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W
ith their unique and novel prop-
erties, carbon nanomaterials, in-
cluding carbon nanotubes, car-

bon fibers, and graphenes, have generated

a great deal of interest in academia and in-

dustry. Among them, graphene, a single

layer of two-dimensional carbon lattice, has

recently emerged as a promising novel

nanomaterial with its remarkable electrical,

chemical, and mechanical properties.1,2

While earlier fundamental studies have

been initiated from the micromechanical

cleavage of highly crystalline graphite for

generation of high-quality graphene

sheets,2 recent efforts are geared toward

producing the graphene sheets in a con-

trolled, scalable, and reproducible manner.

For example, suspensions of stable

graphene oxide (GO) can be readily ob-

tained by ultrasonication of chemically oxi-

dized graphite oxide, offering the potential

of creating large-scale graphene thin films.3

A number of approaches have been made

to assemble these well-dispersed oxidized

or chemically reduced graphene oxide

nanosheets into thin films with tailorable

properties and architectures, including

vacuum filtration,4�8 Langmuir�Blodgett

assembly,9,10 and direct chemical vapor

deposition.11�13 Although this recent

progress presents facile routes for fabrica-

tion of thin films composed of exclusively

graphenes, it continues to be a challenging

endeavor to realize a nanoscale uniform

blend of hybrid structure of graphene

nanosheets with other nanomaterials in a

well-defined composition and structure. In

that regard, Yang and co-workers have re-

cently demonstrated the successful hybrid-

ization of chemically converted graphenes

with carbon nanotubes in a solution pro-
cess for a potential polymer solar cell appli-
cation.14

Alternatively, one simple and versatile
method to assemble hybrid graphene struc-
ture is using layer-by-layer (LbL) assembly,
as it can create highly tunable, conformal
thin films and functional surfaces with
nanometer-scale control over the film com-
position and structure.15,16 LbL assembly
can also allow the incorporation of diverse
nanostructures, including carbon nano-
tubes, nanoparticles, polymers, and biomol-
ecules in a single platform, each with a dis-
tinct structure and composition by the
choice of materials and controlling the se-
quence of layering.17�20 The integration of
graphenes into multilayer thin films has
been recently demonstrated with LbL tech-
niques but are limited to the hybrid struc-
tures with polymers.21�23
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ABSTRACT We developed a simple, versatile method of integrating hybrid thin films of reduced graphene

oxide (RGO) nanosheets with multiwalled carbon nanotubes (MWNTs) via LbL assembly. This approach involves

the electrostatic interactions of two oppositely charged suspensions of the RGO nanosheet with MWNTs. This

method affords a hybrid multilayer of graphenes with excellent control over the optical and electrical properties.

Moreover, the hybrid multilayer exhibits a significant increase of electronic conductivity after the thermal

treatment, producing transparent and conducting thin films possessing a sheet resistance of 8 k�/sq with a

transmittance of 81%. By taking advantage of the conducting network structure of MWNTs, which provides an

additional flexibility and mechanical stability of RGO nanosheets, we demonstrate the potential application of

hybrid graphene multilayer as a highly flexible and transparent electrode. Because of the highly versatile and

tunable properties of LbL-assembled thin films, we anticipate that the general concept presented here offers a

unique potential platform for integrating active carbon nanomaterials for advanced electronic, energy, and sensor

applications.

KEYWORDS: graphene oxide nanosheets · carbon nanotubes · layer-by-layer
assembly · transparent conducting electrode · flexible film
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In this article, we present a simple, novel strategy

