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A
hybrid film could be defined as a film
consisting of alternating layers of
different types of nanostructures

used as building blocks. These structures
could be ordered or randomly distributed
within each layer. For carbon materials, a
hybrid film could be based on graphene or
graphene oxide (GO) layers in conjunction
with carbon nanotubes (CNTs). If CNTs inter-
calate between each individual graphene
layer, the resulting hybrid filmsmay possess
enhanced physicochemical properties such
as high surface area,mechanical robustness,
and high electrical and thermal conduction,
among others. Therefore, this controlled
hybrid nanocarbon film fabrication has
been a topic of recent research, and these
films could be used in the fabrication of

supercapacitors,1 conducting electrodes,2

solar cell components,3 Liþ batteries,4 fuel
cells,5 and sensors.6

During the assembly of these carbon-
based films, there are two main challenges
to overcome: (1) the production of large
area hybrid films without using supports
or binders (e.g., polymer or silicon) and (2)
the synthesis of a homogeneous distribu-
tion of carbon nanotubes intercalated be-
tween individual graphene (or GO) sheets.
So far, multiple approaches have been at-
tempted with moderate success when fab-
ricating such hybrid films: filtration,7 casting
from inorganic solutions,8,9 electrophoretic
deposition,10,11 layer-by-layer (LbL) tech-
niques,12,13 and Langmuir�Blodgett tech-
niques.14 Unfortunately, many of these

* Address correspondence to
mterrones@endomoribu.shinshu-u.ac.jp,
mut11@psu.edu.

Received for review August 2, 2013
and accepted November 4, 2013.

Published online
10.1021/nn404022m

ABSTRACT We report the preparation of hybrid paperlike films

consisting of alternating layers of graphene (or graphene oxide) and

different types of multiwalled carbon nanotubes (N-doped MWNTs,

B-doped MWNTs, and pristine MWNTs). We used an efficient self-

assembly method in which nanotubes were functionalized with

cationic polyelectrolytes in order to make them dispersible in water,

and subsequently these suspensions were mixed with graphene

oxide (GO) suspensions, and the films were formed by casting/

evaporation processes. The electronic properties of these films (as produced and thermally reduced) were characterized, and we found electrical resistivities

as low as 3 � 10�4 Ω cm. Furthermore, we observed that these films could be used as electron field emission sources with extraordinary efficiencies;

threshold electric field of ca. 0.55 V/μm, β factor as high as of 15.19� 103, and operating currents up to 220 μA. These values are significantly enhanced

when compared to previous reports in the literature for other carbon nanostructured filmlike materials. We believe these hybrid foils could find other

applications as scaffolds for tissue regeneration, thermal and conducting papers, and laminate composites with epoxy resins.

KEYWORDS: graphene . MWNT . graphene oxide . hybrid films . field emission . paper technology
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methods are time-consuming and face various obsta-
cles during the processing because of the hydrophobic
nature of carbon nanotubes and hydrophilic properties
of GO (usually used as a precursor of graphene). To
overcome these difficulties, chemical modification is
used on either CNTs12 or on graphene oxide (or
reduced graphene oxide) sheets.15 However, if the
building blocks of these films quickly agglomerate,
their electrical, thermal, transport properties will de-
crease significantly. Although surfactant free proces-
sing has been reported very recently,16,17 all of these
approaches are usually time-consuming and impracti-
cal when scaling up.
It is well-known that GO suspensions could act as a

very good dispersing media of different carbon nano-
structures. Despite this, there are only few examples
reported in the literature that take advantage of these
properties in order to obtain self-assembled hybrid
carbon films.1,9,18�20

The use of polyelectrolytes has been successful to
prepare layer-by-layer (LbL) hybrid films when mixing
CNTs and GO sheets.13 When the LbL technique is
used, CNTs and GO nanosheets most of the time
require severe chemical functionalization with ionic
groups, thus making the electrostatic interaction
the driving force controlling the morphology of
the film during the self-assembly process.2,12,13

