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  1.     Introduction 

 Graphene is one of the most promising carbon nanomate-
rials known, attracting tremendous interest due to its unique 
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electronic, mechanical, and optical prop-
erties. [ 1 ]  As the thinnest 2D nanostruc-
ture ever isolated, it offers great potential 
for various nanotechnology applications. 
Natural graphite is a perfect clean abun-
dant source of graphene. However, the 
isolation of graphene from graphite using 
organic solvents is not straightforward due 
to the strong van der Walls interactions 
holding the graphene sheets together. 
Furthermore, the strongly hydrophobic 
pristine graphene sheets are often almost 
nondispersible in water in the absence of 
surfactants. 

 Since the fi rst isolation of graphene 
by the micromechanical exfoliation of 
graphite, [ 2 ]  several procedures have been 
developed exploiting graphite as the 
starting material. The most widely used 
method to date, albeit with several vari-
ations, is based on the reduction of gra-
phene oxide (GO) produced from graphite 
using strong oxidizing agents. Although 
such reduction procedures have been suc-
cessfully applied, the fi nal graphitic nano-
structures, usually called partly reduced 

graphene oxide ( r GO), are of low quality, especially, with 
regard to the electrical conductivity or mechanical properties. [ 3 ]  
On the other hand, pure and high quality pristine graphene 
nanosheets have been isolated from graphite by liquid-phase 
exfoliation in various solvents, such as  N -methyl-2-pyrrolidone 
(NMP), [ 4 ]  ortho-dichlorobenzene (o-DCB), [ 5 ]  perfl uorinated aro-
matic solvents, [ 6 ]  and dimethylformamide (DMF). [ 7,8 ]  The main 
disadvantage of these procedures involves a frequent produc-
tion of dilute graphene dispersions (0.1–1 mg mL −1 , with a 
few exceptions), which are not effective mainly due to the high 
cost, toxicity, and environmental impact of the organic solvents 
required. Similar disadvantages have been demonstrated when 
surfactants are employed to promote the dispersion and stabili-
zation of graphene in organic solvents. [ 9 ]  

 The dispersion of pristine graphene in water poses a con-
siderable challenge owing to the material strong hydrophobic 
character of the material. Water dispersions have remarkable 
advantages over those obtained in organic solvents, such as low 
cost, absence of solvent toxicity, capacity for green chemistry, 
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compatibility with hydrophilic polymers and biomolecules, 
chemical inertness, and stability under normal conditions. 
Currently, the most attractive potential applications of carbon 
nanoallotropes include, for example, fl exible transparent con-
ductive fi lms or low cost conductive inks for inkjet printing 
electronic circuits, radio-frequency (RF) antennas, energy 
storage, displays, photovoltaics, health diagnostic, spintronic 
nanodevices, and nanoelectromechanical systems. [ 10–20 ]  

 Since pristine graphene is extremely hydrophobic, its dis-
persion in water is totally prohibited without the assistance 
of covalently attached hydrophilic groups or through van der 
Walls adsorbed surfactants. For example, hydrophilic groups 
can be covalently attached onto graphene, dramatically altering 
its character from hydrophobic to hydrophilic. However, this 
modifi cation also substantially modifi es the conductivity and 
other basic properties of graphene by disrupting the extended 
aromatic system. [ 21 ]  By using surfactants, ionic liquids, or 
hydrophilic polymers, stable dispersions of graphene in water 
have been produced. [ 9,22–25 ]  In these cases, the derived gra-
phene nanostructures retain their valuable optoelectronic and 
mechanical properties because the aromatic character is not 
affected by the noncovalent interactions. However, the main 
drawback of this approach lies in the unavoidable partial or 
complete covering of the graphene nanosheets by surfactant 
molecules, which frequently cause diffi culties in applications, 
e.g., the electrical conductivity of a thin fi lm made from sur-
factant stabilized graphene nanosheets is limited due to poor 
interconnection between the graphene nanosheets. Analogous 
diffi culties are expected as a result of restriction of the active 
surface area of such graphene composites. 