for creating multilayered thin films of highly conduct-

ing reduced graphene oxide (RGO) nanosheets with

multiwalled carbon nanotubes (MWNTs) via LbL assem-

bly. Specifically, we have constructed hybrid multi-

layers employing the electrostatic interactions between

positively charged MWNTs and negatively charged ex-

foliated nanosheets of RGO (Figure 1). The integration

of MWNTs not only provides the electronic conductiv-

ity but also affords mechanical flexibility of the hybrid

film, allowing the electronic contact of graphene

nanosheets by bridging the gaps between graphene

sheets. We demonstrated furthermore that the as-

sembled hybrid multilayer can be utilized as a flexible,

transparent conducting electrode possessing high elec-

trical conductivity and transparency while allowing sig-

nificant flexibility. Although there have been ap-

proaches to coupling the unique properties of carbon

nanotubes and/or graphenes with the versatility of LbL

assembly for electronic applications,23�26 this system is

unique in that the multilayer thin films consist of carbon

nanomaterials exclusively. This is important because

we can take advantage of the unique properties of car-

bon nanomaterials without incorporation of other or-

ganic materials that can potentially sacrifice the intrin-

sic electrochemical or electronic properties of carbon

nanomaterials; we can also integrate active carbon

nanomaterials with other nanomaterials at a nanoscale

precision for fine-tuning the electrical and optical prop-

erties of the transparent electrodes for future

optoelectronics.27,28

According to the modified Hummers method,29 we

have prepared graphene oxide suspensions from com-

mercially available graphite powder, followed by soni-

cation for exfoliation of graphite oxide to graphene ox-

ide (GO) suspension. The chemical functional groups

introduced on the surface of the graphene oxide sheet,

such as carboxylic acids (COOH), render the prepared

GO negatively charged (GO�COO�). Chemical reduc-

tion of GO suspension was carried out by adding hydra-

zine in the presence of ammonia to prevent the aggre-

gation of the resulting RGO suspension.6 As determined

by �-potential measurement, the prepared RGO suspen-

sion exhibited a fairly good colloidal stability (�55 mV

at pH 10) (Figure 1B) and remained clearly dispersed for

more than a month without noticeable aggregation.

The RGO sheets show a broad lateral size distribution

of 0.5�2 �m with a clear view of graphene edges by

atomic force microscopy (AFM) (see Supporting Infor-

mation). In parallel, positively charged MWNTs were

initially prepared from the oxidation of MWNTs in

the presence of strong acids to afford MWNTs func-

tionalized with carboxylic acids (MWNT�COOH).

Subsequently, introduction of amine groups (NH2)

onto the surface of MWNT�COOH was achieved

through the reaction between carboxylic acids and

excess ethylenediamine mediated with N-ethyl-N=-

(3-dimethylaminopropyl)carbodiimide methiodide

(EDC). This leads to a positively charged MWNT sus-

pension (MWNT�NH3
�) that is stable over a wide

span of pH conditions (Figure 1B). X-ray photoelec-

tron spectroscopy (XPS) further supports the pres-

Figure 1. (A) Schematic representation of hybrid LbL multilayer of MWNTs and RGO; (B) pH-dependent �-potential of
chemically functionalized MWNT�NH3

� and RGO�COO� suspensions; (C) UV/vis growth profile of (MWNT/RGO)n multi-
layer. (Inset) Absorbance at 268 nm with the number of bilayers (n). Note that the dimension of MWNTs and RGO is not to
scale.

A
RT

IC
LE

VOL. 4 ▪ NO. 7 ▪ HONG ET AL. www.acsnano.org3862



ence of the reactive functional groups on the sur-
face of the MWNT, such as amide (402 eV) and amine
groups (400 eV) (see Supporting Information).

On the basis of the electrostatic interactions, mul-
tilayer thin films were assembled by repeatedly spin-
coating the suspensions of MWNT�NH3

� and
RGO�COO� on a planar silicon wafer or quartz slide
to afford the multilayer in the architecture of
(MWNT/RGO)n (n � number of bilayers).30 We moni-
tored the linear growth of multilayers by the gradual
increase of characteristic UV/vis absorbance of RGO
within the film (�max � 268 nm) (Figure 1C), which
also indicates the successful reduction of GO.6 More-
over, the transmittance of the hybrid film at 550
nm was easily adjustable by assembly parameters
such as concentration, pH, and spin-assembly condi-
tions (see Supporting Information). In particular,
upon decreasing the pH of MWNT suspensions from
6.5 to 3.5 at fixed pH of RGO (pH 10), we found that
the thickness of a 5 bilayer film measured by ellip-
sometry decreases from 14 to 11 nm. This is due to
charge increase of amine groups in MWNT�NH3