However, the production of these films using this

multistep method is again time-consuming and
difficult to scale up.
In this work, we introduce and explore an efficient and

facile self-assembly route to produce hybrid carbon films
(graphene�NT paper) consisting of intercalated layers
of individual multiwalled carbon nanotubes (MWNTs),
nitrogen-doped MWNTs (N-MWNTs), or boron-doped
MWNTs (B-MWNTs) with GO (or reduced GO;graphene),
in aqueous dispersions assisted by cationic polyelectro-
lytes. This method takes advantage of two facts: (1) GO
behaves as an anionic polyelectrolyte; thus by promot-
ing subsequent ionic interactions with cationic poly-
electrolyte functionalized CNTs in aqueous suspension,
it is possible to bind CNTs to GO sheets; and (2) GO
sheets tend to form stacked layered structures (e.g., 3-D
graphite) when the solvent is removed.21 In particular,
the use of cationic polyelectrolytes helps to break apart
CNT bundles, thus increasing the amount of individual
CNTs within suspensions. Since polyelectrolytes uni-
formly wrap CNTs, the anchorage of carbon nanotubes
on GO sheets becomes efficient when compared to
surfactants. Once the uniform aqueous suspensions are
obtained, it is thus possible to assemble these GO/CNT/
GO/CNT.../GO films after casting CNT/GO suspensions. It
is noteworthy that the polyelectrolyte functionalized
CNTs are electrostatically “anchored” to the GO sheets,
and when the solvent is removed from the system
(by evaporation), theGO sheets tend to adopt a layered

Figure 1. Schematics of the method developed in this work used to obtain hybrid films with different types of MWNTs
(in particular N-dopedMWNTs) and GO. Themethod consists in obtaining stable dispersions of CNTs andGO inwater (steps A
and B). Subsequently, these suspensions aremixed in a polar solvent to allow the interactions between CNTs andGO to occur
(step C). This suspension with both components is cast on a mildly hot surface in order to remove the remaining solvent and
allow the assembly of GO sheets with CNTs (step D). Finally the film could be reduced in order to obtain a stable reduced
graphene�NT hybrid film (step E).
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morphology leaving CNTs trapped in between the
layers, thus producing well stacked carbon hybrid
films. Finally, these films could then be thermally
reduced at high temperatures in order to obtain
novel reduced graphene�CNT hybrid films exhibiting
unprecedented properties (see Figure 1).

RESULTS AND DISCUSSION

After assembling the hybrid films from casting
the mixed water suspensions of GO and MWNTs
(MWNT, N-MWNT, or B-MWNT) they were character-
ized by different techniques. The micro-morphology of
the films is depicted in Supporting Information, Figure S1.
We noted that the films (hybrid paper) weremechanically
stable and could be bent without experiencing failure
(Figure S1a,b); they were twisted and bent and they could
recoil to their original shape (Figure S1c,d).
By SEM, it was observed that the different types of

MWNTs were randomly but uniformly distributedwith-
in different planes of the film; domains of aggregated
MWNTs were notably absent (Figure2A, Figure 3A,
Figure 4A). From SEM images, it was also possible to
observe that MWNTs were efficiently intercalated in
betweenGO layers (Figure2B, Figure 3B, and Figure 4B).
Themost important characteristic of these hybrid films
is that no CNT bundles were observed, thus confirming
that MWNTs were individually dispersed within the
hybrid films. In addition, the cross-sectional edge of the
hybrid paper revealed how carbon nanotubes were
efficiently intercalated within GO sheets. (Figure 2C,
Figure 3C, and Figure 4C) All these morphological
features clearly indicate the successful synthesis of
homogeneous hybrid paperlike films consisting of
CNTs and GO.

After the thermal reduction of the films at 800 �C
under an Ar flow, the morphology of the graphene�
CNT film samples did not change significantly
although the color turned from dark red brown to
silvery black (see Figure 5). After this reduction, some
MWNTs were exposed on the surface of the films but
the layer-by-layer structure was preserved (Figure 2D,
Figure 3D, and Figure 4D). We decided to carry out
the thermal reduction of the films for two reasons: (1)
to remove the binder molecules; in this case the
cationic polyelectrolytes used to enhance the inter-
actions of MWNTs in the GO sheets; and (2) to modify
the electronic properties of GO by reduction to gra-
phene, making it highly crystalline and electrically
conducting.
Raman spectra presented in the Supporting Infor-

