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Over the past years, the layer-by-layer (LbL) assembly has been widely developed as one of the most
powerful techniques to prepare multifunctional films with desired functions, structures and
morphologies because of its versatility in the process steps in both material and substrate choices.
Among various functional nanoscale objects, carbon-based nanomaterials, such as carbon nanotubes
and graphene sheets, are promising candidates for emerging science and technology with their unique
physical, chemical, and mechanical properties. In particular, carbon-based functional multilayer
coatings based on the LbL assembly are currently being actively pursued as conducting electrodes,
batteries, solar cells, supercapacitors, fuel cells and sensor applications. In this article, we give an
overview on the use of carbon materials in nanostructured films and capsules prepared by the LbL
assembly with the aim of unraveling the unique features and their applications of carbon multilayers

prepared by the LbL assembly.
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1. Introduction

The creation of nanoscale materials with various compositions,
structures, and dimensions is of tremendous interest due to their
unique potential in many fields of science and technology.'?
Various types of nanosized materials including inorganic,
organic, polymeric, and biological materials can be synthesized
or prepared with precise control over their nanoscopic features
such as size, shape, and composition, which will eventually lead
to the fine tuning of their corresponding optical, electrical,
mechanical, and biological properties.* Although great achieve-
ments have thus far been made in the synthesis and character-
ization of individual nanoscale materials, it is still challenging to
design and control their assembly at various length scales to
transfer from nanoscale properties to macroscale structures.
Because their collective properties in macroscopically assembled
structures are significant both for fundamental understanding
and practical applications, it is essential to develop a method of
the assembly of nanoscale objects in a controlled and predictable
manner.*3

The layer-by-layer (LbL) assembly, first introduced by Iler®
and later by Decher,” is by far one of the most versatile methods
to assemble multifunctional nanoscale materials with nano-
metre-scale control over composition and structure.® Beyond the
traditional use of polymers in the LbL assembly, it now
accommodates diverse nanostructures, including nanoparticles,’
carbon nanotubes,® and biomolecules,!! each with distinct
structure, composition and function depending on the choice of
materials and controlling the sequence of layering. Due to its
simplicity and versatility, the LbL assembly has rapidly emerged
as a platform technique for the assembly of hybrid nanomaterials
as 2-dimensional thin film coatings with desired architectures of
functional hybrid materials. It can even be extended to the
coating of 3-dimensional objects for functional capsules loaded
with active molecules of interest.'>"*®

Owing to their unique physical, chemical, and mechanical
properties, carbon nanomaterials such as fullerenes (0D),'¢
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carbon nanotubes (1D),'”'® and graphenes (2D)"¥?! are
offering promising opportunities in the design of functional
thin films including catalytic membranes, biosensors, energy
and electronic devices, and mechanical thin film applications
(Fig. 1).

As the applications of carbon nanomaterial-based functional
structures become more diverse and sophisticated, it is critical to
develop efficient strategies for controlling the architecture,
geometry, and thickness of the films to tailor the properties and
functions. Although there are other ways of creating thin films of
carbon nanomaterials such as simple filtration or chemical vapor
deposition, recent progress made with integrating carbon nano-
materials into the LbL assembly is gathering new perspectives in
a variety of research areas.

Because of the simplicity and robustness of the LbL
assembly, there already exist a series of excellent reviews on the
LbL as well as their diverse applications.”*>’ To our knowl-
edge, however, there are few reviews based on the carbon
nanomaterial-based LbL assembly.?® In this feature article,
therefore, we provide a short overview of general aspects of the
LbL assembly with particular emphasis on the recent
advancements in the synthesis and LbL applications of carbon-
based nanomaterials. We discuss the carbon-based LbL
assembly based on dimensions, such as 2-dimensional thin films
and 3-dimensional substrate-free capsules. Accordingly, this
article is divided into two sections with subsections covering
different applications. Finally, we will highlight the perspectives
of the emerging field of the carbon-based LbL assembly for
future applications.

2. Basics of LbL assembly
2.1. A brief overview of basic principles in LbL assembly

The basic idea of repetitive adsorption of oppositely charged
species dates back to the seminal experiment of Iler in 1964,
which demonstrated the deposition of oppositely charged silica
and alumina particles on a substrate.?® With the revolutionary
development of characterization tools for nanoscale objects since
then, the concept of repetitive adsorption was revived in the early
20" century by Decher who demonstrated the possibility of
making thin films from the alternate adsorption of oppositely
charged polyelectrolytes (Fig. 2).” The LbL assembly has rapidly
drawn a great deal of attention in many fields of science and
technology with a growing community over the disciplines, and
the year 2011 will mark the 20" anniversary of the LbL assembly
after its official debut in 1991. With its versatility and simplicity,
the LbL approach has now been commercialized in microelec-
tronics and the metal-coating industry.

The simplest analogy of the LbL assembly on a substrate is the
formation of solution complexes, which are often insoluble in
solution, between two oppositely charged polyelectrolytes. Simi-
larly, the LbL deposition is based on the self-diffusion process in
which charged materials are adsorbed onto the substrate based on
complementary attractions. While polymer chains self-diffuse
into the LbL assembly film, the assembled thin films lead to the
formation of additional complexes in the thin films, hence
contributing to the overall entropic gain of polymeric structures.*®
Another important feature of the LbL assembly, which is often
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Fig. 1 Various carbon-based nanomaterials produced with a graphene sheet as a basic building block.?* (Reprinted by permission from ref. 22, Geim
and Novoselov, Nat. Mater., 2007, 6, 183; Copyright© Macmillan Publishers Ltd.)

not discussed, is the charge-overcompensation, in which mutually
interacting polymeric species do not simply compensate the
functionalities of each other, but rather over-compensate them.3!
In the case of LbL assembly onto colloidal particles, this behavior
is commonly observed through the regular reversal of surface
charges as measured by {-potential.

2.2. Multifaceted opportunity in LbL assembly: various
parameters

As indicated above, the LbL technique is not only applicable to
polyelectrolyte-based systems, but also to almost any type of
charged species, including inorganic molecular clusters,
nanoparticles,* nanotubes,** nanoplates,® micelles,*-** block
copolymers,*” polysaccharides,*® polypeptides,® DNA,* and
viruses.*! These can be successfully incorporated as components
to prepare LbL films. This translates into an exceptionally wide

(b)

(a) Positively
Charged

Rinse /¥

Negatively
Charged

Fig. 2 (a) Schematic illustration of the layer-by-layer (LbL) assembled
multilayer film deposition process based on electrostatic interaction. (b)
A simplified multilayer film built up from a negatively charged substrate.

variety of structural characteristics which, in turn, create diverse
functions. In addition, the ability to control their physical and
chemical properties by controlling structural differences is widely
believed to result in multifunctional films prepared by the LbL
assembly.