� by
lowering pH, leading to less adsorption on the nega-
tively charged RGO�COO� layer to balance the sur-
face charges. This pH-tailorable behavior of LbL thin
films is similarly observed with weak polyelectro-
lytes such as poly(acrylic acid) and poly(allylamine
hydrochloride), where pH can alter the degree of
ionization of weak polyelectrolytes, eventually lead-
ing to differences in film thickness and morphology
of the resulting LbL films.31 It is also suggested that
the interpenetration of carbon nanotubes may play
an important role in influencing the adsorption with
respect to the charge density along the carbon
nanotubes.19

We demonstrated furthermore that the assembled
hybrid multilayer can be utilized as a transparent con-

ducting electrode possessing high electrical conductiv-
ity with varying transparency. In comparison to the
electrically conducting RGO, we also considered using
unreduced GO to prepare the hybrid film of (MWNT/
GO)n and evaluated the effect of chemical and thermal
reduction methods in terms of increasing the conduc-
tivity of the resulting hybrid multilayer without sacrific-
ing the transmittance of the films. The hybrid multilayer
of (MWNT/GO)n was similarly assembled by the LbL ap-
proach using GO�COO� suspensions instead of
RGO�COO�.

As reported previously, high-temperature graphiti-
zation is known to be the most effective in deoxygenat-
ing the graphene film and restoring its conductivity.32

We have therefore investigated the effect of thermal
treatment in order to increase and restore the conduc-
tivity of the hybrid multilayer, a prerequisite for a large-
scale transparent conducting electrode (Figure 2). The
conductivity of both (MWNT/RGO)n and (MWNT/GO)n

hybrid films was determined by measuring a sheet re-
sistance (Rs) of the film with a four-point probe. As ex-
pected, the (MWNT/RGO)n multilayer exhibited a mea-
surable conductivity after the film deposition becomes
uniform over the areas (�2 bilayer), while (MWNT/GO)n

film did not display a measurable conductivity (too
high to measure Rs) until there were 6 bilayers, possi-
bly due to the large number of structural defects
present in GO and the low degree of percolation net-
work created by MWNTs. The sheet resistance values
gradually decreased with the number of bilayers ow-
ing to the increased connectivity of graphene sheets
and carbon nanotube networks, as shown in the scan-
ning electron microscopy (SEM) images (see Figure 3).
Upon mild thermal treatment at 150 °C, the sheet resis-
tance of the as-assembled (MWNT/RGO)n multilayer
shows an order of magnitude decrease, while that of
the (MWNT/GO)n multilayer decreases only modestly

Figure 2. (A) Function of sheet resistance vs transmittance changes of hybrid films after thermal treatment. Number on the
symbol represents the number of bilayers (n). (B) Transmittance of hybrid films as a function of number of bilayers (n) un-
der different thermal treatment. Solid squares represent (MWNT/RGO)n films, and open circles represent (MWNT/GO)n films.
Black line corresponds to as-assembled film, blue is for films treated with mild temperature (150 °C in vacuum for 3 h), and
red corresponds to films with high-temperature treatment (1000 °C in H2 for 30 min). Transmittance was measured at 550 nm,
and a sheet resistance was measured with a four-point probe.
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(Figure 2A). The modest thermal treatment is particu-

