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The hybridization of 1D carbon nanotubes and 2D graphene family is able to form 3D nanostructures with 
significantly improved electrical, mechanical and thermal properties, which make them very useful for huge po-
tential applications. In this work the graphene oxide-single walled carbon nanotube (GO-SWNT) hybrids pre-
pared in aqueous suspension and films obtained by vacuum filtration are studied with UV–IR absorption spec-
troscopy, scanning electron microscopy (SEM) and computer simulation. Low-temperature measurements of 
conductivity of these films in the temperature range 5–291 K were also performed. For hybrid preparation 
SWNTs with prevailing content of semiconducting nanotubes (up to 95%) and graphene oxide with small C:O 
ratio (about 1.3) were selected. SEM analysis of a cutoff of the composite GO-SWNT film showed that the film 
is formed by composition of thin layers which are preferably located along the surface of the film with laminar, 
rather dense package. We have found spectroscopic manifestation of the interaction between GO and SWNT in 
the hybrid, estimated the interaction energy between components, revealed the conductivity in the composite 
film although in the GO film we have not observed a noticeable conductivity. It was also demonstrated that the 
behavior of the temperature dependence of the conductivity in the film of pure SWNTs and in the composite one 
is different. The decrease in the conductivity with lowering of temperature indicates that this dependence is simi-
lar with the conductivity observed in semiconducting systems. 

Keywords: graphene oxide, single walled carbon nanotube, GO-SWNT hybrids, SWNT conductivity, UV–IR 
spectroscopy, computer simulation. 

1. Introduction

Unique physical characteristics of graphene (Gr) such as 
an extremely high surface/mass ratio, high thermal conduc-
tivity which is higher than the thermal conductivity of cop-
per, optical transparency in the visible range, high electron 
mobility, and others explain a huge attention of researchers 
to this nanomaterial. However, its chemical inertness and 
the difficulty of obtaining defect-free graphene sheets re-
strain its application in technology. Some scientists believe 
that these limitations can be removed by employing the oxi-
dized and reduced forms of graphene [1,2]. Graphene oxide 
(GO) is a graphene with oxygen-containing groups at the 
edges (carboxyl-СООН and hydroxyl-ОН groups) and on 
the plane (epoxy (C–O–C) and hydroxyl groups). Thus, 

GO has domains containing both sp2-hybridized electrons
of carbon atoms and sp3-electron structures of carbon
bound with oxygen-containing groups [1,2]. One of the 
main advantages of GO is its dispersibility in water, which 
expands the practical application of this nanomaterial, in-
cluding its wide use for biological and medical purposes 
[3,4]. The reduced graphene oxide (rGO) has the predomi-
nantly sp2-electronic structure, as after reduction (there is a
wide range of different methods for reducing GO) a small 
amount of oxygen-containing groups remains. rGO can be 
considered a transitional nanomaterial between Gr and GO. 
Due to its solubility in water and partial restoration of hy-
bridized electronic structure, that provides conductivity in 
sheets, rGO is a promising material for optoelectronics. 
The cost effective technological chain for obtaining carbon 
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material with physical properties close to graphene includ-
ing oxidation of graphite → production of graphene ox-
ide → reduction of graphene oxide makes rGO attractive 
for using in various fields of nanotechnology. 

The combination of GO or rGO with various nanoparti-
cles or nanotubes creates new hybrid nanomaterials with 
unique properties, first of all, optical and electronic ones. 
In these hybrid structures, there is an interleaving of rGO 
or GO sheets which are connected by carbon nanotubes or 
nanoparticles. 

Significant progress has been made in the production of 
hybrids formed by carbon nanotubes (CNT) with Gr, rGO 
or GO [5]. In such hybrids, improved electrical, mechani-
cal, and thermal properties were observed. To obtain films 
of CNT-rGO (or GO) hybrids, various methods are pro-
posed: deposition from suspension under pressure (spray 
method), vacuum filtration, layer-by-layer deposition, and 
chemical vapor deposition. It is expected that this compo-
site material has a significant potential for use as transpar-
ent conductive electrodes in solar cells, active electrodes in 
supercapacitors or in lithium-ion batteries. 

CNTs are randomly distributed between rGO or GO 
sheets hybrids, and, therefore, provide a high mechanical 
strength and flexibility of such films. In such assembly, 
CNTs perform several functions: (1) preventing the 
Gr/rGO/GO sheets from re-sticking together in the films 
(forming films like a paper), (2) increasing conductivity 
between rGO/GO sheets, since CNTs have high electrical 
conductivity and can closely contact with the graphene sur-
face, (3) ensuring more efficient conductive contact between 
the electrolyte and Gr/rGO sheets in a film. 

It is known that single-walled CNTs (SWNTs) under 
normal conditions form bundles that are rather difficult to 
disperse in water or organic solvents. For their effective 
dispersion, several strategies are commonly used: chemical 
modification of the surface of nanotubes, the exploitation of 
surfactants or polymers [6]. The use of such additives reduc-
es the electrical conductivity of the films obtained from sus-
pensions since all of these dispersants are electrical insula-
tors and therefore must be removed from the films obtained. 
This is a rather complex technological task, since the disper-
sants interact strongly with the nanotube surface and, as a 
result, they are difficult to remove. It turned out that GO 
can be used to disperse SWNTs. This approach has an im-
portant advantage: GO in the hybrid can be thermal-
ly/chemically reduced to produce rGO [1,2], which is elec-
trically conductive, thereby the conductivity of the films are 
increased. Thus, GO can be used as a surfactant for dispers-
ing SWNTs due to its solubility and high adhesion of nano-
tube to GO sheets through strong π–π interaction [7,8]. 

