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A B S T R A C T

Multi-layer graphene and graphite nanoflakes were produced through graphite liquid exfo-

liation using organic solvents. The nanoflakes size distribution was statistically analyzed,

with the number of measured samples being high enough (from �200 to 900) for reliable

evaluation of the statistical model. The nanoflakes size data were found to follow a log-nor-

mal distribution, with higher fraction of large size flakes as compared to a conventional

normal distribution. The same kind of distribution was also obtained for nanoflakes thick-

ness. Based on these findings, the detailed mechanism of the pristine polycrystalline

graphite exfoliation in a liquid phase due to formation and collapse of cavitation bubbles

was discussed. The high quality of nanoflakes was confirmed by Raman spectroscopy.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene has attracted much interest, owing to its excep-

tional electrical [1], chemical [2], mechanical [3], and thermal

properties [4,5] and numerous potential applications, like

batteries [6,7], photovoltaic devices [8], supercapacitors [9],

sensors [10], etc. The key factor for many industrial applica-

tions is the possibility to deposit and pattern large area graph-

ene sheets in different substrates [11]. Several methods for

the graphene synthesis have been reported [12–14], and

among them the chemical vapor deposition (CVD) method

has been most widely employed to grow large area graphene

on metal surfaces that can be further transferred to other

substrates [15,16]. However this method is an energy inten-

sive process that might be too expensive for many applica-

tions [14,17].
High quality monolayer graphene sheets can also be pro-

duced at significant yields by liquid-phase exfoliation of

graphite [18–22] and furthermore large amounts of graphene

flakes can be used to fabricate large transparent conducting

films by different techniques, among them the Langmuir–

Blodgett method [11,23,24]. This approach which is simple,

low cost, scalable, and versatile in terms of being well-suited

to chemical functionalizations, affords the possibility of

high-volume production [25], and films derived from liquid

suspensions of graphene flakes can potentially overcome

the limitations of other methods [26,27] and can be used for

a wide range of applications [13].

Graphite can be exfoliated in a non-aqueous ([18,22,23]) or

aqueous solutions with a surfactant ([19,28], [29]) with the aid

of ultrasound (usually, 20–40 kHz) processing (sonication)

which splits the graphite crystallites into individual platelets.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2013.12.062&domain=pdf
http://dx.doi.org/10.1016/j.carbon.2013.12.062
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With a long time sonication treatment, the fraction of mono-

layer or few-layer graphene flakes increases significantly in

the suspension, which can be further enriched by centrifuga-

tion steps [30]. All these processing steps, as well as the qual-

ity of the initial graphite polycrystals determine the quality

and the grade of the obtained graphene suspensions [30].

The sonication step has the major effect on the size distribu-

tion of the graphene flakes. Two main factors which deter-

mine the transformation of materials in this process are

cavitation (formation, growth and collapse of highly energetic

micro-bubbles [31]) and shear forces. A high-intensity acous-

tic wave brings about the cavitation, which is a complex non-

linear phenomenon leading to concentration of low-density

elastic (sound) wave energy into higher densities by rapid

bubble collapse at the graphite surface that crushes the bulk

material suspended in a liquid. The bubble formation can also

occur in the liquid close to the solid (at distances higher than

the bubble diameter), in this case energetic micro-jets of sol-

vent that are generated during the bubble collapse, can hit the

solid surface with great impact also contributing to the flake

delamination. By breaking relatively weak interlayer bonds,

the mechanical energy released at the surface of graphite by

cavitation removes the top layers leading to delamination

and dispersion [29,32]. Due to the anisotropic layered

structure of graphite, thin graphene flakes with relatively

high aspect ratios (lateral size/thickness) are produced in this

process.

There are a few studies where size distributions of graph-

ene flakes (or thin graphite nanoflakes) produced by liquid

phase exfoliation of graphite are presented. In most cases,

the lateral size and height distributions were evaluated from

analyses of electron scanning, electron transmission or atom-

ic force microscopy (SEM, TEM and AFM, respectively) images,

with the total number of nanoflakes in measured distribu-

tions varying from 60 [28] and 90 [20,33] to �180 [19]. It should

be noted that these numbers are usually not high enough to

perform reliable statistical analysis of size distributions that

might be helpful for better understanding of the exfoliation

mechanisms and further optimization of the process. Differ-

ent approach was employed by Łoś et al. [29] in a study of

graphite exfoliation using ultrasound irradiation at 20 and

500 kHz, where dynamic laser granulometry was applied for

analysis of size distributions. In this technique, the particles

sizes are determined using the theory of light diffraction by

spherical shape particles though real graphene flakes have

quite different platelet morphology. This should be taken into

account when comparing with other results obtained by di-

rect measurements of lateral dimensions and heights. The

lateral sizes of graphene flakes in different studies were re-

ported to vary from 0.2 lm to a few lm [19,20,28,33] or even

up to �200 lm [29], depending on the preparation procedures,

and no statistical model has been discussed for obtained size

distributions.

