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Abstract The nanoscale graphene platelet (NGP) or

graphene nanosheet is an emerging class of nanomaterials.

An NGP is a nanoscale platelet composed of one or more

layers of a graphene plane, with a platelet thickness from

less than 0.34 to 100 nm. NGPs are predicted to have a

range of unusual physical, chemical, and mechanical

properties. Although practical electronic device applica-

tions for graphene are not envisioned to occur within the

next 5–10 years, its application as a nanofiller in a com-

posite material is imminent. The availability of processable

graphene sheets in large quantities is essential to the suc-

cess in exploiting composite and other applications. This

review first describes the earlier processes for producing

mostly multi-layer NGPs and their composites, which is

followed by a discussion on the recent developments in the

preparation of single-layer NGPs and their nanocompos-

ites. Fundamental principles behind processing of

nanographene materials are also briefly discussed.

Introduction

For more than six decades, scientists have presumed that a

single-layer graphene sheet (one atom thick) could not exist

in its free state based on the reasoning that its planar structure

would be thermodynamically unstable. Somewhat surpris-

ingly, several groups worldwide have recently succeeded in

obtaining isolated graphene sheets [1–9]. Several unique

properties associated with these 2-D crystals have been

discovered [10–18]. In addition to single graphene sheets,

double-layer or multiple-layer graphene sheets also exhibit

unique and useful behaviors. In the present context, single-

layer and multiple-layer graphene sheet structures are col-

lectively referred to as nanographene platelets (NGPs).

Carbon nanotubes (CNTs) and NGPs exhibit some similar

behaviors, but some vastly distinct properties. For instance,

electrons in a single-layer NGP are believed to behave like

massless chiral relativistic particles [10–14], as reflected by

the anomalous quantization of the Hall conductance. An

NGP has an edge-inherited non-bonding p state, which could

result in unconventional nanomagnetic properties, such as

spin glass states, magnetic switching, and edge-state spin gas

probing [15]. In a Josephson junction configuration, an NGP

shows a bipolar supercurrent [16]. An NGP of a few atoms

thick is found to be a two-dimensional semi-metal with a

small overlap between valence and conduction bands [2].

Additionally, NGP-based nanocomposites are found to

exhibit a range of unique and useful properties [19–25].

Selected physical and mechanical properties of NGPs,

CNTs, and vapor-grown carbon nanofibers ([VG-CNFs],

considered as the larger-diameter cousins of CNTs) are

presented in Table 1.

Pre-2004 work on NGPs and NGP composites

Isolated NGPs

Earlier attempts to produce NGPs dated back to late 1980s,

although the significance of NGPs was not well recognized
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and similar materials were referred to as thin graphite

flakes then.

Bunnell [26–28] developed a method in late 1988 that

entailed intercalating graphite with a strong acid to obtain a

graphite intercalation compound (GIC), thermally exfoli-

ating the GIC to obtain discrete layers of graphite, and then

subjecting the graphite layers to ultrasonic energy,

mechanical shear forces, or freezing to separate the layers

into discrete flakes. Technically, the acid-treated graphite

was actually graphite oxide (GO), rather than pristine

graphite. Although most of the flakes presented in the

examples appeared to be thicker than 100 nm [28], flakes

as small as 10 nm were cited. Polymer composites con-

taining these thin flakes were also investigated by Bunnell

[27, 28]. In a similar manner, Zaleski et al. [29] used air

milling to further delaminate thermally exfoliated graphite

flakes. The resulting structures exhibited a specific surface

area of 35 m2/g, corresponding to an average flake thick-

ness of approximately 25 nm, based on the results of our

calculations (Fig. 1). Without going through a chemical

intercalation route, Mazurkiewicz [30] claimed to have

produced graphite nanoplatelets having an average thick-

ness in the range of 1–100 nm through high-pressure

milling of natural flake graphite.

Shioyama [31] prepared a potassium-intercalated GIC

from highly oriented pyrolytic graphite (HOPG), initiated

in situ polymerization of isoprene or styrene in the inter-

graphene spaces, and then thermally decomposed inter-

graphene polymer chains at a high temperature (500–

1,000 �C). The volatile gas molecules served to exfoliate

graphite layers, and, after the volatile gas escaped, isolated

graphene sheets were obtained. Unfortunately, Shioyama

did not discuss the thickness of the isolated graphene

sheets, although presumably and likely some single sheets

were produced with this approach.