Although the electrostatic interactions are by far the most
commonly adopted for the LbL assembly, other intermolecular
interactions have been widely exploited in recent years, including
hydrogen bonding, covalent bonding, charge transfer interac-
tions, host-guest interactions, and even biological recognition
motifs.*>*3 There also exist several reports of combining different
intermolecular interactions to realize responsive LbL thin films.
As a result, it would be highly desirable to investigate the effects
of different molecular interactions to expand the utility of the
LbL assembly.

During the LbL assembly, the film structure can be influ-
enced by many parameters such as pH, ionic strength, and
solute concentration of the solution. While materials with
permanent charges are fully charged independent of pH, the
weak polyelectrolytes bearing carboxylic acid or amine groups
are highly sensitive to the pH of the external solution.***> The
conformation of weak polyelectrolytes can drastically change
due to the change in charge density of the polymer electrolytes,
while the conformation of strong polyelectrolytes is not altered.
This unique responsive feature offers various possibilities that
allow nanoscale control not only over the film thickness and
roughness, but also over the internal structure with respect to
solution pH.

With the progress of the LbL assembly, many different depo-
sition methods have been developed with necessary instrumental
developments, which add an additional source of versatility in the
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LbL assembly. Beyond the most popular and traditional dipping
method, spin-*® and spray-assisted*” LbL assemblies have recently
been introduced as alternative LbL preparation methods (Fig. 3).
These new assembly methods often result in well-defined multi-
layer films with a very short deposition period and, at the same
time, a highly ordered internal structure that is often comparable
but different from the conventional dipping-based LbL fabrica-
tion because the spin-assisted LbL deposition can induce not only
interactions between polyelectrolytes but also strong centrifugal
forces, viscous forces, and air-shear forces. Moreover, other dis-
tinguishing factors of this assembly process are low surface
roughness due to low chain interpenetration of each layer, dense
packing coverage, and time-efficient processing compared with
the conventional dipping methods. Spray-assisted LbL deposition
isalso a powerful tool for preparing multilayer films not only on 2-
dimensional but also on 3-dimensional substrates such as complex
fabrics. In addition, the diversity of film properties could be
realized by simply changing various parameters such as flow rate,
sample to nozzle distance, and drainage time. Above all, the
development of different deposition methods has significantly
contributed to the advancement of the LbL. community and its
wide applications in many fields in terms of reducing the laborious
processing time, enhancing the parameter control, and bringing
this technique beyond the laboratory scale and more toward
industrialized setup.

3. Functional multilayer films prepared by carbon
materials

3.1. Functionalized carbon materials for LbL engineering

In comparison to conventional polyelectrolytes, the bulk carbon
materials do not contain intrinsic surface charges and they also
lack the suspension stability in aqueous media, which inevitably
require additional steps in order to make them useful for LbL
engineering. There are a number of approaches to achieve these
objectives, including direct surface modification, surfactant-
assisted dispersion, -7 stacking interactions with aromatic
compounds, and functionalization with polymers.** Among the
protocols mentioned above, the most common is the chemical
oxidation of graphitic layers followed by organic modification
with hydrophilic substances.* For example, the early work on the
incorporation of fullerenes into LbL multilayer thin films was

(a)
&~
It

Charged Oppositely
Electrolytes <h
Electrolytes

(b)

|

Lt onfie
o

LAy

accomplished through the selective chemical modification of
fullerenes with small organic functional groups such as porphy-
rins. Troisi and co-workers have reported on the functionalization
of fullerenes and their potential use in optoelectronic devices.*

There have been several attempts to prepare multilayer LbL
films of carbon nanomaterials, typically in combination with
charged polyelectrolytes; however, the surface modification of
carbon nanomaterials followed by the selective introduction of
surface functional groups have yielded multilayer LbL films
consisting exclusively of carbon materials. For example, Ham-
mond and co-workers have reported on the facile functionali-
zation of surfaces of multi-walled carbon nanotubes (MWNTs)
via direct oxidation and selective surface modification to prepare
charged MWNTs such as MWNT-COOH (MWNT-COO") and
MWNT-NH, (MWNT-NH;") (Fig. 4).* The direct function-
alization on the surfaces of nanotubes allows the incorporation
of negative charges both at the ends and along the backbone of
nanotubes, preserving the colloidal stability in aqueous medium.
In addition, the carboxylic acid functional groups on the nano-
tubes provide additional handles for further chemical modifica-
tion with ethylenediamine in the presence of thionyl chloride,
SOCl,, yielding positively charged MWNT-NH;*. This simple
chemical modification method offers virtually unlimited oppor-
tunities of expanding the material selection for the LbL deposi-
tion. X-Ray photoemission spectroscopy (XPS) elemental
analysis supports the probing of surface functional groups on the
modified MWNTs, as shown in Fig. 4. Moreover, {-potential
measurements indicate the successful incorporation of functional
groups responsible for the changes in {-potential with respect to
the external pH condition. Specifically, carboxylic acid and
amine groups grafted onto carbon nanotubes exhibit behaviors
much like weak polyelectrolytes, such that the precise control on
the degree of ionization of MWNTs is possible with a simple pH
change. The multilayered MWNT films assembled with these
oppositely charged MWNTs produce highly tunable films in
terms of thickness, composition ratio, and porosity by control-
ling the degree of ionization of relevant MWNTs through the pH
adjustment of assembly solutions. This ultimately influences the
orientation of nanotubes within the film as well as film
morphology.

This type of behavior is similarly observed in the case of
common weak polyelectrolytes such as poly(allylamine hydro-
chloride) (PAH) and poly(acrylic acid) (PAA), which Choi and

(c)

Drainage

—
Air Shear Force
-—
Centrifugal Force ’J
.

-—
Viscown Force

Rotating Disk

Fig. 3 (a) A schematic illustration of the multilayer film deposition process based on the dipping method. (b) An experimental setup for the multilayer
film deposition by spraying. (c) A side view schematic depicting the build-up of multilayer assemblies by the consecutive spinning process of anionic and

cationic polyelectrolytes.
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Fig.4 Synthetic scheme of (a) COOH and (b) NH,-functionalized MWNTs. (c) Wide survey scans of XPS spectra and (d) pH-dependent {-potential of
functionalized (red) MWNT-COOH and (black) MWNT-NH,. Reprinted with permission from ref. 51, Lee et al., J. Am. Chem. Soc., 2009, 131, 671;

Copyright© The American Chemical Society.