In this work, we have analyzed the size distribution of

nanoflakes obtained by sonication of natural graphite in

two different organic solvents. To obtain reliable data for

statistical analysis, large flake numbers (up to 900) were ana-

lyzed for each experimental condition studied. The size distri-

butions for nanoflakes were found to follow the log-normal

model rather than the conventional normal (Gaussian) one.
The mechanisms responsible for formation of log-normal dis-

tributions with extended tails (higher fraction of large size

flakes) are discussed. These findings are important for appli-

cations where films formed by many flakes are employed.

Better understanding of the delamination process, with the

help of statistical analysis, is important to produce nano-

flakes with desired size range by changing the key process

parameters. High quality of obtained flakes was confirmed

by high resolution scanning electron and atomic force

microscopy, and micro-Raman spectroscopy.
2. Experimental

Natural graphite powder with the average crystal size of

1–3 mm was obtained from Nacional de Grafite, Brazil.

Analytical grade 2-propanol (IPA) and N,N 0-Dimethylformam-

ide (DMF) were obtained from Sigma and used as received.

The graphite was dispersed in the relevant solvent

(volume of 1 mL, density of 1 mg/mL) by sonicating in a low

power sonic bath (Unique USC-1880, 100 W, 37 kHz).

Temperature was kept constant (if not specified, at room tem-

perature, 23 ± 2 �C) during sonication using a home-made

coil-shaped heat exchanger immersed into the water bath.

The resultant dispersion was then centrifuged using a Mini-

Spin Eppendorf AG 22331. After centrifugation, decantation

was carried out by pipetting off the top 400 lL of the disper-

sion, and these samples were used for further analysis. In or-

der to characterize the size distribution of flakes, the obtained

suspensions were deposited onto holey amorphous carbon

TEM grids (400 mesh) by drop casting. Thin films consisting

of graphene flakes were also deposited over thermally oxi-

dized (100) silicon or glass substrates using a drop casting

or Langmuir–Blodgett method [11]. Samples with deposited

flakes were examined by optical microscopy (Olympus

MX51) and high resolution scanning electron microscopy

(SEM, Nova 200 Nanolab, FEI). Quality of graphene flakes

was analyzed by micro-Raman spectroscopy in confocal con-

figuration (NT-MDT NTEGRA Spectra, with 473 and 633 nm

lasers).
3. Results and discussion

Typical example of nanoflakes with different lateral sizes

deposited over TEM grids can be seen in Fig. 1. From the anal-

yses of such images, histograms of lateral sizes L for nano-

flakes were obtained, with the number of measurements

always being high enough (>200, in some cases up to 900) to

get reliable statistics. With the aim of validating and compar-

ing the obtained statistical models, the experimental data

were fitted by normal and log-normal distributions as well

as by two other asymmetric distributions, i.e., of Weibull

and Gumbel (Eqs. S1–S4 in Supporting information), which

are very similar to the log-normal distribution and are often

used to describe these kind of processes [34,35]. Curve fitting

was done in the R software version 2.15.1 [36] using the

maximum likelihood estimation (MLE) method [36,37]. The re-

sults for short and long times of sonication (2 and 240 min)

are compared in Fig. 2a and b, respectively. As can be seen,

the experimental nanoflake size distribution is described



Fig. 1 – SEM image of the graphene flakes deposited from

suspension sonicated 240 min in DMF, not centrifuged,

scale bar – 20 lm.
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better by a log-normal model. The detailed comparison of

distributions is presented in Supporting information

(Table S1). Note that the log-normal distribution

fLNðLÞ ¼ 1
Lr
ffiffi

2
p

p
e�

1
2ðInðLÞ�l

r Þ2 (where L is the size, fLN(L) is probability
Fig. 2 – A comparison of different distribution models and

the experimental data for DMF solvent, plastic vial, no

centrifugation: (a) 2 min sonication, total number of flakes –

193 (b) 240 min sonication, total number of flakes – 924.
density function (PDF), l and r are parameters of distribution)

differs from the more conventional normal or Gaussian distri-

bution fGðLÞ ¼ 1
rG

ffiffi

2
p

p
e�

1
2ððLÞ�lG

rG
Þ2 (lG and rG are parameters of dis-

tribution) basically for large size flakes (the extended

distribution tail), and it reproduces much better the experi-

mentally observed elongated tails (Fig. 2a, b).