GO-SWNT films were obtained by several groups of 
researchers. For example, Tian et al. have obtained trans-
parent conducting GO-SWNTs films when aqueous disper-
sions of SWNTs with GO were put onto glass substrates by 
a spray method [7]. Stable aqueous dispersion of hydro-

phobic SWNTs with small (nanoscale) sheets of GO were 
obtained by Dong with co-workers [8] without using any 
surfactants. It has been shown that nanoscale GO sheets 
are spontaneously wrapped around the SWNT bundles. 

The hybrids of SWNTs with Gr/GO are used for the 
manufacture of fibers [9]. Hybrid fiber has demonstrated a 
synergistic increase in mechanical strength and electronic 
conductivity. Homogeneous hybrid transparent films con-
sisting of GO and functionalized SWNTs were synthesized 
using a layer by layer process by means of the Langmuir–
Blodget technique [10]. 

In this work we describe a preparation of the GO-
SWNT hybrids in aqueous suspension and their films ob-
tained by vacuum filtration from suspension and present 
results of the study of physical properties of these compo-
site materials exploiting UV–IR absorption spectroscopy, 
scanning electron microscopy, computer simulation and 
temperature dependence measurements of the conductivity 
of SWNTs and composite films in the temperature range 
5–291 K. The distinctive feature of our hybrids is that for 
hybrid preparation we have used the SWNTs with prevail-
ing content of semiconducting nanotubes (up to 95%) and 
GO with small C:O ratio (about 1.3) that indicates the sig-
nificant content of oxygen-containing groups in sheets. In 
our study we have shown spectroscopic manifestation of 
the interaction between GO and SWNT in the hybrid, esti-
mated the interaction energy between components, revealed 
the conductivity in composite film while in GO film we 
have not observed a noticeable conductivity. We have also 
demonstrated that the behavior of the temperature depend-
ence of the conductivity in the film of pure SWNTs and in 
the composite one is different. The decrease in the conduc-
tivity with temperature lowering indicates that this depend-
ence is similar with the conductivity observed in semicon-
ducting systems. 

2. Experimental details 

2.1. Materials 

Graphene oxide used in our studies was purchased from 
Graphenea (San Sebastian, Spain). The GO was synthe-
sized by chemical oxidation of graphite using the modified 
Hammers method [11]. In GO the content of carbon and 
oxygen was 49–56% and 41–50%, respectively (so the C/O 
ratio was 1.2–1.3). The SWNTs were purchased from 
SouthWest NanoTechnologies (USA). The nanotubes were 
grown by chemical vapor deposition method (CoMoCat 
method). The SWNT sample contained predominantly 
semiconducting nanotubes (~ 95%), among them, nano-
tubes of chirality (6,5) prevailed. 

2.2. Preparation of GO-SWNT hybrids in aqueous 
suspensions 

To obtain GO-SWNT hybrids we used stable aqueous 
suspension of GO (the initial concentration of GO was 
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~ 0.2 mg/ml), which was mainly in the form of monolay-
ers [4]. The preparation method of aqueous suspensions of 
GO-SWNT hybrids is based on the ultrasound treatment 
(60 min) of the mixture of the aqueous suspension of GO 
monolayers with carbon nanotubes added to this suspension. 
The GO concentrations in suspension were ~ 0.2 mg/ml 
while the weight ratio of GO: SWNT was 4:1, 2:1 and 1:1. 

2.3. Preparation of composite GO-SWNT films 

The composite GO-SWNT films were obtained from 
aqueous suspension of GO-SWNTs (0.5–2 ml) deposited on 
the PTFE membrane (diameter 12.5 mm, pores 0.24 μm, 
Millipore, USA) by vacuum filtration. Subsequently, the 
GO-SWNT film was detached from the membrane and as a 
result circles (diameter ~ 9 mm) were prepared. An estima-
tion of the composite density in the film gave the value 
0.4–0.5 mg/cm2. The GO films were obtained in a similar way. 

2.4. Preparation of SWNT films 

For the preparation of SWNT films, we also used the 
method of ultrasonication of nanotubes in acetone solution 
(nanotube concentration was ~ 0.2 mg/ml) during 40 min. 
The obtained suspension of nanotubes was deposited on 
the membrane by the vacuum filtration method (the density 
of the nanotube film was 0.3–0.4 mg/cm2).  

2.5. Experimental measurements 

The absorption spectra of aqueous suspensions of GO, 
polynucleotide-wrapped SWNTs (prepared by ultrasonic-
ation with centrifugation, see for detail [12]) and GO-SWNT 
hybrids in the range of 200–1200 nm were recorded using 
two channels Hitachi-356 spectrometer (Hitachi, Japan). The 
IR absorption spectra of GO and GO-SWNTs in KBr pellets 
were recorded exploiting IR spectrometer (Specord-M80, 
Germany) in the spectral range of 500–4000 cm–1. The sur-
face morphology of films obtained by vacuum filtration was 
analyzed using a JSM-820 scanning electron microscope 
(JEOL, Japan). 

