Lithium-sulfur batteries are with very high theoretical 
energy density of 2600 Wh kg −1 , and element sulfur is highly 
abundant in nature, and environment friendly as well. There-
fore, lithium-sulfur system is a promising candidate for next-
generation power sources. [ 28 ]  The introduction of 3D nanocarbon 
hybrids is an effective strategy to overcome the ultra-low conduc-
tivity of element sulfur and lithium sulfi de. [ 29 ]  The carbon@sulfur 
cathodes were prepared through a facile melt-diffusion method 

at 155 °C for 1.0 h. The as-prepared cathodes were denoted as 
N-ACNT/G@S, ACNT/G@S, and ACNT@S, respectively. The 
energy dispersive spectroscopy (EDS) mapping of N-ACNT/G@S 
demonstrated that the sulfur was distributed uniformly in the 
N-ACNT/G scaffolds (Figure S5). No obvious characteristic XRD 
peaks of sulfur were observed for carbon@S nanocomposites, 
which also indicated a uniform distribution of sulfur in the carbon 
matrix (Figure S6). Thermogravimetric analysis (TGA) results 
indicated that the weight-loss temperature of N-ACNT/G@S was 
higher than that of ACNT/G@S and ACNT@S (Figure S7), sug-
gesting a promoted affi nity and interaction between sulfur and 
N-ACNT/G. The sulfur contents of composite cathodes were 
measured to be as 52.6, 50.0, and 48.5 wt% for N-ACNT/G@S, 
ACNT/G@S, and ACNT@S, respectively. 

 The cyclic stabilities of the N-ACNT/G@S, ACNT/G@S, and 
ACNT@S cathodes were tested at a current density of 1.0 C and 
illustrated in  Figure    3  a and S8a. The N-ACNT/G@S cathode 
showed a high initial discharge capacity of 1152 mAh g −1  based 
on sulfur, with nearly 76% capacity retention after 80 cycles 
(ca. 880 mAh g −1 ). In contrast, the initial reversible capacity 
of ACNT@S cathode was 865 mAh g −1 , lower than that of 
N-ACNT/G@S by 25%, and only a capacity of 533 mAh g −1  was 
preserved after 80 cycles. Although ACNT/G@S cathode exhib-
ited a slightly lower initial reversible capacity (764 mAh g −1 ) 
than ACNT@S cathodes, a high capacity of 638 mAh g −1  was 
still available with a ultra-low cyclic fading rate of 0.2% for ini-
tial 80 cycles, indicating that the 3D sandwich-like architecture 
of aligned CNTs and graphene counted for the improved elec-
trochemical stability. During the fi rst 10 cycles, the cyclic fading 
rates of the initial capacity were ca. 0.3%, 0.3%, and 1.3% for 
N-ACNT/G@S, ACNT/G@S, and ACNT@S cathodes, respec-
tively. The N-ACNT/G@S cathode exhibited both enhanced 
reversible capacity and electrochemical stability.  

 The rate performances of the Li-S batteries with 
N-ACNT/G@S and ACNT@S cathodes were illustrated as 
Figure  3 b. With the current density varied from 0.2 to 5.0 C, 
the capacity decreased gradually due to the polarization effect. 
However, the N-ACNT/G@S cathodes exhibited much higher 
capacities than those of ACNT@S cathodes at all current densi-
ties. A reversible capacity of ca. 770 mAh g −1  can still be pre-
served at a very high current density of 5.0 C, indicating an 
excellent rate capability of the N-ACNT/G@S nanocomposites. 
The effi cient connections between aligned CNTs and graphene 
layers constructed a novel 3D conductive network for rapid 
electron transfer along both horizontal and vertical directions, 
and an interconnected mesoporous architecture for improved 
electrolyte immersion and diffusion, thereby rendering the 
extraordinary rate performances. When returning to 0.2 C, 
the N-ACNT/G@S cathode still showed a high capacity of ca. 
930 mAh g −1 . 