Jang et al. [3, 4] succeeded in isolating single-layer and

multi-layer graphene structures from partially graphitized

polymeric carbons, which were obtained from a polymer or

pitch precursor. Shown in Fig. 2 are polymeric carbon

fibers obtained by intercalating and exfoliating carbonized

polyacrylonitrile (PAN) fibers. Examples of the graphene

platelets extracted from these fibers using a ball milling

procedure are given in Fig. 3.

Horiuchi and co-workers [32–36] have done some sig-

nificant work on the preparation of nanoscaled graphite

oxide (GO) platelets, which they coined as carbon nano-

films. These films were prepared by a two-step process—

oxidation of graphite and purification of the resulting

graphite oxide, with exfoliation occurring mainly in the

second step. The oxidation of graphite was conducted using

the now well-known Hummer’s method [37, 38], which

Table 1 Estimated physical constants of CNTs, CNFs, and NGPs

Property Single-walled CNTs Carbon nanofibers NGPs

Specific gravity 0.8 g/cm3 1.8 (AG)–2.1 (HT) g/cm3

AG = as grown;

HT = heat-treated (graphitic)

1.8–2.2 g/cm3

Elastic modulus *1 TPa (axial direction) 0.4 (AG)–0.6 (HT) TPa *1 TPa (in-plane)

Strength 50–500 GPa 2.7 (AG)–7.0 (HT) GPa *100–400 GPa

Resistivity 5–50 lX cm 55 (HT)–1000 (AG) lX cm 50 lX cm (in-plane)

Thermal conductivity Up to 2,900 Wm-1 K-1

(estimated)

20 (AG)–1950 (HT) Wm-1 K-1 5,300 Wm-1 K-1 (in-plane)

6–30 Wm-1 K-1 (c-axis)

Magnetic susceptibility 22 9 106 emu/g (radial)

0.5 9 106 emu/g (axial)

N/A 22 9 106 emu/g (\ to plane);

0.5 9 106 emu/g (|| to plane)

Thermal expansion Negligible in the axial direction -1 9 10-6 K-1 (HT; axial) -1 9 10-6 K-1 (in-plane)

29 9 10-6 K-1 (c-axis)

Thermal stability [700 �C (in air); 2800 �C (in vacuum) 450–650 �C (in air) 450–650 �C (in air)

Specific surface area Typically 10–200 m2/g

Up to 1,300 m2/g

10–60 m2/g Typically 100–1,000 m2/g,

up to [2,600) m2/g

These data were obtained from various open-literature sources and our own estimations
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Fig. 1 Calculated specific surface areas of NGPs plotted as a

function of NGP thickness (assuming NGP length and width = 5 lm)
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entailed immersing natural graphite particles in a mixture

of H2SO4, NaNO3, and KMnO4 to obtain graphite inter-

calation compounds (GICs) that actually were GOs. By

hydrolyzing the GIC, functional groups, such as acidic

hydroxyl groups and ether groups, were introduced into the

inter-graphene layer spaces. Each of the graphite oxide

layers became a multiple-charge anion, having a thickness

of approximately 0.6 nm. When the excess small ions

derived from the oxidants (e.g., NaNO3 and KMnO4) were

thoroughly removed by a purification process, many layers

tended to automatically separate from each other due to

inter-layer electrostatic repulsion. The resulting GO layers

formed a stable dispersion in water. According to Horiuchi

et al. [32], single-layer graphene was detected.

It may be noted that the approach of using electrostatic

repulsion to separate graphene layers was pursued in 1998 by

Liu and Gong [39], as a first step in their attempt to synthesize

polyaniline-intercalated GO. In a 3-D graphite crystal, the

inter-layer spacing (Ld) is 0.335 nm, which is known to

increase to 0.6–1.1 nm if graphite is oxidized to produce GO.

Further, GO is hydrophilic and can be readily dispersed in

water or aqueous solution. Dekany et al. [40] observed that

the inter-graphene spacing was increased to Ld = 1.23 nm

when GO particles were dispersed in 0.05 N NaOH solution.

