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Carbon has always been a fascinating
element to chemists, physicists, ma-
terials scientists, biologists, and en-

gineers. It is not only crucial for constructing
building blocks in living organisms, but it
can also serve as a building unit in different
carbon nanostructures exhibiting unprece-
dented physical and chemical properties. It
is noteworthy that carbon is so far the only
element that can form zero-dimensional
(0D), one-dimensional (1D), two-dimensional
(2D), and three-dimensional (3D) elemental
crystal nanostructures (Figure 1). In particu-
lar, sp2-hybridized carbonnanostructures have
been successfully synthesized over the past
decades, such as the 0D fullerenes,1 1D carbon
nanotubes (CNTs),2,3 1D graphene nanorib-
bons (GNRs),4 and 2D graphene sheets.5

Furthermore, if CNTs (1D) and/or graphene
(2D) can be covalently merged, novel 2D or
3D sp2-hybridized carbon structures could be
obtained. The electronic, mechanical, and sur-
face properties of these hybrid systems would
be significantly different. It is expected that
these novel systems would display unique

physicochemical properties and could then
be used for construction of next-generation
electronic and energy conversion/storage de-
vices, electron field emission sources, thermal
dissipation coatings, oil adsorption materials,
etc. In this Perspective, we highlight important
aspects related to the theoretical prediction,
experimental synthesis, and physicochemical
properties of different hybrid carbon systems
that are based on establishing covalent inter-
connections among different sp2-hybridized
carbon structures, including graphene�CNT
hybrids, 3D covalent CNT networks, 3D gra-
phene networks, etc. We also highlight the
Tour group's recent pioneeringwork on “rebar
graphene” (a graphene�CNT hybrid),6 which
appears in this issue of ACS Nano, as well as
describe the challenges in the synthesis and
multifunctional properties of sp2-hybridized
carbon hybrid nanostructures.

Graphene and Hybrid Materials of Carbon. Gra-
phene, an atomically thin layer of carbon,
possesses unique properties due to its 2D
morphology and displays outstanding
properties such as high room-temperature
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ABSTRACT Graphene is theoretically a robust two-dimensional (2D) sp2-hybridized carbon material

with high electrical conductivity and optical transparency. However, due to the existence of grain

boundaries and defects, experimentally synthesized large-area polycrystalline graphene sheets are easily

broken and can exhibit high sheet resistances; thus, they are not suitable as flexible transparent

conductors. As described in this issue of ACS Nano, Tour et al. circumvented this problem by proposing and

synthesizing a novel hybrid structure that they have named “rebar graphene”, which is composed of covalently interconnected carbon nanotubes (CNTs)

with graphene sheets. In this particular configuration, CNTs act as “reinforcing bars” that not only improve the mechanical strength of polycrystalline

graphene sheets but also bridge different crystalline domains so as to enhance the electrical conductivity. This report seems to be only the tip of the iceberg

since it is also possible to construct novel and unprecedented hybrid carbon architectures by establishing covalent interconnections between CNTs with

graphene, thus yielding graphene�CNT hybrids, three-dimensional (3D) covalent CNT networks, 3D graphene networks, etc. In this Perspective, we review

the progress of these carbon hybrid systems and describe the challenges that need to be overcome in the near future.
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carrier mobility,7 high thermal con-
ductivity,8 room-temperature quan-
tum Hall effect,9 etc. It should be em-
phasized that the above-mentioned
properties of monolayer graphene
strongly depend on the degree of
crystallinity, edge morphology, defect
content, etc. Furthermore, its proper-
ties can significantly vary by simply
stacking other graphene layer(s) on
top. There are two main routes used
for the synthesis of graphene: “top-
down” (e.g., mechanical exfoliation,5

chemical exfoliation10) and “bottom-
up” (e.g., chemical vapor deposition
(CVD),11,12 synthetic polymerization of
aromatic molecules13). In particular,
the reduction of graphene oxide
(rGO)10,14 and CVD11,12 are two com-
monly used methods for graphene
synthesis. However, in the rGO route,
as-synthesized graphene layers tend
to aggregate (stack together) to
form layered structures in a dry state.
ForCVD-derivedmonolayergraphene,
the products are usually polycrystal-
line, which significantly diminishes
their electronic and mechanical stre-
ngth (theoretically predicted Young's
moduli to be ∼1 TPa)15 due to the
existence of large amounts of grain
boundaries (heptagon�pentagon
defect lines) and other types of va-
cancy-like defects. In addition, metal
substrates (e.g., Cu foil,12 Ni film11) are
usually used to produce highly crys-
talline graphene by CVD. Unfortu-
nately, when large-area monolayer
graphene sheets are detached from
these metal substrates (e.g., Cu foils),