To verify linear or nonlinear character the volt-ampere 
dependence for the obtained films was studied using an 
automated set-up. The conductivity was determined from 
the film in the form of the square with a side of 6 mm us-
ing a mechanical stiffener. The low-temperature measure-
ments of the film conductivity in the range 5–291 K were 
carried out in a helium cryostat with temperature stabiliza-
tion of the film kept in the gas helium atmosphere. Meas-
urements of the conductivity of the films were carried out 
both during the film cooling and heating simultaneously 
for SWNTs and GO-SWNT films. The average rate of 
temperature changes was about 1.5–2 K/min. 

2.6. Molecular dynamics modeling 

In the computer simulation, a short SWNT with (10,0) 
chirality (diameter of 0.79 nm) and a length of 10 nm (960 
carbon atoms and 20 hydrogen atoms for termination of 

tube ends) was used. A graphene sheet with the size of 
7´1.16 nm (462 carbon atoms, 72 hydrogen atoms for 
termination of graphene edge) was located at a distance of 
4 Å from the surface of SWNT. It should be noted that all 
atoms of the graphene sheet were in the same plane. At the 
initial stage of modeling, graphene was located above the 
nanotube surface, in such way that the longer side of 
graphene sheet was perpendicular to the nanotube axis. 
Further, the entire system was placed in a water box of 
108×36×96 Å (11315 water molecules). Molecular dynam-
ics simulation was performed using the NAMD program 
[13] with the Charmm force field [14]. Throughout the 
simulation, the number of atoms, pressure and temperature 
in the system were unchanged (NPT approach). To account 
for the electrostatic interaction, the Particle Mesh Ewald 
[15] method was used. The total simulation time was 
10 ns, the simulation step was 1 fs. For visualization of the 
simulated nanostructures, the software package VMD [16] 
was used. 

3. Results and discussion 

3.1. Bending strength and surface morphology 
of composite films obtained by vacuum filtration 

Vacuum filtration is a fairly simple but effective meth-
od for producing films by permeation of nanoparticle sus-
pension (in water or organic solvent) through a membrane. 
This method has several advantages: obtaining a sufficiently 
uniform film with thickness control and with high effective-
ness of material using, the simple and cost effective proce-
dure to fabricate a membrane that can occur gas or liquid 
thin filtration. Figure 1 shows photography of the compo-
site GO-SWNT film obtained by this method. Even visual-
ly, it is seen that light reflection indicates a smooth surface 
of the composite film. Knowledge of the concentration and 
the volume makes it possible to estimate the thickness of 
the film; in our films it was in the range of 1–10 μm. These 
films of carbon nanomaterials can be lightly separated from 
the filter without breaking after drying. The photography 
shown in the right part of Fig. 1 demonstrates a high flexi-
bility and elasticity of the composite film that can be easily 

Fig. 1. (a) GO-SWNT film on PTFE membrane obtained by vac-
uum filtration (thickness is about 1–4 μm). (b) A flexibility and 
elasticity of the composite film that can be easily twisted without 
rupture. 
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twisted without rupture. It should be noted that the compo-
site film has a high porosity; we observed a permeability of 
water through the film with the thickness above 10 μm. In 
contrast to this composite film the GO films were imperme-
able for water if the thickness of the film was above 4–5 μm. 

SEM images of the surface of the carbon nanotubes 
(upper part) and the composite GO-SWNT (lower part) 
films are shown in Fig. 2 (left), the 10 μm scale is indicat-
ed on images of each film. We can see a dense, but rather 
rough surface, obtained due to the solvent filtration. Note, 
that a roughness of the composite film surface is less than 
it is observed for the nanotube one. A microscopic image 
of each film cutoff is shown in the right part of Fig. 2 with 
a significant magnification, the scale is 1 μm. From this 
cutoff the thickness of the films can be estimated which is 
close to 10 μm. SEM analysis of the cutoff of the compo-
site GO-SWNT film shows that the film is formed by 
composition of thin layers (like papers) which are prefera-
bly located along the surface of the film with laminar, ra-
ther dense package. The different distances between these 
layers in the film suggest its porosity. In contrast to this 
film a more chaotic structure in volume is observed for the 
nanotube one (Fig. 2, top, right). 

3.2. Absorption spectroscopy of GO-SWNT hybrids 
in aqueous suspension: UV-visible-near IR spectral range 

The absorption spectrum of GO-SWNT hybrids in aque-
ous suspension in the range of 200–1200 nm is shown in 
Fig. 3 (the concentration ratio of the components is 
0.2:0.5 mg/ml). Suspension was prepared by ultrasonication 
for 40 min. For comparison the absorption spectrum of GO 
suspension is also shown in this figure. 

