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ABSTRACT: With its superior electrical, optical, thermal, and
mechanical properties, graphene offers a versatile platform for fabricating
innovative hybrid composite materials with diverse potential applications.
The preparation of graphene-based composites, particularly as thin films
with nanoscale precision, is highly important for fabricating electrodes for
energy and electronic devices as well as for facilitating understanding of
the interplay between each component within the composites. In this
context, the layer-by-layer (LbL) assembly technique offers a simple and
versatile process for the fabrication of highly ordered multilayer film
structures from various types of materials in a controllable manner. This
paper presents details of the preparation and functionalization of these
materials and the techniques for the LbL assembly of different graphene-
based nanocomposites using polymers and nanoparticles. We anticipate
that the protocols presented in this paper will guide researchers in the
reproducible assembly of various high-quality graphene-based nanocomposites for fundamental researches and for diverse
potential applications.

1. INTRODUCTION

Graphene, a two-dimensional single-layered carbon network, is
an interesting platform material for the preparation of
nanocomposites owing to its unique properties such as its
large surface area (2600 m2 g−1), high conductivity (electron
mobility: 15 000 cm2 V−1 s−1), and excellent mechanical
stability (Young’s modulus: 1100 GPa).1−3 These remarkable
intrinsic properties have attracted widespread interest from
diverse research fields.4−6 However, the preparation of pristine
graphene is only possible through a limited number of
methods, such as mechanical exfoliation7 and chemical vapor
deposition,8,9 and both result in poor yields. The discovery of
graphene oxide (GO), a product of chemical oxidation and
exfoliation of graphite,10−13 has opened an indirect pathway for
utilizing the properties of graphene, albeit with some modified
properties. Thus, a feasible route to harnessing the unique
properties of graphene for practical applications is the
incorporation of graphene derivatives into composites. In this
regard, numerous graphene-based composite materials have
been applied in energy storage and conversion devices such as
batteries,6,14,15 supercapacitors,16 and solar cells,17 and also
extended toward biomedical fields as biosensors,18 bioimaging
agents,19 and drug delivery systems.20,21

A critical issue in the design of graphene-based nano-
composites is the selection of suitable conjugate materials that
impart synergetic effects to their composites while maintaining
homogeneity within heterogeneous constituent assemblies.
Toward that purpose, a technique to form uniform nanoscale

composites while preserving the unique characteristics of each
component is highly desirable. One method that satisfies these
requirements is the layer-by-layer (LbL) assembly techni-
que.22−29 LbL assembly is a versatile thin-film fabrication
method in which the assembly of a composite structure
proceeds through the sequential adsorbing of different
macromolecular materials by exploiting the intermolecular
attractive forces between the components, such as electrostatic
interactions,30,31 hydrogen bonding,32,33 and van der Waals
forces.34 Integration of graphene-based materials into LbL
assembly not only introduces a new addition to the existing
library of LbL materials but also brings opportunities to
overcome some conventional limitations in physical and
chemical properties of polymeric materials. One of the most
interesting features of LbL-based graphene composites arises
from the synergetic effects between graphene and its diverse
conjugate materials, thus virtually unlimited multitude of
composites remains to be explored. Many of recent advances
in graphene-based LbL assembly are extensively listed in the
table of our previous contribution.35

Since the inspirational study on LbL-assisted graphite oxide
nanocomposites conducted by Kotov et al.,36 many researchers,
including ourselves, have devoted significant effort to the field
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of graphene-based nanocomposite thin films containing
components such as carbon nanomaterials, polymers, and
metal nanoparticles (NPs).37−47 As representative examples,
the Tsukruk group has pioneered the mechanical analysis of
LbL-assembled graphene multilayer composites;40 Ariga and
co-workers have successfully demonstrated the use of graphene-
based thin-film composites for highly sensitive sensors.41 The
Kotov group has also provided clear structural insight into LbL-
assembled GO and polymer composites;44 Furthermore, our
group has demonstrated the utility of LbL-assembled GO-based
multilayers for electronic,42 catalytic,43 mechanical,46 and
biological applications.45 The aforementioned studies mainly
used graphene as a platform to enhance the characteristics of
the conjugate materials, such as their conductivity, mechanical
properties, and catalytic activity. For further information on
these studies and for more examples of graphene-based
nanocomposites, see the several excellent reviews in the
literature.4,28,29,35,48,49

Despite the considerable progress made in this field, a well-
established protocol for the assembly of graphene-based LbL
nanocomposites remains to be formulated. Consequently, on
the basis of the experience and knowledge that our group has
developed over the past six years, we present herein a detailed
protocol for fabricating LbL assemblies, including preparation
methods for the necessary substrates and suspensions, and
discuss the possible future applications of such assemblies. The
main objective of this paper is to share reliable procedures with
researchers in the field and also to guide new researchers to
broaden the horizon of graphene-based nanocomposite
materials.

