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ABSTRACT: Currently, there is great interest in graphene-based devices and applications because graphene has unique electronic and

material properties, which can lead to enhanced material performance. Graphene may be used in a wide variety of potential applica-

tions from next-generation transistors to lightweight and high-strength polymeric composite materials. Graphene, which has atomic

thickness and two-dimensional sizes in the tens of micrometer range or larger, has also been considered a promising nanomaterial in

gas- or liquid-barrier applications because perfect graphene sheets do not allow diffusion of small gases or liquids through its plane.

Recent molecular simulations and experiments have demonstrated that graphene and its derivatives can be used for barrier applica-

tions. In general, graphene and its derivatives can be applied via two major routes for barrier polymer applications. One is the trans-

fer or coating of few-layered, ultrathin graphene and its derivatives, such as graphene oxide (GO) and reduced graphene oxide (rGO),

on polymeric substrates. The other is the incorporation of fully exfoliated GO or rGO nanosheets into the polymeric matrix. In this

article, we review the state-of-the-art research on the use of graphene, GO, and rGO for barrier applications, including few-layered

graphene or its derivatives in coated polymeric films and polymer nanocomposites consisting of chemically exfoliated GO and rGO

nanosheets, and their gas-barrier properties. As compared to other nanomaterials being used for barrier applications, the advantages

and current limitations are discussed to highlight challenging issues for future research and the potential applications of graphene/

polymer, GO/polymer, and rGO/polymer composites. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2013
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INTRODUCTION

Barrier polymers have become more and more important in

many packaging and protective applications, such as in the food

industry,1,2 pharmaceuticals, and electronic devices, such as flex-

ible displays.3,4 Barrier polymers for packaging applications

should have ultralow gas and water-vapor permeabilities or

selective gas permeability in various environments, as shown in

Figure 1(a). In particular, electronic devices, such as organic

light-emitting diodes (OLEDs), are very vulnerable to moisture

and oxygen because of the encapsulated light-emitting materi-

als.3 They consist of conjugated molecules and are degraded

when they come into contact with water or oxygen; therefore,

OLED requires passivation to protect itself. Currently, most dis-

plays have metal or glass protection encapsulating the devices.4

If OLEDs are kept with a passivation layer with a polymeric

gas-barrier film; instead, the thickness of the display can be

drastically thinned, even close to the substrates. Moreover, a

high mechanical strength, optical transparency, and thermal and

chemical stability should also be necessary for ideal packaging

applications. Currently, there are a number of methods for

improving barrier properties in polymeric materials, but they

still suffer from some drawbacks, including a high cost, humid-

ity sensitivity, opacity, and low mechanical strength.5 The most

common method is to coat thin-film polymers5–7 with low-gas-

permeable barrier polymers, such as polyethylene (PE),8 poly-

propylene (PP),9 poly(ethylene terephthalate) (PET),10 and

poly(vinyl alcohol) (PVA).11 However, even though such poly-

mers are light, inexpensive, and easily processable, their applica-

tions as barriers are often limited because of a relatively high

gas permeability as compared to high-criteria demands for

modern packaging applications. Figure 1(a) shows the water

vapor transmission rate (WVTR) and oxygen transmission rate

(OTR) of common organic polymers used for barrier applica-

tions.5 The gas-barrier performance of some polymers would

satisfy food packaging criteria; however, they are still insufficient

for current display devices, such as OLEDs and liquid crystal

displays (LCD), and vacuum-insulating applications. Another

promising technique is inorganic and organic multiple layer

coating methods12 by atomic layer deposition [ALD; Figure

1(b)] or molecular layer deposition [MLD; Figure 1(c)]. Such

multilayered inorganic materials exhibit extremely low WVTRs

(<1026 g/m2 day), which are quite suitable for use in OLED

protective layers.13,14 However, ALD and MLD are very expen-

sive, and their broad application is still limited because of a
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lack of scale-up. Moreover, deposited inorganic layers often

include unfavorable defects15,16 that allow the transmission of

permeants such as water and oxygen through such defective

sites. Accordingly, many studies to overcome the disadvantages

have been conducted to develop improved packaging materials

with a highly gas-impermeable nature.

Recently, graphene has gained significant attention and has

become one of the most widely investigated materials because

of its superior material properties. In addition, graphene, a

monolayer of graphite, is considered an ultrathin, perfect two-

dimensional (2D) barrier against gas diffusion.17,18 Ideally,

defect-free, single-crystalline, monolayer graphene has not only

excellent mechanical properties19 and high transparency20 but is

also gas-impermeable. However, the synthesis of large-area,

defect-free, single-crystalline, monolayer graphene is still

extremely challenging.21–23 One strategy for the use of the

gas-barrier properties of graphene in mass production is to use

graphene oxide (GO) and its reduced form [reduced graphene

oxide (rGO)]. Namely, GO thin layers can be coated on desira-

ble polymeric substrates for barrier applications. GO consists of

oxygen-containing functional groups on the basal plane,24 and

it can be well-dispersed in aqueous polar solvents such as water;

this results in scalable mass production.25,26 However, GO con-

tains some defects on its basal plane; therefore, multilayered,

highly interlocked stacking would be much preferred.27,28

Unfortunately, GO is significantly affected by relative humidity

because of its hydrophilic nature and is also affected by thermal

shock, even at low temperatures, because of its structural meta-

stability. As such, deposited thin-film GO layers should be

chemically or thermally reduced to prevent water vapor trans-

mission or water sorption on the surface. Another strategy is

the preparation of graphene/polymer nanocomposites by the

physical or chemical mixing of nanosheets or nanoplatelets of

graphene and its derivatives [GO, rGO, and functionalized gra-
phene oxide (FGO) or functionalized rGO] with polymers. Gen-
erally, to improve the gas-barrier properties of polymers,
nonporous nanomaterials have been added to the polymer
matrix as a filler to block gas or vapor diffusion. These nanofil-
lers can increase the tortuosity, and this results in an extended
travelling pathway of the diffusing gas through the polymer
nanocomposites. To date, silicate clays with high aspect ratios
(a) have been extensively investigated over the last decades
because of their excellent barrier properties.29–31

The oxygen permeabilities of clay/polymer nanocomposites

reported in the literature are summarized in Figure 1(d).30,32–40

Despite their excellent gas-barrier properties, however, hydro-

philic clay layers tend to aggregate easily because of their high

face-to-face interaction stability due to van der Waals forces; they

also tend to have face-to-edge interactions due to electrostatic

forces41 during mixing in solution.42 As a result, such aggregation

decrease the barrier properties of the resulting polymer nanocom-

posites. When compared with clays, graphene nanoplatelets have

many advantages as 2D nanofiller materials for polymer nano-

composites in various aspects. Graphene-incorporated polymers

show not only much enhanced gas-barrier properties but also

reinforced mechanical strength and improved electrical conduc-

tivity and thermal properties when properly dispersed in a poly-

mer matrix. As compared with other nanocarbons, such as

carbon nanotubes (CNTs) and fullerenes, graphene has a higher

surface-to-volume ratio and so will be able to achieve the longest

gas-diffusion pathway, even at low volume factions. Also, GO can

be well-dispersed with a high a, particularly in hydrophilic poly-

mers.43 In this article, we review the fundamental physical prop-

erties of graphene and its derivatives, focusing especially on

barrier properties. The focus is primarily on the multilayer stack-

ing of graphene and graphene/polymer nanocomposites for the

practical use of the excellent barrier properties of graphene and

its derivatives. Eventually, crucial factors that dominate gas-

barrier performance in graphene/polymer nanocomposites are

suggested, and theoretical predictions and experimental results

are demonstrated on the basis of these factors.