Rubner have previously demonstrated. The degree of ionization
of weak polyelectrolytes is highly dependent on external pH
condition, as briefly mentioned previously.** Similarly, the
changes in the degree of ionization of surface functionalized
carbon nanomaterials have a significant effect on the structure
and properties of resulting multilayer LbL films. The carbon
nanomaterials containing weak functional groups will thus offer
many possibilities that allow nanoscale control over film thick-
ness and roughness as well as internal structures by simply
varying solution pH.

Identically, graphenes, which are promising novel nano-
materials with remarkable electrical, chemical and mechanical
properties, could be modified by chemical functional groups. The
most commonly used technique for the chemical oxidation of
graphites to graphene oxides (GO) is by the exfoliation of natural
graphite powders with various oxidants followed by sonication,
first developed by Hummers, Brodies, and Stadudinger.?>5%%3
The solution-based route involves chemical oxidation of graphite
to hydrophilic graphite oxide, which can be readily exfoliated as
individual GO sheets by ultrasonication in water (Fig. 5).
Graphene oxide, which is electrically insulating, can be converted
back to conducting graphene by chemical reduction, for
example, using hydrazine.

The chemically exfoliated graphene oxide sheets are well
dispersed in aqueous solution due to charged functional groups
such as carboxylic acid. These GOs can also be regarded as
macromolecules with highly negative charges on their surfaces.
Thus, they can be readily used to fabricate ultrathin films with
polycations through the LbL deposition. Wallace and co-
workers, for instance, have reported on the usage of negatively

m @
—

charged GO combined with positively charged polyelectrolytes,
demonstrating the uniform coverage of graphene sheets on the
surface of positive charged polyelectrolytes, poly(dia-
llyldimethylammonium chloride).** Based on similar protocols
presented for MWNTs, our group has recently reported the
preparation of stable suspensions of GO that are highly stable
and negatively charged over a wide range of pH conditions (GO—
COO"). Subsequent chemical modification with ethylenediamine
in the presence of N-ethyl-N'-(3-dimethyl aminopropyl)carbo-
diimide methiodide (EDC) catalyst allows the introduction of
amine groups (NH,) on the surfaces of GO sheets, leading to
positively charged stable GO suspensions (GO-NH;") (Fig. 6).
In order to recover the electrical properties of graphenes, the
chemical reduction of GO suspensions was carried out by adding
hydrazine in the presence of ammonia to prevent the aggregation
of resulting reduced graphene oxide (rGO) nanosheets. As well
demonstrated in {-potential measurements, the prepared GO and
its corresponding rGO suspensions exhibit fairly good colloidal
stability over a wide range of pH. It is also noted that these GO
and rGO both display pH-dependent surface charges that are the
typical characteristics of weak polyelectrolytes.35-¢

3.2. Fabrication of electrical conducting multilayer films of
carbon nanomaterials

The combination of unique electrical properties of carbon
nanomaterials with the exceptional versatility of nanoscale
organization of multilayer LbL films has opened up wide
research opportunities. In particular, the transparent conducting
electrodes made of carbon nanomaterials, typically single-walled

Fig. 5 Chemical exfoliation of graphites to graphene oxide nanosheets.>* (1) Oxidation of graphites (black lines) to graphite oxide (light colored lines)
with an increased interlayer spacing. (2) Exfoliation of graphite oxides in water by sonication to obtain GO colloids that are stabilized by electrostatic
repulsion. (3) Controlled conversion of GO colloids to electrically conducting reduced graphene oxide colloids through deoxygenation with hydrazine.
(Reprinted with permission from ref. 54, Li et al., Nat. Nanotechnol., 2008, 3, 101; Copyright© Macmillan Publishers Ltd.)
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Fig. 6 (a) Synthetic scheme of oppositely charged GOs and (b and c¢) pH-dependent {-potentials of functionalized (b) GO-COO~ (black) and rGO-

COO" (red), (c) GO-NH3" (black) and rGO-NH;" (red).

carbon nanotubes (SWNTs) and graphenes, are now gaining
much attention owing to their unique physical and electronic
features. These conducting LbL films will prompt the creation of
a new generation of electronics exemplified by bendable
displays,®” solar cells,®® and large-area pressure detectors® as well
as more exotic applications®** that are currently impossible or
hard to achieve with other materials.

As a seminal example, Kotov and Fendler et al. first reported
the in situ reduction of a GOfpolyelectrolyte composite film
prepared by LbL assembly, forming a conductive composite.**
Through the fine tuning of highly conductive SWNT via LbL
assembly with polymers, Shim e al. reported the transparent
conducting electrode with high conductivity of 86 ohm sq' at
a moderate transparency of 85% combined with improved tensile
modulus, strength and toughness of the film. Additionally, they
observed that the molecularly thin polymeric binders between
SWNT layers significantly improved mechanical stability, and
clay capping via additional LbL assembly protected the trans-
parent conducting electrode without sacrificing optical trans-
parency as shown in Fig. 7.5 These high electrical properties of
SWNT LbL films were further demonstrated to be low cost, high
efficiency polymeric thin film transistors by Xue ez al. (Fig. 7).
The group has further suggested that these micro-patterned
electronic devices could be fabricated on a highly flexible
substrate by LbL assembly.*’

In contrast to conventional application of SWNT in the
transparent electrode, we have integrated GO with MWNT via

the LbL approach to fabricate the hybrid transparent conducting
electrode.® This method affords a hybrid multilayer of MWNT/
GO), with well-controlled optical and electrical properties. The
hybrid multilayer exhibits a significant increase in electronic
conductivity after thermal treatment, yielding a transparent and
conductive thin film with a sheet resistance of 8 kohm sq~' and
a transparency of 82%. The flexibility of the hybrid (MWNT/
rGO),, multilayer coated on the PET substrate was further
demonstrated by comparison with commercial ITO-coated PET.
Though the absolute sheet resistance values are higher than that
of the commercial product, we found that our hybrid film
maintains its electrical conducting properties under excessively
bending conditions and retained the initial values over 100 cycles
(Fig. 8). In contrast, the commercial ITO-coated PET loses its
conductivity after a few bending cycles due to surface cracks
originating from the rigid inorganic nanostructures.