When dispersed in a 0.01 N NaOH solution, the spacing was

essentially infinite, likely implying that GO was completely

exfoliated to become a disordered structure.

A scanning probe microscope was used by Roy et al.

[41] and by Lu et al. [42] to manipulate graphene layers at

the step edges of graphite and etched HOPG, respectively,

with the goal of fabricating ultra-thin nanostructures. It was

not clear if single graphene sheets were obtained using this

technique by either group. Epitaxial films of graphite with

only one or a few atomic layers are of technological and

scientific significance due to their peculiar characteristics

and great potential as a device substrate [43–46]. This topic

was reviewed by Oshima and Nagashima [47] and further

discussed by Wu and Chong [48].

NGP composites

There are basically three approaches to the preparation of

NGP-based composite materials. The first includes inter-

calation of a monomer into inter-layer spaces of GO

(before and after exfoliation of GO flakes), followed by

in situ polymerization. The second entails dissolution of a

polymer in a solution in which graphene or GO platelets

are dispersed. This category includes GO-polymer com-

posites prepared by self-assembly. In both first and second

approaches, GO may be chemically or electrochemically

reduced to graphite before or after polymer addition. The

third involves preparation of isolated graphene or GO

platelets, which are then mixed with a polymer melt (e.g.,

using a twin-screw extruder).

Possibly due to the limited inter-graphene spacing

(0.335 nm center-to-center, leaving behind an interstitial

space of much less than 0.3 nm) and lack of functional

groups on the graphene layer surfaces or at the edges,

pristine graphite has not been well suited to intercalation by

monomers and in situ polymerization. Thus, only a very

limited amount of work [49] has been reported on the

in situ polymerization in graphite. By contrast, the inter-

layer spacing in GO is much larger (0.61–1.1 nm) and

several functional groups (e.g., hydroxyl, carbonyl, epox-

ide, etc.) are often associated with GO layers, making GO

an ideal material for monomer intercalation and polymer-

ization in inter-layer spaces prior to exfoliation, or in inter-

flake spaces after exfoliation.

Several polar organic compounds and polymers have

been intercalated into inter-graphene or inter-flake spaces

Fig. 2 A SEM image of a partially exfoliated polymeric carbon fiber

Fig. 3 TEM image of NGPs obtained from exfoliation and ball-

milling of a polymeric carbon
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to form intercalated or exfoliated GO nanocomposites.

These include poly (vinyl alcohol) [50–52], poly (acryl-

amide) [53], and poly (acrylic acid) [54]. Intercalation of

hydrophobic polymers, such as poly (vinyl acetate) [55],

into GO was also achieved by in situ polymerization. With a

thermal treatment (de-oxygenation), GO could be reduced to

restore the graphene structure and its conductive properties

[56]. Reduction of a polymer-GO to a polymer-graphene

nanocomposite also could be accomplished electrochemically

or chemically [39, 57–59]. These examples demonstrated that

it was possible to prepare a polymer-GO intercalation com-

posite as a precursor to a more conductive polymer-graphene

nanocomposite.

Preparation of ultra-thin films by a layer-by-layer self-

assembly approach from GO nanoplatelets and polymer

electrolytes also has been investigated [60–66]. Although

the original intent of these studies was primarily to fabricate

self-assembled GO-poly(ethylene oxide) nanocomposites,

their first step almost always involved full exfoliation and

separation of GO platelets. This was evidenced by the X-ray

diffraction data of the resulting structures that showed

complete disappearance of those diffraction peaks corre-

sponding to graphite oxide or pristine graphite [60, 62].

Perhaps the most heavily studied GO- or NGP-polymer

nanocomposite systems have been polystyrene- (PS) and

poly (methyl methacrylate)- (PMMA) based composites

[67–75]. Also studied were nanocomposites based on other

matrices, including nylon [76], polypropylene [77], poly

(arylene disulfide) [78], and epoxy resins [22]. In most of

these investigations, nanocomposites were prepared via

monomer intercalation of exfoliated graphite (mostly GO),

followed by polymerization. In all cases, graphite was

intercalated in an acid-oxidizer mixture solution to obtain a

GIC or GO sample, which was thermally exfoliated at a

temperature typically in the range of 800–1,100 �C. It

seemed that single-layer or double-layer graphite oxide

sheets were sporadically obtained in exfoliated samples

[70–72], although the researchers did not attempt to isolate

these ultra-thin platelets and did not conduct a specific

surface area measurement (e.g., using the well-known

Brunauer, Emmett, and Tell or BET method) on isolated

platelet samples.