The data on size distributions available from other works

(Table 1) employing similar material and methods were trea-

ted here with the same methodology, by curve fitting using

the MLE method. The analysis was done to show that the

log-normal distribution usually can be confirmed for short

and medium time sonication treatments (up to 48 h [20])

and for different solvents or centrifugation parameters. How-

ever, long time sonication (e.g., 168 h, [33]) tends to produce a

normal rather than log-normal graphene flakes size distribu-

tion (see Table 1, entry c, and Fig. 3).

The origin of a log-normal flakes size distribution with ex-

tended tails can be attributed to the specific mechanisms of

graphite exfoliation in liquid phase. Exfoliation of graphite

by sonication in a liquid is believed to be the result of sequen-

tial random microscopical events like shock waves and mi-

cro-jets generated by collapsing cavitation bubbles [32,38].

Cavitation is known to be a nonlinear phenomenon that con-

centrates and transforms low-density elastic wave energy

into localized higher energy densities through rapid forma-

tion and collapse of gas bubbles in the liquid that can occur

near or at the graphite surface. The resulting extreme local

conditions (effective temperature up to �5 · 103 K, the local

heating rates within a cavitating bubble �1010–1012 K s�1, lo-

cal pressure �20–30 MPa [31,39]) induce profound changes at

the solid–liquid interfaces. Cavitation induced exfoliation

can be viewed as an analog of the stochastic multiplicative

process of breakage (crushing, bulk attrition) which underlies

conventional particle production processes [35]. It can be

shown (Supporting information) that this kind of Markovian

process (when implementation of subsequent states of the

object does not depend on its previous state) results in a

log-normal size distribution.

The evolution of flakes during the exfoliation process is

shown schematically in Fig. 4. For the experimental condi-

tions of the present work (sonication frequency 37 kHz), the

size of bubbles is known to range from a few micrometers

to �25 lm [40–42], being thus one or two orders of magni-

tude smaller than the initial size (�1–3 mm) of graphite

polycrystals. Collapse of the bubble at the flake surface

can cause the polycrystal breaking directly by the produced

shock waves (Fig. 4a), whereas collapse in the liquid close

to the surface generates a micro-jet of solvent that can

hit the solid with a great force [43]. The pressure required

to separate two graphene sheets is estimated to be

7.2 MPa [44]. The local pressure created by collapsed bub-

bles (20–30 MPa) [31,39], is thus sufficient to remove the

top layer after disrupting weak molecular interactions,

leading to delamination and dispersion of the initial graph-

ite flakes.

It can be expected that polycrystalline natural graphite

starts to exfoliate in the areas containing defects and at the

grains boundaries (Fig. 4a). Two stages of the process can be dis-

tinguished. First, formation of relatively large submillimeter



Table 1 – Experimental conditions and results obtained in previous reports on graphene synthesis by liquid exfoliation
method and their statistical analysis by the methodology of this work.

Entry Solvent Initial graphite
concentration
(mg/mL)

Sonication parameters Centrifugation parameters hLia
(lm)

hLib
(lm)

Ref.

Time
(h)

Frequency
(kHz)

Power
(W)

Time
(min)

Rate
(rpm)

a Water 20 22 20 350 Not centrifuged 33.7 – [29]
b Water and surfactant 20 2 20 350 Not centrifuged 16.3 – [29]
c N-Methyl-2-pyrrolidone 3.3 168 24 48 45 500 �0.5 0.56 [33]d

d IPA 3.3 48 40 16 45 2000 1.1 1.07 [20]
e Chloroform 3.3 48 40 16 45 2000 0.84 0.85 [20]
f Glacial acetic acid

with surfactant
10c 4 37 320 45 20,000 (kept overnight) 0.7 0.67 [28]