mation (Figure S2) correspond to the pristine (as syn-
thesized) hybrid films as well as the thermally reduced
hybrid films. In all spectra, the D-band (1348 cm�1,
disorder vibrational mode due to the presence of non-
sp2-hybridized carbon atoms), G-band (1588 cm�1,
C�C stretching or tangential mode in graphitic
lattices), 2D-band (2724 cm�1), DþG (2918 cm�1) and
2D0 band (3151 cm�1) were clearly identified. The
presence of different types of MWNTs embeddedwith-
in the hybrid films caused (in all the cases) a blue shift
(∼2 cm�1) in the D-band, whereas the G-band experi-
enced a blue shift (∼3 cm�1) only when pristine
MWNTswere used; N- and B-MWNTs remainedwithout
change as shown in Table 1. The blue shift has been
reported as part of the layer�layer interactions mod-
ifying the electronic environment of graphene.22 We
believe that this very small shift could be explained
due to the charge transfer established between the

Figure 2. SEM images of MWNT/GO hybrid film: (a) pristine MWNT/GO film; (b and c) pristine film close up where only
individual MWNTs are observed; (d) higher magnification of the film after thermal reduction at 800 �C in Ar flow (MWNT/R-GO).
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polyelectrolyte-coated MWNTs with the GO sheets. We
also noted downshifts for N- andB-dopedMWNTs films
with GO. These downshifts confirm the n-type doping
induced by nitrogen atoms, and also indicate an n-type
doping in B-doped MWNTs GO systems caused by the
large concentrations of polyelectrolyte, which contains
N atoms.23 For all reduced samples using doped
MWNTs, the downshifts were slightly higher, thus
confirming the presence of n-type hybrid systems.
For pristine MWNT/GO hybrid films, there is a slight
increase in the ID/IG ratio, which could be indicative of

the formation of sp3-like hybridized carbon atoms
established between GO (or reduced GO) and the
MWNT walls. Note that the presence of non-sp2-
hybridized carbon atoms and dopants also breaks the
perfect hexagonal symmetry of graphene and results
in relatively large ID/IG ratios.

24 However, in our studies
we observed that pristine MWNT/GO hybrid films
exhibit the highest ID/IG ratios when compared to the
other dopedMWNTs and could be due to interconnec-
tions established between the GO, the polyelectrolyte,
and the MWNT surface.

Figure 3. SEM images of N-MWNT/GO hybrid film: (a) pristine N-MWNT/GO film; (b and c) pristine film close up where only
individual N-MWNT are observed; (d) close-up of the film after thermal reduction at 800 �C in Ar flow (N-MWNT/R-GO).

Figure 4. SEM images of B-MWNT doped/GO hybrid films (graphene-CNT powder): (a) pristine B-MWNT/GO film; (b and c)
pristine film close up where only individual B-MWNT were observed; and (d) high magnification of the film after thermal
reduction at 800 �C in Ar flow (B-MWNT/R-GO).
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It is also noteworthy that all hybrid films made with
MWNTs and GO exhibit an important red shift in the
2D-band. The decrease in intensity of the 2D-band is
related to the formation of structural defects (including
the presence of sp3 hybridized carbon atoms) within
the samples, which could be associated to the degree
of oxidation of GO.10,25 However, the intensity of these
band changes significantly when MWNTs are intro-
duced in the hybrid films. The value of the I2D/I(DþG)

ratio drastically decreases for MWNTs. Conversely, the
I2D/I(DþG) ratio increases in the hybrid film made with
N- and B-MWNTs (see Table 1).
When all the films were thermally reduced at 800 �C,

the Raman spectra of all the samples displayed
changes associated with the reduction of GO films.24

The ID/IG ratio increased in all cases. However for hybrid
films containing B-MWNTs, the change in the ID/IG ratio
is less evident (∼0.010) when compared to the GO film
or pristine MWNTs hybrid film (∼0.080). This slight
change can be due to the N or B dopants within
nanotubes, thus meaning that doping is preserved
after the thermal treatment of the paperlike films.
However, more relevant changes were observed in
the 2D-band, and these were related to the recovery
of the sp2 hybridized network in the reduced GO
sheets. (2) While the I2D/I(DþG) decreases for the
MWNTs/R-GO film, this ratio increases significantly for
B-MWNTs/R-GO and N-MWNTs/R-GO films (see Table 1).
Therefore, MWNTs/R-GO films exhibit a higher degree
of non-sp2 “defects” and it could be related to the

formation of interconnections established between
GO (or graphene) with MWNTs within the hybrid films.
Figure 6A shows the thermogravimetric analysis