 In this paper, we present an effective procedure for disper-
sion of a signifi cant amount of pristine graphene nanosheets 
in water without the assistance of surfactants or polymers. The 

role of the stabilizer is provided by dihydroxy-
phenyl functionalized carbon nanotubes. The 
graphene/carbon nanotube hybrid was found 
to be highly dispersible in water and other 
polar organic solvents, such as ethanol, iso-
propanol,  N , N -dimethylformamide (DMF), 
ethylene glycol (EG), and their mixtures. The 
superstructure exhibits not only the record 
dispersibility in water but also the excellent 
electrical conductivity enabling its appli-
cability in conductive ink technologies or 
highly conductive polymers.  

  2.     Results and Discussion 

 The hydroxyphenyl-functionalized multi-
walled carbon nanotubes (MWNT- f -OH) 
were produced by 1,2-dipolar cycloaddition as 
described in our previous report. [ 26 ]  The pro-
cedure for the preparation of water disper-
sion of graphene/MWNT- f -OH is described 
schematically in  Figure    1  a.  

 Briefl y, a dispersion of graphene 
nanosheets in DMF (≈0.35 mg mL −1 ) was 
prepared by exfoliating natural graphite 

under sonication. Specifi cally, a mixture of 70 mg graphite in 
70 mL DMF was sonicated for 6 h and then the upper 60 mL of 
the suspension was isolated after an overnight precipitation of 
the unexfoliated graphite. The as-prepared dispersion contained 
mostly few layer graphene nanosheets and single graphene 
monolayers. [ 21,26,27 ]  An amount of MWNT- f -OH (1 mg) was 
then mixed with 40 mL of the graphene/DMF dispersion by 
stirring, followed by removal of the solvent by fi ltration through 
a PTFE membrane or centrifugation (15 000 rpm for 10 min). 
The solid residue was then easily redispersed in 1 mL of water, 
affording a highly concentrated dispersion that contained about 
15 mg mL −1  of the hybrid nanomaterial, which corresponds to 
14 mg mL −1  graphene and 1 mg mL −1  MWNT- f -OH (Figure  1 b). 

 A blank experiment was also performed whereby a graphene 
suspension in DMF (0.35 mg mL −1 ) was fi ltered and redis-
persed from the fi lter into water yielded large aggregates that 
were totally not dispersible in water and precipitated rapidly 
(Figure  1 c). Evidently, the hydrophilic groups of MWNT- f -OH 
permitted the hybrid nanostructure to form stable disper-
sions in water. A suspension of 15 mg mL −1  of the hybrid in 
water was stable for at least one week. It is worth mentioning 
that even highly concentrated suspensions of 25–30 mg mL −1  
were also produced as a dark black liquid with a high viscosity. 
Using a H 2 O/EG mixture (4:1), 30 mg of the hybrid was suc-
cessfully dispersed in 1 mL of solvent, affording one of the 
most concentrated stable suspensions of graphene reported 
to date. The lifetime of such highly concentrated suspensions 
could be extended by simple daily agitation. Finally, 20 mg of 
the hybrid mixed homogenously with 200 µL of EG yielding 
a highly viscous black liquid that could be used as conductive 
paste (Figure  1 d). We would like to emphasize that graphene/
MWNT- f -OH hybrid is readily dispersible also in other polar 
solvents including ethanol, isopropanol, ethylene glycol, and 
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 Figure 1.    a) Scheme showing the formation of a graphene/MWNT- f -OH superstructure. 
b) Dispersion of the hybrid in water (15 mg mL −1 ). c) Water dispersion without the addition 
of MWNT- f -OH; pristine graphene nanosheets were precipitated after the dispersion in DMF, 
centrifugation, and redispersion in water. d) Highly concentrated mixture of the hybrid in eth-
ylene glycol.
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 N , N -dimethylformamide (Figure S1, Supporting Informa-
tion). The driving force for this interaction involves remark-
able hydrogen bond between the hydroxy groups of the hybrid 
and solvents. Furthermore, the high viscosity of ethylene 
glycol improves the stability of the dispersion decelerating the 
reaggregation of the graphene sheets. 