In an extension to this study, we have also recently demon-
strated that the assembled reduced graphene oxide based multi-
layer of (rGO/rGO), is a transparent conducting electrode
possessing high electrical conductivity with varying trans-
parency.®® The sheet resistance decreases linearly with increasing
number of bilayers with precise control over the thickness of each
bilayer down to ca. 0.72 nm—<lose to the theoretical values of
graphitic layers. In the present study, the lowest sheet resistance
is 2.5 kohm sq ' at 75% transmittance. The sheet resistance and
transmittance can be easily changed in conjunction with the
number of bilayers which is strongly related to the thickness of

4520 | Nanoscale, 2011, 3, 4515-4531

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1nr10575b

Downloaded by Ulsan National Institute of Science & Technology (UNIST) on 29 November 2011

Published on 16 August 2011 on http://pubs.rsc.org | doi:10.1039/C1INR10575B

View Online

4— Si0, Nanoparticles
’ .. “4— PDDA (+)

S AT — 4+— SWNTs (-)
AR AT E S «—PDDA ()

....... R . PSS ()
5m <+— PDDA (+)

Fig.7 (a) Photo images of bending of the SWNT LbL coating on the PS substrate. (b) Cross-sectional SEM image of the assembled SWNT/SiO; layers
which consists of a SWNT multilayer, a SiO, multilayer, and an Al layer. The SWNTs and SiO, nanoparticles are closely packed in the thin film. (c)
Structure of LbL self-assembled SWNT semiconducting layer and SiO, nanoparticle dielectric layer. (Reprinted with permission from ref. 65 and 66,
Shim et al., ACS Nano, 2010, 4, 3725; Copyright© The American Chemical Society, Xue et al., Appl. Phys. Lett., 2006, 89, 163512; Copyright©

American Institute of Physics.)

the multilayers. This means that we can precisely control the
thickness, sheet resistance, and transmittance of the multilayers
by fully taking advantage of nanoscale engineering of the LbL
assembly (Fig. 9). Furthermore, we show that the rGO multi-
layers can be used as transparent electrodes for organic light-
emitting diode (OLED) devices. The current density—voltage—
luminance (J-V-L) characteristics of the device fabricated on the
rGO multilayer coated substrate are shown in Fig. 9. In
comparison with the ITO electrode device which shows
a maximum luminance of ~7800 cd m~2 at 6 V, the rGO multi-
layer electrode device shows relatively low luminance of ~70 cd
m?at 18 V. However, it is of note that the luminous efficiency of
the device with the rGO electrode is ~0.10 cd A~' which is
comparable to that of the ITO electrode, ~0.38 cd A~".

Another interesting example is reported by Yu ef al. who used
the SWNT/PDDA multilayer composite with 2.5 kohm sq~' at
86.5% transmittance.®® They further formed the similar LbL
coating as a transparent surface electrode on a PVDF actuator
for an audio speaker.” In summary, the transparent conducting
electrode of carbon nanomaterials will provide direct commer-
cialization opportunities utilizing precise nanoscale organization
of LbL assembly together with the interesting electronic prop-
erties of carbon nanomaterials.

3.3. Multilayer films for electrochemical applications

Due to the combination of the unique merits of LbL assemblies,
such as ultrathin and highly controlled internal structures and
porosity, and the high conductivity of carbon nanomaterials,

Substrate

many electrochemical devices such as batteries, supercapacitors,
and proton exchange membranes for fuel cells were constructed
using LbL assembled carbon nanomaterials as highly conductive
and chemically durable electrodes.”*”*

As mentioned above, Hammond and Shao-Horn reported
morphologically tunable all MWNT thin films created by LbL
deposition.5! Negatively and positively charged MWNTSs were
prepared by surface functionalization, allowing the incorporation
of MWNTs into highly tunable thin films via the LbL technique.
The conformal and uniform MWNT multilayer films are gener-
ated with highly interpenetrated and porous structures. Since the
MWNTs have intrinsically high electrical conductivity and higher
surface area, these porous network structures can work as fast
electronic and ionic conducting channels, providing the basis for
the design of an ideal matrix structure for energy conversion as
well as energy storage devices. The group has further extended the
approach in creating an electrode with high capacitance anode
materials for the Li-ion battery.?* The porosity as well as the
intrinsic conductivity of the graphene structures on the surface of
MWNTs provides a pathway for the electrical current as shown in
Fig. 10. Multilayered MWNT electrodes have a high rate capa-
bility because of the stored energy on the surfaces of MWNTSs. The
current at 3 V was found to increase linearly with scan rates from
cyclic voltammetry, indicating a surface-redox limited process at
a given thickness (Fig. 10). This agrees well with the proposed
mechanism of redox active functional groups on MWNT surfaces.
In addition, LbLL-MWNT electrodes with 0.3 um thickness exhibit
the gravimetric capacity of ~200 mA h g~' at low rates such as
0.4 A g7', which is in agreement with the estimated capacity of

Fig. 8 (a) Schematic representation of hybrid LbL multilayer of MWNTSs and rGO and (b) image of (MWNT/rGO),s hybrid thin film on a PET
substrate after mild thermal treatment. (Reprinted with permission from ref. 56, Hong et al., ACS Nano, 2010, 4, 3861; Copyright© The American

Chemical Society.)
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Fig. 9 (a) AFM images of rGO multilayers on quartz substrates before (a—d) and after (e-h) annealing in H, atmosphere at 1000 °C for n = 2 bilayers
(top panels; a, b, e, and f) and 10 bilayers (bottom panels; c, d, g, and h). Scale bar is 2.5 mm and 500 nm as indicated, respectively. (b) Current density—
voltage-luminance (J-V~-L) characteristic of the OLED device using the rGO electrode with 3 kohm sq~'. The inset is the electroluminescence property
of the device fabricated with the ITO electrode. (c) Luminous efficiency of the device with the rGO electrode. The inset is luminous efficiency of the device

fabricated with the ITO electrode.