(TGA) for all hybrid films as well as the control GO film;
heating rate of 20 �C/min in a helium�oxygen 80/20
mixture from room temperature to 1000 �C. Besides
the evident loss of water at the beginning of the
thermogram, two steps were clearly identified inwhich
a clear weight loss occurs (see Figure 6B). The first
weight reduction appears at ca. 200 �C for all films, and
it is associated to the exothermic process of GO
reduction.24,26 The second weight reduction corre-
sponds to the oxidation process of graphite-like ma-
terial present within the sample ca. 500 �C. Although it
is very difficult to distinguish between the CNT and
R-GO oxidation, this second loss is strongly influenced
by the presence of CNTs during the process. It is clear
that the pure GO film after reduction oxidizes very
homogeneously at ca. 550 �C; the oxidation peak is
sharp (Figure 6b). Interestingly, when doped MWNTs
are embedded in the hybrid film matrix, the oxidation
stability is significantly decreased. This is consistent
with the presence of noncarbon defects in doped
MWNTs.27 Here the films were oxidized at tempera-
tures below 550 �C (Figure 6b). It is important to point
out that N-MWNTs/GO burns like a homogeneous
material since it was only identified a single step in
the thermogram. This could be attributed to a better
interaction established between N-MWNTs and GO
within the hybrid paper-like material. In this context,
pristine MWNTs embedded in the hybrid film slightly
increased the oxidation stability probably due to the
establishment of covalent bonds (sp3-like defects; see
above) between the GO (or reduced GO) and MWNTs.
XPS analyses are shown in Figure 7 and Supporting

Information, Figure S3. Here, it is possible to witness
changes in the C and N bonding, with treated films
before and after the thermal reduction at 800 �C.
Figure 7 panels a�c show the C 1s core-level spectra
and their deconvolutions used to determine the dis-
tribution of carbon electronic environments before
reduction of each hybrid film studied in this work.
The deconvoluted C 1s core-level spectra provide

Figure 5. Hybrid paper macroscopic appearance after thermal reduction.

TABLE 1. Data Analysis Raman Spectroscopy

Raman shift (cm�1) Raman shift (cm�1)

sample D G ID/IG 2D GþD 2D/GþD

GO 1348 1588 0.904 2724 2918 0.895
RGO 1349 1588 0.982 2697 2915 0.875
MWNT/GO 1350 1591 0.980 2717 2920 0.778
MWNT/R-GO 1350 1586 1.063 2710 2918 0.867
N-MWNT doped/GO 1350 1588 0.903 2693 2920 1.000
N-MWNT doped/R-GO 1349 1586 0.914 2689 2919 1.125
B-MWNT doped/GO 1350 1588 0.914 2693 2920 0.882
B-MWNT doped/R-GO 1350 1581 0.930 2682 2923 1.267
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Figure 6. (a) Thermogravimetric analysis (TGA) of hybrid films in a helium�oxygen atmosphere (80:20) with a heating rate of
20 �C/min, and (b) first derivative (DTG) analysis of all hybrid films studied.

Figure 7. XPS spectra of different binding energies corresponding to the C 1s core-level: (a) pristine MWNT/GO film, (c)
pristine N-MWNTs/GO film, and (e) pristine B-MWNTs/GO film; (b) MWNT/R-GO film, (d) N-MWNTs/R-GO, and (f) B-MWNTs/
R-GO; all of them after thermal reduction at 800 �C in an Ar flow. Deconvoluted components are shown in color.
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details about the surface functional groups present in
MWNT/R-GO hybrid films, including sp2-hybridized
graphitic carbons (284.5 eV), sp3-hybridized saturated
carbons (∼285.0 eV), C�O (∼286.4 eV), CdO (∼287.8 eV),
and carboxyl groups (288.9 eV), which are all in good
agreement with previous works published in the
literature.2,28 It is clear from the C 1s core-level spectra
that oxidized species are abundant before the thermal
reduction, particularly carboxylic groups; and the sp2

