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Recently, graphene has attracted numerous interests from both fundamental and applied fields due to its excellent mechanical, 
thermal, electrical conductivity and other novel properties. This review gives an overview of recent progress on hybridization 
modifications of graphene with carbon nanomaterials. Some example applications of graphene-based nanohybrids in polymer 
composites, optical and conducting materials, high performance electrolyte materials and as well as other functional materials are 
summarized and discussed.  
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Graphene nanosheets (GNS), one of the emerging two-  
dimensional (2D) carbon based nanomaterials in recent 
years [1–4], process a closely packed single-layered honey-
comb lattice nanostructure composed of sp2 hybridized car-
bon atoms. GNS have a combination of excellent mechani-
cal, electrical, and thermal properties which make them suit 
broad future applications such as in field-effect transistors 
[5–7], transparent electrodes [8,9], energy-storage materials 
[10–12], composites [13,14], chemical and biosensing [15,16], 
and many other areas [17]. In order to fully enlarge the 
graphene applications, large-scale, efficient, size-controlling 
and low-cost methods for graphene preparations are urgently 
needed and intensely studied. Up to now, graphene is mainly 
prepared by various methods including micromechanical 
cleavage [5], epitaxial growth [18,19], chemical vapor depo-    
sition (CVD) [20,21], and chemical oxidation-reduction 
methods [22–24]. Although the crystal structure of the GNS 
prepared by the traditional physical methods is relatively 
perfect and of integrity, the use of such methods requires 
more rigorous experimental conditions, and the yield of the 
graphene is rather low, which apparently do not suit to 

large-scale production of graphene and their further applica-
tions. Thus, taking the cost and processability of the graphene 
preparation into account, chemical oxidation-reduction method, 
generally derived from natural graphite, expandable graph-
ite or derivatives of graphite (such as graphite oxide), has 
been providing a facile and processable platform for gra-
phene applications. 

Ideal structure of GNS is a complete two-dimensional 
crystal, and this inert surface structure also makes its pro-
cess high chemical stability, large surface energy, weak 
interactions with other solvents. Thus the GNS are prone to 
agglomerate irreversibly due to strong van der Waals forces 
between GNS themselves. In order to obtain a stable disper-
sion of graphene, which not only improve the dispersion but 
also enhance its compatibility with the matrix, appropriate 
functionalization of graphene surface would be virtually 
important [25–33]. By far, a variety of functionalization 
methods including covalent and non-covalent modifications 
have been reported towards improving the solubility of 
GNS. For covalent modifications of graphene, the resultant 
products are rather stable. However, the complicated opera-
tions together with the harsh conditions of experiments 
greatly limit the bulk or mass production of graphene as 
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well as their further applications. Compared with covalent 
grafting approaches, non-covalent modifications offer new 
ways to functionalize graphene without undergoing tedious 
chemical reactions. However, the stabilizing agents which 
can be utilized is limited. Simultaneously, by using such 
non-covalent modification methods, complete removal of 
the residual stabilizers is very difficult, which may greatly 
influence the properties (such as mechanical property and 
thermal stability) of the final products and thus their further 
applications. Therefore, finding suitable materials, which 
can simultaneously stabilize and form hybrids with gra-
phene as well as be able to endow graphene with additional 
performance, has become new challenges toward graphene 
modifications and wide applications. 

A hybrid material has been defined as a “material com-
posed of an intimate mixture of inorganic components, or-
ganic components, or both types of components” [34]. New 
types of hybrid materials have been developed and used in 
both fundamental and applied fields. Recently, GNS deco-
rated by metal and metal oxide nanoparticles is extensively 
studied and expected to be useful in catalysis, nanoelec-
tronics, optics and nanobiotechnology. GNS-based hybrid 
materials with novel nanostructures and integrated proper-
ties have been intensively studied. Due to its excellent  

mechanical strength, high surface area, convenient and low- 
cost preparation method, GNS can be considered as one 
kind of potential nanoparticle carrier. Currently, the reports 
on nanoparticle-immobilized GNS hybrids have been in-
creasing in exponential growth [35,36]. Among them, the 
combination of graphene with different dimensions of car-
bon-based materials showed a number of superior perfor-
mances. In this review, we will summarize recent progress 
on the hybridization modification of graphene with carbon 
nanomaterials and their further applications in polymer 
composites. 