LbL-MWNT electrodes based on the proposed Faradaic reaction
between Li and surface oxygen. Half of the gravimetric capacity
(100 mA h g~") was retained at exceptionally high discharge rates
of IS0 A g

Moreover, successive experimental reports confirmed that
LbL assembly of SWNTs indeed exhibits exceptional applica-
tions in fuel cells. The multilayered Nafion and Pt catalysts
modified SWNT showed unusual fuel cell performances in a fuel
cell polymer electrolyte membrane, which has nanoscale opti-
mized electron/proton movements, simple and low cost produc-
tion, and efficient utilization of Pt catalysts. Moreover the
mechanical strength, high electrical and thermal conductivities,
and stable chemical durability are the result of SWNT based
membranes (Fig. 11).7® For the 400 bilayered [poly(ethyl-
eneimine)(PED)/(Pt/SWNT + Nafion)] catalysts, the peak power
densities were as high as 195 mWem—2, which is much higher than
that of previously reported LbL films.>® This LbL approach is
further adapted as a blending technique between proton
exchange Nafion and SWNTSs to control layers for improving
proton conduction efficiency at a high operating temperature.

Interestingly, uses of carbon nanotubes are also developed for
biofuel cell applications by generation of electrical potential by

stable enzyme immobilization.”” For example, Zhou et al. showed
a biofuel cell with high power density prepared by mesoporous
carbon materials by taking advantage of the conductivity and
large surface area of carbon nanotubes for depositing the
enzymes.”® Recently, polyelectrolyte wrapped MWNTs are also
used to dope polyaniline (PANI) and shift its electroactivity to
a neutral environment. The nanoscale assembly by LbL assembly
presents new possibilities for tackling the nanostructured process
of MWNT/PANI composites and presents a potential for elec-
trochemical device production.” In summary, the multilayered
nanotube-based multilayer films are a promising design for inte-
gration of a micro-device for electrochemical applications. To
meet the demands of these applications, multilayer film prepared
by LbL assembly will provide broad opportunities to organize
functional objects with MWNTs to control the structure of the
build materials at a nanoscale with a high degree of accuracy.

3.4. Multilayer films for sensor applications

A great deal of carbon-based nanocomposites fabricated by LbL
assembly techniques were applied to physical, chemical, and
biological sensors by utilizing either (1) electrical property
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Fig. 10 (a) SEM cross-sectional image of an LbL-MWNT electrode on
an ITO-coated glass slide after heat treatments. A higher-magnification
image is shown in the inset, revealing that MWNTs are entangled in the
direction perpendicular to the electrode surface. (b) Schematic of the
energy storage mechanism of LbL-MWNT electrodes: Faradaic reactions
between surface oxygen functional species (orange arrows) and Li sche-
matically illustrated on an HRTEM image of the LbBL-MWNT elec-
trodes. (c) Cyclic voltammogram data for a 0.3 pm LbL-MWNT
electrode over a range of scan rates. The current at ~3 V versus scan rate
is shown in the inset (d) charge and discharge profiles of an electrode of
0.3 pm obtained over a wide range of gravimetric current densities
between 1.5 and 4.5 V versus Li. (Reprinted with permission from ref. 33,
Lee et al., Nat. Nanotechnol., 2010, 5, 531; Copyright© Macmillan
Publishers Ltd.)

changes of nanotubes or graphenes by chemical species, (2)
electrochemical responses of the counterpart of CNTs, or (3)
structural deformation induced electrical resistance changes of
a composite. Due to its unique geometry and electrical and
mechanical properties, CNTs are leading these frontiers over
various other carbon nanomaterials.

Kotov and co-workers have reported the production of smart
electronic yarns by a simple process of transforming cotton
threads into intelligent e-textiles using a polyelectrolyte-based
coating with SWNT.® They further demonstrate that CNT-
cotton threads can be used to detect albumin, the key protein of
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blood, with high sensitivity and selectivity, which present an
important application of wearable fabrics for biomonitoring
(Fig. 12). Typical examples of monitoring physical and chemical
states by carbon nanotube LbL composites are demonstrated by
Loh ez al.® In an attempt to control the macro-scale sensitivity of
CNT-polyelectrolyte thin-film electrical changes to strain or pH
stimuli, fabrication parameters (i.e. CNT and polyelectrolyte
concentrations) and the type of CNT (i.e. unpurified SWNTs,
purified SWNTSs, and purified double-walled carbon nanotubes
(DWNTs)) are experimentally varied to quantify changes in the
performance characteristics of CNT-poly(sodium 4-styrenesul-
fonate) (PSS) with strain and pH sensors. They reported that
a strain sensor by tailored piezoresistive response and a pH
sensing strip sensitive enough to monitor environment changes
caused by corrosion of metal structures were constructed by
SWNT/poly(vinyl alcohol) (PVA) and SWNT/PANI LbL
composites, respectively.

Detection targets of carbon material based LbL composites
include various important biological materials such as DNA,
glucose, dopamine, and toxic materials. These targets are often
detected by amperometric measurements of CNT-based LbL
nanocomposites utilizing the combinations of electrocatalytic
activities, electrochemical sensitivities of CNTs, and various
material immobilizations given by versatile selections of LbL
assembly. Recently, Kim and Hammond developed a multilayer
film prepared by MWNT via the pattern transfer technique
(Fig. 13). This patterned MWNT multilayer was precisely
tunable with the thickness and exhibits a capacitor behavior that
increases with growing film thickness. By taking full advantage of
patterned electrodes with high surface functionality within an
MWNT network, potential patterned MWNT electrodes are
demonstrated as sensitive glucose biosensors.?

The LbL assembly also offered the development of strong
antimicrobial coatings by multifunctional biomimetic material
comprised of SWNT, DNA, and lysozyme (LSZ). By successful
alternative deposition of LSZ-SWNT/DNA-SWNT, the multi-
layer films ending in LSZ-SWNT layers exhibit great antimi-
crobial activity compared to the initial dispersion (Fig. 14).
Moreover, no leaching of the enzyme was observed over 60 days
and this non-leaching coating exhibits robust mechanical prop-
erties and long-term protection against bacterial colonization.®®
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Fig. 11 (a) Overall schematic illustration of preparation of the LbL films (inset: TEM images of Pt/SWNT). (b) Polarization (O) and power density
(@) curves of fuel cells with LbL film anodes: [PEI/(Pt/SWNT + Nafion)]soo. The fuel cell temperature was 80 °C. H, and O, flows on the fuel cell
saturators were set at 100 sccm flow rates, 100% relative humidity, and 90 °C temperature. (Reprinted with permission from ref. 76, Michel et al., Adv.