GRAPHENE FOR BARRIER APPLICATIONS

Physical Properties of Graphene and its Synthesis

Since Novoselov et al.44 reported monolayer graphene mechanically

exfoliated from graphite, graphene has gained interest because of

its many unique properties. Graphene is a single-atomic-layer hon-

eycomb lattice of carbon atoms in a sp2 hexagonal bonding config-

uration. It is a 2D allotrope of sp2 carbon in the form of a planar

monolayer. Compared with other nanomaterials, graphene is struc-

turally unique, whereas the lateral dimensions of graphene are up

to 10s of micrometers or larger, and the thickness is at the atomic

scale. Graphene is known as the strongest material ever measured,

with a Young’s modulus of 1 TPa.45 It exhibits a high thermal con-

ductivity of 5300 W m21 K21 46 and an extremely high surface

area of 2630 m2/g.47 Moreover, graphene has a high electron mobil-

ity of 200,000 cm2 V21 s21 48 and an electrical conductivity of up

to 1000 S/cm,49 regardless of chirality, as in CNTs.50

To produce a large-area and defect-free graphene monolayer,

many synthesis methods have been explored. Graphene can be

synthesized by chemical vapor deposition (CVD) on metal sub-

strates,51,52 by epitaxial growth on SiC or metal substrates,53,54 as

graphene nanoribbons from unzipping CNTs,55,56 from the

mechanical cleavage of graphite,44 and via the thermal and chemi-

cal reduction of GO.49 Depending on the method, different types

of graphene can be prepared in terms of scale, exfoliation degree,

purity, and structural defects.57 Among these methods, CVD

growth method is mostly adapted to obtain high-quality gra-

phene. However, graphene from a CVD method has many defects

that may allow unfavorable molecular transport.58–60 Early in

CVD, grain boundaries between single-crystal graphene domains

are formed by the connection of isolated graphene islands during

growth. These grain boundaries in polycrystalline graphene domi-

nate gas transport by unfavorable molecular transport.58 Further-

more, graphene synthesized by the CVD method often causes

intrinsic defects (1–15 nm in size); that is, it is difficult to prepare

defect-free, perfect graphene.60

Gas-Impermeable Nature of Graphene

Graphene is known as a soft, 2D crystal material that is imper-

meable to any gaseous molecules, as demonstrated in molecular

simulations18,61 and experiments.17 The electron density of aro-

matic rings in graphene is high enough to repel the penetration

of atoms or molecules. For instance, when a monoatomic mole-

cule, such as helium (He), approached the center of a carbon

ring in a nondefective graphene monolayer, the energy barrier
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was calculated to be 18.8 eV18 with local density approximation

(LDA). The kinetic energy of the He atom (18.6 eV) was

smaller than the energy barrier for penetration [18.8 eV; Figure

2(a)]. The relaxation of the graphene layer started only after the

He atom was already reflected.18 However, it is not easy to syn-

thesize large-area, defect-free graphene sheets because there are

some defects due to graphene boundaries, point defects, and

carbon rings with more or less than six carbon atoms.18 Figure

2(b) displays some examples of defective graphene models

including Stone–Wales (SW) defects, and divacancies (555,777

and 858), tetravacancies, hexavacancies, and decavacancies. The

energy barriers for these defects are 9.21, 8.77, 4.61, 1.20, 0.37,

and 0.05 eV, respectively, as estimated by LDA.18 The energy

barrier heights of each defect are presented in Figure 2(c).

Although the energy barrier decreases exponentially, they are

still too high for an He atom to pass through a graphene plane

(kBT 5 26 meV (kB: Boltzmann constant, 1.38 3 10223 J/K)].

Therefore, a defect-free, single-crystalline graphene monolayer

can act as an excellent barrier against gas transport at room

temperature. In addition, the pore diameter of the carbon ring

in terms of the electron density is smaller than the kinetic

diameter of various gases, that is, He (2.6 Å), H2 (2.89 Å), CO2

(3.3 Å), O2 (3.46 Å), N2 (3.64 Å), and CH4 (3.8 Å). For exam-

ple, the pore diameter of an octagon ring (considering electron

density) is only 1.5 Å.61 Only large vacancies with a size above

5 Å, that is, two lattice parameters, can be penetrated by gas

molecules.62,63 On the basis of the information presented previ-

ously, graphene is an excellent protective layer candidate when

the graphene sheet can be successfully deposited onto polymeric

substrates for gas-barrier applications.

Various Applications of Impermeable Graphene Sheets

For practical applications of graphene sheets, the preparation of

large-area, defect-free graphene and a suitable method for

Figure 1. (a) OTR and WVTR of conventional polymeric barrier films and the requirements of gas-barrier films for various applications. (1 GPU (gas

permeation unit)) 5 1026 cm3 (STP) cm22 s21 cmHg21) (b,c) Schematic mechanisms of (b) ALD and (c) MLD. (d) Oxygen permeability of polymer/

clay nanocomposites [1 Barrer 5 10210 cm3 (STP) cm cm22 s21 cmHg21; LED 5 light-emitting diode]. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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deposition onto polymeric substrates should be developed.

Among the many preparation methods, epitaxial graphene

growth on the SiC surface and the CVD growth of graphene on

transition metals enable us to produce wafer-scaled monolayer

graphene.64 Freestanding graphene can also be prepared by the

mechanical exfoliation of graphene on the microscale with etch-

ing,65–67 photolithography from epitaxial growth,68 and the

CVD growth of graphene.69,70 Some studies have involved the

use of graphene as ideal molecular filters71–73 and metal protect-

ing layers to prevent the oxidation,74–76 corrosion,77,78 and deg-

radation in electrochemical systems.79 In addition, defective

graphene can also be used for barrier film applications through

the stacking of a number of graphene sheets.

Porous Graphene as an Ideal Molecular Filter. Graphene

monolayers are impermeable to gaseous molecules and are suit-

able for protective barrier applications. However, if the pores

could be properly engineered on a graphene plane, the subna-

noporous graphene sheets could be used as a fast, selective

molecular filter. The most ideal molecular filter should consist

of an ultrathin layer for high throughput, regular and small

pores for high gas selectivity, and high chemical and mechanical

stability. Generally, porous graphene has been evaluated mainly

with quantum mechanics and molecular dynamics simula-

tions.61,71,80 Jiang et al.80 reported H2/CH4 separation with

hydrogen-functionalized porous graphene with pore dimensions

of 2.5 3 3.8 Å2. The hydrogen-functionalized pores of 3.6 Å,

which were larger than those of the octagon ring (1.5 Å) could

weaken the p–p interaction near the pore; thus, a diffusion bar-

rier for a large gaseous molecule, such as CH4, was created.61

They obtained a high H2/CH4 selectivity of 1023 at room tem-

perature (T 5 300 K). In addition, the H2/N2 and H2/CO2 selec-

tivities of porous graphene were theoretically calculated to be 2

3 1012 and 1 3 1011, respectively.61 Recently, the separation of
3He from 4He with nitrogen-doped nanoporous graphene sheets

was demonstrated with a molecular dynamics simulation.81

Under the most ideal conditions, the maximum transmission

ratio of 3He/4He reached 19 at T 5 10 K.71

In addition to gas molecules, solvated ions passing through

functionalized graphene (FG) nanopores and driven by an

external electric field were also investigated with molecular

dynamics.82 It was revealed that monolayer graphene with

nanopores could efficiently separate NaCl from water molecules,

and the salt rejection strongly depended on the pore size, chem-

ical functionalization, and transmembrane pressure. The pre-

dicted water permeability through the graphene membrane was

three orders of magnitude higher than commercial reverse

osmosis membranes. For example, the water permeability

ranged from 30 to 66 L cm22�day21�MPa21 with a hydrogen-

ated pore diameter of 23.1 Å.2,83 In addition, when a voltage

was applied, the water molecules tended to be closely packed,

showing a high water density near the graphene surface due to

the polarization of water molecules.84

More recently, with the introduction of a water slab between a

gas mixture and the graphene membrane, a specific gas could

be separated on the basis of the water solubility of the gases, as

shown in Figure 3(a).85 That study demonstrated efficient CO2

Figure 2. (a) Reflection of an He atom with a kinetic energy of 18.6 eV

from a graphene surface: (i) The He atom approaches the perfect graphene

layer. (ii) The He atom comes to rest before penetrating the graphene layer;

the relaxation of the graphene layer is very small at this moment. (iii) The

He atom is reflected back, and the surface starts to relax. (Reproduced with

permission from ref. 17. Copyright 2008 ACS Publications.) (b) Defective

graphene models: (i) SW defect, (ii) 555777 divacancy, (iii) 585 divacancy,

(iv) tetravacancy, (v) hexavacancy, and (vi) decavacancy. (c) Dependence of

the penetration energy barrier height on the size of the defect for LDA.