Electrical conductivity seems to be the primary focus of

property characterization efforts in these studies, which all

confirmed that only a small amount of NGPs or nanoscaled

graphite oxide platelets was required to achieve the con-

ductive path percolation for enhanced electrical conductivity

of a polymer, which by itself was normally an electrical

insulator. The threshold proportions (typically \0.5% in

PMMA,\1% in nylon, and\1–2.5% in PS) for percolation

were found to be comparable to those in CNT-filled

composites.

Recent developments in the preparation of NGPs

and NGP nanocomposites

NGPs: recent attempts for the preparation of single-

sheet graphene

In 2004, Novoselov and co-workers [1, 2] prepared single-

sheet graphene by removing graphene from a graphite

sample one sheet at a time using a ‘‘Scotch-tape’’ method.

Although this method is not amenable to large-scale pro-

duction of NGPs, their work did spur globally increasing

interest in nanographene materials, mostly motivated by

the thoughts that graphene could be useful for developing

novel electronic devices [10–18].

Small-scale production of ultra-thin graphene sheets on

a substrate can be obtained by thermal decomposition-

based epitaxial growth [14] and a laser desorption-ioniza-

tion technique [79]. However, more promising techniques

for mass-producing NGPs are likely those that involve

chemical or thermal exfoliation of intercalated graphite or

oxidized graphite.

For instance, Chen et al. [73] exposed GO to a tem-

perature of 1,050 �C for 15 s to obtain exfoliated graphite,

which was then subjected to ultrasonic irradiation in a

mixture solution of water and alcohol. Li et al. [9] followed

a similar approach. Jang et al. [80] thermally exfoliated

GIC to produce exfoliated graphite (Fig. 4) and subjected

exfoliated graphite to mechanical shearing treatments, such

as ball milling, to obtain NGPs, which were mostly single-

to five-layer structures (Fig. 5). The specific surface area of

Fig. 4 A SEM image of exfoliated graphite (after sulfuric acid–nitric

acid intercalation and thermal shock exposure at 1,050 �C). Exfoli-

ated graphite is characterized by having graphene sheets remaining

somewhat interconnected with one another
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the samples prepared in this method was found to be typ-

ically in the range of 300–1,300 m2/g, as measured by the

BET method. Thermal exfoliation as a way of producing

nanostructured graphite was also attempted by Petrik [81].

Thermal exfoliation of intercalated graphite was conducted

by Drzal et al. [82] using microwaves as a heat source.

Aksay and co-workers [7–9] also used thermal exfolia-

tion of GO to obtain exfoliated graphite oxide platelets,

which were found to contain a high proportion of single-

layer graphene sheets, based on the BET method with

nitrogen gas adsorption in the dry state and in an ethanol

suspension with methylene blue dye as a probe. McAllister

et al. [6] provided a good model to explain the exfoliation

mechanisms and kinetics of GO.

Mack, Viculis, and co-workers [83, 84] developed a

low-temperature process that involved intercalating

graphite with potassium melt and contacting the resulting

K-intercalated graphite with alcohol, producing violently

exfoliated graphite containing many ultra-thin NGPs. The

process must be carefully conducted in a vacuum or an

extremely dry glove box environment since pure alkali

metals, such as potassium and sodium, are extremely sen-

sitive to moisture and pose an explosion danger. It is

questionable if this process is easily amenable to the mass

production of nanoscaled platelets. One major advantage of

this process is the notion that it produces non-oxidized

graphene sheets since no acid/oxidizer intercalation or a

high temperature is involved. Mack et al. [85] also inves-

tigated electro-spinning of NGP-containing polymers as a

means of creating nanocomposites.

Stankovich et al. [23] followed the approaches of Hirata

et al. [34–36] to produce and disperse graphite oxide sheets

in water to obtain stable colloidal dispersions. The graphite

oxide dispersion was then reduced with hydrazine, a pro-

cedure previously used by Liu and Gong earlier [39], but in

the presence of poly (sodium 4-styrenesulfonate). This

process led to the formation of a stable aqueous dispersion

of polymer-coated graphene platelets. Stankovich et al.