Mater., 2007, 19, 3859; Copyright© Wiley.)
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Fig. 12 (a) Photographs of SWNT-cotton yarn demonstrating LED emission with the current passing through the yarn. (b) SWNT-PSS/PVA strain
sensor on glass epoxy-bonded to a PVC specimen. (c) SEM image of (SWNT-PSS/PVA)s, thin film. (d), (¢) Top, (p-SWNT-PSS/PANI),, (d) acidic (pH
0.95-5.07), (e) alkaline (pH 9.40-12.00) solution pH sensing response; bottom, normalized change of resistance as a function of pH, indicating linearity
of pH sensor (d) (sensitivity, Sp = 4.56 kohm cm~2 pH™"), (e) (sensitivity, Sp = 20.66 kohm cm 2 pH™!). (Reprinted with permission from ref. 80 and 81,
Shim et al., Nano Lett., 2008, 8, 4151; Copyright© The American Chemical Society, Loh et al., Smart Mater. Struct., 2007, 16, 429; Copyright© IOP

Publishing.)

Furthermore, in respect to sensing applications of MWNT
multilayers, one of the additional interests is once again in
a potential for enhanced stability due to the multilayered struc-
tures of MWNTs. With its controllable resistance of MWNTs
and superior mechanical properties, a novel flexible H, gas
sensing membrane was successfully fabricated by LbL assembly
of MWNTs and Pd on a modified PET substrate (Fig. 14). The
Pd nanoparticles decorated with MWNTs are ideal materials in
the fabrication of a high performance, flexible, highly responsive
and reliable H, sensor .3

The carbon-based nanomaterial films prepared by LbL
assembly with nanoscale complexation serve as an emerging
platform for the preparation of both energy storage electrodes
and sensing applications. LbL assembled multilayer structures
offer interesting possibilities; highly controlled internal struc-
tures yield high surface area, high porosity, enhanced mechanical
properties and additional functionality from counter assembled
functions that enabled multi-properties while maintaining
a simple aqueous based process. As a summary, we have
provided Table 1 consisting of previous reports on the prepara-
tion of carbon-based multilayers.

4. Carbon-based hollow capsules by layer-by-Layer
4.1. Hollow capsules based on LbL assembly

As we have discussed in previous sections, the LbL approach has
the versatility to be assembled on various substrates, particularly
on three-dimensional colloidal particles. The removal of the

colloid templates following the LbL multilayer deposition can
give rise to hollow capsules. The capsule structure can have
a variety of applications, including the encapsulation and
sensing,'®® controlled release of drugs or genes,'**'% and the
electrocatalytic reactions for energy devices.'*

Fig. 15 shows a schematic illustration of the typical procedure
for fabrication of the capsule structure. With colloidal particles
being employed as templates, we deposit LbL multilayer films
onto the outer surface of the colloidal particles typically based on
intermolecular interactions such as electrostatic interactions,®
hydrogen bonding,'” hydrophobic interactions,'® covalent
bonding,'® and complementary base paring,''® and so forth.

In order to remove the core template materials, either the
swelling of the core polymer by a relevant solvent or the thermal
treatment (calcinations) of the organic templates is typically
used. This fabrication method allows the excellent control over
the properties of hollow shells, such as size, composition, thick-
ness, and functionality, by varying the size and the shape of the
template colloids as well as the film constituents.

For core materials to be removed to yield hollow shells, solid
spheres of polystyrene (PS), melamine formaldehyde (MF), or
silica particles have widely been used for various LbL multilayer
films incorporated into the hollow capsules. The use of PS
colloids requires solvents such as tetrahydrofuran (THF) to
effectively remove the PS colloids to form hollow capsules, while
MF colloids are chemically decomposed under acidic condi-
tions."* Although the decomposition of silica template particles
typically involves the use of HF, ammonium-fluoride-buffered
HF solution at mild pH can be used in the presence of biological
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Fig. 13 (a) Representative (left) optical microscope and (middle) SEM
images of patterned MWNT multilayer film on a silicon wafer, (right)
photograph of MWNT pattern transferred on a flexible ITO-coated PET
film. (b) Real-time response of the sensor upon a serial addition of 0.5
25.0 mM glucose (the arrow indicates the addition of analyte solutions)
(inset: photograph of the patterned enzyme-MWNT film on interdigi-
tated microelectrode array—the patterned MWNT film (P), source (S),
drain (D), reference (R), and counter (C) electrodes are individually
labeled.) (Reprinted with permission from ref. 82, Kim et al, Chem
Mater., 2010, 22, 4791; Copyright© The American Chemical Society.)
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Fig. 14 (a) Effect of different layers of LBL coating against M. lyso-
deikticus in turbidimetric assay. (b) Rate of M. lysodeikticus lysis reaction
(regression line is fit to the linear portion of experimental data in (a) using
first-order rate kinetics). (c) Response curve of flexible MWNT-Pd film
H, sensor as function of time (s) for various concentrations of H, gas. (d)
Photograph of bent flexible H, gas sensor based on MWNT-Pd film,
assembled on PET substrate. (Reprinted with permission from, ref. 83
and 84 Nepal et al., Nano Lett., 2008, 8, 1896; Copyright© The American
Chemical Society, Su et al., Actuat. B, 2010, 145, 521; Copyright©
Elsevier.)

materials without significant damage to its bioactivity.'** Gold
nanoparticles,'** emulsion droplets,'** and gas bubbles'** have
also been used as sacrificial colloidal templates.

The vast majority of capsules prepared from these colloidal
templates have been assembled by the alternate deposition of
positively and negatively charged chains or particles, where the
long-ranged Coulombic interactions govern the multilayer
buildup. Such hollow capsules retain the spherical shape of the
original particle templates when dispersed in solution. However,
when those hollow capsules are air-dried onto a substrate, they
show a collapsed structure that resembles deflated balloons. On
the other hand, inorganic hollow capsules possess other advan-
tages such as superior mechanical and thermal stability. These
can be prepared with either preformed nanoparticle building
blocks or inorganic molecular precursors.

4.2. Hollow capsules of carbon nanomaterials

Carbon-based materials, such as fullerenes (0D),''*!'7 carbon
nanotubes (CNT) (1D),"**'2° and graphenes (2D),'*"'** have
been extensively studied because of their distinct electrical and
mechanical properties. Many researchers have developed
recently and have keen interests in carbon-based hollow capsules,
which have potential applications for drug delivery due to their
inherent biocompatibility, and for sensor or electrochemical
devices owing to unique electrical properties of the carbon-based
nanoscale objects. As mentioned in the previous section, the
carbon-based materials could also have positive or negative
charges on their surfaces through functionalization with amines
or carboxylic acid groups. Various preparation methods to
obtain hollow capsules have been reported, based on the LbL
assembly of charged carbon materials on various spherical
templates such as melamine (MF), polystyrene (PS), and so
forth. The previous reports on the preparation of carbon-based
hollow capsules are summarized in Table 2.