(Reproduced with permission from ref. 17. Copyright 2008 ACS Publica-

tions.) [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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separation from CO2/O2, CO2/N2, and CO2/CH4 mixtures with

a graphene pore size of 0.99 nm, and the selectivities reached

9.5, 14.4, and 9.9, respectively. However, the experimental

approach to make such precise pore sizes on graphene would be

a great challenge. At present, the pores can be generated with a

focused electron beam of a transmission electron microscope;86

however, there are some limitations in precision and resolution.

Protective Layers for Antioxidation Applications. Some studies

have shown that graphene can also be used as a protective layer

to prevent oxidation.78,87 In general, to prevent refined metal

corrosion, several methods have been proposed, including inert

metal or alloy coating,88,89 electroactive conducting polymer

coating,90 self-assembly monolayer coating,91,92 and the forma-

tion of oxidized layers on the substrate surface.93 However, these

methods rely mainly on the physical properties of metals, such

as optics, thickness, and electrical and thermal conductivity.

When compared to these materials, graphene is chemically sta-

ble in an ambient atmosphere up to 400�C94 and in an inert

atmosphere up to 1500�C,95 and it can be moved onto arbitrary

surfaces by a transfer method. Chen et al.87 showed the feasibil-

ity of graphene grown by CVD to protect a metal surface, such

as Cu and Cu/Ni alloy, from oxidation and hydrogen peroxide.

The uncoated Cu, monolayer graphene-coated Cu, and multi-

layer graphene-coated Cu were exposed to air at 200�C for the

same periods of time. After 4 h, the graphene-coated Cu

showed no significant surface changes, whereas the uncoated Cu

became darker [Figure 3(b)]. Furthermore, CuO, Cu2O, and

Cu(OH)2 were detected in the uncoated Cu. However, after 2

days, the monolayer graphene-coated Cu was also thermally oxi-

dized to some extent. Indeed, graphene without defects and

grain boundaries may have been able to preserve the metal sur-

face under reactive environments over a long period because of

its perfect barrier properties. However, polycrystalline graphene

grown by CVD contained defective grain boundaries and some

defects that could have allowed the penetration of oxidants into

the metal surface on the bottom. Graphene-coated Cu also

exhibited an excellent tolerance against electrochemical corro-

sion87 by hindering electrolytes approaching the corroded elec-

trode area.78 Electrochemical corrosion was also observed at the

grain boundaries of polycrystalline graphene. Molecular diffu-

sion through defective grain boundaries would be a crucial fac-

tor for the development of effective oxidation protection. To

make more protective films with graphene, less defective and

large-grain-sized graphene should be developed with more the

stable physical transfer of graphene sheets on the desired

substrates.

Few-Layered Graphene on Polymeric Substrates. One of the

simple strategies in the use of defective graphene as a gas-

barrier film is the multistacking of graphene layers. For exam-

ple, few-layered graphene can be transferred onto a polymeric

substrate such as poly(1-methylsilyl-1-propyne) (PTMSP) films

[Figure 3(c)]. PTMSP is a highly permeable, rigid, glassy poly-

mer,96 which is expected to provide a rapid indication of the

effect of graphene layers on the gas-barrier properties. The gas

molecules can enter through grain boundaries or defects on

the graphene layer. However, the gas permeabilities are reduced

by an increase in the number of graphene layers, as shown in

Figure 3(d). In addition, gas selectivities increase over typical

polymeric membranes97 and carbon molecular-sieve mem-

branes.98 This implies that the molecular sieving mechanism

may occur between graphene interlayers. This phenomenon

shows that single-layer graphene can act as a gas-barrier mate-

rial, as suggested theoretically; however, gas can still diffuse

through multilayer graphene because of transfer-induced mac-

roscopic holes and grain boundary defects in the graphene

sheets. Therefore, to use graphene as a gas-barrier material in

practical applications, graphene grown on copper foils should

be single crystal, have less structural disorder, and also have

reduced macroscopic defects during transfer to polymeric

substrates.

In general, graphene grown by CVD has a polycrystalline phase,

point defects, and nanoscale large holes. Other defects are often

formed during the transfer process from the metal to any desir-

able substrates.60 One common method for transferring gra-

phene from a transition metal growth substrate is the so-called

poly(methyl methacrylate) (PMMA)-mediated transfer.99–101

Once PMMA is coated onto a graphene surface, the metal

under graphene is etched by oxidative etchants such as FeCl3.

Then, a freestanding graphene/PMMA film is transferred onto

the target substrate, and the PMMA layer is removed with ace-

tone. This method is quite simple; however, the formation of

undesirable defects is unavoidable during the transfer process,

also, PMMA residues remain as minor impurities.100 In addi-

tion, the graphene quality after transfer is influenced largely by

the surface nature (hydrophilicity or hydrophobicity) of the

substrate, the surface roughness of copper, and the type of etch-

ant used to remove the copper. To minimize defects and obtain

high-quality graphene, many studies have been reported; these

include spin-coating, the preannealing of the copper substrate

before CVD,102 the annealing of the graphene/copper layer,103

SiO2 growth on graphene followed by back etching,104 and etch-

ant and temperature control.

There have been many studies based on theoretical approaches

on the preparation of high-quality graphene without defects on

a large scale. However, there are still many prerequisites to the

synthesis of perfect graphene with theoretically ideal properties

because of the limitation of recent techniques. Therefore, in the

future, techniques for growing perfect graphene, nondefective

transfer methods, nanopore tuning with advanced electron-

beam resolution, and easy multilayer stacking techniques need

to be developed.

GO FOR BARRIER APPLICATIONS

Synthesis and Properties of GO

Although the micromechanical exfoliation, CVD, and epitaxial

growth of graphene are suitable for producing high-quality gra-

phene, they have some technical limitations that may not be

applied to scaled-up graphene production.57 Moreover, gra-

phene itself has a low processability with conventional polymers

and solvents in chemical processes. In contrast, the chemical

oxidation of graphite in solution as a precursor of graphene is

easy to scale-up in bulk, and chemically oxidized graphite itself

has a higher processability. The oxidation of graphite to GO

dates back to 1859, when Brodie105 used fuming nitric acid and
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potassium chlorate (KClO3) to oxidize graphite. A century later,

Hummers and Offeman106 proposed a new synthesis method for

the oxidation of graphite with potassium permanganate

(KMnO4) and concentrated sulfuric acid as oxidizing agents.

After these pioneering studies, the Hummers method and its

modified methods have been widely adapted for synthesizing GO.

Commonly used GO synthesis methods are summarized in Table

I. GO consists of oxygen functional groups on the basal plane and

at the edges, as proposed by Lerf and coworkers.107,108 In most

cases, it is believed that epoxy and hydroxyl groups are on the

basal plane, whereas carbonyl and carboxylic acid groups are at

the edges.109–113 However, the exact chemical structure of GO is

still being explored. When compared to graphene, the oxygen

functional groups in GO result in some structural defects.114,115

However, carboxylic acid groups at the edges help to electrostati-

cally stabilize the colloidal state of a GO suspension in some polar

solvents, particularly in water at high pH without any surfac-

tant.116,117 To achieve a fully exfoliated GO suspension, posttreat-

ments such as ultrasonication118 and further centrifugation119

may be needed. The monolayer thickness of GO is known to be

about 1–1.4 nm120,121 thicker than that of monolayer graphene

(0.34 nm)122 because of oxygen-containing functional groups on

the basal plane.