 Solid-state atomic force microscopy (AFM) images and cross-
section analyses of the prepared superstructures are shown in 
 Figure    2  a–c evidencing the few-layered character of graphene 
(up to 3 nm) interacting with carbon nanotubes (with diameters 
in tens of nm). Clearly, the nanotubes modify both edges and 
basal plane of graphene nanosheets. Importantly, the high 
degree of interaction is observable even during in situ liquid 
mode AFM measurements in water (see Figure  2 d) where sev-
eral nanotubes are entrapped among graphene nanosheets.  

 The Raman spectrum of the hybrid product exhibited 
the characteristic D and G bands at 1353 and 1584 cm −1 , 

respectively, with  I  D / I  G  = 0.4 and a single symmetrical G’ band 
at 2708 cm −1  almost equal in height to the G band ( Figure    3  a). 
The  I  D / I  G  ratio of the composite was enhanced compared to 
that of pure pristine graphene ( I  D / I  G  = 0.2), most likely due 
to the contribution of the functionalized MWNT- f -OH (with 
 I  D / I  G  = 0.6 due to the covalent functionalization and character 
of MWNT) to the Raman spectrum of the hybrid. The intense 
symmetrical G′ band indicated the existence of single and few-
layer graphene nanosheets in accordance with AFM data.  

 C1 s  core level X-ray photoelectron spectroscopy (XPS) 
spectrum of the graphene/MWNT- f -OH hybrid is shown in 
Figure  3 b. After deconvolution with mixed Gaussian−Lor-
entzian functions, the C1 s  spectrum consists of six compo-
nents. The dominant peak at a binding energy of 284.6 eV is 
attributed to the C–C and C–H bonds from graphene and the 
functionalized MWNT- f -OH. The second peak at 285.7 eV is 
correlated with the C–O (hydroxyl) and C–N bonds from the 
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 Figure 2.    a–c) AFM images of graphene/MWNT- f -OH hybrid including height profi les demonstrating few layered graphene covered with carbon nano-
tubes with heights ranging from 15 to 60 nm; d) Liquid-mode in situ AFM image of graphene/MWNT- f -OH showing a high affi nity of MWNT- f -OH to 
graphene in water.
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functionalized MWNT- f -OH, whereas the C–O–C epoxide/ether 
groups correspond to the third component at 286.6 eV. The 
peak centered at 287.7 eV originates from carbonyl functional 
groups (C=O), while the contribution recorded at 289.2 eV is 
ascribed to the carboxyl groups (O–C=O). [ 28 ]  Nevertheless, there 
is an additional peak at a higher binding energy of 290.8 eV that 
cannot be associated with any bond and arises from π–π inter-
actions. [ 29 ]  The presence of this shake-up satellite peak from 
π–π transitions between graphene and MWNT- f -OH points out 
that the functionalized MWNT- f -OH are attached through van 
der Walls interactions onto graphene surfaces due to the aro-
matic character of both components. [ 30 ]  

 To uncover the reasons of a high dispersibility of graphene/
MWNT-f-OH hybrid in water, complex microscopic analyses 
(transmission electron microscopy (TEM)/high-resolution 
transmissionelectron microscopy (HRTEM), scanning elec-
tron microscopy (SEM), and AFM) and molecular dynamic 
simulations were performed. The microscopic images of the 
graphene/MWNT- f -OH hybrid ( Figure    4  ) clearly showed dif-
ferent types of interaction between graphene nanoplatelets 
and carbon nanotubes. Specifi cally, MWNT- f -OH overlie the 
graphene nanoplatelets (Figure  4 a,b), are trapped between the 

graphene layers, resulting in a partial change of their mor-
phology (Figure  4 c–f), or interact preferentially at the edges 
of graphene (Figure  4 g,h). Moreover, the microscopic data 
revealed that almost all the carbon nanotubes interacted with 
graphene since there are no free carbon nanotubes out of the 
sheets; this is a strong indication that this interaction exists also 
in the liquid phase.  