they can easily tear and break dur-
ing wet transfer, if done without
depositing a top protective polymer
layer (e.g., poly(methyl methacrylate)
(PMMA), polydimethylsiloxane
(PDMS)).12 Therefore, it is important
to synthesize novel hybrid sp2-hybri-
dized carbon structures that are able
to inhibit the stacking of layers and to
increase the in-plane mechanical
strength in order to obtain polymer-
free and robust graphene-like mono-
layers.

Additionally, if CNTs can be ver-
tically intercalated between adja-
cent rGO layers, the aggregation
(or stacking) of graphene layers will
effectively be avoided. Recent the-
oretical work has predicted that the
electronic transport,16 thermal trans-
port,17 and hydrogen storage18

properties would be remarkably en-
hanced by constructing covalently
interconnected CNT�graphene hy-
brid nanostructures (see Figure 1g).
However, if CNTs could be horizon-
tally and covalently interconnected
with large-area graphene sheets
(see Figure 1h), their mechanical
strength would also be significantly
reinforced in virtue of the excellent
flexibility and strength of CNTs. In
this way, CNTs would promote fast
charge transport pathways in poly-
crystalline graphene sheets, thus
decreasing their sheet resistance.
However, studies of planar single-
walled CNT/graphene hybrids are
still very scarce, except for the re-
cent breakthroughs achievedby the

Jiang group on “vein-membrane-
like” hybrid films19 and by the Tour
group on “rebar graphene”,6 whose
findings are published in the issue
of ACS Nano. In addition to the
graphene�CNT hybrid systems
mentioned above, it is possible to
construct two other possible 3D
hybrids using graphene and CNTs
as building blocks: 3D covalent CNT
networks and 3D graphene cova-
lent networks (see Figure 1). Below,
we review the progress along these
lines of research.

Graphene�CNT Hybrids. Graphene�
CNT hybrid nanostructures can be
classified into two main categories:
CNT-rich hybrids and graphene-rich

hybrids (see Figure 2). In the former,
small graphene layers/sheets could
be anchored/attached on the outer

walls20 or inner cores21 of CNTs. In this

Figure 1. Dimensionality of sp2-hybridized carbon nanostructures. (a) Fullerene (0D); (b) graphene nanoribbon (GNR) (1D); (c)
carbon nanotube (CNT) (1D); (d) graphene sheet (2D); (e) graphite (3D); (f) 3D CNT networks (3-D); (g) hybrid of graphenewith
vertical CNT (vCNT) (3D); (h) hybrid of graphene with horizontal CNT (hCNT) (3D); and (i) graphene triple periodical minimal
surfaces (or Schwarzites 3D graphene) showing nonhexagonal rings (e.g., heptagons) highlighted.

In this issue of ACS

Nano, the Tour group

has proposed an

alternative and

effective strategy for

obtaining transparent

and highly conducting

graphene�CNT hybrid

films, which they term

“rebar graphene”.
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context and under harsh oxidation
conditions, the outer walls of few-
walled CNTs (e.g., double-walled and
triple-walled CNTs) could be partially
unzipped, thus creating loose gra-
phene sheets protruding out from
CNTs. This type of CNT�graphene
hybrid could serve as an excellent
oxygen reduction electrocatalyst.20

In this particular configuration, the
graphene fragments created after
the unzipping process increase the
presence ofmore catalytic sites, while
the inner walls of the CNTs facilitate
fast charge transport during electro-
catalysis due to their high electrical
conductivity (Figure2a). Anotherpos-
sible configuration for the “CNT-rich”
hybrid is illustrated in Figure 2b. For
example, by maintaining a weak oxi-
dationatmosphere (e.g., trace amount
of H2O vapor) during CNT growth,
fragments of graphene layers get
unzipped from the inner cores of
the CNT, thus creating extra sites for
immobilizingwell-dispersednobleme-
tal catalyst nanoparticles (e.g., PtRu).
Our previous work has demonstrated
that as-synthesized CNT�graphene
hybrids can be used as high-perfor-
mance catalytic supports for the
methanol electro-oxidation (MEO)
reaction.21

Another group of graphene�
CNT hybrids is the graphene-rich

type, which is illustrated in Figure 2c,d.