Both spectra have similarity and are characterized by in-
tensive asymmetrical band in UV range which shows a sig-
nificant increase in light absorption with a decrease in wave-
length. This absorption is due to the plasmon absorption of 
light, which is characteristic of the carbon systems [6]. The 
UV spectrum of hybrids has two features: the absorption 
peak at 220–240 nm due to the transition of π → π* elec-
trons in carbon atoms, which form sp2 hybridization (C=C 
bond), and a shoulder at 280–320 nm, which is associated 
with the n → π* electron transition of carbon in the C=O 
group (sp3-electron hybridization) (see, for example, [4]). 
While the first peak is observed for the both components of 
the hybrid, the second one is characteristic feature of GO 
only. In spite of the visible similarity of GO and GO-

Fig. 2. SEM images of surfaces of carbon nanotubes (upper part) and composite GO-SWNT (lower part) films (the 10 μm scale is indi-
cated on images of each film) and the cutoff of these films (right images, the scale is 1 μm). 
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SWNT spectra, the more detailed analysis shows the differ-
ence. To clearly show it we have subtracted the spectrum of 
GO from the GO-SWNT spectrum providing the same con-
centration of GO in both suspensions. Figure 4 shows the 
resulting differential spectrum in the range of 400–
1200 nm. 

In the differential spectrum, one can see the bands that 
correspond to the absorption spectrum of nanotubes locat-
ed in hybrids. For comparison, in this figure the nanotube 
spectrum of the aqueous suspension of individual nano-

tubes with adsorbed homopolynucleotide (poly(rC)) is 
shown as well. It is known that the biopolymer provides a 
stable aqueous suspension of individual nanotubes [6]. The 
poly(rC)-wrapped SWNT spectrum is characterized by the 
presence of bands in the range of 400–1200 nm, which are 
more intensive and narrow than those in the differential 
spectrum. The bands in the 450–800 nm range correspond to 
E22 transitions in semiconducting nanotubes (transition be-
tween the second van Hove singularities in the valence and 
conductance bands, v2 → c2) (see, for example, review [6]). 
The bands in the 800–1200 nm range correspond to E11 
transitions (between the first van Hove singularities, 
v1 → c1) in semiconducting nanotubes. The most intensive 
band in the spectrum of SWNTs (CoMoCat) is assigned to 
nanotubes with the (6,5) chirality (the band at 993 nm) [12]. 

The comparison of the peak positions of the two spectra 
has shown the 2–8 nm red shift for bands corresponding to 
nanotube E22 transitions in the hybrids as compared with 
the spectrum of the nanotubes covered with poly(rC). The 
red shift is more significant for bands assigned to E11 tran-
sitions in semiconducting nanotubes. We should also note 
the significant weakening of the band intensity as well as 
increasing of the nanotube bandwidths in the hybrids. Thus, 
the interaction of carbon nanotubes with graphene oxide is 
accompanied by the red shift and broadening of absorption 
bands of nanotubes, as well as a significant weakening of the 
intensity of the bands associated with E11 and E22 electronic 
transitions in semiconducting nanotubes. Quenching of the 
E11 and E22 absorption bands indicates an electron with-
drawal from the semiconducting SWNTs in the film [17].  

3.3. Characterization of GO-SWNT hybrids: 
IR spectroscopy 

IR absorption spectrum of GO-SWNT hybrids in KBr 
pellet in the range of 4000–400 cm–1 is shown in Fig. 5.
The IR absorption spectrum of GO is also presented in this 
figure for comparison. The IR absorption spectra of GO and 
its hybrid are characterized by the presence of several inten-
sive absorption bands in the range of 3500–400 cm–1. In the
high-frequency region at the frequency of 3400–3300 cm–1,
an intense broad band is observed caused by vibrations of 
the O–H groups (Fig. 5). It should be noted that a KBr pellet 
contains some amount of water and hydrocarbons molecules 
adsorbed from air. In the IR spectrum, relatively broad 
bands attributed to water molecules appears near 3600–3200 
and 1660–1590 cm–1. The hydrocarbon bands can be ob-
served in the IR spectrum mainly as relatively narrow bands 
at 2920–2850 cm–1. The spectra of GO-SWNTs and GO
showed in Fig. 5 were obtained by subtracting the impurity 
spectrum (the “empty” KBr pellet) from the spectrum ob-
served for each sample in KBr pellet. Such correction made 
it possible to almost completely remove the water bands that 
are in the KBr pellet. 

Note that the detailed information on GO can be ob-
tained by analyzing the absorption spectrum in the range of 

Fig. 3. The absorption spectrum of GO-SWNT hybrids (1) in 
aqueous suspensions (the concentration ratio of the components 
was 0.2:0.5 g/l) and the GO absorption spectrum (2). The spectra 
were normalized to the same length of the optical path (5 mm). 

Fig. 4. The differential absorption spectrum of nanotubes in hy-
brids (1) obtained by subtraction the spectrum of GO from the 
GO-SWNT spectrum and the absorption spectrum of aqueous 
suspensions of SWNTs covered by poly(rC) (2). 
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1800–500 cm–1 where bands corresponding to the vibra-
tions of different oxygen-containing groups as well as 
graphene hexagons are located (see Ref. 4 and references 
therein). The band in the spectrum at the frequency of 
1732 cm–1 is due to the stretching vibration of the carbonyl
groups ν(C=O). This band is the main spectral characteris-
tic of the GO sheets. The bands located in the range of 
1650–1580 cm–1 are associated with vibrations of carboxyl
groups and C=C vibrations characteristic for the sp2 do-
mains. The most intensive band at the frequency of 
1398 cm–1 in the GO spectrum is assigned to the defor-
mation vibrations of hydroxyl (O–H) group. Vibrations of 
the epoxy group (C–O–C) make a significant contribution 
to absorption at the frequency of 1232 cm–1. The broad
absorption band in the frequency range of 1100–1000 cm–1

with the peak at 1062 cm–1 is associated mainly with the
vibrations of the C–O group of furan-like ethers and hy-
droxyl group. 