GO can be a precursor of graphene via chemical or thermal

reduction methods. Oxygen-containing functional groups in

GO are mostly eliminated by reduction processes, and then, the

electrical and thermal conductivities of rGO return to being

close to those of graphene. In general, there are various reduc-

tion methods, such as high-temperature thermal reduction,123

low-temperature chemical reduction,124 and irradiation-assisted

reduction.125 Thermal reduction is usually performed above

200�C in vacuo126 and in an inert atmosphere.127 Typically, a

more efficient reduction can be achieved at high temperatures

because some oxygen functional groups can gradually decom-

pose at temperatures above 200�C.128 Chemical reduction can

also be achieved in both the liquid and gas phases. Chemical

reducing agents include hydrazine,128–130 metal hydrides (e.g.,

NaH131 and NaBH4
132), ascorbic acid (Vitamin C),133 Hydrogen

Iodide (HI) gas,134 hydroquinone,135 and p-phenylenedi-

amine.136 GO reduction can also be achieved at high tempera-

ture and with strong alkaline treatment (KOH and NaOH)137 or

in supercritical water.138 In addition, UV-assisted photocatalytic

reduction125 and microwave-assisted reduction139,140 are also

used for GO reduction. A multistep reduction based on a com-

bination of different processes is also an effective route for

removing oxygen-containing functional groups.141 However,

none of the reported reduction methods have ever achieved the

complete removal of oxygen groups and have achieved only a

partial restoration of an sp2-conjugated graphene network.142,143

In addition, rGO has many defects on its basal plane. Thermal

Figure 3. (a) Illustration of the water-solubility-driven separation of CO2 with porous graphene. (Reproduced with permission from ref. 84. Copyright

2012 Elsevier, Ltd.). (b) Photographs of Cu and Cu/Ni foil with and without a graphene coating taken before and after annealing in air at 200�C for 4

h. (Reproduced with permission from ref. 86. Copyright 2008 ACS Publications.) (c) Illustration of the gas-transport mechanism in multilayer graphene-

deposited polymer film. The gas can penetrate the defective pores in graphene sheet. (d) Change in gas permeability as a function of the number of

graphene sheet on polymer film. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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reduction processes cause vacancies in the basal plane because

of the evolution of carbon in the form of CO or CO2.144 Chem-

ical reduction with reducing agents also forms defects on the

rGO surface and a layering structure and can cause additional

doping on defective sites.

Preparation of Thin GO Films

With the use of a well-dispersed GO solution, it is possible to

prepare thin GO films on various substrates. Thin GO films

and thick GO papers have interlocked layered structures of 2D

GO sheets.145 This layered structure leads to a great mechanical

strength and flexibility, even for films with submicrometer

thicknesses.146 Thin GO films can be prepared with the Lang-

muir–Blodgett,112,147 drop-casting,148 dip-coating,127 spray-

ing,149,150 electrophoresis,136,151 vacuum-filtration,145,152 and

spin-coating methods.111,153–155 Once GO is assembled in a

multilayer, strong hydrogen bonds between individual GO

sheets hold the sheets together to maintain interlocked, layered

structures. Thus, such GO films show an elastic modulus of

207.6 GPa,43 which is lower than that of graphene but still high.

In addition, more stable and thin GO films can also be pre-

pared on hydrophilic substrates.

Among the many methods, drop casting, dip coating, and spray

coating often result in nonuniform deposition, which is caused

by self-aggregation. On the other hand, the spin-coating method

results in a homogeneous GO film [Figure 4(a)]. Therein, to

obtain a uniform GO film, inert gas is blown to the center of

the substrates to accelerate rapid vaporization of solvent.25 The

film thickness can be controlled via the adjustment of the GO

concentration or coating cycles.

The vacuum-filtration method has been commonly used for the

preparation of thin GO films on substrates or freestanding,

thick GO papers [Figure 4(b)]. As the GO suspension is filtered

through porous substrates, GO nanosheets are continuously

stacked on the porous substrate. This process enables a nano-

scale thick GO film via the adjustment of the amount of filtered

GO suspensions.

Other self-assembly processes at liquid–air26,156 or liquid–liquid

interfaces157,158 have also been used to prepare ultrathin assem-

blies of GO thin films. Because GO is regarded as an amphiphilic

soft material, GO films can be prepared between aqueous and

nonaqueous liquid interfaces111 and thereby potentially reduce

the structural defects.159 As shown in Figure 4(c), layer-by-layer

(LBL) self-assembly on polymers is a useful method for preparing

barrier GO/polymer films.160 Using LBL self-assembly, nanometer

thick GO layers can be achieved by the adsorption of oppositely

charged polyelectrolytes on a polymeric substrate. GO has nega-

tive charges on the surfaces; therefore, GO can be used to form a

thin barrier film with polycations with LBL deposition; these LBL

structures show excellent gas-barrier properties.161

Gas-Transport Model in Multilayered GO Films

Figure 4(d) shows transmission electron microscopy images of

GO layered structures on a polymer substrate. A simple gas per-

meability model for a regular arrangement of platelets was pro-

posed by Nielsen [Figure 4(e)] for the case where gas molecules

pass through the layer structure in the perpendicular direc-

tion.162 These layered structures maximize the gas-diffusion

path length and, as a result, significantly decrease the gas flux

through layered composite films. The diffusion length (l0) can

be estimated as follows:163

l’5l1hNi L

2
(1)

hNi5 l

D01W
(2)

where l is the membrane thickness, L is the width of the gra-

phene sheet, D0 is the effective distance between graphene

Table I. Summary of GO Synthesis Methods

Method Oxidants Solvent
Oxidation
time C/O ratio Advantages Drawbacks Reference

Brodie KClO3 HNO3 3–4 days 2.16 Very stable,
low contamination,
small interlayer
distance

Slow 105

Modified
Brodie

NaClO3 HNO3 1–2 days 2.47–2.64 229

NaClO3 HNO3 1.5 days 2.04 230

Staudenmaier KClO3 HNO3,
H2SO4

4 days 2.6 234

Hummers NaNO3,
KMnO4

H2SO4 1 h 2.25 Fast reaction
Fewer defects

High
contamination
and degradation

235

Modified
Hummers

K2S2O8,
P2O5,

KMnO4

H2SO4 8 h 1.3 236

KMnO4 H2SO4,

H3PO4

19 h — 237
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sheets,133,164,165 and W is the thickness of the graphene sheet.121

GO is supposed to be rectangular in shape and oriented perpen-

dicular to the direction of gas diffusion; therefore, GO acts as a

perfectly impermeable barrier against gas diffusion. The diffu-

sional path length in layered GO paper is significantly influ-

enced by the GO platelet size. For large platelet sizes of 5 lm,

the diffusional path is 1300 times longer than the membrane

thickness. On the other hand, for a small GO platelet size of

100 nm, the diffusion path is only 25 times longer than the

membrane thickness. Therefore, for barrier applications, large

GO platelet sizes are preferred over small GO platelet sizes.

Barrier Applications of GO Films

Gas Barrier. Freestanding GO films in a dry state do not allow

even small gas molecules such as He to penetrate through the

GO sheets because of a high potential energy barrier. Therefore,

if the gas molecules are to permeate through the GO film, the

gas molecules must enter the boundaries between the top layers

of GO films and then pass along the interlayer space with a

long, tortuous path.166 Thus, the tortuosity is influenced by the

GO platelet size and thickness, whereas stacking structures and

residual water content are also significant in the improvement

of the gas-barrier properties of GO films. Figure 5(a) shows the

gas permeability of thick GO films with different platelet sizes.

The maximum size of a GO platelet is dependent on the size of

the initial graphite source.148 In addition, the average size of

GO platelets can be controlled on the nanoscale by the exten-

sion of the oxidation167 or ultrasonication time.168 In Figure

5(a), the gas transport through different platelet sizes of GO

films shows molecular sieving behavior, and the gas permeabil-

ities increase as the sonication time increases because the aver-

age GO platelet size becomes smaller. For example, a GO film

prepared from a smaller GO platelet size shows a much higher

gas permeability because of fewer diffusional pathways of gas

molecules. Figure 5(b) shows He permeance through GO films

as a function of applied feed pressure (the permeate side is at

Figure 4. (a) GO thin film on microporous polymer membranes prepared by spin-coating. (b) Freestanding GO film prepared by vacuum filtration. (c)

LBL structure of a GO/polycation composite film (the blue and negatively charged platelet is GO, and the red and positively charged chain is the polyca-

tion). (d) Cross-sectional TEM image of GO prepared by spin-coating on polymer substrate. (e) Regular arrangement of horizontally stacked platelets in

a parallel array perpendicular to the diffusion direction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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atmospheric pressure). At low feed pressures, a gas molecule

could not enter the GO interlayer space because the kinetic

energy of the gas molecule is smaller than the potential energy

barrier of the GO sheets. However, as the applied pressure is

increased, the gas molecules can permeate through the interlayer

space of GO because the kinetic energy of the gas starts to over-

come the potential energy barrier of the GO sheets. Further-

more, as the GO platelet size increases, the total potential

energy barrier of the GO sheets will be higher; therefore, a high

feed pressure will be needed to provide a high kinetic energy to

the gas molecules to overcome the potential energy barrier of

the GO sheets. In addition, humidity is also a critical issue

because the hydrophilic functional groups of GO can bind with

water molecules. Then, not only the distance between GO

layers, which is strongly dependent on the water content of the

GO sheets (due to the humidity in ambient conditions)169 but

also the interaction between gas and water molecules should be

considered.