 For theoretical modeling of the interaction between graphene 
and MWNT- f -OH, we used molecular dynamic simulations. 
Taking into account that the MWNT- f -OHs have diameters 
in tens of nanometers, we may assume that the contact area 
between graphene and MWNT- f -OH is rather fl at. Therefore, 
we simulated the graphene–MWNT- f -OH system as an inter-
action between circumcoronene (C 54 , representing graphene) 
and circumcoronene bearing one functional group (C 54 - f -OH, 
representing MWNT- f -OH).  Figure    5   shows the potential of 
mean force (PMF) between two C 54  sheets and between C 54  
and C 54 - f -OH. The PMF clearly manifests that affi nity of C 54  
to C 54 - f -OH is approximately four times smaller than that 
between two C 54  sheets. On the other hand, the formation of 
an assembly between graphene and MWNT-f-OH is kineti-
cally preferred, as there are no signifi cant barriers on the asso-
ciation curve of C 54  and C 54 - f -OH. Despite of the fact that the 
aggregation of graphene sheets is thermodynamically favored 
process, it seems that it is kinetically blocked by formation of 
graphene/MWNT- f -OH hybrid.  

 No doubt that the water dispersibility opens the doors for 
new applications of graphene and its hybrid with MWNT- f -OH. 
Thus, we have studied the application potential of highly con-
centrated graphene/MWNT- f -OH hybrid dispersion in water 
for a conductive ink (see Figure S2, Supporting Information). 
Pristine graphene nanosheets have been shown to have much 
more favorable electrical properties than  r GO. In addition, the 
absence of surfactant molecules, organic additives, or poly-
mers in the water phase and between the graphene nanosheets 
caused that the interconnection of graphene nanosheets was 
less electrically resistive. CNTs, graphene oxide, graphene, 
and their hybrids with conductive polymers have been used 
as carbon based inks usually in low concentrations due to 
their hydrophobic nature, limiting the stability of the system 
as described extensively in a recent review on solution pro-
cessing approaches for material ink formulations for organic 
electronics. [ 18 ]  To compare conductive properties of our system, 
spots of the graphene/MWNT- f -OH hybrid (≈300 µg dispersed 
in circular spots with a diameter of ≈0.8 cm and a thickness 
of about 2.86 µm) deposited on paper by drop casting of the 
as-prepared water dispersion (15 µg µL −1 ) showed a minimum 
sheet resistance of  R  s  ≈ 25 Ω sq −1 . This is refl ected in the elec-
trical conductivity of 14 000 S m −1 , which is among the highest 
values reported in the literature for a material synthesized from 
natural graphite and without annealing or other complex proce-
dures. [ 27 ]  One of the most remarkable advantages of the hybrid 
is that the electrical conductivity was not altered when the “gra-
phitic paper” was highly curved ( Figure    6  a).  

 Similar sized spots of more concentrated hybrid suspensions 
(e.g., 20 µL of a suspension of 30 µg µL −1 ) showed even a much 
lower sheet resistance ( R  s  ≈ 5 Ω sq −1  or a maximum conductivity 
of 28 000 S m −1 ). However, the stability of the spots in paper, in 
this case, was limited (forming a graphitic fl ake that was easily 
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 Figure 3.    a) Raman spectra of graphene/MWNT- f -OH and pristine gra-
phene and b) C1 s  core level X-ray photoemission spectrum of graphene/
MWNT- f -OH hybrid.
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removed from the paper). The graphene/MWNT- f -OH hybrid 
suspension (30 mg mL −1  in H 2 O/EG, 4:1) was further tested 
as a potential ink for inkjet printing techniques. A printed line 
made after 20 passes was clearly conductive (Figure  6 b). Finally, 