2. PROCEDURES AND RESULTS
LbL assembly is a rational strategy used to construct
multilayered nanocomposites based on the attractive forces
between macromolecular components. For graphene-based
multilayer nanocomposites, we focused on LbL assemblies
that exploit electrostatic interactions and proceeded by the
sequential deposition of positively and negatively charged
components (Scheme 1). The incorporation of positive and
negative charges into the components and the stabilization of
their aqueous suspensions are therefore essential for LbL
assembly.
The synthetic procedures in this manual were organized to

address the preparation of three representative graphene-based
multilayer nanocomposites with a workflow comprising five
main steps: (i) preparation and (ii) characterization of the
suspension, (iii) substrate treatment, (iv) LbL assembly, and
(v) film characterization (Scheme 1). To provide an insight
into the combination of materials in multilayered nano-
composites, three LbL assemblies were conducted, one using
a two-dimensional (2D) graphene derivative, one using a one-
dimensional (1D) polymer, and one using a zero-dimensional
(0D) metal NP, all of which were composited with 2D GO
nanosheets as a basic building block.
2.1. Suspension Preparation. GO(−). Chemically derived

GO nanosheets are a fundamental material in graphene-based
multilayer nanocomposites. The abundant oxygen functional
groups allow GO nanosheets to maintain a stable dispersion in
aqueous suspension despite their large lateral dimension (ca. 1
μm). Thus, the aqueous GO suspension, denoted as GO(−),
itself can act as a negatively charged component in LbL
assemblies without additional functionalization. Although there
are a number of methods for the preparation of GO outlined

recently, we introduce our synthetic protocol to guarantee the
reliable preparation of GO suspension we used. Hummers’
method, a strong oxidation and exfoliation process, is the most
commonly employed approach to prepare GO nanosheets for
bulk-scale synthesis. Here, GO nanosheets were prepared by a
modified two-step Hummers’ oxidation process without using
NaNO3, thus avoiding the generation of toxic gases.50

Pretreatment and Oxidation of Graphite (Timing: 2 days)

1. Graphite powder (1.0 g), potassium persulfate, (K2S2O8,
0.50 g), and phosphorus pentoxide (P2O5, 0.50 g) are
added to 3.0 mL of concentrated H2SO4 in a 50 mL
round-bottom flask with stirring until the reactants are
completely dissolved.

2. The mixture is kept at 80 °C for 4.5 h using a hot plate,
after which the reaction is stopped and the mixture is
diluted with 1.0 L of deionized (DI) water.
! CAUTION: Add the graphite slurry carefully to the

DI water. This mixing process induces a rapid increase in
the temperature of the mixture.

3. The mixture is filtered through a glass fiber filter
membrane (pore size: 1.5 μm) and is thoroughly washed
with DI water to remove all traces of acid.

4. The solid is transferred to a drying dish and left
overnight under ambient conditions.

5. The pretreated graphite, which is black in color, is added
to 26 mL of H2SO4 in a 250 mL round-bottom flask, and

Scheme 1. General Workflow and Illustration of LbL
Assembly
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the mixture is stirred until a homogeneous dispersion is
achieved.

6. The flask is placed in an ice bath and potassium
permanganate (KMnO4, 3.0 g) is added slowly, ensuring
that the temperature remains below 10 °C.
! CAUTION: The addition of KMnO4 causes a rapid

increase in temperature. Thus, the rate of addition must
be carefully controlled to prevent the suspension
temperature from exceeding 10 °C.

7. The reaction is warmed to 35 °C and reacted for 2 h.
After then, the flask is placed in an ice bath and DI water
(46 mL) is carefully added into the mixture.
! CAUTION: Because the addition of water to H2SO4

also causes a rapid increase in the solution temperature, it
should be carried out in an ice bath so that the
temperature does not exceed 10 °C.

8. This mixture, which is dark-brown in color, is further
stirred for 0.5 h at 35 °C, after which heating is stopped
and the mixture is diluted with 140 mL of DI water.
Then, 30% hydrogen peroxide (2.5 mL) is added to the
mixture, resulting in a bright yellow intermediate solution
that effervesces.

9. The suspension is allowed to settle for at least 1 day.

Purification of GO (Timing: 2 weeks)

10. The clear supernatant solution is removed, and the
remaining precipitate is thoroughly washed with a 10%
HCl solution (1.0 L) to remove any metallic impurities.
Then, the washed solution is removed by filtration

through a glass fiber filter membrane, affording a soil-like
product, which is dark-yellow in color.
KEY POINT: Unlike the first filtration process in the

pretreatment step, the second filtration might take
longer. Do not filter the entire precipitate at once.