Selective Ion Transport. Unlike graphene, some studies have

successfully demonstrated GO membranes as ion-selective mem-

branes.27,170,171 As shown in Figure 5(c), water molecules can

permeate through the interlayer spaces between GO sheets,

whereas other liquids and gases are blocked.172 Sun et al.27

showed the selective ion transport and water purification prop-

erties of freestanding GO membranes prepared by a drop-

casting method. Sodium salts permeated quickly through the

GO membranes, whereas heavy-metal salts, such as Mn21,

Cu21, and Cd21 salts, moved much more slowly, as presented

in Figure 5(d). Heavy-metal salts were rejected because of their

Figure 5. (a) Gas permeability of thick GO films with different platelet sizes. (b) He permeance of ultrathin GO films as a function of feed pressure.

(Average platelet size of A: 3 lm, B: 1 lm) (c) Permeability of GO paper with respect to water and various small molecules. (1GPU 5 1026 cm3 (STP)

cm22 s21cmHg21) (Reproduced with permission from ref. 172. Copyright 2012 American Association for the Advancement of Science.) (d) Conductiv-

ities of different ionic compounds through GO membranes. (Reproduced with permission from ref. 27. Copyright 2013 ACS Publications). [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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strong interactions with the GO functional groups.170 Further-

more, the oxygen-functional-group-decorated GO sheets main-

tained a relatively large interlayer distance and provided empty

spaces between nonoxidized regions.

GO films provide good barrier properties in the dry state; how-

ever, the interlayer distance between GO sheets, which signifi-

cantly affects the gas molecular transport, is very susceptible to

humidity. There are two strategies for overcoming the humidity

problem: the complete elimination of water and the elimination

of the oxygen groups of GO. The complete elimination of water

is ideal, but it is still hard to achieve because of the thermal and

structural properties of GO. However, through the control of the

humidity, the gas or ion selectivity of a GO film can be adjusted.

To eliminate oxygen groups in GO, various reduction treatments

should be performed. However, rGO films do not form well-

ordered layering structures because of the deformation of GO

sheets during the reduction process. To ensure the mechanical

strength of the GO film, a sufficiently thick GO film is needed.

Fortunately, additional chemical crosslinking can be conducted

to enhance the mechanical properties between the oxygen groups

of GO and divalent ions170 or other crosslinkers, such as polyal-

lylamine.173 Therefore, the functionalization of GO to enhance

the mechanical properties and vapor stability and a complete

reduction method of GO without structural defects should be

developed for the use of GO for barrier applications.

GRAPHENE/POLYMER NANOCOMPOSITES

Gas-Diffusion Barrier

There is a strong demand for improving the gas-barrier prop-

erties of existing polymers used in electronic devices and food

packaging, which require the near-perfect exclusion of gas

molecules. The fabrication of polymer nanocomposites, which

are intended to provide a synergetic effect by taking advantage

of the high workability of both polymers and functional fillers,

is a useful method for overcoming the limits of the physical

properties of the polymers themselves.174 Since Toyota Co.29

showed excellent improvement in the mechanical strength of

nylon 6 by adding clay to form polymer nanocomposites 20

years ago, polymer nanocomposites have been investigated

extensively for many technical applications. In particular, the

incorporation of nanoscale fillers leads to the enhancement of

many properties, even with lower loading amounts than

microscale fillers.175 Among the many kinds of nanofillers, sil-

icate clays are widely used for barrier applications because of

their high a and their compatibility with various polymers.176–

179 However, as mentioned earlier, the aggregation of clays

and their small lateral size still limit the wide use of clays as a

fillers for polymer nanocomposites.180 To overcome these dis-

advantages of clay nanofillers, a number of modification

methods have been suggested.181–186 Recently, graphene and

its derivatives have come to be regarded as promising 2D lay-

ered nanofillers.187,188 Graphene provides not only a high a
but also useful physical properties, such as a high electron

mobility, thermal conductivity, mechanical properties, and

optical transmittance.46,57,189–191 Because of these unique

properties, graphene can contribute to higher performance in

polymer nanocomposites.192

Preparation Methods of Graphene/Polymer Nanocomposites

Graphene/polymer nanocomposites mentioned in the literature

are summarized in terms of their target properties, polymers,

type of graphene, and preparation methods in Table II. In gen-

eral, the incorporation of graphene and its derivatives into poly-

mers are mainly done to reinforce the mechanical strength,

enhance the electrical conductivity, and impart gas-barrier prop-

erties. Depending on the applications of nanocomposites, differ-

ent polymer matrices and types of graphene fillers can be

selected with various compositions. Polymer nanocomposites

are prepared mostly by solution mixing, in situ polymerization,

and melting.193

The solution-mixing method is widely used because of the facile

nature of the process.194 The crucial challenges in solution mix-

ing are minimizing the residual solvents195 and obtaining good

dispersion properties of the fillers in viscous polymeric solu-

tions. Complete drying to eliminate residual solvents is needed;

however, in the case of GO as a nanofiller, the thermal reduc-

tion of GO should be carefully considered because GO can eas-

ily decompose, even at low temperatures below 150�C; this

often leads to local structural deformations in the polymer

matrix, which causes a significant loss of the physical properties

in the resulting graphene/polymer nanocomposites. The compo-

sition of graphene nanoplatelets is also significantly affected by

the degree of dispersion in the mixing solution. Furthermore,

aggregated graphene or GO nanoplatelets, because of the poor

solubility or gravimetric precipitation by unexfoliated graphene

or GO nanosheets, is a critical problem often occurring in such

nanocomposites.196 However, the solution-mixing method is a

convenient method when residual solvents can be eliminated

completely and an excellent dispersion can be achieved.194

In situ polymerization is another route for preparing homoge-

neously dispersed graphene or GO nanoplatelets in a polymer

matrix because of the interactions forming chemical bonds

between the graphene derivatives and the polymer matrix.194,197

In addition, through the induction of additional functional

groups on the graphene or GO surfaces, in situ polymerizations

can provide enhanced dispersion properties and also better

compatibility between graphene and the polymer via chemical

bonding. Fine powders or uniformly dispersed graphene nano-

platelets in solvent can be mixed with a monomer solution with

an initiator (e.g., photoinitiators and thermal initiators). After

the initiator is dissociated by radiation or thermal energy, exfo-

liated graphene or GO nanoplatelets can be mixed or cross-

linked with polymer chains; this leads to higher dispersion

properties. During polymerization, however, the viscosity usu-

ally increases, which may reduce the processability of nanocom-

posites.192,195 Moreover, in situ polymerization should also be

performed in the solution state; therefore, the elimination of

residual solvents should be addressed when one uses the

solution-mixing method.197

Melt processing is a typical method for the preparation of ther-

moplastic polymer nanocomposites.197 It is an ecofriendly, cheap,

and suitable method for mass production in industrial applica-

tions.192,198 In general, graphene or GO powders can be blended

with polymers. The polymers are heated until they are in a molten
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Table II. Preparation of the Graphene/Polymer Nanocomposites

Polymer
Types of
graphene

Preparation
methoda

Maximum
fraction Reference

Mechanical
strength

PU rGO, FGO Blending, in situ,
melting

3 wt % 238

PI FGO In situ 0.38 wt % 239

PAN EG In situ 4 wt % 223

PLA EG Melting 7 wt % 240

WPU FG Solution mixing 6 wt % 241

PPS EG Melting 25 wt % 242

PI GO In situ 5 wt % 243

PVE rGO In situ 0.2 wt % 244

PMMA GO Solution mixing 10 wt % 245

PC Graphite, FG Melting 15 (G), 3 (FG,
wt % %)