There have been several attempts to prepare hollow capsules
by the LbL deposition of carbon nanotubes, typically in
combination with polyelectrolyte chains on colloidal templates
followed by the removal of the core templates.’?”13° The starting
colloidal templates (PS or SiO,) containing negative or positive
charges on their surfaces were coated with an oppositely charged
polyelectrolyte in order to obtain a uniformly charged layer for
additional deposition. Charged CNTs can be prepared by
chemical oxidation methods using sulfuric and nitric acids to
form oxygen containing groups, such as carboxylic groups, at
both tips and sidewalls on CNTs. These functional groups are
responsible for the presence of negative charges which afford
a stable dispersion of individual CNTs in water as well as to
assemble on positively charged surfaces. M. Correa-Duarte and
co-workers reported polyelectrolyte/CNT hollow capsules,
derived from the LbL deposition on colloidal templates followed
by dissolution in a good solvent for the templates to remove the
core templates. As shown in Fig. 16a, the deposition of CNTs on
colloidal templates is successfully demonstrated; however, after
removing the core templates, the hollow shells consisting of
polyelectrolyte/CNT typically collapse due to the relatively weak
mechanical strength as shown in Fig. 16b. Fig. 16c shows a TEM
image of MWNT/PAH/PSS hollow capsules after the core MF
templates are removed. In this case, C. Gao and co-workers used
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Table 1 Carbon-based multilayered films prepared by the LbL assembly and their applications

Carbon materials

Layered materials

Applications

References

MWNT

SWNT

Carbon black
Mixed

Graphene

PEI/MWNT/PAA

MWNT/PDDA, MWNT/Au
MWNT/Au

PANI/MWNT/PSS
PEI/MWNT

MWNT/PAH/Pd
MWNT/MnO,

MWNT/MWNT

PANI/MWNT

PDDA/PSS/SWNT-pyrene/
polythiophene

PVP-Os/glucose oxidize-SWNT
PEI/SWNT/PLO

SWNT/PVA and SWNT/PANI

Lysozyme-SWNT/DNA-SWNT
SWNT/PVA

ITO/PDDA/PSS/SWNT-pyrene
PVA/SWNT/PSS(SDS)

CB/ALO;
MWNT/rfGO

MWNT/GO(rGO)
PAA/GO

rGO/Au
PEI/TiO,/GO
PMMA/GO, PVA/GO
rGO/Pd

PEI/rGO
rGO-IL/PSS
PAH/PSS/GO

rGO
PDDA/PSS/PAH/GO

PDDA/PSS/rGO/MnO,

Biomedical and structural materials

Bioelectronic devices
Biosensors

Electrochemical devices
Anode for fuel cell

Gas sensors

Electrochemical capacitors
Glucose biosensor, high-power
lithium batteries

Electrochemistry supercapacitors

Photodevices

Biosensors

Substratums for neural stem cells
Biosensors

Antimicrobial coatings
Mechanical support

Solar cell
Flexible transparent conductors

Energy storage devices
Transparent conducting electrode

Electrochemical capacitors
Conducting film
Biosensors
Photo-conversion
Structural support
Hydrogen sensors
Supercapacitors

Gas sensors

Mechanical support
Conducting film for OLED

Conducting film

Supercapacitors
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PAH as a positive charged electrolyte because MWNTs have

negative charges. To enhance the mechanical properties of the

shell phase, there have also been attempts to incorporate
inorganic components into the CNT/PDDA hollow capsules by
Y. Lu and Z. Yang and co-workers as demonstrated in Fig. 16d.

4.3. Graphene hollow capsules

One alternative candidate to impart mechanical strength on the
hollow spheres would be to use reduced graphene oxide nano-
sheets, as we have recently reported. With similar approaches

taken for CNTs, graphene sheets can also be employed as
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Fig. 15 A schematic illustration of preparing hollow capsules containing polyelectrolyte multilayer films by the layer-by-layer assembly on sacrificial

colloidal templates.

a component for the layer-by-layer deposition to build graphene-
based hollow capsules. By the Hummer’s method discussed in the
previous section, we could produce hydrophilic, negatively
charged graphene oxide sheets with high dispersion capability
due to the formation of oxygen containing species such as
carboxylic acids, epoxide, and hydroxyl groups on the surfaces of
graphene sheets. Following sonication for the exfoliation of
graphite oxide sheets, chemical functional groups are introduced
onto the surfaces of graphene sheets, particularly carboxylic
acids (COOH), to create the negatively charged GO sheets (GO—
COQO"). Positively charged GO sheets are subsequently prepared
by introducing amine groups (NH,) on the surface of negatively
charged GO sheets by the EDC-mediated reaction. Chemical
reduction was carried out typically by adding hydrazine to afford
rGO-COO~ and rGO-NH;*.

The hollow graphene capsules were prepared based on the
electrostatic interactions by the repetitive depositions of rGO-
NH;* and rGO-COO~ on PS colloid templates to realize
multilayered thin films in the architecture of (rGO-NH3*/rGO-
COO"),. After the LbL deposition with graphene sheets, as
demonstrated with previous reports using sacrificial templates to
create hollow nanostructures, hollow capsules consisting of rGO
sheet-paired multilayers were recovered by removing PS colloid
templates by dissolving in THF. Fig. 17a shows the schematic
illustration of the graphene hollow capsule process. On the basis

of the stable growth of (rGO-NH;*/rGO-COQO™), multilayers on
colloidal substrates, the morphology of PS colloids encapsulated
with rGO sheets have been investigated with SEM and TEM. We
found that the graphene sheets are uniformly coated on PS
colloidal templates, yielding fairly smooth surface morphology.
After removing the PS colloidal templates, the (rGO-NH;*/
rGO-COQ"), multilayers lead to hollow capsules with some
wrinkles on their surfaces (Fig. 17¢). After the core templates are
removed, it is noted that the hollow capsules maintain their
spherical shape without any supporting components, which has
not been observed in the hollow capsules based on the combi-
nation of CNTs and polyelectrolytes. Graphene hollow capsules
preserve their spherical shape even with a low deposition number
(>3 bilayers) due to stronger collective mechanical strength of
graphene sheets when compared with a combination of CNTs
and polyelectrolytes, particularly for three-dimensional
structures.