larly useful when applying this hybrid film to be fully

compatible with a flexible substrate such as poly(ethyl-

ene terephthlate) (PET). However, in order to create

multilayers of RGO with the highest electrical conduc-

tivity, we have further treated the hybrid multilayers un-

der reductive environments at high temperature

(1000 °C, H2, 30 min). This results in a significant de-

crease of sheet resistance for both multilayers; for ex-

ample, a (MWNT/RGO)6 film with a thickness of 11 nm

exhibits a sheet resistance of 8 k�/sq with a transpar-

ency of 81% (Figure 2A). In comparison to previously re-

ported values of a few layers of chemically reduced

GO films with a sheet resistance of ca. 4 M�/sq33 and

102�103 �/sq after annealing at 1100 °C,32 this hybrid

multilayer of MWNTs and RGO gives a similar level of

conductivity. XPS study further indicates that the highly

enhanced electrical conductivity after the heat treat-

ment is due to the restoration of sp2 nature of graphene

(Figure 4). In parallel to the increase of conductivity,

we found that the high-temperature treatment gener-

ally decreases the transmittance of the (MWNT/RGO)n

film by 1.3%, while that of the (MWNT/GO)n film dimin-

ished considerably (8%) upon post-thermal treatment

(Figure 2B).

With the restoration of sp2 nature of graphene,

the transmittance tends to decrease in general; how-

ever, this effect is more pronounced in the case of

the unreduced (MWNT/GO)n multilayer. Taken to-

gether, the (MWNT/RGO)n multilayer exhibits a high

conductivity with a predictable transmittance upon

thermal treatment. The significantly enhanced con-

ductivity of (MWNT/RGO)n hybrid films compared to

(MWNT/GO)n arises from a more complete reduction

Figure 3. Representative surface morphology of a hybrid multilayer of (MWNT/RGO)n and (MWNT/RGO)n. (A,B) AFM
image of as-assembled (MWNT/RGO)1 multilayer with corresponding surface profile. (C) SEM image of as-assembled
(MWNT/RGO)5 multilayer; (inset) high-resolution image. (D) (MWNT/RGO)5 multilayer after thermal reduction at 1000
°C under H2. (E) SEM image of as-assembled (MWNT/GO)5 multilayer and (F) (MWNT/GO)5 multilayer after chemical
treatment with hydrazine.
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of GO in the solution phase before the deposition,
and this finding suggests that, through further pro-
cess optimization, RGO hybrid films could become
an attractive candidate for a large-scale transparent
conducting film.

The surface morphology of the hybrid multilayer
was observed by AFM and SEM (Figure 3). As illus-
trated in Figure 3A, the one bilayer film consists of
a few overlapping sheets of RGO with MWNTs scat-
tered on the surface. As the deposition progresses,
the entire film displays graphene nanosheets that
are overlayering with a randomly distributed perco-
lating network of MWNTs (Figure 3C,D). This is simi-
larly observed in the control (MWNT/GO)5 film as well
(Figure 3E). We observed that the film morphology
did not change significantly after the thermal reduc-
tion process except the edges of the graphene
nanosheets became less distinct after high-
temperature treatment, suggesting that the
graphene sheets have merged together with the res-
toration of the structures. In contrast, the (MWNT/
GO)5 film undergoes a dramatic change in morphol-
ogy of the graphene sheet after chemical reduction
by hydrazine, as similarly observed in a previous re-
port (Figure 3F).32

XPS studies were employed to monitor the progress
of characteristic binding energy of C1s peaks corre-
sponding to the hybrid multilayers under different
chemical and thermal treatment (Figure 4). The decon-
voluted C1s spectra provided detailed surface func-
tional groups present on the MWNT and RGO, includ-
ing sp2-hybridized graphitic carbons (284.5 eV), sp3-
hybridized saturated carbons (285.0 eV), C�O (286.4
eV), CAO (287.8 eV), amide (288.1 eV), and carboxyl
groups (288.9 eV), which are all in good agreement with
previous works.34 In general, the relative intensities of
each peak vary upon post-treatment (either by chemi-
cal or thermal) with a clear demonstration of the resto-

ration of the graphitic sp2 carbon peak. Furthermore,
upon chemical reduction of the (MWNT/GO)5 multi-
layer, the carboxyl groups decrease, consistent with ob-
servations made previously, and suggest that reduc-
tion of GO has taken place successfully.23 After the
hydrazine reduction or mild thermal treatment, the
multilayer still contains a small amount of nitrogen spe-
cies, attributable to either the presence of covalently at-
tached nitrogen functional groups on MWNTs as well
as surface-attached hydrazine onto graphene sheets by
chemical reactions, such as epoxide ring opening.35 On
the other hand, we could not observe any signature of a
nitrogen peak after the high-temperature treatment, in-
dicating that all nitrogen-containing functional groups
(amines and amides) have evolved from the surfaces of
MWNTs, possibly in the form of N2 gas. Interestingly,
the oxygen-containing groups are not completely re-
moved even after the high-temperature treatment, as
also observed by Chhowalla and co-workers.34 It is also
of note that the broad 	�	* satellite peak (290.6 eV) is
visible in both hybrid multilayers.34