11. The resulting solid is dried in air and redispersed in DI
water. The dispersion is then placed in a dialysis
membrane and dialyzed exhaustively against DI water
for 2 weeks to remove any remaining metal or chemical
residues.

12. The product is centrifuged and washed several times with
DI water in order to neutralize it and remove any residual
species.

13. Finally, the dark brown GO powder is dried at 50 °C in a
vacuum oven for 1 day.

14. A sample of GO powder (50 mg) in DI water (100 mL)
is subjected to ultrasonication at 35 W for 40 min to
obtain a stable suspension. The suspension is then
centrifuged at 4000 rpm for 10 min, and the top 90% of
the supernatant is used for LbL assembly. The thickness
and lateral dimension of exfoliated GO(−) sheets were
characterized by AFM and SEM (see Figure S1 in the
Supporting Information).

GO(+). To construct all graphene-based multilayer nano-
composites, we prepared a positively charged form of GO,
denoted as GO(+), by amine functionalization of GO
nanosheets. 1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide
methiodide (EDC) is an efficient coupling agent for the
formation of amide bonds in the aqueous phase. The carboxylic

Figure 1. (a) Synthetic procedure for GO and amine-functionalized GO. Molecular structures of positively charged (b) polyaniline (PANi) and (c)
4-(dimethylamino)pyridine (DMAP)-Au NP.
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acids in GO can be replaced with amine groups by the
formation of amides using ethylenediamine. This reaction
proceeds via an unstable ester intermediate that is formed
between the carboxylic acid groups and EDC (Figure
1a).21,51,52

Amine Functionalization of GO (Timing: 3−4 days)

1. GO powder (50 mg) is dispersed in DI water (100 mL)
with ultrasonication for 40 min at a concentration of 0.50
mg mL−1.

2. EDC (1.25 g) is added to the GO solution (100 mL)
with vigorous stirring. Ethylenediamine (10 mL) is added
immediately and the solution is stirred overnight at room
temperature.
KEY POINT: EDC is moisture-sensitive and should

be stored in a refrigerator at ca. −10 °C. Before opening
the chemical container, be sure to keep it at room
temperature for 30 min to avoid condensation and
deactivation of the EDC.
! CAUTION: Ethylenediamine is a highly corrosive

and flammable liquid. Avoid breathing its vapor and wear
a lab coat, gloves, and goggles during the experiments.

3. The synthesized suspension is then dialyzed exhaustively
for ca. 3 days in 1.0 L of DI water to remove the
remaining reagents and byproducts. The DI water is
changed frequently at the beginning of dialysis, and the
pH of the dialysate is regularly checked. The dialysis is
finished when the pH of the dialysis fluid is neutral.

PANi(+). PANi was employed as a representative polymeric
component for LbL assembly. Because the emeraldine salt form
of PANi possesses positively charged functional groups under
acidic pH (Figure 1b), PANi can be used as a counterpart for
the GO(−) component in LbL assemblies. An aqueous
suspension of PANi, denoted as PANi(+), was prepared by
dissolving the emeraldine base form of PANi in dimethylace-
tamide (DMAc) and then diluting with pH-adjusted water
according to a method previously reported in the literature (see
Supporting Information).53

Au NP(+). As an example of LbL assembly between metal
NP and GO nanosheets, we employed ligand-stabilized Au NP
as a counterpart for GO(−). Monodispersed Au NP was
synthesized in an organic solvent, and then transferred into an
aqueous solution containing DMAP ligands. DMAP stabiliza-
tion imparts positive charge to the surface of Au NPs and
allows the stable dispersion of Au NPs as an aqueous
suspension (Figure 1c).54 The prepared Au NP suspension is
denoted as Au(+) (see Supporting Information).
2.2. Suspension Characterization. Colloidal Stability.