As can be seen from Fig. 5 the IR absorption spectrum 
of the GO-SWNT hybrids differs from the spectrum of 
pure GO. First of all, we note the lower intensity of the 
entire IR spectrum of GO-SWNTs. The spectrum contains 
an intense vibration band of water molecules at a frequen-
cy of 3370 cm–1, which manifests itself despite of the
above-described correction of the spectrum for water ab-
sorption. In the region of 1800–1000 cm–1 some changes in
the frequencies and intensities of the spectral bands are 
observed in the hybrid spectrum as compared to the GO 
spectrum. These changes are primarily due to the appear-
ance of the interaction between two carbon nanomaterials. 
It includes the interaction of π–π systems of nanotubes and 
GO (through the sp2 domains), and the interaction of oxy-
gen-containing groups of GOs with the π system of nano-
tubes. In addition, the structural features of the obtained 

composite should be taken into account, namely, its high 
porosity. The thin cavities between the GO sheets separated 
by nanotubes may contain a significant amount of water 
molecules that does not evaporate even when the composite 
is dried. This water manifests itself in the IR spectrum di-
rectly, but it can significantly change the GO spectrum due 
to the formation of hydrogen bonds with oxygen-containing 
groups of GO. High porosity of GO-SWNT composite film 
is also confirmed by the fact of high permeability of water 
by the GO-SWNT composite film on PTFE filter at the 
film thickness up to 15 μm. 

A significant shift towards lower frequencies of some 
bands should be noted (1732 → 1714 cm–1, 1398 →
→ 1383 cm–1), but the bands characterizing the C=C vi-
brations of the aromatic fragments of GO are shifted to-
wards higher frequencies (1617 → 1620 cm–1). This blue
shift of the band due to C=C vibrations in hexagons indi-
cates the interaction of carbon nanotubes with the sp2 do-
mains of GO. It should be noted that this blue shift can be 
also caused by the appearance of curvature of GO sheets as 
a consequence of embedding of rods (nanotubes) between 
them. The vibrations associated with oxygen-containing 
groups also demonstrate the manifestation of the interac-
tion between GO and SWNTs. 

Thus the observed spectral shifts of the band associated 
with C=C vibrations in the sp2-hybridized domain of GO
as well as bands assigned to oxygen-containing groups 
indicate the interaction of carbon nanotubes with the GO 
surface. 

3.4. Interaction of single-walled carbon nanotube 
with graphene: molecular dynamics study 

We simulated the process of forming the hybrid of 
SWNT with graphene by molecular dynamics to evaluate 
the interaction between the components and to study the 
influence of water on the interaction between graphene and 
carbon nanotube. 

In the calculations we have used the (10,0) SWNT and a 
graphene sheet in the form of rectangular strip with size of 
7×1.16 nm. At the initial stage of the simulation the SWNT 
was located above the center of the graphene sheet at a dis-
tance of 4 Å, as shown in Fig. 6(a). Then the system was 
placed in a water box. 

The structures of the SWNT hybrid with graphene after 
the completion of the simulation are shown in Fig. 6(b). The 
analysis of the structure shows that the hybrid remains stable 
during the whole simulation time. The interaction between 
the components of the hybrid leads to turn of the sheet by 
about 90° relative to the initial position. It should be noted 
that the graphene reorientation occurs in the first 2.5 ns sim-
ulation, and during the later simulation period this graphene 
arrangement relative to nanotube remains almost unchanged, 
only insignificant thermal fluctuations are observed. We 
note that in the obtained hybrid some graphene atoms dis-
place from the plane and the graphene sheet is distorted. 

Fig. 5. IR absorption spectra of GO-SWNT hybrids (1) and GO 
(2) in KBr pellets. Numbers indicated near some bands corre-
spond to wave number of the peak position (in cm–1). For better 
visualization the spectra are shifted along the intensity axis. 
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It is obvious, that the parallel orientation of the graphene 
sheet relative to the SWNT axis provides the maximum area 
of contact between the components of the hybrid, so the 
resulting configuration is more energetically favorable than 
the starting one. In order to consider this turn in more de-
tail, the energy of the interaction between SWNT and 
graphene was monitored during simulation. The dependence 
of the binding energy on the simulation time is shown in 
Fig. 7. It can be seen that from the very beginning of the 
simulation, the interaction energy between graphene and 
SWNT is gradually increasing from –66 to –95 kcal/mol up 
to 1.75 ns. Thereafter, a sharp increase in the energy of 
interaction to ≈ 265 kcal/mol occurs, this growth continues 
only for 0.5 ns, but during this energy growth the graphene 
sheet is re-orientated. For the rest 7.5 ns simulations, no 
significant changes in the energy of interaction are observed, 
therefore, we can conclude that after the first 2.5 ns simu-
lation the system becomes stable. 