hybridization concentration is low in all film cases.
The C 1s core-level spectra from pristine MWNT/GO
and N-MWNT/GO films have similar spectral shapes,
whereas the C 1s core-level spectrum only for the
B-MWNTs/GO film seems to be different. However
these differences could arise from the fact that the film
has another distribution of oxygen groups; it has also
to be considered, that the presence of the B�C bond
perhaps is modifying this binding energy plot.
After reduction (Figure 7 panels d�f) the C 1s core-

level spectra shows that oxidized species decrease
their concentration and the sp2 hybridization increases
(a typical behavior after reducing GO). No significant
differences were observed due to the presence of the
different types of MWNTs in the GO/MWNTs hybrid
materials. However these results confirm that the
thermal reduction, under the conditions described
above for hybrid materials, was indeed successful.
The N1s core-level spectra were also analyzed in

order to monitor N doping. These are depicted in
Supporting Information, Figure S3. Since different
cationic polyelectrolytes were used to obtain stable
dispersions of individual MWNTs, these cationic poly-
electrolytes (all of them containing amino groups),
were also present in the hybrid films and they en-
hanced electrostatic bonding interactions between
MWNTs and the GO sheets after casting. During the
thermal reduction treatment at 800 �C, it is expected
that these polyelectrolytes were carbonized in the
hybrid films. Since amino groups are present as part
of the polyelectrolytes, it is expected that some of
them could be incorporated as dopants within the
graphitic network. After careful analysis of the N1s
core-level spectra, it was clear that in all cases, nitrogen
is present within the hybrid films after casting, mainly
in the form of C�N bonding (see Supporting Informa-
tion, Figures S3A�C). This is clearly due to the presence
of cationic polyelectrolytes covering the nanotubes.
The amount of nitrogen in each film after thermal
reduction is different for each type of nanotube. The
origin of different nitrogen content within the hybrid
films could be explained in terms of the chemical
affinity established between carbon nanotubes and
the polyelectrolyte backbone experienced between
dopants already contained within tubes (e.g., nitrogen
or boron). Owing to this affinity, the amount of poly-
electrolyte attached to the carbon nanotubes is ex-
pected to be different. For example nitrogen-doped

carbon nanotubes exhibit less amount of polyelec-
trolyte due to the nitrogen atoms present in the tube
graphitic network, thus limiting the attachment of the
nonpolar backbone of the polyelectrolyte. However,
this effect is not expected for boron-doped or pristine
carbon nanotubes, and these tubes are capable of
immobilizing more polyelectrolyte chains with a sub-
sequent increase in the amount of nitrogen that gets
incorporated in the hybrid material after the thermal
reduction of the films. Because of this reason, after
the thermal treatment (see Supporting Information,
Figures S3D�F), those films were also doped with
nitrogen (MWNT/R-GO and B-MWNTs/R-GO), and
nitrogen was mainly found in the form of C�NdC.
This observation is due to decomposition of the poly-
electrolytes during the thermal treatment, thus part of
the nitrogen atoms got incorporated into the hybrid
films as dopants.
Table 2 summarizes the elemental composition of

the surface of the hybrid films before and after the
treatment (reduction). It is worthmentioning two facts:
First, the thermal reduction of the hybrid films was
successful as indicated by the decrease of oxygen from
around 30% to less than 12% in the reduced hybrid
films, and even below 5% (B-MWNTs/R-GO). Second,
nitrogen is present within films due to the presence of
polyelectrolyte.
We carried out electrical conductivitymeasurements

using the PPMS equipment, and also evaluated the
electron field emission performance of the reduced
films under vacuum.
From the resistivity measurements at room tem-

perature we recorded resistivity values of 4.26 �
10�3 Ω cm for reduced pristine R-GO, whereas hybrid
film containing MWNTs structures exhibited 0.30 �
10�3 Ω cm, 9.45 � 10�3 Ω cm, and 2.04 � 10�3 Ω cm
for MWNTs/R-GO, N-MWNT/R-GO and B-MWNTs/R-GO,
respectively; note that films consisiting of pristine
MWNTs only exhibit resistivity values of 0.13 Ω cm.
These low-resistivity values indicate that the incorpora-
tion of MWNTs could indeed enhance the electrical
conductivity of R-GO; similar values have been re-
ported for R-GO by Becerril and co-workers as well as
Korkut and co-workers.29,30 Supporting Information,
Figure S4 shows all the resistivity data fitted using