The surface charge density of LbL components plays a
fundamental role in the alternating assembly of oppositely
charged components. The suspension stability is another key
factor in the preparation of uniform assemblies of multilayered
nanocomposites.55 The surface charge density and suspension
stability can be highly dependent on the pH of the suspension
by the protonation/deprotonation state of the functional
groups in the LbL components. Thus, the suspension pH
should be adjusted prior to LbL assembly. We measured the ζ-
potential of each suspension in the pH range of 3 to 11, as
shown in Figure 2b. In the wide range of pH condition, strong
negative and positive charges were observed in GO(−) and
GO(+), with the average ζ-potentials of −48.2 ± 10.1 mV and
+48.8 ± 6.1 mV, respectively. The chemically derived GO
suspensions also exhibited high dispersion stability, owing to

the presence of the functional groups on the surface of the GO
nanosheets. PANi(+) exhibited positive charge under acidic
conditions and formed a stable dispersion in aqueous
suspensions, but irreversible aggregation was observed under
alkaline conditions, resulting from the deprotonation of the
PANi backbone.56 In contrast, the color of Au(+) changed from
red to violet below pH 7, indicating the aggregation of unstable
Au NPs. Therefore, the pH values of the PANi(+) and Au(+)
suspensions were fixed at 2.5 and 11, respectively, for LbL
assembly.

Absorbance Spectra. The UV−vis absorbance spectra of
GO(−) exhibited two characteristic peaks at 235 and 300 nm,
corresponding to π−π* transitions of aromatic CC bond in
the sp2 region and n−π* transitions of CO bonds,
respectively.54 The two characteristic peaks were blue-shifted
to 200 and 219 nm in GO(+) by amine functionalization.49 The
absorbance peaks of PANi(+) at 310−330 nm and 380−410
nm corresponded to π−π* transition and the polaron band,
respectively.57 In addition, the absorbance at 274 and 513 nm
of Au(+) represents the characteristic peak of DMAP and the
surface plasmon absorbance of Au NPs, respectively. These
characteristic peaks suggest the formation of stable aqueous
suspensions of the Au(+) for LbL components.54

2.3. LbL Assembly of Graphene Nanocomposites.
Substrate Treatment. Because the first component directly
contacts the substrate, substrate treatments that induce the
formation of charged functional groups are crucial to enhance
electrostatic interactions between the substrate and the first
LbL component. In most cases, negatively charged substrates
are used to assemble a positively charged component as the first
deposition layer. However, negatively charged GO nanosheets
should be the first deposition layer for the efficient loading of
positively charged Au NPs. Thus, positively charged substrates
are also necessary in some cases. The type of substrate should
be chosen depending on the application. To remove any
organic contamination, an indium tin oxide (ITO)-coated glass
substrate was cleaned by sonication in DI water, acetone, and

Figure 2. (a) Photographs, (b) ζ-potentials under different pH
conditions, and (c) UV−vis spectra of GO(−), GO(+), PANi(+), and
Au(+) suspensions (from left to right).
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ethanol for 10 min each. Silicon and quartz substrates were
cleaned in piranha solution (H2SO4:H2O2 7:3 v/v) for 1 h. The
negatively and positively charged surfaces were obtained by
oxygen (O2) plasma treatment for 10 min and by dipping in (3-
aminopropy)triethoxysilane (APTES) solution (10% v/v in
ethanol) for 4 h, respectively.38

! CAUTION: Piranha solution is dangerous and extremely
reactive with organic substances. Appropriate safety precautions
should be taken.
KEY POINT: After the APTES treatment, the substrate was

thoroughly washed with ethanol to remove weakly bound
excess residual molecules from the surface.
USEFUL TIP: A Si wafer (SiO2 thickness near 300 nm) is an

excellent substrate to confirm the successful formation of
multilayers because it exhibits color variations with thin film
thickness changes at the nanometer scale that are visible with
the naked eye.
LbL Assembly. We applied a spin-assisted dipping (spin-

dipping) method using automation equipment from nanoStrata
Inc. (Figure 3). The spin-dipping method with rinsing steps

enables the LbL components to assemble onto the substrate
with a uniform layered structure.53,58 During LbL assembly, the
film structure is influenced by the suspension conditions, such
as pH, ionic strength, and concentration. Of these, the pH of
the suspension is the most important factor because it affects
the charge density of the functional groups in the components.
Like other weak polyelectrolytes commonly employed in LbL
assembly, GO(−) and GO(+) are also highly sensitive to the

pH of the suspension, owing to their carboxylic acid and amine
groups, respectively. Moreover, the charge density determines
the amount of deposition through the charge balance between
the oppositely charged components, leading to different
thickness, roughness, and internal structures for the resulting
films.59 Thus, the suspension pH should be chosen according
to the pKa value of the functional groups in the components
and should be optimized using proper film characterization.
(GO/GO)n Films (Timing: 30 min per bilayer (BL))
USEFUL TIP: The suitability of the suspensions can be

estimated before performing LbL assembly by simply mixing
two oppositely charged suspensions in a small vial. If the
suspensions are suitable, you could observe an instant
aggregation owing to the attraction between the components.