[24] further developed a method to produce less hydro-

philic GO platelets using an isocyanate treatment.

However, unless stabilized by selected polymers, the

chemically modified graphene sheets obtained through

these methods tend to precipitate as irreversible agglom-

erates due to their hydrophobic nature. The resulting

agglomerates became insoluble in water and organic sol-

vents. Li et al. [86] overcame this issue by using

ammonium to adjust the pH value of a dispersion of

chemically modified graphene sheets in water, which

served to maximize the charge density on the resulting

graphene sheets. The resulting electrostatic forces acted to

stabilize the aqueous suspension.

Some of the earlier work on graphene preparation was

recently reviewed by Geim and Novoselov [87].

NGP nanocomposites

Chemical compatibility between a filler and a matrix is a

critical factor to consider in the preparation of a composite

material. This is also true of a nanocomposite consisting of

a polymer and a nanofiller, such as CNT or NGP. Graphite

oxide and partially reduced GO platelets are known to have

very active surface or edge functional groups, such as

carboxyl, carbonyl, epoxide, and hydroxyl. These groups

enable GO platelets to readily disperse in water or a polar

solvent to form stable colloidal suspensions and, hence, can

be readily mixed with a water-soluble polymer, such as

poly (ethylene oxide) [60–65] and poly (vinyl alcohol)

[50–52]. GO platelets are expected to be miscible with

polar chains or polymers with a polar side group [21].

Furthermore, by chemically modifying the functional

groups one could tailor GO platelets’ compatibility with a

desired polymer [e.g., 88]. Graphite oxide can also act as

an oxidizing reagent for the in situ polymerization of aro-

matic dithiols, with the resulting reduced GO well

dispersed in the polymer [89].

Stankovich et al. [25] proposed a general approach for

the preparation of graphene–polymer composites via

complete exfoliation of GO and dispersion of individual

GO sheets within polymer hosts. The GO sheets are then

Fig. 5 TEM image of NGPs after ball milling of exfoliated graphite

(which was obtained from sulfuric acid–nitric acid intercalation and

thermal shock exposure at 1,050 �C). Several graphene sheets

collapsed to overlay one another after dispersion in acetone and then

cetone removal during the TEM sample preparation procedure
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chemically reduced to partially restore back to graphite. As

an example, a polystyrene–graphene composite formed

with this method exhibits an electrical conductivity per-

colation threshold of 0.1% by volume at room temperature.

This is by far the lowest reported threshold value for any

carbon-based composite except for those involving carbon

nanotubes. This chemical approach of tuning the graphene

sheet properties provides a versatile platform for designing

new, graphene-based nanomaterials.

Both CNTs and CNFs, being long and thin, can easily

get entangled with one another or form a ‘‘bird’s nest’’

structure. Hence, the loading of these conductive nanofil-

lers increases the viscosity of the matrix resin to a level that

is not conducive to composite processing. This is not the

case for the NGP-resin systems wherein the two-dimen-

sional platelets can slide over one another, leading to low

resistance-to-shear flow, even at a relatively high NGP

proportion. This feature would enable easier application of

structural adhesives and more convenient melt processing

of polymer nanocomposites containing a high NGP

loading.

Fundamentals of NGP production

Most of the processes used for making separated graphene

platelets begin with intercalating lamellar graphite particles

with an intercalant, followed by expanding the intercalant

to exfoliate the flake particles through thermal decompo-

sition, electrostatic repulsion, or chemical reactions.

These processes have yet to be optimized to enable the

most cost-effective mass production of NGPs with desired

morphology, dimensions, and surface or edge functional-

ities. Specifically, there are fundamental questions that need

to be answered before the NGP technology can be fully

commercialized for a range of industrial applications: (1)

What are the dominant mechanisms and kinetics of gas

phase intercalation of graphite? (2) What are the dominant

mechanisms and kinetic factors of gas or electrostatic ex-

foliation of graphite and full separation of graphene

platelets? (3) How low a temperature can one use to exfo-

liate graphite for the preparation of NGPs. (4) Under what

conditions can one freely produce single graphene sheets of

desired dimensions. Models for thermodynamics, kinetics,

and mechanisms of intercalation and exfoliation of graphite

must be established to guide experimental research.