TABLE 2. Elemental Composition before and after

Thermal Reduction Obtained by XPS

before thermal reduction (%) after thermal reduction (%)

sample carbon oxygen nitrogen carbon oxygen nitrogen

MWNT/GO 71.8 27.5 0.7 88.8 11.2
N-MWNT/GO 67.8 31.9 0.3 90.9 8.7 0.4
B-MWNT/GOa 71.7 28.1 0.1 94.6 3.4 0.9

a In this film the remaining percentage corresponds to the boron content due to the
B-MWNT.
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the variable range hopping model for Coulomb-gap
variable range hopping, two-dimensional (2D-VRH)
and three-dimensional (3D-VRH). The R-GO samples
follow the variable range hopping model for two
dimensions (2D-VRH) (see Supporting Information,
Figure S4B), and when MWNTs are intercalated in the
sheets, there is a strong-localization due to the disper-
sion of carbon nanotubes within the R-GO matrix
resulting in Coulomb-gap VRH for temperatures rang-
ing from 2 K to 300 K, 2 K to 50 K, and 2 K to 10 K for
MWNT/R-GO, N-MWNTs/R-GO, and B-MWNT/R-GO, re-
spectively (see Supporting Information, Figure S4A).
Coulomb-gap VRH has been observed for disordered
carbon nanostructures, such as fluorinated graphene
and graphene nanoribbons.31�35 In our case, the dif-
ferent MWNTs used could disrupt the continuity within
the R-GO film, as well as the interface interactions
established between MWNTs and R-GO. At tempera-
tures of ca. 300 K, we obtained activation energies of
965, 394, 2560, and 2580 meV for R-GO, MWNTs/R-GO,
N-MWNTs/R-GO, and B-MWNTs/R-GO, respectively.
From these results we found that (1) initially, pristine
R-GO films behave like a 2D-VRH semiconductor;
(2) MWNT/R-GO films exhibit a lower resistivity and
activation energy possibly due to the good interface
interaction between MWNTs and R-GO (mediated

by the polyelectrolyte). This is also reflected in the
homogeneous VRH behavior measured (2�300 K); (3)
N-MWNTs/R-GO films exhibit a higher resistivity and
activation energy than those observed for R-GO at
room temperature. It has been shown by other groups
that N doping may decrease the electrical resistivity;
however, below certain nitrogen content the resistivity
may also increase.36,37Another explanation for the low
electrical transport is the strong variations in the
charge distribution near the nitrogenated sites,38,39

which affect negatively the resistivity of the N-MWNTs/
R-GO hybrid films. However, at low temperatures
(<20 K) the N-MWNTs/R-GO film exhibits the steepest
slope for Coulomb-gap VRH (see Supporting Informa-
tion, Figure S4A); here the nitrogen atoms may stop
acting as electron-localization sites and could contri-
bute to the electrical conductivity; (4) B-MWNT/R-GO
films exhibit the highest activation energy, ca. 300 K,
and steepest slope for Coulomb-gap VRH (see Support-
ing Information, Figure S4A), possibly because B has
one electron less when compared to C and the charge
density in the vicinity may favor electron localization.
The field emission of these reduced films was also

measured (see Figure 8). We followed the procedure
described by Perea-Lopez, N., et al.40 The experi-
ment consists of carefully mounting the hybrid film

Figure 8. (a) SEM image of R-GO sheet shaped and mounted as a field emitter perpendicular to a conductive base and a
simplified schematic of the FE setup, (b) V�I plots of the different R-GO and R-GOþCNTs sheets used as electron emitters
wheremaximumcurrents as high as 220μAwere registered. (c) J�Eplotswhere the thresholdfield (ETh) canbe extracted from
the intersection of each plot with the current density value of 10mA/cm2 (JTh). (d) Fowler�Norheim plots for all the R-GO film
samples used to calculate each slope (s) to evaluate the corresponding field enhancement factor (β).
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perpendicularly on a substrate (cathode) as shown in
Figure 8a. This sample is introduced in a vacuum
chamber at 10�8 Torr, and then the anode plate is
moved to have a fixed vacuum gap of 1 mm between
the emitter tip and the anode. The field emission
properties including the threshold field (ETH) and the
field enhancement factor (β) were determined from
the J�E plots shown in Figure 8 panels c and d, and are
also depicted in Table 3. From the Fowler�Norheim
(F�N) model, the field enhancement factor, β, was
obtained. This factor relates the local field at the
emitter tip with the macroscopic field. Experimentally,
β could be extracted by measuring the slope (s) of the
linear region in the F�N plot by using the expression:

β ¼ �Bj3=2d=s

where the constant B = B = 6.83� 109 V eV3/2 m�1, j is
the work function, and d is the electrode separation
distance.40,41 To find the values in the expression
described above, we assume the work function of
graphitic carbon (j = 5 eV), and d = 1 mm, which is
the vacuum gap between the emitter and the anode
during the field emission experiment.
By observing the field emission behavior of the

vertically tested R-GO hybrid films, it is possible to
notice that in the presence of nanotubes the threshold
field values are significantly smaller (way below 1 V/μm)
than that of the pure R-GO film (∼1.16 V/μm). It
means that they reach higher current densities with
smaller applied electric field. The data showed that the
hybrid reduced film with pristine MWNTs (MWNTs/
R-GO) is the best emitter. The field enhancement factor
was ca. 15.19 � 103 and the threshold field is ca.

0.55 V/μm. This result is consistentwith the determination
of resistivity values. The simplicity of making these films
in addition to the easy way to make the emitters open
up various possibilities to use ourMWNTs/R-GO films as
efficient field emitters in the fabrication of efficient
light bulbs and flat panel and flexible displays. How-
ever, further research is needed along this direction in
order to get a final emitter design based on R-GOþ
MWCNTs hybrid films.
According to the morphology of the hybrid film

edge (Figure 2a), where individual nanotubes are
neatly exposed, it is expected that the global electron
emission from the film's emitting edge is a contribution
of the individual carbon nanotubes that act as indivi-
dual and very efficient field emitters. Such a phenom-
enon is promoted by a multistage field enhancement
effect as that observed by Huang and co-workers.42

CONCLUSIONS

Hybrid films consisting of MWNTs (pristine and
doped) together with GO were successfully prepared
in water solutions using cationic polyelectrolytes and
GO suspensions. The use of nitrogen-containing cat-
ionic polyelectrolytes resulted in the doping of the films
after thermal reduction. The method appears to be
very advantageous in order to obtain a layered struc-
ture consisting of intercalated nanotubes within gra-
phene sheets. After thermal reduction at 850 �C, the
films retained the layered structure and their electronic
properties were significantly enhanced due to the
presence of MWNTs. These films not only possess a
better electronic conduction but also seem to be
excellent candidates for fabricatingefficientfieldemission
sources operating at low turn-on voltages, even better
than standard CNTs. We strongly believe that our paper-
like hybrid films could find important applications in the
fabrication of Li-ion batteries43 or supercapacitors owing
to the possibility of having a three-dimensional conduc-
tive network for efficient charge transfer where the ions
can have access since reduced graphene oxide cannot be
restacked due to the presence of carbon nanotubes in
between.Additional applications canbe found inpolymer
composites and gas sensors, among others.

MATERIALS AND METHODS

Carbon Nanotube Synthesis. MWNTs and N-MWNTs were syn-
thesized by the thermal decomposition of a solution containing
6 wt % ferrocene (Wako) in 94 wt % toluene or benzylamine,
respectively. Both reagents were from Wako Chemicals and
they are used as received in the synthesis of MWNTs by
chemical vapor deposition (CVD) at atmospheric pressure as
has been described elsewhere.44,45 The MWNT synthesis was
carried out at 825 �C in an Ar flow (2.5 L/min), while N-doped
MWNT synthesis occurred at 850 �C in Ar flow aswell (2.5 L/min).

B-doped MWNTs were synthesized as follows: The synthesis
of carbon nanotubes was carried out in a vertical tubular reactor
using ferrocene as a catalyst precursor, toluene as carbon

feedstock, and hydrogen as carrier gas in a semicontinuous
system. A toluene solution containing a ferrocene compound
(2�3 wt%) was fed into the reactor (diameter = 165 mm) with a
rate of 25 g/min using a microfeeding pump. The reaction
temperature was approximately 1200 �C. The as-synthesized
tubes were mixed with boric acid (5 wt %) and then the mixture
was thermally treated up to 2400 �C using a graphite furnace in
an argon atmosphere

Graphene Oxide Synthesis. This material was synthesized from
intercalated graphite (Wako), and a subsequent chemical oxida-
tion described by Gilje et al.46 This material was exhaustively
washed with deionized water and then freezed dried in order to
remove most of the trapped water.