We have estimated the binding energy of one hexagon of 
graphene with the nanotube surface. For this purpose we 
select three hexagons located in different parts of the 
graphene sheet: one hexagon is fixed in the center and two 
others placed on different edges of the graphene sheet, as 
shown in Fig. 6(a). The simulation showed that after 10 ns 
each of hexagons interacts with the SWNT surface with 
comparable energy, as shown in Fig. 6(c). After 2.5 ns simu-
lation all three hexagons have the energy about –5.3 kcal/mol 
with fluctuations up to 1.5 kcal/mol. Note that the significant 
difference in the energy is observed only in the first nano-
seconds of simulation, so the hexagons located on the edges 
of graphene almost do not interact with the SWNT, howev-
er, after 2 ns of simulation there is a sharp increase in the 
energy up to ~ –5 kcal/mol. For the hexagon located in the 
center of graphene sheet the energetically favorable binding 
with SWNT occurs at the first simulation steps. It is neces-
sary to note the presence of essential oscillations spanning 
~ 3 kcal/mol, but they decay after 2 ns when the optimal 
arrangement of graphene on SWNT is set. Note that quan-
tum-chemistry calculations of the interaction energy of 
benzene molecule with SWNT [18] or graphene [19] gave 
slightly larger energy value. Thus, the binding energies of 
benzene with the zigzag (10,0) and armchair (6,6) nano-
tube surfaces are –7.5 and –6.7 kcal/mol, respectively, 
while for the graphene surface this energy has a value in 
the range of –(5.9–8.4) kcal/mol depending on the benzene 
ring arrangement over a graphene hexagon [19]. 

Since one of the factors that stabilizes the structure of 
the graphene-SWNT hybrid is a water environment, it 
would be very interesting to study in more detail the influ-
ence of water on the structure of the hybrid and on the in-
teraction energy between components. For this purpose, 
the graphene-SWNT hybrid was simulated in vacuum too. 
The total simulation time was 10 ns. The graphene-SWNT 
hybrid structure in vacuum after 10 ns simulation nearly 
did not differ from the structure of the hybrid in water en-

Fig. 6. (Color online) Structure of SWNT and graphene sheet in 
front (a) and side (b) views. The dependence of the interaction 
energy between graphene sheet and marked hexagons indicated in 
(a), (b) on the simulation time is shown in the lower part of the 
Fig. 6(c). 

Fig. 7. The dependence of the interaction energy between SWNT 
and the graphene sheet on the simulation time in vacuum (1) and 
in water environment (2). 
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vironment, but it should be noted that the rate of graphene 
reorientation to reach maximal binding is increased. In vac-
uum, the turn of the graphene sheet occurs during the first 
nanosecond of simulation, while in water environment this 
re-orientation takes 2.5 ns (Fig. 7). In general, the binding 
energy after 2 ns of simulation for the system in vacuum is 
about –282 kcal/mol (2–10 ns), while for the system in water 
environment this energy is about –273 kcal/mol (3–10 ns). 
The interaction energy in the case of the graphene-SWNT 
hybrid in vacuum is higher by about –10 kcal/mol in com-
parison with the water environment. Therefore, it can be 
concluded that the water environment slows down and 
prevents graphene from occupying the favorable position 
relative to the carbon nanotube and slightly decreases the 
binding energy. 

We have also determined the interaction energy of 
graphene with nanotube hexagons which form a belt around 
nanotube (Figs. 8(a),(b)). This energy value, naturally, de-
pends on the nanotube diameter. In our case, for relatively 
narrow nanotube (diameter of 0.79 nm), this value reaches 
up ~ 16 kcal/mol after graphene sheet turning (after 2 ns 
simulation). In spite of that this value was estimated for 8 
nanotube hexagons in the belt, this energy is only three 
times larger than the interaction energy of one hexagon 
stacked with graphene. This value gives opportunity to es-
timate the binding energy of graphene with such nanotube 
of any length. 

3.4. Temperature dependence of conductivity of GO-SWNT 
composite film compared with SWNT film 

The films of carbon nanomaterials obtained by vacuum 
filtration exhibit different electrical conductivities, namely, 
GO films are practically non-conducting, while it is ob-
served in composite GO-SWNT films. The appearance of 
the conductivity in composite films is obviously associated 
with the addition of SWNTs, since films of carbon nano-
tubes show a fairly high conductivity. Note that in the 
composite film with thickness of about 4 μm and with 
GO:SWNT weight ratio of 4:1 we did not observed a no-
ticeable conductivity which appears in the film with weight 
ratio of 2:1. 