1. The negatively charged substrate is dipped and spun for
10 min in 50 mL of GO(+) solution (0.50 mg mL−1, pH
3.0) for the first step of LbL assembly. In this process,
the electrostatic interaction between the negatively
charged substrate and the GO(+) solution induces the
formation of a fine monolayer on the substrate with a
commensurate reversal of surface charge.
USEFUL TIP: Considering the meniscus level of

suspensions and to guarantee a qualified assembly onto
the targeted area, the amount of suspension is
determined to cover 25% extra area larger than the
targeted area of the substrate (e.g., 2.5 cm dipping depth
is required for assembling 2.0 cm film).

2. The GO(+)-adsorbed substrate is then rinsed three times
(1 min for each step) with 60 mL of DI water (pH 3.0)
to remove the loosely adsorbed excess GO off from the
substrate.
KEY POINT: Generally, more rinsing solution is

employed than that used for the suspensions in order to
ensure the thorough washing of polyelectrolytes from the
substrate.

3. Next, the substrate is dipped and spun for 10 min in 50
mL of GO(−) solution (0.50 mg mL−1, pH 3.0),
following the same process as step 1, and the rinsing step
is performed with pH-adjusted DI water.
KEY POINT: To achieve high mass loading of the

GO sheet in LbL assembly, GO(−) suspension (pH 3.0)
is adopted in which the absolute ζ-potential value is low
compared to that under other pH conditions.

4. These LbL steps assemble one BL of a GO(+)/GO(−)
film, and the procedure is repeated to achieve the desired
number of BLs. The substrate is dried under a gentle
nitrogen stream only after the desired number of bilayers
is deposited. The multilayer is typically denoted by (GO/
GO)n, where n indicates the number of bilayers
deposited. As a convention, the first layer component
indicated is a positively charged species and the latter is a
negatively charged species.
USEFUL TIP: If an additional reduction is needed, as-

assembled (GO/GO)n films are placed in a tube furnace
to perform thermal reduction at various temperatures
(typically above 700 °C) for 1 h under Ar atmosphere.

(PANi/GO)n Films (Timing: 30 min per BL)

1. Negatively charged substrates are dipped and spun for 10
min in 50 mL of PANi(+) solution (2.0 mg mL−1, pH
2.5) for the first step of LbL assembly.

2. PANi(+)-adsorbed substrates are then rinsed three times
(1 min for each step) with 60 mL of DI water (pH 2.5)

Figure 3. (a) Automated LbL assembly setup for graphene-based LbL
assembly (nanoStrata). (b) Suspensions for (+) and (−) components
with rinsing solutions with (GO/GO)n multilayers are used as a
representative example. (c) Spin-dipping assembly (see Video S1 and
Figure S2 for actual operation process).
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to remove the loosely adsorbed excess PANi from the
substrate.

3. Next, the substrates are dipped and spun for 10 min in 50
mL of GO(−) solution (0.50 mg mL−1, pH 3.0),
following the same process as that in step 1, and the
rinsing step is performed with pH-adjusted DI water.

4. These LbL steps assemble one BL of a PANi(+)/GO(−)
film, and the procedure is repeated to achieve the desired
number of BL in a format of (PANI/GO)n. The substrate
is dried under a gentle nitrogen stream only after the
desired number of bilayers is deposited.

(Au/GO)n Films (Timing 30 min per BL)

1. Positively charged substrates are dipped and spun for 10
min in 50 mL of GO(−) solution (0.50 mg mL−1, pH
4.0) for the first step of LbL assembly.

2. GO(−)-adsorbed substrates are then rinsed three times
(1 min for each step) with 60 mL of neutral DI water to
remove the loosely adsorbed excess GO(−) from the
substrate.

3. Next, the substrates are dipped and spun for 10 min in 50
mL of an Au(+) suspension (pH 11), following the same
process as that in step 1, and the rinsing step is
performed with the neutral DI water.
KEY POINT: To achieve high mass loading of Au

NPs in LbL assembly, a stable Au(+) suspension at pH
11 is adopted in which the absolute ζ-potential value is
relatively low compared with those under other basic pH
conditions.