the hydrophilic character of the hybrid facilitates its fi ne dis-
persion in water-soluble polymers such as polyvinyl alcohol 
(PVA) forming highly conductive composites (Figure  6 c). The 
PVA/graphene/MWNT- f -OH composite prepared in such a way, 
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 Figure 4.    a,b) SEM images of the hybrid showing MWNT- f -OH overlying graphene nanoplatelets; c–f) SEM and TEM and HRTEM images of the hybrid 
showing MWNT- f -OH trapped between graphene layers; g,h) TEM and AFM images demonstrating the interaction at the edges of graphene.
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with a hybrid weight ratio of 20%, showed a conductivity of 
285 S m −1  (or a sheet resistance of  R  s  ≈ 1300 Ω sq −1 , whereas 
the fi lm thickness was estimated to 2.7 µm) which is one of 
the highest values reported for graphene based systems in the 
literature. [ 31 ]   

  3.     Conclusion 

 We describe an easy, scalable, and surfactant free route for 
effective dispersion of pristine graphene in water through the 
self-assembly with OH-functionalized hydrophilic nanotubes. 
The nanotube assisted dispersibility of graphene in water is 
kinetically driven with several modes of interaction involving 
the nanotube trapping between the graphene sheets or modi-
fi cation of graphene edges. This 2D/1D carbon superstructure 

creates the stable water dispersion at concentrations up to 
15 mg mL −1  and is readily dispersible also in other polar sol-
vents. Moreover, it exhibits excellent electrical conductivity thus 
providing the huge application potential in inkjet printing tech-
nologies or as highly conductive polymers.  

  4.     Experimental Section 
 Raman spectroscopy was performed on a Micro-Raman system 
RM 1000 RENISHAW using a laser excitation line at 532 nm 
(Nd-YAG - neodymium-doped yttrium aluminum garnet-type laser). A 
power of 0.5–1 mW was used with a 1 µm focus spot in order to avoid 
photodecomposition of the samples. 

 TEM images were obtained using a JEM2010 microscope 
operated at 200 kV with a point-to-point resolution of 1.9 Å. Before 
the measurements, the samples were dispersed in ethanol and the 
suspension was treated in ultrasound for 10 min. A drop of very dilute 
suspension was placed on a carbon-coated grid and allowed to dry by 
evaporation at ambient temperature. HRTEM images were obtained 
by HRTEM TITAN 60-300 with X-FEG type emission gun, operating 
at 80 kV. This microscope is equipped with Cs image corrector and 
a STEM high-angle annular dark-fi eld detector (HAADF). The point 
resolution is 0.06 nm in TEM mode. The elemental mappings were 
obtained by STEM-EDS (scanning transmission electron microscopy–
energy dispersive X-ray spectroscopy) technique with acquisition time 
20 min. For HRTEM analyses, the powder samples were dispersed in 
ethanol and ultrasonicated for 5 min. One drop of this solution was 
placed on a copper grid with holey carbon fi lm. The sample was dried 
at room temperature. SEM imaging was performed using an EVO 
MA10 (ZEISS). AFM images were obtained in tapping mode with a 3D 
Multimode Nanoscope, using Tap-300G silicon cantilevers with a tip 
radius of <10 nm and a force constant of ≈20–75 N m −1 . Samples were 
deposited onto silicon wafers (P/Bor, single side polished) from aqueous 
solutions by drop casting. The hybrid sample was also measured in the 
semicontact mode on an NTegra Aura atomic force microscope with 
an NT-MDT CSG10 cantilever under liquid conditions in deionized 
water and at room temperature. The solvent for the sample was water, 
which was used to deposit the sample on freshly cleaved highly ordered 
pyrolytic graphite (HOPG) and let to dry for 30 min so that hybrids 
could attach to the substrate at 40 °C. The liquid measurement was then 
performed in an open liquid cell after additional deionized water was 
added and the system reached stable conditions. 