Consistent with the XPS data, the Raman spectra dis-
played characteristic features of chemically functional-
ized MWNTs and GO, including D (1346 cm�1, disorder
due to sp3 carbon bonds), G (1596 cm�1, C�C stretch-
ing in graphitic lattice), and 2D modes (2698 cm�1) (see
Supporting Information). The relative area ratio of the
D to G peaks obtained (ID/IG) was used to provide infor-
mation of structural defects present in the hybrid mul-
tilayer.36 As-prepared hybrid multilayers of (MWNT/
RGO)5 show ID/IG of 1.66 
 0.12, and that for (MWNT/
GO)5 was 1.82 
 0.03. With the progress of post-thermal
treatment, these values decreased modestly to 1.59 


0.03 for (MWNT/RGO)5 and 1.68 
 0.14 for (MWNT/GO)5

because of the increased cluster size of sp2 carbon, con-
sistent with previous studies.34 In addition, the 2D band
becomes more pronounced with high-temperature
treatment, further proving the prominent recovery of

Figure 4. High-resolution C1s XPS spectra of hybrid multilayer of (A) (MWNT/RGO)5 and (B) (MWNT/GO)5 multilayers under
different post-treatments. The fraction of sp2 carbon is indicated in each figure.
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the sp2-hybridized network within the graphene sheets,
in accord with the decrease in transmittance presented
above.

A unique feature of these LbL-assembled hybrid
films of (MWNT/RGO)n can be further demonstrated by
use of a flexible substrate such as PET. We compared
the resistance changes of our hybrid (MWNT/RGO)25

multilayer coated on PET with a commercial ITO-coated
PET under forced bending experiments (Figure 5). Al-
though our (MWNT/RGO)25 multilayer coated on the
PET substrate exhibits a relatively higher sheet resis-
tance of 57 k�/sq after mild thermal treatment (150 °C,
vacuum for 3 h), its electrical conducting properties
are maintained under excessively bending conditions
(90° bending angle corresponds to approximate tensile
strain of 6.3%) and retained the initial values over mul-
tiple cycles (100 cycles). This is in marked contrast with
ITO-coated PET, which undergoes irreversible loss of
electrical conductivity with the increased level of cracks
in the rigid inorganic nanostructure of ITO upon bend-
ing the substrate. The superior flexibility of hybrid
(MWNT/RGO)n films stems from the presence of the net-
work structure of MWNTs, which provides additional
flexibility and mechanical stability of RGO nanosheets
by conductively bridging the nanosheets. We believe
this finding will provide the basis for development of

hybrid graphene films for future large-area transparent

and flexible electrode applications.

CONCLUSION
In summary, we have developed a novel method of

integrating hybrid thin films of RGO nanosheets with

MWNT via LbL assembly. This approach employs the

electrostatic interactions of two oppositely charged sus-

pensions of RGO nanosheets with MWNTs. This method

affords a hybrid multilayer of (MWNT/RGO)n with excel-

lent control over the optical and electrical properties.

Moreover, the hybrid multilayer exhibits a significant in-

crease of electronic conductivity after the thermal treat-

ment, producing transparent and conducting thin films

possessing a sheet resistance of 8 k�/sq with a trans-

parency of 81% at 550 nm. Furthermore, we demon-

strated the application of the assembled hybrid

graphene thin film as a flexible electrode, which will en-

able the assembly of a graphene-based electrode in a

scalable, large-area transparent and flexible electrode.