1  Structural properties of carbon nanomaterials 

Graphene has been viewed as a building block of all the 
other graphitic carbon allotropes with different dimension-
ality, as shown in Figure 1 [1]. For instance, graphite, three- 
dimensional (3D) carbon allotrope, is made of GNS stacked 
on top of each other with a spacing of 0.33–0.34 nm. Also, 
the zero-dimensional (0D) fullerenes can be considered to 
be made by wrapping a piece of GNS. The one-dimensional 
(1D) carbon allotropes, carbon nanotubes (CNTs) including 
single-walled carbon nanotubes (SWNTs) and multi-walled  

 

Figure 1  Graphene, the building block of all graphitic forms, can be wrapped to form the 0D buckyballs, rolled to form the 1D nanotubes, and stacked to 
form the 3D graphite. Reprinted with permission from [1], Copyright 2007, Nature Publishing Group. 
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carbon nanotubes (MWNTs) can be made by rolling the 
GNS into single- or multi-walled tubular nanostructures. 
Table 1 presents the structural properties of several typical 
carbon nanomaterials including fullerene, SWNTs, MWNTs, 
GNS and graphite.  

2  Preparation strategies for the hybridization 
of graphene with carbon nanomaterials 

2.1  Graphene-fullerene hybrids 

C60 and the higher fullerenes, building blocks to construct 
novel materials with outstanding properties, display remarka-
ble chemical reactivity. Driven by the possibility of com-
bining the outstanding properties of the fullerenes with 
those of other materials, various hybrid materials based on 
the fullerenes have generated intense attention. Novel elec-
tronic/optoelectronic or other properties for many potential 
applications of hybrid materials combining GNS and full-
erenes were expected. Graphene-fullerene hybrids can be 
prepared through covalent bonding methods, as summarized 
below.  

Chen and co-workers [37] reported a facile preparation 
of a graphene-C60 hybrid material via a simple coupling 
reaction between graphene oxide (GO) and pyrrolidine full-
erene. The synthesis procedure for the GO-C60 hybrid is 
shown in Figure 2. X-ray photoelectron spectroscopy de-     
monstrates that one C60 molecule is covalently attached for 
every 130 carbon atoms of the GO-C60.  

By using the same synthesis strategies, Chen and co-  

Table 1  The structural properties of typical carbon nanomaterials including 
fullerene, SWNTs, MWNTs, GNS and graphite 

 Fullerene SWNTs MWNTs GNS Graphite 

Dimensions 0D 1D 1D 2D 3D 

Length <1 nm m level m level – m level 

Thickness <1 nm – – <1 nm m level 

Diameter <1 nm 0.75–3 nm <100 nm – – 

Density (g/cm3) ~1.7 ~2.1 ~2.1 ~2.2 ~2.62 

workers [38] investigated the nonlinear optical properties of 
the graphene nanohybrid materials covalently functional-
ized with the fullerenes. Results show that covalently func-
tionalizing graphene with the fullerene can enhance the non-
linear optical performance in the nanosecond regime, and 
the covalently linked graphene nanohybrids offer perfor-
mance superior to that of the individual graphene and full-
erene by combination of a nonlinear mechanism and the 
photoinduced electron or energy transfer between fullerene 
moiety and graphene (Figure 3). 

2.2  Graphene-CNT hybrids 

When dealing with the hybridization of typical 1D and 2D 
nanomaterials, the two components may have different top-
ological architectures to form the nanohybrids. Therefore, 
according to the different architectures of the 2D GNS and 
the 1D CNTs, we reasonably classify the hybrids of the 
GNS and CNTs into three common types as illustrated in 
Figure 4. CNTs adsorbed horizontal to the GNS surface, 
CNTs adsorbed perpendicular to the GNS surface, and CNT 
wrapped with GNS.  