213

Cellulose G Solution mixing 5 wt % 219

PEN Graphite, EG Melting 20 (G), 4 (EG,
wt % %)

246

LLDPE FG Solution mixing 5 wt % 230

Poly(norbornene
dicarboximide)

FG Solution mixing 5 wt % 247

PET FGO Solution mixing 3 wt % 220

PLA GO, graphene Solution mixing 0.6 wt % 218

Butadiene–styrene–
vinyl pyridine rubber

GO Melting 3.6 vol % 248

PET rGO Melting 1.5 wt % 222

PVA GO Solution mixing 5 wt % 249

HDPE FGO Melting 0.6 wt % 250

Cellulose GO Solution mixing 7.5 wt % 251

PU GO In situ 4.4 wt % 252

PS GO Solution mixing 3 wt % 253

PAH, PSS GO LBL 8 vol % 254

PVA GO Solution mixing 0.7 wt % 255

Poly(allylamine
hydrochloride)

GO In situ 12.5 wt % 256

PS FG In situ 0.9 wt % 257

Epoxy rGO Solution mixing 0.1 wt % 258

PMMA GO Grafting 3 wt % 259

Nylon 6 G In situ 10 wt % 57

PU rGO In situ 2 wt % 260

PI GO In situ 5 wt % 261

PVA rGO Solution mixing 3 vol % 262

PVA GO, rGO Solution mixing 4 wt % 263

PVA rGO Solution mixing 3.5 wt % 264

PMMA GO, rGO In situ 0.05 wt % 265

PVDF GO Solution mixing 2 wt % 266

SAN, PC, PP, PA rGO Melting 12 wt % 267

PU rGO In situ 2 wt % 260
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TABLE II. Continued

Polymer
Types of
graphene

Preparation
methoda

Maximum
fraction Reference

PVC rGO Solution mixing 2 wt % 268

PP EG Melting 25 vol % 269

PCL GO,
graphite

Solution mixing 10 wt % 270

Electrical
conductivity

PBI GO, FGO Mixing 2 wt % 271

PS G Mixing 20 wt % 272

PVC-co-PVA rGO, EG Solution mixing 0.7 vol % 273

PEId, epoxy EG Soaking 0.79 wt % 274

PU rGO, FGO Blending, in situ,
melting

3 wt % 238

PAA GO LBL 13 layers 275

PANI GO In situ 10 wt % 276

PMMA EG In situ 0.31 vol % 277

PI FGO In situ 0.38 wt % 239

PAH GO LBL 4 Layer 236

PAN EG In situ 4 wt % 223

PLA EG Melting 7 wt % 240

PS FG Solution mixing 10 vol % 168

PPS EG Melting 25 wt % 242

PVE rGO In situ 0.2 wt % 244

PEN Graphite,
EG

Melting 20 (G), 4 (EG,
wt %)

246

PANI FG In situ 0.5 wt % 224

PU rGO In situ 2 wt % 260

SAN, PC,
PP, PA

rGO Melting 12 wt % 267

PU rGO In situ 2 wt % 260

Gas-barrier
properties

PEId, epoxy EG Soaking 0.79 wt % 274

PU rGO, FGO Blending, in situ,
melting

3 wt % 238

PAN EG In situ 4 wt % 223

PVA GO, rGO Solution mixing 0.3 vol % 220

PVA GO In situ 0.72 vol % 278

PS GO Melting 2.27 vol % 279

PMMA GO Solution mixing 10 wt % 245

PI GO Solution mixing 0.01 wt % 280

PC Graphite,
FG

Melting 15 (G), 3 (FG,
wt %)

213

PEI GO LBL 0.2 wt % 281

Cellulose G Solution mixing 5 wt % 219

PEN Graphite,
EG

Melting 20 (G), 4 (EG,
wt %)

246

PEI GO LBL 0.5 wt % 282

LLPDE FG Solution mixing 5 wt % 230

REVIEW

12 J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39628 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


state, and then, the mechanically blended molten compounds are

extruded. In the melting process, no solvent is necessary,198 mak-

ing it is an economical and environmentally friendly method suit-

able for scale-up.176 However, in this process, strong shear forces

are required to blend the highly viscous molten polymers and gra-

phene derivatives. Here, graphene buckling, which causes rolling

or shortening of the graphene derivatives, may occur. The reduc-

tion of a in graphene derivatives may not be suitable for achieving

high conductivity in the resulting polymer nanocomposites,197,198

whereas the high a is one of the best advantages over typical clays

or other nanofillers. In addition to these common methods, the

solid-state intercalation,199 emulsion,200 supercritical carbon

TABLE II. Continued

Polymer
Types of
graphene

Preparation
methoda

Maximum
fraction Reference

Poly(norbornene
dicarboximide)

FG Solution mixing 5 wt % 61

PET FGO Solution mixing 3 wt % 221

PLA GO,
graphene

Solution mixing 0.6 wt % 218

Butadiene–styrene–
vinyl pyridine rubber

GO Melting 3.6 vol % 248

PP rGO Melting 1 wt % 226

PANI FG In situ 0.5 wt % 224

PET rGO Melting 1.5 wt % 222

Thermal stability

PS G Mixing 20 wt % 272

PEId, Epoxy EG Soaking 0.79 wt % 274

PAN, PAA, PMMA EG, FG Solution mixing 1 wt % 283

PPy rGO In situ 20 wt % 284

PLA EG Melting 7 wt % 240

WPU FG Solution mixing 6 wt % 241

PVE rGO In situ 0.2 wt % 244

Epoxy G, GO, FGO In situ 5 wt % 285

PI GO Solution mixing 0.01 wt % 280

PC Graphite, FG Melting 15 (G), 3 (FG, wt %) 213

PEN Graphite, EG Melting 20 (G), 4 (EG, wt %) 246

LLPDE FG Solution mixing 5 wt % 230

PP rGO Melting 1 wt % 226

PET rGO Melting 1.5 wt % 222

HDPE FGO Melting 0.6 wt % 250

Cellulose GO Solution mixing 7.5 wt % 251

PS FG In situ 0.9 wt % 257

Nylon 6 G In situ 10 wt % 57

PU rGO In situ 2 wt % 260

PVA GO, rGO Solution mixing 4 wt % 263

PVDF GO Solution mixing 2 wt % 266

PU rGO In situ 2 wt % 260

Epoxy rGO Solution mixing 20 vol % 286

PVC rGO Solution mixing 2 wt % 268

PP EG Melting 25 vol % 269

PCL GO, graphite Solution mixing 10 wt % 270

a In situ in this column refers to in situ polymerization.
PAN: Polyacrylonitrile, PU: Polyurethane, WPU: Waterborne polyurethane, PVE: Polyvinyl ether, PC: Polycarbonate, PCL: Polycaprolactone, PEN: Poly-
ethylene naphthalate, PS: Polystyrene, PSS: Polystyrene sulfonate, PAH: Polyallylamine hydrochloride, LLPDE: Linear low-density polyethylene, HDPE:
High-density polyethylene, PA: Polyamide, PVDF: Polyvinylidene fluoride, SAN: Styrene Acrylonitrile, PBI: Polybenzimidazole, PEId: Polyetherimide,
PPS: Polyphenylene sulfide, PAA: Polyacrylic acid.
“G” in the column of “Types of graphene” means graphene.
“G” in the column of “Maximum fraction” means graphite.
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dioxide,201 sol–gel,202 and covulcanization203 methods are widely

used to prepare graphene/polymer nanocomposites.176

Gas Transport in Graphene/Polymer Nanocomposites

Effect of the Graphene Nanoplatelet Size. The barrier proper-

ties of graphene/polymer nanocomposites can be enhanced by

the insertion of inorganic fillers, especially layered-structure fill-

ers, to extend the gas-diffusion path.204 Some researchers have

proposed various simple models for determining the gas-

transport behavior through polymer nanocomposites filled with

inorganic nanoplatets.178,205–208 One of the advantages of gra-

phene over other inorganic fillers is its high a, which extends

the tortuosity of the path of diffusing gas molecules in the

nanocomposites. A simple model including regularly arranged

inorganic plates in the polymer matrix was proposed by Niel-

sen,206 as presented in Figure 4(e). The impermeable inorganic

platelets in the permeable polymer matrix can create tortuous,

long pathways for diffusing gas molecules.177,209,210 According

to the solution–diffusion model, the gas permeability in poly-

mer membranes can be expressed as a product of the diffusivity

and solubility as follows:

P5DS (3)

where P is the gas permeability of the polymeric membrane,

D is the diffusivity of the gas molecules through the mem-

branes, and S is the solubility of the gas molecules in the

membranes. The solubility of nanocomposites can be

expressed as a function of the volume fraction of the filler as

follows:

S5S0 12/ð Þ (4)

where S0 is the solubility of the pure polymer matrix and / is

the volume fraction of the inorganic fillers.211 The diffusivity of

nanocomposites can be expressed with tortuosity as follows:

D5
D0

s
(5)

where D0 is the diffusivity of the pure polymer matrix.176 Tortu-

osity (s) is defined as:

s � l

l0
(6)

where l0 is the distance between tortuous pathways through

the membrane and l is the membrane thickness, that is, the

shortest pathways for gas molecules.211 From eqs. (3), (4), and

(5):

P

P0

5
12/

s
(7)

where P0 is the gas permeability of pure polymer matrix. If N is

defined as the average number of inorganic platelets

Figure 6. Gas transport in graphene/polymer nanocomposites: (a) effect of the graphene nanoplatelet size, (b) S0 for the orientations of graphene nano-

platelets in the polymer matrix, and (c) effect of the orientation and the number of graphene nanoplatelet layers (a 5 3000). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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l05l1N � L
2

(8)

Because N 5 l(//W), s can be rewritten as follows:

s511
L

2W
� / (9)

From eqs. (7) and (9):

P

P0

5
12/

11 a
2
/

(10)

where a 5 L/W is the aspect ratio of the platelets. This equa-

tion can be used only when u� 0.1 because the inorganic fill-

ers tend to aggregate with increasing /.211 The predicted gas

permeation models for different a are presented in Figure

6(a).

Effect of the Orientation and Number of Graphene

Nanoplatelet Layers. The stacking orientation of graphene

layers in a polymer matrix and self-aggregation of graphene

nanoplatelets are important factors influencing the gas perme-

ability of nanocomposites.211,212 Nielsen’s equation206 is

expressed as follows:

P

P0

5
12/

11 a
2
� 2

3
S01 1

2

� �
/

(11)

where S0 is the order parameter representing orientations of

inorganic platelets, as presented in Figure 6(b). In the case of a

high filler loading, eq. (10) can be rewritten with consideration

of the degree of stacking with the parameter N.213,214 Therefore,

the equation can be expressed as follows:

P

P0

5
12/

11 a
2N

/
(12)

From eqs. (11) and (12)

P

P0

5
12/

11 a
3N

S’1 1
2

� �
/

(13)

As shown in Figure 6(b), polymer/inorganic nanocomposites

are supposed to have three types of orientations corresponding

to three S0s. As mentioned earlier, with the supposition that gas

transport occurs between graphene nanoplatelets and the poly-

mer matrix (rather than the interlayer between graphene nano-

platelets), a main factor in improving the gas-barrier properties

in polymer nanocomposites will be the tortuosity. For S05 1,

that is, in the case of a horizontally stacked structure, graphene

nanoplatelets can maximize the tortuosity; therefore, this struc-

ture will significantly decrease the gas permeation rate through

the resulting nanocomposites.211 However, when the degree of

nanoplatelet stacking (N) is increased, the overall tortuosity of

the polymer matrix will much lower; therefore, the barrier

properties of the polymer nanocomposite will be relatively

low. The predicted gas permeance results for different N and S0

values when a 5 3000 are shown in Figure 6(c). As graphene

nanoplatelets tend to aggregate, that is, as the value of N is

increased, the gas-barrier properties significantly decline. This

is because the aggregated graphene or GO nanoplatelets

increase the probability that gas molecules flow through the

relatively highly permeable polymer matrix rather than gra-

phene or GO as compared with a well-dispersed and exfoliated

graphene/polymer nanocomposite with same volume fraction

of graphene or GO. These phenomena are related to the com-

patibility in the interfaces between the polymer and GO. The

polar groups of GO basically provide compatibility with the

polymer. Well-dispersed GO shows high compatibility because

of biplanar polar groups; therefore, this also indicates an

improved gas-barrier performance with long diffusional path-

ways. Aggregated GO platelets, however, show reduced com-

patibility with the polymer matrix, and thus, the polymer

exhibits a low gas-barrier performance with decreased diffu-

sional pathways. In the case of a fully exfoliated (N 5 1) and

horizontally stacked (S05 1) graphene in a polymer matrix, an

only 1 vol % addition of graphene nanoplatelets can reduce

the gas permeability by a factor of 10 relative to that of the

pure polymer matrix. However, in the case of 10-layer-stacked

(N 5 10) and randomly oriented (S05 0) graphene in a poly-

mer matrix, 1 vol % graphene nanoplatelets show only a 30%

reduction in the original gas permeability. Accordingly, the

orientation and the degree of exfoliation are very important

for achieving improved gas-barrier properties in graphene/

polymer nanocomposites.

Effect of the Thermal Shrinkage of Graphene. In general, the

incorporation of a well-dispersed inorganic filler with a high

intrinsic thermal stability and a can enhance the thermal sta-

bility of nanocomposites.215 For this purpose, graphene is

also a promising material suitable for thermally stable poly-

mer nanocomposites. In general, graphene has a lower inter-

facial thermal resistance than CNTs because the sheetlike

shape of graphene contacting the polymer matrix is more

conductive compared to tube-shaped CNTs. Therefore, gra-

phene is much more favorable for nanocomposites in the

improvement of their thermal stability.196,197,215 Moreover,

the negative coefficient of thermal expansion (CTE)216 of gra-

phene can lead to a lower CTE for graphene/polymer nano-

composites.197,204 At room temperature, graphene and GO

have negative CTEs (24.8 3 1026 K21 217 and 250 3 1026

K21 145, respectively) compared to the large, positive CTEs of

typical polymers (10–500 3 1026/K). Therefore, such small,

negative CTE values will lead to relatively low dimensional

deformation of the nanocomposites when graphene is prop-

erly incorporated into the matrix.192 However, the different

CTEs between graphene and the polymer matrix may result

in local fine defects during thermal treatment. Although the

overall CTEs of nanocomposites may be reduced through the

incorporation of graphene into a polymer matrix, such local

fine defects on the interfaces between graphene and the poly-

mer matrix might decrease the gas-barrier properties of the

nanocomposites.

Graphene/Polymer Nanocomposites for Gas-Barrier

Applications

The oxygen permeabilities of some graphene/polymer nanocom-

posites in the literature are presented as a function of graphene

content in Figure 7(a).218–224 Despite many efforts to improve

the gas-barrier properties of graphene/polymer nanocomposites,

the oxygen permeability, which is an important parameter for
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food packaging and encapsulated polymer films in electronic