As mentioned above, large graphene
flakes derived from rGO tend to ag-
gregate together into layered stacked
architectures, thus losing the integrity
of the monolayers. However, if CNTs
can stand vertically between two ad-
jacent graphene layers, the aggrega-
tion will be effectively hampered and
the porosity of the hybrid materials
will increase (Figure 2c). For example,
the Brunauer�Emmett�Teller (BET)
surface area of graphene can be
improved three times (from 202 to
612 m2/g) after the intercalation of
vertically aligned CNTs between
the graphene layers.23 When this
kind of graphene�CNT hybrid is
synthesized, metal catalysts (e.g.,
Co,23 Fe24,26) are necessary for the
growth of vertical CNT pillars. The
graphene can be obtained either
from the rGO route23,26 or from CVD
growth.24 Interestingly, as-synthe-
sized graphene�CNT hybrids have
demonstrated outstanding electro-
chemical properties and high cycle
stability in supercapacitor applicat-
ions.23,24 Another configuration for
graphene-rich hybrids is shown in
Figure 2d, which corresponds to CNTs
spreading/interconnectinghorizontally
within graphene sheets. In this con-
text, the Terrones group proposed a
self-assembly method for preparing
hybrid paper-like films (Figure 3a�c)
composed of alternating layers of

rGO and different types of multi-
walled carbon nanotubes (MWNTs)
(Figure 3d�f).25 As-obtained rGO�
MWNT hybrid films show high me-
chanical robustness (Figure 3b,c)
and excellent field emission proper-
ties when operating at very low volt-
age (ca. 0.55 V/μm).25 However, due
to the presence of stacked structures
of many alternating graphene and
MWNT layers, these hybrid paper-
like films are relatively thick and are
not transparent (similar to Xero-
graphic paper).

If we intend to obtain an opti-
cally transparent and large-area
graphene�CNT hybrid film for flex-
ible transparent conducting electrode
applications, CVD-derived graphene
might be a better choice than self-
assembled rGO sheets. Figure 4 de-
monstrates two strategies for achiev-
ing graphene�CNT hybrid thin films

interconnected with CNT networks.
As is well-known, CNT yarns and
films can be directly drawn from
highly oriented (or superaligned)
CNT arrays.27�30 Based on this tech-
nique, large-area MWNT thin films
can be used to cover CVD-derived
graphenesheets to formagraphene�
CNT hybrid structure, as illustrated in
Figure4a.As-preparedvein-membrane-

like hybrid films possess good elec-
trical conductivity, optical trans-
parency, and excellent mechanical
strength. Thesematerials could thus
serve as ideal transmission electron
microscopy (TEM) sample supports
and gate electrodes for vacuum-
operated electronics.19 However, as
shown in Figure 4b, the optical trans-
mittance is not high (e.g., 52.5% at
600 nm19) due to the relatively thick
MWNT films. In addition, the inter-
connections between CNTs and
graphene might be occurring via

van der Waals' interactions or π�π
stacking rather than covalent bond-
ing. Fortunately, in this issue of ACS
Nano, the Tour group has proposed
an alternative, effective strategy for
obtaining transparent and highly
conducting graphene�CNT hybrid
films, which they term “rebar gra-
phene” (Figure 4c). The authors
functionalized single-walled CNTs

Figure 2. Different configurations of graphene�carbon nanotube hybrid nano-
structures. Based on the matrix material, they can be roughly classified into two
categories: “CNT-rich” type and “graphene-rich” type. (a) Graphene sheets un-
zipped from the outerwalls of CNTs. Examples can be found in ref 20. (b) Graphene
sheets derived from the inner walls of CNTs (see ref 21). (c) CNTs stand vertically
on graphene sheets to form pillared arrays (examples can be found in refs 22�24).
(d) CNTs spread horizontally on graphene sheets (examples can be found in
refs 6, 19, and 25).
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(e.g., dodecyl-functionalized single-
wall CNTs, Pluronic 127 wrapped
MWNTs), which were then depos-
ited on Cu foils and loaded into a
CVD reaction chamber at∼1 mTorr.