4. These LbL steps assemble one BL of Au(+)/GO(−)
film, and the procedure is repeated to achieve the desired
number of BL in a format of (Au/GO)n. The substrate is
dried under a gentle nitrogen stream only after the
desired number of bilayers is deposited.
USEFUL TIP: To investigate the electrochemical

properties of these films, as-assembled (Au/GO)n films
are placed in an oven to perform thermal reduction at
150 °C for 12 h in order to promote enhanced film
integrity prior to the analysis.

pH Effect in LbL Assembly. The assembly pH is one of the
most critical factors in determining the thickness and
composition of the LbL assembly. Using LbL assembly of
(GO/GO)n multilayers as a representative example, we prepare
three assembly conditions such as pH 3/3, 3/7, and 3/11 for
GO(+)/GO(−), respectively. An interesting difference be-
tween weak polyelectrolyte such as poly(acrylic acid) (PAA)
and GO(−) lies in the degree of ionization at low pH; for
example, the degree of ionization of PAA approaches zero,
while GO(−) still bears enough negative charge to maintain
stable dispersion at pH 3 (ζ-potential of −32.3 mV) due to the
stabilization of carboxylic acid groups adjacent to aromatic sp2-
carbon backbone. In accord with this observation, the nominal
pKa values of negatively charged GO(−) were determined in
the range of 4 and 10, which corresponded to ionization of
different functionalities present on GO, including carboxylic
acids conjugated to sp2-carbon backbone (pKa1 ∼ 4), free
carboxylic acids (pKa2 ∼ 6), and phenol groups (pKa3 ∼ 10).60

As such, we tailored the pH of GO(−) suspension at pH 3 (3%
ionized), 7 (64% ionized), and 11 (97% ionized), respectively,
while fixing the pH of GO(+) at 3 in order to maintain the
sufficient positive charges (see Supporting Information).
Figure 4 shows the successful linear growth of (GO/GO)n

multilayer at various pH conditions as a function of the number

of bilayers. Notably, there was a difference in the characteristic
reflective color of thin films assembled on silicon wafer due to
the thickness difference, which could be further determined by
ellipsometry yielding an average bilayer thickness of 3.06 nm
(pH 3/3), 2.08 nm (pH 3/7), and 1.07 nm (pH 3/11) with
respect to the assembly pH. It is shown that the average bilayer
thickness of (GO/GO)n multilayer increased as the pH of the
GO(−) suspension is increased, clearly reflecting the varying
charge densities of the GO(−) nanosheets. The low pH
condition will induce lower charge density of GO(−) owing to
the protonation of carboxyl functional groups, which in turn
requires more amount of GO(−) nanosheets adsorbed onto
the preadsorbed GO(+) nanosheets during the LbL assembly.
This charge compensation at pH 3 leads to thickest film among
all assembly pH conditions tested. For comparison, we also
performed the assembly of (GO/GO)n multilayer films at pH
11/3 of which each GO suspension presents the least charge
density. Specifically, amine groups in GO(+) are mostly
deprotonated at pH 11, whereas carboxylic acid groups in
GO(−) are considerably protonated at pH 3. As a result, we
found extraordinary growth of film with a thickness of
approximately 270 nm of (GO/GO)10 multilayer and a high
surface roughness at pH 11/3 condition (Figure 4b).

2.4. Film Characterization. Thickness and UV−vis
Absorbance. The growth of multilayered graphene nano-
composites is easily confirmed by the naked eye, as shown in
Figure 5a. The layer growth can be also monitored using an
ellipsometry, a surface profiler, UV−vis spectroscopy, or a
quartz crystal microbalance for quantitative analysis. These
analyses make it possible to optimize the LbL process and can
help correlate device performance with the number of BLs. The

Figure 4. (a) Thickness profiles of (GO/GO)n film assembled at pH
3/3 (squares), 3/7 (circles), 3/11 (triangles), and 11/3 (diamonds).
The number/number notation indicates the respective pH condition
of assembled GO(+)/GO(−) suspensions. (b) Thickness and RMS
roughness of (GO/GO)10 films assembled in the different pH
conditions. Inset image shows each (GO/GO)10 film deposited on a
Si wafer. Thickness and RMS roughness was measured by ellipsometry
and AFM, respectively.
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average BL thickness in the (GO/GO)n, (PANi/GO)n, and
(Au/GO)n, films is 1.37, 17.73, and 8.61 nm, respectively
(Figure 5b−d). In addition, the linear increase in the UV−vis
absorbance corresponds to that in the film thickness. This result
indicates that graphene-based LbL assembly provides a uniform
and precise stacking of GO and its counterpart with
commensurate linear film growth, in contrast with the
nonlinear growth exhibited by some other LbL films.61,62

Surface Morphology. Scanning electron microscopy (SEM)
and atomic force microscopy (AFM) images show the surface
morphologies of the LbL components and confirm that the
substrates are covered with a smooth surface with the
characteristic wrinkled surfaces of GO nanosheet (Figure 6).
The surface roughness values (Rq) of (GO/GO)6, (PANi/
GO)6, and (Au/GO)6 were 4.75, 16.6, and 7.07 nm,
respectively. These results indicate that the morphology and
roughness of the LbL films are well correlated with the
dimensions of the LbL components.
2.5. Potential Applications. We have presented detailed

protocols for constructing three different nanocomposite
structures (GO/GO, PANi/GO, and Au/GO), including
details of the suspension and substrate preparations, the LbL
assembly processes, and all necessary and commonly adopted
characterizations. Taking advantages of the versatility of LbL
assembly, we can create multifunctional composite platforms by
selecting the diverse counterpart materials and controlling the
LbL engineering. This methodology is highly applicable to a
wide range of research fields such as electronics, energy,
catalysis, and biomedicine.
As shown in Figure 7, we explored the various applications of