In CNTs adsorbed horizontal to the GNS surface, GNS 
acted as a continuous sheet substrate for supporting the se-
cond component of CNTs. The majority of GNS-CNT hy-
brids were fabricated in this form. In CNTs adsorbed per-
pendicular to the GNS surface, possible reasons for the 
formation of this type of hybrid structure can be considered 
as a single interaction point between the GNS and CNT, 
namely, CNTs are connected with the GNS by the catalyst 
nanoparticles in CVD growth. In CNT wrapped with GNS, 
the formation of wrapping type depends on the interaction 
types between CNTs and GNS as well as the initial ratios 
between them. Table 2 summarizes the hybridization modi-
fication of GNS (or functionalized GNS) with pristine and 
functionalized CNTs in solvents, as reported in literature. 

Liu and co-workers [40] found that the GO sheets con-
sisting of multiple aromatic regions and hydrophilic oxygen 
groups can enhance the stability of pristine MWNTs in wa-
ter. As shown in Figure 5, the MWNT-GO hybrids prepared 
by mild sonication and separation through simple sonicating  

 
Figure 2  Synthesis procedure of the graphene-C60 hybrid material. Reprinted with permission from [37], Copyright 2008, Elsevier Science Ltd. 
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Figure 3  Open-aperture Z-scan curves of graphene-C60, pyrrolidine 
fullerene, and GO with picosecond pulses. Reprinted with permission from 
[38], Copyright 2009, American Chemical Society. 

 

Figure 4  Three types of classifying the hybrids of graphene and CNTs. 

and centrifugation, show good solubility in water. Also, the 
water-soluble and insoluble complexes can be obtained by 
changing the initial proportion of MWNTs to GO sheets 
(Figure 6), which are important for noncovalent approaches 
toward solubilizing CNTs and thus open a new way for GO 
applications in colloidal chemistry. 

Chen and co-workers [42] prepared stable SWNT aque-
ous dispersion by using GO sheets as surfactant, and the 
SWNTs were completely wrapped by GO sheets to form a  

Table 2  The hybridization modification of graphene with CNTs in solvents 

Graphene CNT Interaction Architecture Dispersion solvent Weight ratio (G:CNT) Ref. 

GO SWNT van der Waals interaction Type 1 Water – [39] 

GO MWNT - stacking Type 1 Water > 3 [40] 

GO SWNT – – Water 0.5 [41] 

GO SWNT - stacking Type 3 Water 2.5 [42] 

GO MWNT - stacking Type 1 Water > 2 [43] 

GO NH2-MWNT Covalent bonding Type 3 Water 40 [44] 

GO salt SWNT van der Waals interaction Type 1 Water 0.5–5 [45] 

GNS SWNT – Type 1 Hydrazine 0.2 [46] 

GNS MWNT CVD growth Type 2 – – [47] 

GNS A-MWNT - stacking Type 1 Water 1 [48] 

GNS A-MWNT Ion-coordinated interaction Type 1 Water < 0.25 [49] 

Graphene nanoplatelet (GNP) SWNT – – – 3 [50] 

Chitosan (CS) grafted 
GNS 

MWNT van der Waals interaction Type 1 Water 1 [51] 

 

 

Figure 5  Schematic mechanism for formation of the GO-MWNT hybrids. Reprinted with permission from ref. [40], Copyright 2010, American Chemical Society.  



3014 Zhang C, et al.   Chin Sci Bull   August (2012) Vol.57 No.23 

 

Figure 6  TEM images of interactions formed between MWNTs and GO sheets by changing the initial proportion of MWNTs to GO sheets with 2:1 at 

different magnifications ((a),(b)) and the initial proportion of MWNTs to GO sheets with 1:2 at different magnifications ((c),(d)). The inset in (b),(d) is the 
schematic description of the GO-MWNT hybrids. Reprinted with permission from [40], Copyright 2010, American Chemical Society.  

core-shell structure, as viewed in Figure 7. This is the first 
time to experimentally demonstrate the spontaneous for-
mation of SWNT/GO nanoscrolls and its potential applica-

tions in optoelectronic devices and energy storage. 
Scrolled GOs (SGO) with MWNT templates were pre-

pared by Min and co-workers [44], and the synthesis  

 
Figure 7  (a) SEM image of SWNTs; (b) SEM image of SWNT/GO; (c) TEM image of SWNT/GO; (d) high-resolution TEM image of SWNT/GO. 
Reprinted with permission from [42], Copyright 2011, Elsevier Science Ltd.  
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strategies are shown in Figure 8. GO sheets were success-
fully made to adopt a scroll conformation around the sur-
face of aminated MWNT in solution by covalent bond for-
mation, which would allow large-scale production of 
SGO/MWNT hybrid materials as a good addition to existing 
MWNT- or GO-based hybrid materials. 