Phenomenological model for graphite exfoliation

To gain an in-depth understanding of the exfoliation of

graphite layers, we may first consider the ‘‘gas bubble

model’’ (GBM) originally developed by Martin and Broc-

klehurst [90] for explaining the large-scale thermal

expansion behavior of bromine-intercalated pyrolytic

graphite compounds. The original model assumes that the

bromine exists in the form of gaseous bubbles residing in

the inter-layer spacing (e.g., Fig. 6). The bubbles are

assumed to be penny-shaped, each with its axis parallel to

the crystal c-axis and having a thickness cs equal to the

saturation inter-layer spacing (0.705 nm for bromine-

intercalated graphite) and with a radius r perpendicular to

the c-axis, depending on the temperature and amount of

bromine gas in the bubble, the externally applied stress S,

and the lattice energy resisting bubble expansion. The

magnitude of S may be related to the notion that the

expansion of a crystallite in a polycrystalline graphite

particle is constrained by its surrounding crystallites. The

lattice energy resisting bubble expansion is related to the

van der Waals forces that hold individual graphene planes

together in the c-axis direction.

Consider a graphite crystal of volume V0 containing N

disc-shaped bubbles of radius r. Each bubble may be

treated as a Griffith’s crack. Without considering plastic

deformation, the crack will spread under a tensile stress r
parallel to the c-axis when

r ¼ pcl=2 1� m2
� �

r
� �1=2 ð1Þ

where c is the effective graphite surface energy per unit area

of the bubble, m the Poisson’s ratio of graphite, and l the the

shear modulus of the graphite crystal. The values of these

physical constants for graphite are available in the literature

[90]: c = 120 erg/cm2, m = 0.3, and l = 3 9 1010 dynes/

cm2, leading to a minimum breakaway pressure of

approximately 1.6 MPa. The threshold gas pressure P for

the bubble to begin to spread (i.e., reaching the critical crack

size) may be expressed as

P� rþ S ð2Þ

the gas bubble may come from vaporization of pre-existing

intercalant molecules (e.g., bromine) or molecules generated

by heat-induced chemical decomposition (e.g., SO2 from

sulfate group in sulfuric acid-intercalated graphite). The

term S is related to the resistance of neighboring graphite

crystallites against the expansion of a crystallite of interest.

For simplicity, the gas in the bubble may be assumed to obey

the ideal gas law

Bubble of gas molecules 
r=bubble disc radius 
Cs=bubble disc thickness

Graphene layers

Fig. 6 A proposed gas bubble model used to estimate the negative

pressure (stress) required to grow a Griffith crack (delaminating inter-

graphene layer)
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P ¼ nkT= pr2cs

� �
ð3Þ

where n = number of gas molecules or atoms in the

bubble, T = absolute temperature, and k = Boltzmann’s

constant, although a more accurate estimation may be

obtained from an equation-of-state formulation. Combining

Eqs. 1–3, we obtain the threshold condition for the

initiation of an irreversible expansion of graphene layers

P ¼ nkT= pr2cs

� �
� pcl=2 1� m2

� �
r

� �1=2þ S: ð4Þ

In a study of bromine-intercalated graphite, Anderson and

Chung [91, 92] proposed that buckling of the crack walls

(rather than the brittle Griffith mode) was responsible for the

exfoliation of graphite by bromine vapor. This buckling

mode was presumed to occur when large bending moments

existed at the crack tip. Experimentally, the exfoliation stress

for a bromine-intercalated graphite sample was found to be

approximately 1.3 MPa at 200 �C. However, Anderson and

Chung did not offer an estimate on the required bending

moment, nor did they provide direct evidence to support their

hypothesis. A more comprehensive model will have to

account for large-scale deformations or expansions in

addition to the initiation of an unstable growth. Prior to the

establishment of such a model, Eq. 4 provides a working

guideline for designing proper gas-intercalated graphite

composition and subsequent exfoliation conditions.