LbL-assembled graphene nanocomposites based on different
combinations of graphene and functional materials and
evaluated their performance as a function of the film thickness
(i.e., number of BL). The (GO/GO)n films following thermal
reduction (1000 °C for 1 h under Ar) were demonstrated as
transparent conducting films that showed gradual changes in
their electrical conductivity and transparency as a function of

the number of bilayers (10 kΩ sq−1 with 87% transmittance at
10 BL).42

A supercapacitor electrode was fabricated from the
assembled (PANi/GO)n films. Interestingly, its overall
capacitance increased with the number of bilayers (322.7 F
g−1 at 30 BL); however, the specific capacitance per bilayer
gradually decreased beyond 10 BL (24.6 F g−1 per BL). This
indicates that achieving a fine balance between the electron

Figure 5. (a) Photograph of (GO/GO)n films deposited on a Si wafer. n represents the number of bilayers. Thickness profiles by ellipsometry
(squares) and surface profiler (triangles), and absorbance plots (circles) of as-assembled (b) (GO/GO)n after thermal reduction, (c) (PANi/GO)n,
and (d) (Au/GO)n films as a function of the number of bilayers. Characteristic absorbance peaks corresponding to the active components within the
multilayer are used to probe the growth of the multilayers; for example, reduced GO (268 nm), PANi (310 nm), and GO (215 nm).

Figure 6. SEM (left) and AFM (right) surface morphology of as-
assembled (a) (GO/GO)6, (b) (PANi/GO)6, and (c) (Au/GO)6
films. All scale bars in SEM images are 2 μm.
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transfer from the electrode and the ionic transport from the
electrolyte is critical for high capacitive behavior.63 In another
notable example, the (Au/GO)n films were employed as
electrocatalysts in the methanol oxidation reaction. The
optimum catalytic performance was achieved by a 6 BL film,
which exhibited high catalytic activity (273 A g−1) and good
cycling retention (88% over 100 cycles). Due to the limited
diffusion of methanol into the hybrid electrode as well as to the
reduced electron transfer to outer NPs, increased thickness
over 6 BL showed decreased catalytic activities.43

Thus, the optimum performance of each graphene nano-
composite is strongly correlated to the selection of materials
and the film thickness. This finding indicates that precise
control of the desired functionalities of multilayered films is
necessary and possible by taking advantage of the LbL-based
nanoscale engineering of the electrode.
Although we mainly utilized the LbL-assembled graphene

nanocomposites for energy applications, they have enormous
potential in many fields of science and engineering owing to
their tailorable architectures, compositions, and tunable proper-
ties. Considering the simplicity and versatility of this method-

ology, we anticipate that the LbL approach will emerge as the
attractive platform technique for the design and fabrication of
diverse hybrid nanocomposites with tailored functionalities.

2.6. New Challenges in LbL-Assembled Graphene
Nanocomposites. We anticipate that unexplored fundamental
studies and design strategies for LbL assembly composites
remain to be discovered, and some of their future endeavors are
proposed in the following.

Structural Control of Graphene Sheet. Until now, chemi-
cally exfoliated graphene has been extensively utilized in various
fields as a versatile platform due to its superior intrinsic
properties together with a facile preparation method. It is well-
known that the physicochemical properties of graphene sheets
are highly dependent on their chemical compositions such as
sheet size, density of functional groups, heteroatom doping, and
defect density. The electronic and mechanical properties of the
nanocomposites will be benefited from the larger sized
graphene sheets with less defect density. On the other hand,
smaller sized graphene sheets show high dispersion stability in
various media, providing improved processability for composite
applications. Thus, more controlled synthesis of graphene with
well-defined structures and compositions not only expands the
versatility of composite materials for diverse applications but
also helps to provide the fundamental understanding of
graphene-based LbL assembly.