TABLE 3. Dimensions of the Films and Threshold Field

Values for the Reduced Hybrid Film Samples

sample

length

(mm)

thickness

(μm)

threshold field

(V/μm) β

R-GO 4.0 5.7 1.16 8.64 � 103

N-MWNTs/R-GO 3.7 4.1 0.63 14.38 � 103

B-MWNT/R-GO 4.5 7.7 0.67 13.80 � 103

MWNTs/R-GO 4.0 4.2 0.55 15.19 � 103
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Polyelectrolyte Functionalization. A simple route to functiona-
lize MWNTs (pristine and doped) involved the use of cationic
polyelectrolytes.47�50 In particular, cationic polyelectrolytes
allow a good dispersion of MWNTs in water. In addition, this
method is able to efficiently debundle CNTs so that they
become uniformly dispersed in the aqueous medium.

The procedure employed to carry out the polyelectrolyte
functionalization involved 10 mg of MWNTs (SWNTs, DWNTs,
N-doped MWNTs, and B-doped MWNTs) treated as follows. (1)
The nanotube material was first thermally treated by an abrupt
heating at 800 �C in an oxidative atmosphere (flowing air;
0.5 L/min) in order to remove amorphous carbon and remaining
impurities from their surface (e.g., solvents, hydrocarbons, etc.).
It is expected that the surface of MWNTs would become slightly
oxidized after this treatment, thus providing some additional
anchoring sites that allow functionalization with cationic poly-
electrolytes. (2) The resulting material was sonicated in water
(HD 2070 ultrasound equipment) in order to obtain a homo-
geneous dispersion of MWNTs. This suspension was added
drop by drop to a 2 mg/mL cationic polyelectrolyte solution
(MWNT to polyethylenimine, Mw 60 000 � 70 000 Sigma-
Aldrich; MWNT-N doped to polyallylamine, Mw 17 000; and
MWNT-B doped with chitosan, medium Mw) under sonication
in an ultrasonic bath. The latter process allowed the bundle
fragmentation and results in homogeneous CNT dispersions
functionalized with the cationic polyelectrolytes. (3) These CNTs
were then washed by centrifugation�redispersion cycles in
order to remove the excess cationic polyelectrolyte.

Hybrid Film Assembly. Once a stable suspension of 10 mg of
polyelectrolyte functionalized CNTs (MWNTs, N-doped MWNTs,
and B-doped MWNTs) is obtained, it is mixed drop by drop in
0.05 g/mL graphene oxide suspension under sonication. This
mixture is kept under sonication for 30 additional minutes to
allow a better intercalation of individual CNTs between indivi-
dual GO sheets. Subsequently, this mixture was cast on a Teflon
surface heated at 60 �C until a thin film is formed and could be
easily detached from the surface. A blank sample consisting of a
GO film was also prepared using the same procedure for
comparative purposes. All films were thermally reduced at
800 �C under an Ar flow in order to produce the desired reduced
graphene�CNT�reduced-graphene�CNT... hybrid films.

Hybrid Film Characterization Techniques. Pristine and thermally
reduced hybrid films were characterized using different tech-
niques: dynamic force microscopy (DFM), scanning electron
microscopy (SEM, JEOL JSM-6335F), transmission electron mi-
croscopy (TEM), Raman spectroscopy (Renishaw Microraman,
532 nm line), thermogravimetric analysis (TGA, Rigaku Thermo-
Mass Photo), X-ray photoelectron spectroscopy (XPS, Axis-Ultra,
Kratos, Mg KR line) and electrical resistivity (Cryogenic Probe
Station, Lake Shore). After the films were thermally reduced,
they were tested in order to determine their electrical transport
(using a Physical Property Measurement System, PPMS) as well
as their electron field emission properties, which was described
by Perea-López et al.40 All these techniques provide relevant
and complementary information regarding these novel hybrid
films including morphology, chemical composition and func-
tional groups, air oxidation stability, electronic properties, etc.
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