Mechanistic model for graphite exfoliation

In a study of heat-induced exfoliation of heavily oxidized

graphite (GO), McAllister et al. [6–8] concluded that CO2

induced by the decomposition of oxygen-containing groups

in the GO provided the gas pressure that drove the exfo-

liation process. To calculate the pressure required to

exfoliate GO, McAllister et al. considered GO as a multi-

layer system and applied Lifshitz’s formulation of van der

Waals forces to calculate the binding energy between two

adjacent layers [6, 93]. Specifically, in this model, GO was

treated as a multi-layer system composed of hydrocarbon

sheets. The exfoliation process was initiated at a particular

weak inter-layer spacing susceptible to rupture due to gas

pressure. The pressure needed to overcome van der Waals

binding was then given by:

P ¼ oG=olð Þ ¼ AHam= 6pl3
� �

ð5Þ

where G was the interaction free energy per unit area

between two semi-infinite slabs, AHam was the Hamaker

coefficient (AHam = 2.37 9 10–21 J), and l was the inter-

layer distance. Because the van der Waals force is inver-

sely proportional to l3 and the pressure generated from

evolved gases is inversely proportional to l, once the ex-

foliation process in GO is initiated, the multi-layer binding

is ruptured at an accelerating pace. By numerically

evaluating the Hamaker constant, the pressure required to

separate two GO sheets was estimated to be 2.5 MPa [6].

In this treatment, GO was regarded as a multi-layer system

composed of insulating sheets. If the layers are treated as

graphene, the required pressure was increased to 7.2 MPa.

To estimate the maximum pressures that could be gen-

erated by the evolution of CO2 from their heavily oxidized

GO, McAllister et al. [6] proceeded to obtain a CO2 density

of 9,300 mol/m3. The force exerted on the GO surface was

then calculated from the molecular motion approach. The

calculated pressure ranged from 40 MPa at 200 �C (the

decomposition temperature of GO) to 130 MPa at

1,000 �C. With the dimensions of the gap in the system

studied being close to the atomic scale, the actual pressure

may be best calculated using the kinetic theory of gases. In

this case, the calculated pressures would be in excess of

200 and 600 MPa at 200 and 1,000 �C, respectively [6].

The estimated pressures generated during exfoliation were

one to two orders of magnitude greater than the van der

Waals forces binding the GO sheets together.

Kinetic aspects of exfoliation

The above pressure calculations were performed assuming

that the gas could not escape the inter-layer region of GO

before the expansion occurred. However, the van der Waals

forces may be sufficient to avoid exfoliation if gas evolution

and expansion occurs slowly enough that lateral diffusion

can relieve the generated pressure. The diffusion time scale

calculated from Knudsen diffusion was on the order of

10-4 s, but decreasing with increasing temperature [6].

To determine the critical temperature at which the

reaction time scale was shorter than the diffusion time

scale, McAllister et al. [6] monitored the isothermal

decomposition of GO at varying temperatures using TGA.

The experimental data were found to follow Arrhenius

behavior [6]. The decomposition data followed second-

order kinetics with respect to oxygen content. The reaction

time scale was estimated from 1/k0(1 - a), where a is the

fractional conversion of oxygen chemically bound to the

GO, and k0 is the reaction rate constant. The total mass loss

of GO upon heating could be determined by TGA, and the

fractional conversion was the mass evolved relative to the

total mass loss. For this scaling analysis, the initial con-

centration of functional groups was used, where the

fractional conversion was zero. With the kinetic parameters

thus determined, the reaction time scale and the diffusion

time scale were plotted as shown in Fig. 7. One can see that

at a temperature of 550 �C or higher, the reaction time

scale is shorter than the diffusion time scale.

Thus far, no analytical model has been proposed to

explain the exfoliation of graphite or graphite oxide due to

electrostatic repulsion.
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Potential applications of NGPs and NGP

nanocomposites

For scientific and engineering applications, anticipated

features and benefits of NGP-based materials include the

following:

(1) Nanographene exhibits many peculiar electronic,

optic, magnetic, and chemical properties (and many

more that may have yet to be uncovered) that enable

many potential device applications [1, 2, 10–18].

Potential application of NGPs in field effect transis-

tors was recently discussed by Gomez-Navarro et al.

[94] and by Gilje et al. [95].