Multicomponent Assembly and Architecture Control.
Although most of LbL-assembled composites are based on
the two-component assembly, multicomponent assembly
beyond the conventional approach will be a subject of intensive
research effort in LbL systems. Moreover, the internal
architecture of composites is easily tunable by simply adjusting
the layer sequence, resulting in various nanocomposites with
controlled structures. For example, with a simple two-
component system composed of active species of A and B,
one could produce the fully alternating structure (i.e.,
substrate/ABAB) or compartmented structure (i.e., substrate/
AABB or substrate/BBAA). This precise control of internal
structure within the thin films can optimize the characteristics
of the LbL-assembled graphene nanocomposites even under
the identical composition, which is not attainable with a simple
mixing method.

Novel Building Blocks. Diverse materials are widely used for
LbL components, regardless of the chemical compositions (e.g.,
organic, inorganic, carbon, and metal) and their dimensions
(e.g., 0-, 1-, 2-, and 3D). Recent developments in materials
science have continuously expanded the potential candidates
for LbL components, including metal dichalcogenides such as
MoS2 and WS2. Based on the discovery of novel nanomaterials
and development of their surface modification techniques,
numerous building blocks will be applied to the graphene-based
LbL assembly, and provide a new concept of nanocomposites
and novel future applications.

3. CONCLUSION
We have presented a field manual for the LbL assembly of
graphene-based multilayer nanocomposites based on the
experience and knowledge gained in the course of our previous
studies. Graphene-based LbL nanocomposites have been
successfully demonstrated with graphene, polymer, and metal
NP, and proper strategies for the formation of electrostatic
interactions between each component and the graphene layer
have been detailed. The LbL assembly of graphene-based
nanocomposites is not only limited to the components and

Figure 7. Application of LbL-assembled (a) (GO/GO)n films as
transparent conducting films. Reproduced with permission from ref 42.
Copyright 2011 The Royal Society of Chemistry. (b) (PANi/GO)n
films as supercapacitors. Reproduced with permission from ref 63.
Copyright 2012 The Royal Society of Chemistry. (c) (Au/GO)n films
as electrocatalysts. Reproduced with permission from ref 43. Copyright
2012 John Wiley and Sons. The insets of panels b and c show the
specific capacitance per BL and the peak current density plot as a
function of the number of BLs.
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strategies described in this manual but also can be applied to
many of potential counterpart materials, provided their
composites with graphene materials are fully rationalized and
their preparation is appropriately planned.
The LbL method can be used to optimize device

performance by providing a method for adjusting the number
of bilayer and internal structures within a functional composite
material. Furthermore, it can offer fundamental understanding
of the interfaces between graphene and conjugate nanomateri-
als and provide structural insight into composite engineering at
the nanoscale. We anticipate that the detailed protocols
outlined in this paper will aid researchers in the design of
novel graphene-based nanocomposites with desired and tunable
properties.

4. EQUIPMENT SETUP

ζ-Potential. Diluted aqueous suspensions (typical conc. of
0.050 mg mL−1) were prepared in a syringe with 1.0 mL
capacity. The solutions were slowly injected into the measure-
ment cell to prevent air bubbles. The syringes were sealed with
caps and inserted in the ζ-potential analyzer for colloidal
stability measurements.
UV−vis Spectroscopy. UV−vis absorbance was measured

with a UV cuvette containing pure DI water as a reference.
Diluted aqueous suspensions (0.050 mg mL−1) were prepared
in a measurement cuvette, and absorbance was recorded from
200 to 800 nm. As-prepared LbL films assembled on quartz
glass were directly measured with a bare quartz slide as a
reference. The absorbance range recorded for all samples was
from 200 to 800 nm.
SEM. As-prepared LbL assembled films on silicon wafers

were coated by Pt sputtering (1 min at 20 mA under vacuum)
to increase the electrical conductivity of the samples. SEM
images were obtained at an accelerating voltage of 10 kV.
AFM. The target multilayer film was assembled on piranha-

cleaned Si wafer to analyze the height and lateral dimensions of
the layers with AFM. AFM measurement was performed in the
tapping mode at a 1 Hz scan rate.
Ellipsometry. The target film was assembled on a piranha-

cleaned Si wafer. The thickness fitting process was performed
over a wavelength range of 380 to 900 nm with Cauchy film
modeling. As the Cauchy model requires transparency
(extinction coefficient < 0.001), measurements were modified
with wavelength confinement and B-spline fitting for the
qualified results.
Surface Profiler. As-prepared LbL-assembled films on Si

wafers were scratched using a cutter to obtain the height of LbL
films from the Si substrate. The thickness measurement was
performed at a scanning speed of 10 μm s−1 over a frequency
range of 5 to 50 Hz.
Cyclic Voltammetry. Electrochemical experiments were

performed using a standard three-electrode cell configuration. A
platinum wire was used as the counter electrode and an Hg/
HgO electrode was used as a reference. The working electrode
was a multilayer thin film assembled on ITO-coated glass.
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