The temperature dependences of the conductivity (σ(T)) 
of the GO-SWNT and SWNT films in the range of 5–291 K 
are shown in Fig. 9. Note, that at the starting high tempera-
ture (291 K) the conductivity of the SWNT film has a larg-
er value than it was observed for the composite film (more 
than in 20 times). Measurements of the electrical conduc-
tivity of the films were carried out both during the film 
cooling and heating, no hysteresis between dependences 
was observed. As it follows from the figure the conductivi-
ty of both films decreases with temperature lowering, but 
the curves of this dependence for the films are different. 
So, for SWNTs, the σ(T) curve shows a smaller slope, 
however, at T < 70 K a rapid fall in the conductivity oc-
curs. For the composite film, the dependence shows a more 
uniform decrease in the conductivity with temperature low-
ering. The similar temperature dependence, namely, de-
crease in conductivity with temperature lowering is observed 
in semiconducting systems [20]. It is obvious that the con-
ductivity of the composite film is mainly determined by the 

Fig. 8. Structure of SWNT-graphene in front (a) and side (b) 
views. The dependence of the interaction energy (c) between 
hexagon belt of SWNT indicated in (a) and graphene on the 
simulation time. 

Fig. 9. The temperature dependences of the conductivity σ(T) 
of GO-SWNT (circles) and SWNT (squares) films in the range 
of 5–291 K. 
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nanotubes. According to different behaviors of the temper-
ature dependency, we can conclude that the presence of 
GO also affects the electrical conductivity in the composite 
film. This may be due to the fact that in the composite film 
the nanotubes are in contact with sp2-hybridized domains
that are on the GO sheet. These domains do not provide the 
conductivity through the GO sheet or film, but they can 
affect the conductivity through nanotubes acting as bridges 
between them. On the contrary, domains with sp3-electrons
can create additional barriers to the transport of electrons. 
The interaction of carbon nanotubes with GO also influ-
ences on barriers for electrons tunneling that form nano-
tubes (or nanotube bundles) in crossing points. 

Electrical conductivity in SWNTs, in individual nano-
tubes, bundles, nanotube networks, thin and bulk films has 
been studied quite well (see reviews [20,21]). However, 
despite numerous studies of the conductivity of the SWNT 
networks or films, a selection of the fundamental mecha-
nism (model) of the electron transport to describe the tem-
perature dependence still remains an incompletely clarified 
task. The model selection depends on many factors, primari-
ly on the type of the conductivity in individual nanotubes, as 
well as their length and diameter, the ratio of metallic nano-
tubes to semiconducting ones, and the level of their chemi-
cal doping. Peculiarities of the nanotube networking which 
can be formed by individual nanotubes or by their bundles, 
as well as the degree of nanotube alignment along one di-
rection also influence on the conductivity of the nanotube 
system. Note that the conductivity of nanotube bulk films 
depends also on the film thickness [22]. The nanotube 
conductivity was studied in fibers in which bundles are 
aligned along one direction and in films of nanotubes in a 
polymer environment [20,21]. It is clear that each type of 
sample studied introduces its characteristics into the elec-
trical conductivity mechanism of the film/network of carbon 
nanotubes. The basic mechanism that explains the conduc-
tivity in carbon nanotube systems at low temperatures is 
determined by the tunneling of thermally activated elec-
trons through barriers formed by contacts between nano-
tubes. At higher temperatures this mechanism is supple-
mented with the electron hopping over barriers. 

In experimental studies, the temperature dependence of 
the resistance of the carbon nanotubes film/network is of-
ten measured. Two basic models are used to describe this 
dependence, and, therefore, the main transport mechanism 
in the SWNT films: fluctuation-induced tunneling (FIT) 
suggested by Sheng [23,24] and a variable-range hopping 
(VRH) model elaborated by Mott [25]. 

The FIT model states that the conductivity in such sys-
tem is determined by the tunneling of thermally activated 
electrons through barriers formed by contacts between 
nanotubes, while the barrier height for tunneling decreases 
due to fluctuation effects. In the VRH model, which suc-
cessfully explains the transport behavior of charges in disor-
dered systems, it is indicated that thermally activated elec-

trons hop from one localized level near the Fermi level (EF) 
to another local level. At sufficiently low temperatures, the 
energy transfer is weakened and the electron hops at greater 
distance to a state with an energy close in magnitude to the 
initial one. In this model, it is often assumed that the density 
of states near EF is constant. Despite the difference in the 
theoretical description, the physics of the process in both 
FIT and VRH approaches involves the tunneling of charge 
carriers between the electronic states near the Fermi level. 

Since carbon networks [25] and GO due to oxygen-
containing group decoration [26,27] are considered as dis-
ordered carbon materials so our films studied should be 
regarded as disordered semiconducting system. 

4. Conclusions

Composite GO-SWNT films fabricated by vacuum fil-
tration are solid, dense and flexible. The film surface has a 
roughness that is formed due to solvent filtration. SEM 
analysis showed that the composite GO-SWNT film is 
formed by composition of thin layers which are preferably 
located along the surface of the film with laminar, rather 
dense package. A different distance between the layers indi-
cates the film porosity confirmed by solvent permeability. 

The interaction energy of graphene hexagons stacked 
with the SWNT surface estimated by molecular dynamics 
simulation has the value of about –5.3 kcal/mol. It is shown 
that in the water environment this energy is approximately 
4% less than in vacuum. The water environment also slows 
down the acquisition of the energetically favorable con-
formation for the graphene-SWNT structure. The interac-
tion between GO and SWNT leads to the absorption spec-
trum transformation accompanied with red shifting and 
broadening of some bands in the visible-NIR region (elec-
tronic transitions) and in IR absorption spectra. 