g Water with surfactant 0.1 0.5 37 320 90 500 (kept 24 h) �0.5c 0.33 [19]
a Data as reported.
b Data calculated from the reported particle size distribution, using the MLE method.
c Estimated.
d Data from the Appendix of the referred paper.
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(�0.1 mm) (Fig. 4b) primary flakes from the initial millimeter-

size graphite crystals (marked as a ‘‘delta-function’’ in Fig. 4a)

is likely to occur. Further, as a result of subsequent cavitation

and delamination events, the primary flakes are sequentially

exfoliated to form secondary micrometer-size nanoflakes. In

other words, the initial delta-function-like distribution gradu-

ally spreads and transforms into a log-normal distribution

with the center of the distribution still located in the large size

flakes area (Fig. 4c). During the initial phase of the exfoliation,

the delamination sequentially removes top surface layers of

natural graphite flakes and thus reduces slowly the dimen-

sions of ‘‘mother’’ flakes. Note that the lifetime (time during

which the flake retains its size) for large primary flakes (‘‘moth-

ers’’ flakes) is much larger than for smaller flakes. As the pro-

cess goes further, the center of distribution shifts to smaller

size flakes and therefore micrometer-size flakes start to gain

weight in the distribution (Fig. 4d) (see also [29]). More flakes

with a few micron size form for longer sonication times. Lateral

size of flakes formed at this stage is not more than the mean

cavitation bubble size (see Fig. 4e), note that similar distribu-
Fig. 3 – Graphene flakes size distribution for different times

of sonication treatment (normalized probability density

function or PDF), data from the present study (Table 2) and

adapted from Refs. [20,33].
tions can be found in Ref. [20]. As time goes to ‘‘infinity’’, distri-

bution of lateral size of graphene turns into normal (Gaussian)

distribution with the center at the origin of coordinates (Fig. 4f),

see also [33]. At this stage, it is likely that the mean size of nano-

flakes is comparable with that of the bubbles, so that new

flakes formation becomes difficult, and breaking the new

flakes is no more a Markovian process (as it was during the ini-

tial stage of delamination). In other words, splitting (delamina-

tion) of the subsequent secondary flakes becomes dependent

on the size of the primary flake. In the present work, graphene

nanoflakes size distribution was found to be still close to the

log-normal distribution even after 240 min of sonication

(Fig. 2b), whereas the distribution very close to normal was in-

deed observed for sonication time as long as 168 h [33] (Fig. 3).

Several experiments were carried out in order to investi-

gate the effect of various synthesis parameters such as sol-

vent type, the duration of sonication and centrifugation as

well as the vial material. Experimental data were fitted by a

log-normal distribution also using MLE methods. The effect

of the sonication time on graphene flakes size distribution

is demonstrated in Table 2 and Fig. 5.

The mean size of flakes (Table 2) is decreased considerably

with increasing sonication time: from 4.80 to 1.86 lm (2 and

240 min of sonication, no centrifugation) and from 1.98 to

1.45 lm (2 and 60 min. sonication, 15 min. centrifugation).

The effect seems to be more pronounced without the centri-

fugation step.

After 240 min. of sonication, most of all flakes were in the

range of (0.8, 2.9) lm (Fig. 5 and Table S2, Supporting informa-

tion). Flakes larger than 5 lm were rarely observed, in con-

trast to 2 min. of sonication when flakes with size up to

50 lm were present.

The data (Table 2) also suggest that the mean size of nano-

flakes scales with sonication time as t�n, where n �0.2 (slowly

reduces with the sonication time), that correlates well with

other studies where similar trend was reported (Table 1, en-

tries c, d, e) [19,20,32].

The effect of centrifugation on the distribution was found

to be very strong, especially for short sonication times. For

sonication time of 2 min., even after a mild centrifugation



Fig. 4 – The schematic of the exfoliation process. Images: (a) fragment of the initial graphite crystal, (b) large primary flake, (c)

result of delamination from the primary leaving a staircase-like surface, (d) large number of small secondary flakes, (e) small

flakes captured by the TEM grid. Scale bars: (a) �300 lm, (b) �25 lm, (c) 10 lm, (d) �10 lm, (e) 4 lm. Note that the TEM grid can

capture flakes smaller than the size of holes in the grid (as can be seen in e), however large fraction of smaller flakes can be

washed out through the holes, resulting in fast fall of the experimental distribution probability near the origin of coordinates.