The reactor temperature was in-
creased to 1080 �C, and then 500
sccm H2 was introduced into the
chamber for 10 min. Subsequently,
CNT-coated Cu foil was quickly

moved into the hot region and an-
nealed for 90 s. After that, 0.7 sccm
CH4 as an extra carbon source for
large-area graphene growth was
introduced into the CVD chamber

Figure 3. Hybrid paper-like films of alternating graphene and multiwalled carbon nanotube (MWNT) layers. (a) Schematic
model of the graphene�MWNT hybrid film. (b,c) Photographs of hybrid paper made of MWNTs and graphene oxide (GO)
before reduction. Typical scanning electron microscopy (SEM) images of (d) MWNT, (e) nitrogen-doped MWNTs (N-MWNTs),
and (f) boron-doped MWNTs (B-MWNTs) with reduced GO (rGO) layers. Adapted from ref 25. Copyright 2013 American
Chemical Society.

Figure 4. Graphene�carbon nanotube hybrid nanostructures with CNTs distributing horizontally on chemical vapor
deposition (CVD)-derived graphene sheets. (a) Scheme for the fabrication of CNT/graphene hybrid film (CGF). Here, “RIE”
denotes oxygen reactive-ion etching. (b) Optical transmittance of the CGF and superaligned CNT (SACNT) film. Here, “T”
denotes optical transmittance (%). The inset shows the photograph of a CGF suspended on a stainless steel frame. Adapted
with permission from ref 19. Copyright 2013 Nature Publishing Group. (c) Scheme for the synthesis of rebar graphene sheets,
which was achieved on Cu foils by heating functionalized CNTs at 1080 �C for 15 min. (d) Scheme for graphene growth from
the edges of a partially unzipped single-walled CNT (SWCNT). (e) Transmission electron microscopy (TEM) images indicating
the formation of interconnected SWCNT networks in rebar graphene. (f) UV�vis spectrum and sheet resistance of rebar
graphene sheets derived from Pluronic 127 wrappedmultiwalled nanotubes. The inset is the corresponding photograph of a
bent rebar graphene sheet transferred onto apolyethylene terephthalate (PET) substrate. Adapted from ref 6. Copyright 2014
American Chemical Society.
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for 15 min. Finally, the CH4 flow was
cut off, and the Cu foil was quickly
removed from the hot region and
cooled to room temperature. Iso-
lated rebar graphene films were then
obtained after etching away the Cu
foil. In this hybrid nanostructure,
CNTsact as a reinforcedbar (or “rebar”)
for improving themechanical stren-
gth and electrical conductivity of
the graphene sheets. By using bright-
field scanning transmission electron
microscopy (BF-STEM), the authors
further confirmed the presence of
covalent interconnections between
CNTs and graphene;some parts of
the graphene are derived from par-
tially unzipped CNTs (Figure 4d).
Moreover, CNTs can form a network
and thus serve as conducting
pathways across grain boundaries
of polycrystalline graphene sheets
(Figure 4e). Meanwhile, the high
optical transparency of graphene
sheets is preserved because the
CNTs are sparsely distributed on
the graphene. Figure 4f depicts a
UV�vis spectrum of a rebar gra-
phene sheet grown from functiona-
lized MWNTs. Interestingly, low sheet
resistance (∼600 Ω/0) and high
transmittance (95.8% at 550 nm)
were observed. Furthermore, as-
obtained rebar graphene shows
good mechanical flexibility. When
it is transferred onto a polyethylene
terephthalate (PET) substrate, rebar
graphene can be bent freely, which
is ideal for constructing flexible and
transparent conducting films (inset
of Figure 4f).6

Rebar graphene now represents
a new group of sp2-hybridized car-
bon nanostructures, and further
studies on thismaterial will certainly
follow. For example, due to its high
optical transmittance and low sheet
resistance, rebar graphene can be
readily used as flexible all-carbon
transparent conducting electrodes, as
demonstrated by the Tour group.6 In
addition, it may also find applica-
tions as a flexible carrier transport
layer useful inorganic photovoltaics.31