 XPS measurements were performed under ultrahigh vacuum 
conditions with a base pressure of 5 × 10 −10  mbar in a SPECS GmbH 
instrument equipped with a monochromatic MgK α  source ( hν  
= 1253.6 eV) and a Phoibos-100 hemispherical analyzer. A minute 
quantity of the graphene/MWNT- f -OH suspension in H 2 O was drop cast 
on silicon wafer and left to dry in air before transfer to ultrahigh vacuum. 
The energy resolution was set to 0.3 eV and the photoelectron take-off 
angle was 45° with respect to the surface normal. Recorded spectra were 
the average of three scans with energy step set to 0.05 eV and dwell 
time 1 s. All binding energies were referenced to the C1 s  core level at 
284.6 eV. Spectral analysis included a Shirley background subtraction 
and peak deconvolution employing mixed Gaussian−Lorentzian 
functions, in a least squares curve-fi tting program (WinSpec) developed 
at the Laboratoire Interdisciplinaire de Spectroscopie Electronique, 
University of Namur, Belgium. 

 Electrical measurements were performed using the four-probe 
technique, an AFX DC 9660SB power supply, and Keithley 2000 
multimeter. The printed line was made using an HP Deskjet D2400 
printer. 

 Molecular dynamics (MD) simulations were carried out using 
Gromacs 5.0 software package. [ 32 ]  After equilibration in the  NPT  
ensemble ( N  = 6387 (C 54 ), 6392 (C 54 - f -OH),  P  = 1.0 bar,  T  = 300 K), 
production runs were performed in the  NVT  ensemble ( V  = 61.6 nm 3 , 
 T  = 300 K). All atom optimized-potentials-for-liquid-simulations (OPLS) 

 Figure 5.    The PMF for interaction of graphene–graphene (blue) and gra-
phene–nanotube (orange) models in water.

 Figure 6.    a) Simple electrical circuit representing the electrical conduc-
tivity of a curved paper painted with the graphene/MWNT- f -OH hybrid. 
b) A printed line of graphene hybrid ink on a paper ribbon. c) Conductive 
composite fi lm made by graphene/MWNT- f -OH hybrid in PVA (20% w/w).



FU
LL P

A
P
ER

1487wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2015, 25, 1481–1487

www.afm-journal.de
www.MaterialsViews.com

force fi eld parameters [ 33 ]  were used for atoms in functional group and 
the SPC/E model was used for water. [ 34 ]  The intermolecular interactions 
of graphene atoms with surrounding molecules were treated by the 
Lennard-Jones potential using form suggested by Chang and Steele, [ 35 ]  
which provides interaction enthalpies of organic molecules to graphene 
with a good agreement with the experiment. [ 36 ]  The integration step for 
all simulations was 2 fs and the interval for data collection was set to 
0.5 ps. The cutoff distance for the direct electrostatics and van der Waals 
potential was set to 1 nm. The particle mesh Ewald method was used to 
calculate the indirect electrostatic potential beyond the cutoff distance. 
Bonds to hydrogen atoms were constrained during the MD simulations 
using the noniterative linear-constraint-solver (LINCS) algorithm. The 
PMF of interaction between C 54  and C 54 , and C 54  and C 54 - f -OH was 
calculated using constrained MD simulations in extended-simple-
point-charge (SPC/E) explicit water solvent. The 1.2 nm long reaction 
coordinate was divided into 32 equally spaced windows with the step 
size of 0.04 nm. Each window was equilibrated for 2 ns and 10 ns were 
used for data collection. The total force acting on one fi xed inner carbon 
atom of a C 54  was collected every 0.5 ps, while all carbons of the second 
sheet (C 54  or C 54 - f -OH) were fi xed. The average force in each window 
was integrated using the trapezoidal method.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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