devices, is still too high to be used for vacuum-insulating and

OLED barrier applications. Some examples of the relative oxy-

gen permeability as a function of graphene or GO volume frac-

tion160,161,193–198 are presented in Figure 7(b,c). In Figure 7(b),

the dotted lines represent the effect of a of graphene nanoplate-

lets with the assumption that graphene or GO is totally dis-

persed, fully exfoliated, in a single layer, and also horizontally

stacked perpendicular to the gas-diffusion direction. For exam-

ple, for the GO/polyimide (PI) nanocomposites (upper left,

blue circles), when a is supposed to be 300, the experimental

value is higher than the calculated value. In contrast, for GO/

polyethylene glycol diacrylate (PEGDA) hydrogel nanocompo-

sites (middle left, olive triangle), at the same a, the experimental

value is lower than the theoretical value. These results might

have been due to the different preparation methods, which

resulted in different degrees of dispersion in the polymers. The

GO/PI nanocomposites were prepared by solution mixing with

a polar organic solvent, dimethylformamide, whereas the GO/

PEGDA hydrogel nanocomposites were synthesized by in situ

polymerization in water as a solvent. Therefore, the dispersion

of GO in a polymer matrix in a GO/PEGDA hydrogel (because

of hydrophilicity) was better than that of the GO/PI nanocom-

posites. In addition, the GO solubility in water was higher than

that in dimethylformamide.225 Moreover, crosslinking between

GO and a hydrophilic PEGDA matrix by a crosslinking agent

formed covalent bonding, which was stronger than van der

Waals forces between GO in PI. However, when the proper sur-

factant was introduced into a polymer matrix for better disper-

sion of GO, the experimental gas permeability became close to

the theoretical value. For example, GO/PI nanocomposites with

Triton X-100 as a surfactant showed an oxygen permeability

similar to the theoretical value. A surfactant prevents the aggre-

gation of GO platelets in a polymer matrix and maintains the

Figure 7. Applications of graphene/polymer nanocomposites as gas bar-

riers: (a) O2 permeability of graphene/polymer nanocomposites for gra-

phene content, (b) effect of the graphene nanoplatelet sizes on the relative

permeability, and (c) effect of the orientation and the number of graphene

nanoplatelet layers on the relative permeability. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Schematic O2 permeability of clay or graphene/polymer nano-

composites. (Black rectangles represent graphene/polymer nanocomposites

and blue circles represent clay/polymer nanocomposites. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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original high a, and, as a result, the oxygen permeability reaches

the theoretical value.

Similar to the GO/PI nanocomposites mentioned previously,

the expanded graphite/cellulose (CA) nanocomposites (upper

middle, pink left triangle)219 prepared by solution mixing

(a 5 1500) showed a higher gas permeability than the theoreti-

cal ones because of the severe aggregation of expanded graphite

in a solution-mixing state. On the other hand, similar to the

GO/PEGDA nanocomposites mentioned previously, the GO/pol-

yaniline (PANI) nanocomposites (lower left, blue triangle)224

prepared by in situ polymerization (a 5 3000) exhibited lower

than theoretical gas permeability because of the relatively better

dispersion of in situ polymerization versus that of solution

mixing.

Meanwhile, there are no significant differences between gra-

phene and GO when the concentration is sufficiently high. In

the case of expanded graphite/poly(lactic acid) (PLA) nanocom-

posites (lower left, violet right triangle, a 5 3000 and prepared

by solution mixing) and GO/PLA nanocomposites (lower left,

green pentagon, a 5 3000 and fabricated by solution mixing),218

the ratio of gas permeability reduction was very similar, regard-

less of whether GO or expanded graphite was used. In both

cases, when the concentrations of expanded graphene or GO

were increased, both fillers tended to self-aggregate; this led to a

slight reduction in the gas permeability because of the reduced

tortuosity in the polymer matrix.

There have been many attempts to use graphene-based materials

as inorganic nanofillers to enhance the physical properties of

polymer nanocomposites and also to provide enhanced gas-

barrier properties because of their high a,226 good dispersion in

common solvents,114 and intrinsic high thermal stability, electri-

cal conductivity, and mechanical strength.227,228 Graphene/poly-

mer nanocomposites also exhibit significantly improved

electrical conductivity, mechanical strength, and thermal stabil-

ity.229 With regard to the gas-barrier properties of graphene/

polymer nanocomposites, however, as shown in Figure 8, com-

mon graphene/polymer nanocomposites (black rectangles) still

show relatively lower oxygen barrier properties than clay/poly-

mer nanocomposites (blue circles), which are widely used for

typical inorganic fillers,218–224,230 despite numerous studies on

the use of graphene for barrier applications in polymer nano-

composites.206 However, there is great potential for improving

the gas-barrier properties of graphene/polymer nanocomposites

if we can control the size of the graphene or GO (or rGO)

nanoplatelets,206 the degree of dispersion, the graphene orienta-

tion, the number of graphene layers,204 and the CTE between

graphene and the polymer matrix.231 The nanoplatelet size,

which determines the high a, is a key factor in improving the

gas-barrier properties as compared to typical inorganic nanofil-

lers. The relatively high a of graphene-based 2D materials can

certainly allow much longer pathways compared to other nano-

fillers if they can be fully exfoliated and well-dispersed in poly-

mer nanocomposites.204 The stacking structures of layered

graphene also represents a crucial factor affecting the gas-barrier

properties.206 Horizontally, highly interlocked, stacked graphene

structures with fully exfoliated graphene sheets may maximize

the gas-barrier properties in graphene/polymer nanocompo-

sites.204 The difference in the CTE between graphene and the

polymer matrix will be a relatively minor element compared to

the two factors mentioned previously. However, local defects in

the interphases between aggregated graphene particles and the

polymer matrix due to a large difference in CTE values could

be formed in a thermal drying process and may reduce the gas-

barrier performance of the nanocomposites.204 In addition,

transparency is a minor issue for the intrinsic purpose of the

barrier materials but is crucial in the food packaging industry.1,2

The graphene monolayer itself is highly transparent; however,

graphene derivatives, such as GO and rGO, lose their transpar-

ency and are colored because of aggregation. Furthermore, in

the case of polymer/graphene nanocomposites, even a small

portion of graphene derivatives makes them black. Thus, efforts

to improve the transparency of graphene-incorporated gas-bar-

rier materials for packaging purposes should be conducted.

These factors limit the gas-barrier performance of graphene/

polymer nanocomposites; therefore, advanced techniques for

the complete exfoliation of graphene sheets, homogeneous dis-

persion, and methods to prevent aggregation of graphene plate-

lets in a polymer matrix and enhance their structural stability at

high temperature should be developed to achieve a break-

through in the gas-barrier properties of graphene/polymer

nanocomposites. If these issues could be addressed properly, we

could easily and inexpensively produce graphene/polymer nano-

composites for high gas-barrier polymeric films with high

processability.

CONCLUSIONS

Defect-free, single crystal graphene is the perfect barrier mate-

rial. Furthermore, graphene has a high mechanical strength,

thermal stability, and electrical conductivity with a high trans-

parency. Thus, graphene has been highlighted as a strong candi-

date for gas-barrier materials. On the basis of these advantages,

many applications have been investigated, including pore-tuned

graphene molecular filters and graphene layers to prevent metal

corrosion. However, the manufacture of graphene by physical

methods in industrial fields is fraught with problems, including

defective graphene layers and difficulties in scale-up.

An alternative to mitigate the weaknesses of graphene is to use

GO, that is, chemically functionalized graphene sheets with

oxygen groups. GO is easily dispersed in common solvents;

thus, it is more suitable for mass production and common use

than graphene. Although GO is susceptible to humidity and

has defects on the basal plane, the multistacked GO layers pro-

vide a long diffusion path, which results in low gas permeabil-

ity. With GO considered as a precursor of graphene, rGO can

also be a promising candidate for gas-barrier materials. How-

ever, the deformation of GO sheets during the reduction pro-

cess still limits the formation of rGO films for gas-barrier

applications.

For graphene/polymer nanocomposites, the platelet size, stack-

ing orientation, and degree of graphene exfoliation in the poly-

mer matrix are governing factors in determining the gas

transport. In addition, the high mechanical strength, thermal
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stability, and electrical conductivity with high transparency of

graphene allow excellent applications with graphene/polymer

nanocomposites. However, local defects of the nanocomposites

during preparation, the aggregation of graphene derivatives at

high graphene contents, and poor dispersability in organic sol-

vents limit the mass production of graphene/polymer

nanocomposites.

The theoretically perfect barrier properties of graphene have

been the basis for many studies of the use of graphene and GO

as perfect gas-barrier materials with the improvement of the

synthesis process and multistacking techniques. Also, techniques

to improve graphene’s degree of exfoliation, dispersion, and ori-

entation in a polymer matrix while also maintaining the other

advantages of both graphene and the polymer for graphene/

polymer nanocomposites have been studied extensively. If we

can control those critical factors in graphene utilization, we can

achieve a renaissance in the use of inexpensive carbon materials

to meet the most demanding gas-barrier challenges faced today.
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