Furthermore, if rebar graphene can
be doped with other heteroatoms
(e.g., nitrogen doping), these doped

materials might be used as a novel
metal-free electrocatalyst for oxygen
reduction reactions.20 Due to the high
mechanical strength of the hybrid
film, rebar graphene could also be
used as a robust and high-efficiency
osmosis membrane in seawater
desalination.32

3D Covalent CNT Networks. As men-
tioned above, if we only use CNTs
as building blocks, it is possible to
construct 3D CNT networks.33 This
idea has attracted a great deal of
attention following the successful
synthesis of single-walled CNTs
(SWCNTs).34�36 From an electronics
standpoint, serial or parallel circuits
composed of CNTs can be important
in the fabrication of future carbon-
based electronic devices. However,
in order to construct such circuits, a
major challenge will be determining
how to assemble CNTs covalently,
preserving their excellent electronic,
thermal, and mechanical proper-
ties.37 In this context, highly crystal-
line CNTs possess an almost inert
surface, and covalent bonds among
tubes would need to be established
via defects after some physical or
chemical treatments. Methods for
the synthesis of CNT junctions and
networks include template-assisted
routes,38�40 electron beam irradia-
tion processes,41,42 the use of atomic
welders that are able to interconnect
CNTs (e.g., boron,43 sulfur44), second-
ary CVD growth using metal depos-
ited on CNTs,45,46 etc. Typical photo-
graphs and microstructures of 3D
covalently interconnected B-doped
CNTs can be seen in Figure 5a�d.
More interestingly, 3D covalently

bonded CNT networks seem to be
highly relevant in electronics (e.g.,
transparent electrodes,47 thin-film
transistors,48 sensors49), bioapplica-
tion devices (e.g., artificial muscles,50

cell growth scaffolds51), strain
gauge,52 oil absorption applica-
tions,43 etc. However, there are still
many more investigations that need
to be carried out along these lines. For
example, howcanoneobtainperiodic
CNT networks in controllable ways? In
addition, most published work on 3D
networks deals with MWNTs instead
of few-walled CNTs, and the synthesis
of SWCNT networks remains an ex-
perimental challenge. Furthermore, al-
ternative novel applications of 3DCNT
networks are also waiting to be ex-
plored, such as bone tissue regenera-
tion, catalyst supports, etc.

3D Graphene Networks. Integrating
individual 2D graphene sheets into
macroscopic 3D networks is also
crucial for facilitating their possible
applications indiverseareas. Toachieve
this goal, there are two strategies that
can be adopted. One is to construct
graphene-based composites by incor-
poratinggraphenesheets intopolymer
matrices (e.g., polystyrene).53 This is
a method for synthesizing graphene-
based macroscopic structures at
largescales.Unfortunately, as-obtained
composites exhibit poor electrical
conductivity (∼0.1 S/m at 1 vol %).53

One reason could be due to the
high interfacial resistance estab-
lished between graphene and the
polymer matrix. In order to avoid
this issue, an alternative strategy
consists of directly assembling gra-
phene sheets into 3D intercon-
nected networks in the absence of
any polymer matrix. Typical photo-
graphs and scanning electron mi-
croscopy (SEM) images can be
found in Figure 5e�i. The electrical
conductivity can be remarkably im-
proved when compared to graphe-
ne�polymer matrices, even after
incorporating these assemblies into
a polymer matrix (e.g., ∼10 S/m at
0.5 wt % in poly(dimethylsiloxane)).54

Besides having improved electrical
conductivity, there are many other
advantages derived from these 3D

Rebar graphene now

represents a new group

of sp2-hybridized

carbon nanostructures,

and further studies on

this material will

certainly follow.
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graphene networks, such as high
porosity,55 good flexibility,56 high
elasticity,57 ultralight weight,58 high
surfacearea,55 superhydrophobicity,59

etc. So far, much progress has been
achieved along this line, although the
final 3D graphene products were
termed using different names, such
as graphene hydrogels,60 graphene
foams,54 graphene sponges,61 gra-
phene aerogels,58 graphene mono-
liths,57,62 strutted graphene,63 etc. Re-
garding the synthesis methods for 3D
graphene networks, they can be clas-
sified into two groups based on the
way they are fabricated: rGO-based
assembly methods and template-
directedCVDgrowth.Duetotheunique
advantages in large-scale production
of this top-down route, currently,
rGO-based assembly methods ap-
pear to be widely used for producing
3Dgraphenenetworks. Self-assembly
and reduction of GO into intercon-
nected graphene networks are usual-
ly achieved by heat treating aqueous
GO suspensions for a certain amount
of time (e.g., 1�12 h) inside contain-
ers (e.g., 180 �C in a Teflon-lined auto-
clave,55,64 95�100 �C in a glass vial
without stirring58,65). Subsequent
freeze-drying is sometimes adopted