Besides the hybridization of GO and pristine CNTs, the 
reduction of GO to GNS would be of great importance and 
also extensively studied. The formation of 3D GNS-CNT 
hybrids by the immobilization of metal catalysts onto sin-
gle-layered GNS followed by in-situ CVD growth of CNTs 
has been reported. Zhao et al. [47] demonstrated the prepa-
ration of 3D CNT-pillared GO and GNS nanostructures 
with tunable length of the CNTs (Figure 9). Such nanostruc-
tures exhibited an excellent visible light photocatalytic per-
formance in water. The cross-section views of the samples 
(Figure 10) clearly demonstrated a layered structure of the 
GO and GNS with CNTs as pillars between the GO and 
GNS platelets. 

Liu and co-workers [48] prepared 3D GNS-MWNT hy-
brids by direct reduction of GO sheets in the presence of 
acid-treated MWNTs (A-MWNTs) shown in Figure 11. It is 
a simple and efficient method to fabricate novel wa-
ter-dispersible GNS-MWNT hybrids due to - stacking 
interactions between GNS and A-MWNTs. Direct evidence 
for the hybridization of the GNS with A-MWNTs can be 
obtained by TEM observation (Figure 12). One can clearly 
see the rolled edge of the GNS which gives a folded appear-
ance, and in some regions the well-separated A-MWNTs 
were adsorbed on the GNS surface. 

Xie et al. [49] reported that divalent metal ions (M2+, M= 
Cu, Ca or Mg) are used to coordinate the oxidized MWNTs 
and GO by the oxygen-containing functional groups in a 
simple, solution-based route. Flexible and transparent con-
ductive films of M2+-coordinated CNT/GO networks are 
produced by spin coating (Figure 13). This method provides 
a new route to transparent electrode materials with high 
flexibility and strength, which may find potential applica-
tions in nanoscale biosensors and catalyst-loaded reactors. 

2.3  Graphene-graphite nanoplatelet hybrids 

In some studies, GOs are not only effective dispersion agents 
for other carbon nanomaterials but also unconventional pol-
ymeric matrices for nanocomposites.  

Sun and co-workers [52] used aqueous GOs to effectively 
disperse graphene nanoplatelet (GNP) in suspension for 
facile wet- processing into nanocomposites of GNP embed-
ded in GO, as shown in Figure 14. The resulting lightweight 
and plastic-like nanocomposite materials remained mechan-
ically flexible even at high loadings of GNP. The nano-
composites were found to be highly efficient in thermal 
transport, with the experimentally determined thermal dif-
fusivity competitive to those typically observed only in well- 
known thermally conductive metals such as aluminum and 
copper.  

Yang and co-workers [53] fabricated macroscopic scale 
graphene-based membranes with controllable conductivity 
through a self-assembly approach at the liquid-air interface. 
In the assembling process, graphene oxide nanosheet (GON)  

 

Figure 8  A scheme showing GO scroll formation around a MWNT template by covalent conjugation. Reprinted with permission from [44], Copyright 
2010, Elsevier Science Ltd.  

 

Figure 9  Experimental steps of pillaring GO and GNS platelets with MWNTs. Reprinted with permission from [47], Copyright 2010, American Chemical 
Society.  
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Figure 10  FESEM images of (a) GO:MWNT 30:17, (b) GO:MWNT 

15:17, (c) GO:MWNT 30:9, (d) GO:MWNT 15:9, (e) GNS:MWNT 

15:4, (f) GNS:MWNT 15:0.6 and TEM images of GO:MWNT 30:17 
under different magnifications ((g) and (h)). Reprinted with permission 
from [47], Copyright 2010, American Chemical Society.  

acts as the sticking component which binds the low-tem-     
perature exfoliated graphene nanosheets (LGN) together, 
and the interaction of GON and LGN promotes the assem-
bly of layered structure and the formation of macroscopic 
membrane. Furthermore, the conductivity of membrane can 
be tuned by changing the GON fraction in the mixture sus-
pension and the thickness of the membrane can be precisely 
controlled by the assembly period. According to the above 
results, the liquid-air interface self-assembly approach is an 
attractive and general strategy for the assembly of macro-
scopic graphene-based structure. 