 For both N-ACNT/G@S and ACNT@S cathodes, two typical 
voltage plateaus at ca. 2.4 and 2.0 V were clearly observed from 
the galvanostatic discharge curves (Figure  3 c). Generally, the 
capacity corresponding to the fi rst plateaus at higher voltage 
is contributed by the reduction of S into high-order lithium 
polysulfi des, indicating the effective utilization of active agents, 
and the capacity accumulated during the low-voltage plateaus 
is determined by the depth of further lithiation into lithium 
sulfi de and/or lithium disulfi de. Consequently, discharge 
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curves revealed the electrochemical behavior and mechanism. 
As shown in 4a, the N-ACNT/G@S cathodes exhibited much 
higher participation of sulfur than ACNT@S ones throughout 
the entire cycle calculated based on the discharge curves. Fur-
thermore, the N-ACNT/G@S cathodes exhibited a stable lithi-
ation degree around 1.60 while the degree of lithiation for 
ACNT@S cathodes was decreased from ca. 1.43 to 1.30 after 
80 cycles, which exerted great infl uence on the reversible 
capacities ( Figure    4  b). For ACNT/G@S cathodes, in spite of a 
high degree of lithiation, the degree of sulfur participation was 
as low as ACNT@S, which accounted for the unsatisfactory 
reversible capacity (Figure S8b and S8c). The incorporation of 
nitrogen atoms into the hierarchical ACNT/G hybrids induced 
more active defect sites on the interface and edges, improving 
the affi nity between sulfur, polysulfi des and the nitrogen-doped 
carbon scaffolds, [ 22,27 ]  thereby enhancing the utilization of 
sulfur and deep lithiation of polysulfi des. These results imply 
the N-ACNT/G hybrids as very promising candidates for high-
performance Li-S batteries, in aspects of the enhanced cycling 
capacity and rate capability, which can be ascribed to the fol-
lowing characteristics of the hybrids (Figure  4 c and d): (1) the 
seamless junction of CVD-grown aligned CNTs and graphene 
for rapid electron transfer and mechanical robustness; (2) the 
3D interconnected mesoporous space for easy penetration and 
diffusion of electrolytes; (3) the nitrogen-modifi ed interfaces 
with enhanced interfacial affi nity for effi cient confi nement and 
utilization of sulfur and polysulfi des.  

 In summary, a rationally designed N-ACNT/G sandwich was 
proposed and fabricated via a two-step CVD growth. Aligned 
CNTs and graphene layers were in situ anchored to each other, 
constructing a sandwich-like hierarchical architecture with effi -
cient 3D electron transfer pathways and ion diffusion channels. 
The moderate chemical modulation induced by nitrogen doping 
introduced more defects and active sites to the carbon frame-
work, thereby improving the interfacial adsorption and electro-
chemical behaviors. When the novel N-ACNT/G hybrids were 
used as cathode materials for Li-S batteries, greatly enhanced 
cyclic and rate performances were demonstrated. A high initial 
reversible capacity of 1152 mAh g −1  can be available at 1.0 C, 
maintaining ca. 880 mAh g −1  after 80 cycles, which was about 
65% higher than that of ACNTs. Even at a high current den-
sity of 5.0 C, a reversible capacity of ca. 770 mAh g −1  can be 
achieved. Such design strategy is generally applicable, opening 
up fresh perspectives to novel advanced functional composites, 
especially interface-modifi ed hierarchical nanocarbons for wide 
applications, such as lithium batteries, supercapacitors, sen-
sors, catalysis, and hydrogen storage.  

  Experimental Section 
  Catalyst Preparation : The vermiculite mined in Lingshou, P. R. 

China, with a size of ca. 150 µm was served as the catalyst support. The 
exfoliated vermiculite (EV) was impregnated into an aqueous solution of 
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 Figure 3.    Electrochemical performance of N-ACNT/G hybrids and ACNTs for Li-S batteries. (a) The cycling performance at a current density of 1.0 C; 
(b) The rate performance; (c) The Galvanostatic charge-discharge curves at different cycles.
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Fe(NO 3 ) 3 ·9H 2 O (>99.0 %) and (NH 4 ) 6 Mo 7 O 24 ·4H 2 O (>99.0 %) with a Fe/
Mo/EV mass ratio of 3 : 2 : 95 for 1.0 h at 80 °C, and then dried at 110 °C for 
12.0 h, followed by washing, fi ltration, and drying. The as-prepared catalyst 
was employed for the growth of N-ACNT/G, ACNT/G hybrids, and ACNTs. 