Because of the highly versatile and tunable properties

of LbL-assembled thin films, we anticipate that the gen-

eral concept presented here offers a unique potential

platform for integrating active carbon nanomaterials for

advanced electronic, energy, and sensor applications.

METHODS

Preparation of Negatively Charged RGO and Positively Charged MWNTs.
Graphite oxide was synthesized from graphite (BayCarbon) by a
modified Hummers method and exfoliated to give a brown dis-
persion of graphene oxide (GO) under ultrasonication. The re-
sulting GO suspension (10.0 mL, 0.50 mg/mL) was mixed with
10.0 �L of hydrazine solution (35 wt % in water, Aldrich) and 70.0
�L of ammonia solution (30%, Samchun). After stirring for 10
min, the reaction mixture was heated to 95 °C for 1 h to afford

the reduced graphene oxide (RGO) nanosheets used in this
study. Positively charged MWNTs were synthesized according
to the published protocol with a modification.19 Carboxylic acid
functionalized MWNTs (Hanwha, CM 100) were prepared with
strong acid treatment using H2SO4/HNO3 at 70 °C for 2 h. The sus-
pensions of carboxylated MWNTs (80 mL, 0.50 mg/mL) were re-
acted with excess ethylenediamine (8.0 mL) under stirring for 5 h
in the presence of 800 mg of N-ethyl-N=-(3-
dimethylaminopropyl)carbodiimide methiodide (EDC, 98%, Alfa
Aesar). The resulting suspension was dialyzed (MWCO

Figure 5. Bending experiment of hybrid multilayer film deposited on a flexible PET. (A) Changes of surface resistance of
(MWNT/RGO)25 coated on PET and ITO-coated PET under different bending angles with an experimental setup. (B) Image of
(MWNT/RGO)25 hybrid thin film on a PET substrate after mild thermal treatment.

A
RT

IC
LE

VOL. 4 ▪ NO. 7 ▪ HONG ET AL. www.acsnano.org3866



12000�14000) for a few days to remove any byproduct and re-
siduals during functionalization. The resulting suspensions of
RGO�COO� and MWNT�NH3

� were briefly sonicated prior to
LbL assembly.

Layer-by-Layer Assembly. Silicon or quartz substrate was cleaned
by piranha solution to remove any organic contamination and
treated with oxygen plasma to introduce a hydrophilic surface.
Positively charged MWNT�NH3

� solution (0.50 mg/mL) at pH 6.5
was dropped on the substrate, which was loaded on a spin-
coater (ACE-200, Dong Ah Tech), maintained for 30 s as a wait-
ing period, and spun at 2000 rpm for 30 s. As a rinsing step, pH-
adjusted water was dropped on the substrate and followed the
same protocol used for MWNT�NH3

� deposition. Next, nega-
tively charged RGO (or GO) solution (0.50 mg/mL) was spin-
coated with the same procedures, followed by the rinsing step
with pH-adjusted water, which affords one bilayer of MWNT and
RGO sheets with a notation of (MWNT/RGO)1. These procedures
were repeated to achieve the desired number of bilayers and
also for (MWNT/GO)n multilayers.

Characterizations. Zeta-potential of colloidal suspensions was
measured using a �-potential analyzer (Malvern, Zetasizer
nanozs). The transmittance of the hybrid films was character-
ized by using the UV/vis spectroscopy (VARIAN, Cary 5000). The
thickness of the hybrid film on a silicon substrate was measured
using an ellipsometry (EC-400 and M-2000 V, J.A. Woollam Co.
Inc.). Surface morphology of the samples was investigated us-
ing atomic force microscopy (AFM, Nanoscope V, Veeco) via a
tapping mode and scanning electron microscopy (SEM, FEI,
NOVA NANOSEM 230). Functionalized MWNTs, RGO, and as-
sembled multilayers were characterized by XPS (Thermo Fisher,
K-alpha). Raman spectra were obtained, and the D/G area ratio
was fitted after baseline correction (Witec, alpha-300M). The
sheet resistance of the hybrid films was measured by using a
four-point probe method (Advanced Instrument Technology,
CMT-SR1000N).
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