3  Mechanical and electrical properties of gra-
phene-based hybrid reinforced polymer nano-
composites 

Theoretical and experimental results on individual GNS 
show that they process extremely high tensile modulus, ten-
sile strength, good thermal and electrical conductivity. 
Combined with their low density, large aspect ratio, gra-
phene are considered as outstanding candidates to substitute 
conventional nanofillers in the fabrication of high-perfor-      
mance and multi-functional polymer nanocomposites. 

Haddon and co-workers [50] reported that a synergistic 
effect in the thermal conductivity enhancement of epoxy 
composites was achieved by combining 1D SWNT and 2D 
GNP fillers. They considered that the synergism originates 
from the bridging of planar nanoplatelets by the flexible 
SWNTs which lead to a decreased thermal interface re-
sistance along the (2D-1D) hybrid filler network due to the 
extended area of the SWNT-GNP junctions. The SEM and 
TEM images of epoxy composite with a hybrid filler load-
ing of GNP: SWNT of 3:1 (7.5 wt% of GNPs and 2.5 wt% 
of SWNTs) are shown in Figure 15. The images show a  

 

Figure 11  Schematic illustration for the co-dispersion mechanism of GNS with the aid of A-MWNTs [48]. Reproduced with permission of the Royal Society 
of Chemistry.  
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Figure 12  TEM images of GNS/A-MWNT (1:1) hybrids at (a) low and (b) high magnifications [48]. Reproduced with permission of the Royal Society of 
Chemistry. 

 

Figure 13  (Color online) (a) Photograph of Cu2+-coordinated MWNT/GO hybrid suspensions (75/25, 85/15, 90/10 and 100/0, from left to right), 
representative; (b) low- and (c) high-magnification TEM images of Cu2+-coordinated MWNT/CO hybrid films. In Figure 13(c), the yellow arrow points to 
the edge of a GO sheet, and the red arrows point to underlying MWNTs. Reprinted with permission from [49], Copyright 2011, Elsevier Science Ltd. 

complex nanostructure with multiple SWNTs bridging ad-
jacent GNPs. The hybrid filler thus provides the highest 
efficiency in the thermal conductivity enhancement of 
composites and can be utilized at low filler loading which is 
important for decreasing the viscosity and improving the 
processability of thermal interface materials.  

Sun and co-workers [41] prepared SWNT, GO, graphene 
and their PVA hybrid fibers. Mixing SWNTs and GO im-
proves dispersion of both in the polymer matrix and leads to 
the synergetic enhancement of the strength of the fibers. 
The conductivity of the fibers was also increased by mixing 
SWNTs and GO together at a ratio of 2:1. Contrary to GO  
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Figure 14  (a) X-ray diffraction patterns of the samples as marked are compared with that of bulk graphite. (b) Photos of aqueous solutions (left, 
concentrated; right, 1/10 diluted) of GOs from the Hummers method. Typical TEM images for specimens of GOs (c) and GNs (d). Reprinted with 
permission from [52], Copyright 2011, American Chemical Society. 

 

Figure 15  (a) SEM and (b) TEM images of the crosssection of GNP-SWNT hybrid filler/epoxy composite. (c) Schematic representation of GNP-SWNT 
network in polymer matrix. Reprinted with permission from [50], Copyright 2008, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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fibers, graphene fibers exhibit high toughness upon the re-
moval of carboxyl and hydroxyl groups. Fibers with tunable 
toughness were designed by mixing SWNTs with graphene 
in different ratios. These tunable fibers have potential in a 
wide range of applications. 

Liao and co-workers [43] demonstrated a simple and ef-
fective method to fabricate poly (vinyl alcohol) (PVA) com-
posites containing MWNT-GO hybrids. By utilizing GO 
sheets as a dispersing agent, excellent dispersion of MWNTs 
in the PVA matrix has been achieved with the weight ratio 
of GO:MWNT about 2:1. Molecular dynamics simulations 
suggest that the interaction between GO and MWNT is 
strong and is thermodynamically favorable compared to the 
agglomeration of MWNTs. The PVA composite films con-
taining GO dispersed CNTs show synergistic effects with 
superior mechanical properties than those of single GO or 
MWNT enhanced PVA composite films. The optimal me-
chanical properties of GO-MWNT/PVA were achieved with 
GO-CNTs content between 2 wt%–3 wt%.  