(A colour version of this figure can be viewed online.)
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(15 min, 800 rpm), proportion of large flakes with L > 6.5 lm

decreased dramatically to less than 1%, whereas the not cen-

trifuged suspension contains around 15% of large flakes
(L > 11 lm) (Fig. 5, curves 1 and 3, Table S3 in Supporting Infor-

mation). This means that large flakes and aggregates

(L > 10 lm) are completely removed by mild centrifugation,



Fig. 6 – Probability distribution for nanoflakes lateral

dimension to investigate the effect of centrifugation time at

prolonged sonication treatment. Nanoflakes prepared in

plastic vials and DMF as solvent, after 240 min of sonication

treatment (1) – not centrifuged, (2) and (3) centrifuged at 15

and min. respectively. The number of flakes is (1) 924, (2) 578

and (3) 193.

Table 2 – Effect of sonication and centrifugation time on the size of graphene flakes prepared in glass vials for IPA and in
plastic vials using DMF as solvent, centrifuged at 800 rpm. hLi mean size of graphene flake.

Solvent Sonication time (min) Centrifugation time (min) hLi (lm)

DMF 2 0 (not centrifuged) 4.8
240 1.9
2 15 2.0
60 1.5
240 15 1.7

90 1.8
IPA 60 15 1.1

60 1.1

Fig. 5 – Probability distribution for graphene flakes lateral

size, as function of sonication time. Graphene flakes

prepared in plastic vial in DMF as solvent: (1) and (2) at 2 and

240 min respectively without centrifugation; (3) and (4) at 2

and 60 min respectively, after centrifugation at 800 rpm for

15 min. The number of flakes is (1) 193, (2) 924, (3) 333 and

(4) 427.
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giving a relatively homogeneous dark gray dispersion.

Although some sedimentation and aggregation was observed

to occur within the first week after centrifugation, the ob-

tained dispersions remained stable for at least 4 months after

preparation.

For samples with a prolonged sonication treatment of

240 min. (Fig. 6), practically no changes in graphene size dis-

tribution were observed after 15 min. of centrifugation (com-

pare curves 1 and 2 in Fig. 6). However, after increasing the

centrifugation time up to 90 min., the flakes with sizes

exceeding L > 4 lm were totally removed, and 97% of flakes

have sizes smaller than 2.8 lm (proportions of flakes with

0.7 < L < 2.8 and smaller flakes with 0.3 < L < 0.7 are �82%

and �15%, respectively), with hLi = 1.2 lm. Therefore, centri-

fugation time of 90 min at 800 rpm can be used for selecting

flakes with sizes within the range of 1–4 lm.

During sonication over a prolonged period, the sonication

bath water tends to heat up to around 40 �C without cooling

for temperature moderation (see Section 2 for details). How-

ever, we found that the heat generated during sonication

had no significant effect on graphene flakes size (Table S4

and Fig. 1S in Supporting information).

Regarding the effect of solvents on the size distribution,

it has already been shown that the enthalpy of mixing for

graphite dispersed in good solvents is very close to zero,

and the solvent–graphite interaction is van der Waals rather

than covalent [18]. Moreover, good solvents for graphene are

usually characterized by surface tensions in the range of

40–50 mJ m�2 (surface energy of graphene at room tempera-

ture is 46.7 mJ m�2 [45]) with a Hildebrand solubility param-

eter (dT) close to that of graphene (23 MPa1/2) [46]. Values of

dT for the solvents used here are very close to that of

graphene: 24.9 and 23.6 MPa1/2 for DMF and IPA, respectively

(Table S7 in Supporting information). Very similar behavior,

with respect to graphite exfoliation was found for the two

solvents, with graphene size distributions characterized by

practically the same mean size and width (Fig. S2 and

Table S5 in Supporting information). However, in case of

IPA the sedimentation was found to be faster, probably

due to its lower surface energy. Hernandez et al. [18] have

shown that effective solvents for graphene have surface

tensions close to 40 mJ m�2. The surface tension of DMF

(37.1 mJ m�2) is closer to that of graphene than surface ten-

sion of IPA (23 mJ m�2) which in turn could result is slower

sedimentation in DMF (Fig. 7).



Fig. 7 – Sedimentation study. Suspensions of graphene prepared at concentration of 1 mg mL�1 and sonicated 120 min. in a

glass vial without further centrifugation. (a) Solvent DMF, (b) sample(a) after 75 days, (c) solvent IPA, (d) sample (b) after

75 days.