4.4. Graphene-functional nanoobject hybrid hollow capsules

In addition, the shell phase of graphene capsules has been
modified with various functional species such as poly(ethylene
glycol), lipids, antibodies, and functional nanoparticles by taking
advantage of the key feature of the LbL deposition: insertion of
functional nanoscale objects at any desired position during the

Table 2 Carbon-based hollow capsules prepared by the LbL assembly on colloidal templates

Method of

Template materials Layered materials

template removal

References

PS colloids Graphene oxides
PDDA/CNT/SiO,
PDDA/PSS/PAH/MWNT
PSS/PAH/MWNT
PDDA/PSS/CNT

SWCNT

Curdlans—SWNT complexes
PDDA/MWNT

Melamine formaldehyde colloids
Silica colloids

Poly(methacrylic acid) (PMAA)
colloids

Dissolved in THF
Dissolved in DMF
Dissolved in CH;Cl
Dissolved in HCI
Dissolved in HCI
Dissolved in HF
Dissolved in HF
Calcination above
400 °C

K. Char, B. Kim et al., J. Phys. Chem. Lett. (2010)'*
Z. Yang et al., Chem. Comm. (2006)'**

M. Correa-Duarte et al., Small (2008)'*

C. Gao et al., Macromol. Rapid. Commun. (2004)'%°
M. Correa-Duarte et al., Chem. Mater. (2005)'’

M. Sano et al., Nano Lett. (2002)'*

S. Shinkai et al., Langmuir (2008)'%°

J. Shi et al., J. Phys. Chem. C (2008)'*°
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Fig. 16 (a) A SEM image of PS/CNT/PDDA core-shell composites
before the removal of the PS templates; (b) a SEM image showing
a collapsed CNT/PDDA hollow sphere after removal of the PS template
shown in (a); (c¢) a TEM image of MWNT/PAH/PSS hollow capsules
after removing MF template cores; (d) a SEM image of titania-reinforced
CNT/PDDA hollow spheres assembled by the LbL deposition on PS
templates. (Reprinted with permission from ref. 124,126 and 127, Ji et al.,
Chem. Comm., 2006, 1206; Copyright© The Royal Society of Chemistry,
Zhao et al., Marcomol. Rapid Comm., 2004, 25, 2014; Copyright© Wiley,
Correa-Duarte et al., Chem. Mater., 2005, 17, 3268; Copyright© The
American Chemical Society.)

()

Removalof a
Colloid Template

Fig. 17 (a) A schematic illustration of the construction of graphene-
based hollow capsules. (b) A SEM image of a core-shell composite
particle containing 3 bilayers of graphene oxide sheets on the 1 pm-sized
PS template before the removal of the core template. (c) A TEM image of
graphene-based hollow capsules containing 3 bilayers obtained after
removing the PS templates in (b) with treatment with THF.

deposition. For example, we prepared the rGO hollow capsules
containing gold nanoparticles in the interstitial layers of rGOs.
The positively charged 4-(dimethylamino)pyridine (DMAP)-
coated gold nanoparticles (AuNPs) were easily assembled with

rGO-COO to form stable graphene/NP hybrid multilayer films
with high Au NP density. Using a relevant modification of the
LbL process with the conventional traditional bilayer format,
positively charged Au NPs have been incorporated in every tet-
ralayer of (rGO-NH;"/rGO-COO/Au NPs/rGO-COO"),
multilayers, followed by the PS template removal to yield free-
standing hollow rGO capsules containing high density Au NPs,
as shown in Fig. 18. Another example is the attempt to incor-
porate quantum dots (CdS@ZnS QDs with green emission) into
the graphene hollow shells based on the ligand-exchange step
with cysteine to form hydrophilic positively charged quantum
dots. Positively charged QDs were then deposited with the
typical bilayer format, replacing the GO-NHj3*, followed by the
PS template removal to form (QD/GO-COO~) hollow capsules.
Bright green fluorescent emission was observed in the bulk
sample under UV lamp, and individual hollow capsules with
green-emission were confirmed by a confocal laser scanning
microscope (CLSM) (Fig. 18c and d).

Although there have been many reports on organic and/or inor-
ganic hollow spheres for drug delivery and biomarkers, there has not
been much attempt to use hollow structures based on carbon materials
for such biomedical applications. CNTs or graphene-based hollow
spheres also have potential to be used on traditional capsule appli-
cations; furthermore, we firmly believe that the concept of carbon-
based hollow capsules would open up new areas of applications by
fully exploiting their superb electronic and conductive properties.

5. Conclusion: emerging applications and outlook

The LbL assembly presents a class of hybrid materials that have
enormous potential applications in many fields of science and

Spum
——

Spum
I——

Fig. 18 (a) A TEM image of graphene-based capsule containing 3 tet-
ralayers (rGO-NH;*/rGO-COO/AuNPs/rGO-COO");. (b) A magni-
fied image of (a). (c) A confocal laser scanning microscopic (CLSM)
image of core-shell composite particles containing GO and quantum dots
(with green emission) before the removal of core templates. (d) A CLSM
image of GO/quantum dots composite hollow capsules after removing
the core templates.
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engineering, owing to their tailorable structure, compositions,
and tunable properties. In this Feature Article, we limit ourselves
to an overview of the use of carbon-based nanomaterials in
nanostructured films and capsules prepared by the LbL assembly
focusing on the recent advancements in electronics, energy
storage and conversion, sensing, and biotechnologies. Beyond
the examples presented in this article, we anticipate many more
exciting applications of utilizing the LbL films and capsules
based on carbon nanomaterial in mechanical composites, envi-
ronmental, biological, and biomedical applications in the near
future.

As the integration with carbon nanomaterials based on the
LbL assembly is gathering new perspectives and also finding
many new applications, the following challenges need to be
addressed: first, the most common protocol of incorporating the
carbon materials into the LbL assembly is through the chemical
modification of graphitic layers, which inevitably introduces the
surface defects and sacrifices desirable electronic properties to
some extent. Therefore, future endeavors should be focused on
the development of a protocol that can even surpass the current
protocols of the treatment on carbon nanomaterials. Second, the
scale-up and development of new techniques for the assembly of
carbon materials with fine tuning capability of film properties are
still required from both theoretical and experimental aspects in
order to bring this technique beyond the laboratory scale and
move more toward the industrialized setup. Integrating carbon
nanomaterials to fully utilize their unique physical, chemical, and
electrical properties, the LbL assembly would improve the
development of further fabrication techniques that will enable
the precise control of these characteristic features with its
simplicity and versatility.
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