  Synthesis of N-ACNT/G, ACNT/G Hybrids and ACNTs : The growth of 
nanocarbon materials underwent a typical chemical vapor deposition 
(CVD) operated in a horizontal quartz tube inserted into a furnace at 
atmospheric pressure. The FeMo/EV catalyst was sprayed uniformly 
onto a quartz boat and then placed at the center of the quartz tube. 
For N-ACNT/G hybrids, the reactor was fi rstly heated to 750 °C under 
a mixture of Ar (150 mL min −1 ) and H 2  (120 mL min −1 ), then C 2 H 4  
(60 mL min −1 ) and NH 3  (50 mL min −1 ) was introduced for 30 min for 
the intercalation of N-ACNT among EV fl akes. After that, the tube was 
further heated to 950 °C in Ar atmosphere (150 mL min −1 ), followed by 
graphene deposition at 950 °C for 30 min within an atmosphere of Ar 
(150 mL min −1 ) and CH 4  (120 mL min −1 ). ACNT/G hybrids were obtained 
without NH 3  introduction during the same growth process. To obtain 
ACNTs, only C 2 H 4  (120 mL min −1 ) was introduced on reaching 750 °C, 
and the growth time was tuned to make the length of the aligned CNTs 
similar to that of N-ACNT/G hybrids. After cooling down under Ar fl ow, 
the as-obtained products were treated with a HCl (6.0 mol L −1 ) aqueous 
solution at 80 °C for 12.0 h and a HF (6.0 mol L −1 ) aqueous solution 
at 80 °C for another 12.0 h to remove the catalyst. The N-ACNT/G, 
ACNT/G hybrids, and ACNTs were collected and characterized. 

  Fabrication of Carbon@sulfur Composite Cathodes : The carbon@sulfur 
composite cathodes were fabricated following a typical melt-diffusion 
strategy. The nanocarbon materials (N-ACNT/G, ACNT/G or ACNTs) 
were fi rstly mixed with sulfur powder with a mass ratio of 5 : 6 by milling. 
Subsequently, the mixture was placed in a sealed fl ask at 155 °C for 1.0 h 
to incorporate sulfur into the nanocarbon matrix. The loading capability 
of sulfur in the cathodes was about 1.0 mg cm −2 . 

  Characterizations : The morphology of the samples was characterized by 
a JSM 7401F (JEOL Ltd., Tokyo, Japan) SEM operated at 3.0 kV and a JEM 
2010 (JEOL Ltd., Tokyo, Japan) TEM operated at 120.0 kV. Energy dispersive 
spectroscopy (EDS) analysis was performed at the acceleration voltage 
of 120.0 kV using a JEM 2010 (JEOL Ltd., Tokyo, Japan) TEM equipped 
with an Oxford Instrument energy dispersive spectrometer. The purity of 
the hybrids was obtained through thermalgravimetric analysis (TGA) by 
a TGA/DSC1 STAR e  system under O 2  fl ow, while the sulfur content of 
the cathode was measured under N 2  fl ow. The N 2  adsorption-desorption 
isotherm was collected using an Autosorb-IQ2-MP-C system. The specifi c 
surface area was calculated by the multipoint Brunauer–Emmett–Teller 
(BET) method, and the pore-size distribution was calculated based on 
Quenched Solid Density Function Theory (QSDFT). X-ray photoelectron 
spectroscopy (XPS) measurements were carried out by Escalab 250xi. 
X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance 
diffractometer at 40.0 kV and 120 mA with Cu-K α  radiation. 

  Electrochemical Measurements : Two-electrode cells using standard 
2025 coil-type cells were constructed to evaluate the electrochemical 
performance of the N-ACNT/G, ACNT/G hybrids or ACNTs as cathode 
materials for Li-S batteries. The cathode slurry was prepared by mixing 
85% of the carbon@sulfur composites and 15% of the poly(vinylidene 
fl uoride) binder in a  N -methyl-pyrrolidone (NMP) solvent dispersant. 
The positive electrodes were fabricated through coating the slurry on 
aluminum foil and drying at 60 °C for 6.0 hr. A 0.5 mol/L lithium nitrate 
(LiNO 3 ) solution in tetraethylene glycol dimethyl ether (TEGDME) was 
used as electrolyte for electrochemical evaluation, with the exception that 
a 1.0 mol/L lithium bis(trifl uoromethanesulfonyl)imide (LiTFSI) solution 
in 1:1 (v/v) 1,3-dioxolane/1,2-dimethoxyethane (DOL/DME) was used 
for rate capabilities. 50 µL electrolyte was used to construct each Li-S 
cell. Lithium metal foil was used as the anode and the polypropylene 
membranes from Celgard Inc. were used as the separators. The coin 
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 Figure 4.    Electrochemical behaviors of N-ACNT/G@S and ACNT@S composite cathodes. (a) The participation percentage of active sulfur and 
(b) degree of lithiation during the initial 80 cycles; (c) SEM image and (d) illustration of N-ACNT/G@S composite.
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cells were tested in galvanostatic mode at various currents within a 
voltage range of 1.6–3.0 V using Neware multichannel battery cycler. A 
current density of 1672 mA g −1  (1.0 C) equivalent to full discharge or 
charge in one hour was applied in both current sweep directions. The 
capacities were calculated corresponding to the mass of sulfur in the 
cathodes.  
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