The composite films show the conductivity although 
GO films are practically non-conducting. It was demon-
strated that the behavior of the temperature dependence of 
the conductivity in film of pure SWNTs and in the compo-
site one is different. The decrease in the conductivity with 
temperature lowering from 291 to 5 K indicates that the 
behavior is similar with the conductivity dependence ob-
served in disordered semiconducting systems. 

The fabricated 3D carbon nanostructures formed by 
nanotubes and graphene oxide show significantly improved 
electrical conductivity of GO, which make them very use-
ful for many potential applications such as production of 
supercapacitors and lithium batteries, layering conductive 
and transparent coverage, production of filters for water 
purification and so on. 
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Композитні плівки одностінних вуглецевих 
нанотрубок з сильно окисненим графеном: 
характеризація за допомогою спектроскопії, 
мікроскопії, вимірювання електропровідності 

(5–291 К) та комп’ютерного моделювання 

В.О. Карачевцев, О.М. Плохотніченко,  
М.В. Карачевцев, О.С. Ліннік, М.В. Курносов 

Гібридизація вуглецевих нанотрубок (1D структури) з гра-
феном або його похідними (2D структури) призводить до 
утворення 3D наноструктур, які мають покращені електричні, 
механічні та термічні властивості у порівнянні з компонентами, 
що відкриває широкий спектр їх практичного застосування. 
Гібриди одностінних вуглецевих нанотрубок (SWNT) з окси-
дом графена (GO), які приготовлені у водній суспензії, та 
плівки, що отримані вакуумною фільтрацією, досліджено із 
застосуванням УФ–ІЧ спектроскопії поглинання світла, ска-
нуючої електронної мікроскопії (СЕМ), комп’ютерного моде-
лювання. Також виконано низькотемпературні вимірювання 
електропровідності плівок в інтервалі температур 5–291 К. 
Для приготування гібридів обрано SWNT з переважаючим 
вмістом напівпровідникових нанотрубок (до 95%) та оксиду 
графену з невеликим співвідношенням С:О (близько 1,3). 
СЕМ-аналіз зрізу композитних плівок GO-SWNT показав, що 
плівка складається з тонких шарів, які розташовані уздовж 
поверхні плівки з ламінарною, досить щільною упаковкою. 
Ми виявили спектроскопічний прояв взаємодії GO і SWNT у 
гібриді, оцінили енергію взаємодії між компонентами, ви-
явили провідність у композитної плівці, хоча в плівці GO 
провідність практично не спостерігалася. Також було пока-
зано, що поведінка температурної залежності провідності в 
плівці SWNT та в композитній плівці різна. Зменшення про-
відності з пониженням температури вказує на те, що ця за-
лежність аналогічна провідності, що спостерігається в напів-
провідникових системах. 

Ключові слова: оксид графену, одностінна вуглецева нано-
трубка, гібриди GO-SWNT, провідність SWNT, УФ–ІК спек-
троскопія, комп’ютерне моделювання. 
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Композитные пленки одностенных углеродных 
нанотрубок с сильно окисленным графеном: 
характеризация с помощью спектроскопии, 

микроскопии, измерения электропроводности  
(5–291 К) и компьютерного моделирования 

В.А. Карачевцев, А.М. Плохотниченко,  
М.В. Карачевцев, А.С. Линник, Н.В. Курносов 

Гибридизация углеродных нанотрубок (1D структуры) с 
графеном или его производными (2D структуры) приводит к 
образованию 3D наноструктур, которые обладают улучшен-
ными электрическими, механическими и термическими 
свойствами в сравнении с исходными компонентами, что 
открывает широкий спектр их практического применения. 
Гибриды одностенных углеродных нанотрубок с оксидом 
графена (GO-SWNT), приготовленные в водной суспензии, и 
пленки, полученные вакуумной фильтрацией, исследованы с 
применением УФ–ИК спектроскопии поглощения света, ска-
нирующей электронной микроскопии (СЭМ), компьютерно-
го моделирования. Также выполнены низкотемпературные 

измерения электропроводности пленок в интервале темпера-
тур 5–291 К. Для приготовления гибридов выбраны SWNT с 
превалирующим содержанием полупроводниковых нанотру-
бок (до 95%) и оксида графена с небольшим отношением С:О 
(около 1,3). СЭМ-анализ среза композитной пленки GO-
SWNT показал, что пленка состоит из тонких слоев, распо-
ложенных вдоль поверхности пленки с ламинарной, доволь-
но плотной упаковкой. Мы выявили спектроскопическое 
проявление взаимодействия GO и SWNT в гибриде, оценили 
энергию взаимодействия между компонентами, обнаружили 
электропроводность в композитной пленке, хотя в пленке GO 
проводимость практически не наблюдалась. Также было 
показано, что в пленке SWNT и в композитной пленке пове-
дение температурной зависимости проводимости различно. 
Уменьшение проводимости с понижением температуры ука-
зывает на то, что эта зависимость аналогична наблюдаемой в 
полупроводниковых системах. 

Ключевые слова: оксид графена, одностенная углеродная 
нанотрубка, гибриды GO-SWNT, проводимость SWNT, УФ–
ИК спектроскопия, компьютерное моделирование. 
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