Liu et al. [48] prepared PVA composite films containing 
GNS-MWNT hybrids by a simple water casting method. 
Due to the homogeneous dispersion (see Figure 16) and 
synergistic interaction of the two kinds of nanofillers, the 
tensile strength and Young’s modulus of the resulting PVA 
nanocomposite filled with only 0.6 wt% G-CNT hybrids are 
significantly improved by about 77% and 65%, respectively. 
This work therefore provides a new way for the preparation 
of hybrid carbon nanomaterials with unique structure and 
excellent properties for fabricating high-performance poly-
mer nanocomposites.  

Li et al. [51] developed a green and facile method to 

prepare soluble GNS sheets by functionalizing them with 
chitosan (CS), which had a superior capability in dispersing 
and stabilizing MWNTs in acidic aqueous solutions via 
noncovalent interactions (Figure 17). The dispersed concen-
tration of MWNTs could reach 0.41 mg/mL which is much 
higher than the values obtained in GO or sodium dodecyl 
sulfate (SDS) dispersed MWNT solutions under the same 
condition. Subsequently, the CS-GNS dispersed MWNTs 
were used to reinforce the CS in its nanocomposites and it 
was found that CS-GNS-MWNTs remarkably outperformed 
the other fillers for reinforcing and toughening of CS. With 
incorporation of 1 wt% CS-GNS-MWCNTs, the tensile mod-
ulus, strength and toughness of the nanocomposites could be 
increased by 49%, 114%, and 193%, respectively. The load 
transfer was attributed to three kinds of interfacial interac-
tions: interaction between graphene sheets and nanotubes, 
covalent bond between graphene sheets and grafted CS, and 
hydrogen bonds between grafted CS and the CS matrix. 

4  Conclusion and prospective 

In summary, we have summarized the recent studies and 
progress on the hybridization modifications of graphene 
with carbon nanomaterials. With its unique structural and 
physical properties, graphene-based nanohybrids have at-
tracted much attention in a variety of fields such as in poly-      
mer composite realm. To maximize the function of the gra-
phene-based nanohybrids in polymer matrix, it requires the 
following: (1) it is a simple and processable method; (2) 
carbon nanoelements in the hybrids should have strong  

 

Figure 16  TEM images showing nanofiller dispersion from the ultrathin section of (a) PVA/MWNT, (b) PVA/(GNS-MWNT hybrids), (c) PVA/GNS, and 
(d) PVA/(GNS-MWNT mixture) composite films [48]. Reproduced by permission of the Royal Society of Chemistry.  
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Figure 17  (a) and (b) TEM images of CS-g-GO/MWNTs under different magnifications; (c) AFM image with corresponding surface profile of 
CS-g-GO/MWNTs. Reprinted with permission from [51]. Copyright 2012, American Chemical Society.  

interactions among them, which is beneficial to form effi-
cient load transfer between the fillers themselves in the 
polymer matrix; (3) the nanostructured hybrids should show 
a much stronger interfacial interaction between the matrix 
and hybrid fillers than that with graphene alone. However, 
the existing investigations in the applications of graphene- 
based nanohybrids in polymer composites are still very lim-
ited and thus highly needed for this kind of novel materials 
together with computational studies stepping forward. Thus, 
future studies should focus on the following issues. First, 
low-cost and simple methods for the preparation of gra-
phene-based hybrids, and their polymer composites are ur-
gently needed. Second, besides the noncovalent hybridiza-
tions of graphene, covalent modifications between the gra-
phene with other nanoelements can be further developed for 
polymer composites. Third, more potential applications of 
graphene hybrids reinforced polymer composites are pend-
ing to dig, such as in the fields of electro-magnetic shielding 
materials, biomaterials, and so on. With more and more 
investigations on this type of novel nanomaterials, we be-
lieve that graphene-based hybrids will bring us much sur-
prise in the future. 
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