(2) In addition to much lower costs (compared to carbon

nanotubes, CNTs), another major advantage of

graphene-based nanocomposites is their capability

of forming a thin film, paper [96], or coating for

electromagnetic interference (EMI) shielding and

electrostatic charge dissipation (ESD) applications

when the NGP loading exceeds the percolation

threshold so that platelets form a network of electron

transport paths.

(3) Due to the ultra-high thermal conductivity of NGPs

(four times more thermally conductive, yet four times

lower in density compared to copper), a nanocom-

posite thin film, paper, or coating can be used as a

thermal management layer in a densely packed

microelectronic device.

(4) When a high loading of NGPs (5–75 wt%) is

incorporated into a polymer or carbon matrix, the

resulting nanocomposite possesses an exceptionally

high electrical conductivity for fuel cell bipolar plate

applications [97, 98].

(5) NGP nanocomposites have a good combination of

mechanical stiffness, strength, micro-cracking resis-

tance, electrical and thermal conductivities, and

barrier performance at a minimal filler concentration.

The mechanical properties are reasons why NGPs

have been used in making golf balls [99] and micro-

composite containers for hydrogen storage [100]. The

NGP nanocomposites are truly multifunctional.

(6) NGP composites (in the form of a conductive paper/

film/coating, structural adhesive, etc.) can be an

integral part of lightning strike protection strategies

for aircraft, telecommunication towers, and wind

turbine blades.

(7) NGPs can be a component material for lithium ion

battery electrodes. For instance, self-assembled

graphite oxide nanoplatelets and polyelectrolytes

can be a cathode material that provides an excep-

tionally high specific capacity [66].

(8) Ultra-thin graphene films, being optically transparent

and electrically conductive are a potential alternative

to the metal oxide window electrodes for solid-state,

dye-sensitized solar cells [101]. Graphene–silica

composite thin films [102] are good transparent

conductors that have many potential applications,

including solar reflecting windshields, self-cleaning

windows, electrostatic charge-dissipating coatings,

and sensor devices.

(9) For supercapacitor electrode applications, NGP-based

materials possess the following desirable features: (a)

The dimensions of platelets can be tailored to obtain

NGPs with a thickness as low as *0.34 nm and length

(width) range of *100 nm–10 lm, yielding a specific

area of up to 2,600 m2/gm (Fig. 1); and (b) the surfaces

of NGPs can be functionalized, particularly via surface

grafting or polymerization, to achieve pseudo-capac-

itance induced by redox-like charge transfer.

Future research directions

In summary, current methods of producing NGPs have

several serious drawbacks that must be overcome. These

issues present good challenges and opportunities for future

research:

(1) One common feature of these methods is the utilization

of liquid or solution-based chemicals to intercalate

graphite particles. These chemicals often include

strong acids (e.g., sulfuric or nitric acids) or other

undesirable species that can reside in the material.

(2) When undesirable chemicals are used, a tedious

washing step is required, which produces contami-

nated waste water that requires costly disposal steps.
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(3) Acid intercalation treatments also result in oxidation

of graphite, which has much lower electrical and

thermal conductivities compared with unoxidized

graphite.

(4) The approach proposed by Mack et al. [83, 84]

involves intercalating graphite with potassium melt

(hence, no oxidation issue), which must be carefully

conducted in a vacuum or in an extremely dry glove

box environment since pure alkali metals like potas-

sium and sodium are extremely sensitive to moisture

and pose an explosion danger. It is clear that this

process is not amenable to mass production of

nanoscaled platelets.

(5) Additional models for graphite intercalation and

exfoliation need to be developed for guiding future

research on the fabrication of nanographene materials.

(6) The observations that the threshold NGP proportion

for electrical conductivity path percolation varies

from one polymer to another and from one NGP

geometry (e.g., length-to-thickness aspect ratio) to

another remain to be satisfactorily explained.

(7) Mass production methods of preparing large-area,

single graphene sheets are needed before practical

graphene-based nanoelectronics can be realized.

Conclusions

Processing techniques for nanographene platelets and their

nanocomposites have been reviewed. More significant or

promising processes published in both open literature and

patent documents were included in the discussion. The

fundamental principles that could guide the design and

development of future graphene production processes were

briefly introduced. Also briefly summarized were potential

applications of this rapidly emerging class of nanomaterials

and some of the technical issues that must be addressed

before broad applications of these materials can be

realized.
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