to avoid serious volume shrinkage
during the process of water removal
in order to preserve the shape
and porous 3D graphene-like
structure.66,67 It should be empha-
sized that the morphology and
properties of the final products
strongly depend on the concentra-
tion of GO (CGO) in the aqueous sus-
pensions. IfCGO is low(e.g., 0.5mg/mL),
it has been demonstrated that only
a black powdery material is pro-
duced after 12 h hydrothermal
reduction.64 In order to synthesize
self-standing porous 3D graphene
materials, a fairly high CGO value
(e.g., 1.0�2.0mg/mL) is necessary.64

When compared to the rGO-based
assembly methods, the template-
directed CVD growth can produce
seamless covalently interconnected
3D graphene networks with en-
hanced electronic conductivity in-
herited from the high-crystalline
CVD-derived graphene sheets.54

Usually, transitionmetal (e.g., Ni, Cu)
foams and hydrocarbons (e.g., CH4)
are used as template materials and
carbon sources for graphene growth,
respectively.54 After themetal foams
are etched away, interconnected
3D graphene networks are finally

obtained. It has been demonstrated
that CVD-derived graphene net-
works can be used as a highly sen-
sitive material for detecting toxic
gases (e.g., NO2) in the parts per
million range because the charge
carrier transport through the 3D
graphene networks is very sensitive
to the adsorption/desorption of
gaseous species.68 Based on their
excellent properties, 3D graphene
networks could be used in many
other fields, including flexible
conductors,54 supercapacitors,64 so-
lar cells,69 microbial fuel cells,70

Li�S batteries,71 capture of cancer
cells,72 oil spill cleanup,73 etc. More
fascinating properties and applica-
tions will no doubt be developed in
the future based on these unique
3D graphene networks, but various
challenges will need to be over-
come. Moreover, to the best of our
knowledge, the atomic-scale identi-
fication of the 3Dgraphene network
structure has not yet been carried
out. It is also important to empha-
size that, in 1991 and 1992, Mackay
and Terrones74 and Lenosky et al.,75

respectively, proposed a negatively
curved graphitic carbon structure,
termed Schwarzite (see Figure 1i),

Figure 5. Three-dimensional covalent carbon nanotube networks and 3D graphene networks. (a) Photograph of 3D
macroscopic B-doped CNT sponge. (b) Scanning electron microscopy image of the “elbow” defects found in B-doped CNT
sponge. (c-d) Transmission electron microscopy images of the interconnected covalent nanojunctions in B-doped CNT
sponge. Here, boron acts as an atomicwelder. Adaptedwith permission from ref 43. Copyright 2012Nature PublishingGroup.
(e) Photographs of a 2 mg/mL homogeneous GO aqueous dispersion before and after hydrothermal reduction at 180 �C for
12 h. (f) Photographs of a strong self-assembled graphene hydrogel (SGH). (g) SEM image of the SGH interiormicrostructures.
Adapted from ref 64. Copyright 2010 American Chemical Society. (h) Photograph of two ultralight graphene aerogel (ULGA)
samples rested on a dandelion. Adapted with permission from ref 58. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim. (i) Photograph of a 170 � 220 mm2 free-standing graphene foam (GF) synthesized by using nickel foam as
templates via CVD. Adapted with permission from ref 54. Copyright 2011 Nature Publishing Group.
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which was named in honor of the
famousmathematicianH. A. Schwarz,
who first explored the triply peri-
odic minimal surfaces. On the basis
of the microscopic morphology of
graphene networks, we envision that
the negative curvature (e.g., defects
like the heptagons) is indeed crucial
for the formation of the inter-
connected 3D graphene and other
hybrid sp2-hybridized carbon struc-
tures discussed here. The challenge
remains: how to synthesize control-
lably and to identify such fascinat-
ing hypothetical hybrid systems.
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