Fig. 8 – Probability distribution for nanoflakes lateral

dimension to investigate the effect of vial material on the

size of flakes prepared in DMF, sonicated for 60 min and

centrifuged at 800 rpm for 15 min at room temperature.
Fig. 9 – Raman spectra for samples sonicated for 2 and

240 min and centrifuged at 800 rpm for 15 min (Table 2).
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Both plastic (polypropylene) and glass vials were utilized

in experiments. Polypropylene is resistant to IPA and to

DMF up to 60 �C. However, ultrasound energy can be absorbed

strongly in plastics resulting in less intense ultrasound pro-

cessing of graphite. Surprisingly, we observed that the graph-

ene flakes are larger in glass vials (Fig. 8 and Table S6 in

Supporting information), under similar processing conditions

(60 min. sonication, centrifugation at 800 rpm for 15 min.). We

attribute this effect to stronger production of large primary

flakes in glass vials that are not completely removed by cen-

trifugation, as the time of sonication (60 min.) is not enough

to completely break and delaminate the large size flakes. Note

that for longer sonication time, when large flakes are com-

pletely broken (this will happen faster for glass vials where

the density of ultrasound energy in the solution is higher),

more compact distribution for glass rather than for plastics

vials can be expected, in contrast to that shown in Fig. 8.

The crystalline quality of nanoflakes deposited over TEM

grids was evaluated using confocal Raman spectroscopy.

Representative Raman spectra (at least, 5 spectra were taken

for each sample) are shown in Fig. 9, where a low intensity
D-band (�1345 cm�1), strong G-band (�1570 cm�1) and a mod-

erately intense 2D band (�2700 cm�1) can be seen. The defect

content in graphene layers is usually characterized by the ratio

of intensities for D and G bands (ID/IG) [12,47]. From the mea-

sured ID/IG ratio, the in-plane crystallite size La can be estimated

[48]. It is observed that the ratio is practically the same for both

processes, being at a very low level ID/IG � 0.10 (La � 0.12 lm)

compared with other studies (Table 3) for flakes after 2 and

240 min. of sonication. We obtained even lower values

(ID/IG < 0.05) for large number of flakes [49]. This indicates that

for sonication time up to 240 min. almost defect-free flakes

are obtained and no additional defects are added [50]. As can

be expected, high values of ID/IG are observed for experiments

carried out in water and mixture of water and surfactant [28]

(Table 3). A high value of ID/IG has been reported with NMP as

a solvent, despite being a good solvent for graphite liquid exfo-

liation (dT = 23 MPa1/2 [46], i.e., matching perfectly with that of

graphene (Table 3), probably due to a very long sonication time

(168 h).

Note that alternative graphene synthesis methods are

usually characterized by higher values of ID/IG. For example,



Table 3 – Reported values of ID/IG-against time of sonication
and type of solvent.

Solvent Time of sonication
(h)

ID/IG Ref.

Water 22 0.6 [29]
Water/surfactant 2 0.6 [29]
N-Methyl-2-pyrrolidone 168 0.2 [33]
IPA 48 0.2–0.7a [20]
a Depending to the flake size.
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Chabot et al. [51] have reported a value of 0.25 for the process

where graphene was obtained by Gum Arabic assisted physi-

cal sonication, while Reina et al. [26] and Cheng et al. [52]

have reported ID/IG = 0.93 and ID/IG = 0.05–0.3 respectively

using chemical vapor deposition of graphene. Different elec-

trochemical methods for graphene synthesis give an ID/IG
value in the range of 0.1–0.6 [53]. Here, a combination of a

suitable solvent selection as well as relatively short
Fig. 10 – (a) AFM-image of nanoflakes deposited on oxidized Si

distribution of thickness for nanoflakes, inset: distribution for sm

on Si substrate at two different positions.
sonication time provides almost a defect-free nanographite

and multi-layer graphene product. The high quality of nano-

flakes is also confirmed by observations of very narrow G-

lines in Raman spectra. The full width at half maximum

(FWHM) for G lines was found to vary within 18–21 cm�1 at

short sonication time (2 min.) and was as low as 12–16 cm�1

at 240 min. sonication. The reduction of the FWHM for longer

processing time probably indicates improved quality (less de-

fects) of obtained flakes. It is also noteworthy that, according

Raman and AFM measurements, FWHM tends to be around

12–14 cm�1 for thin flakes (3–15 nm) and 19–21 cm�1 for thick-

er flakes (more than 20 nm).

Thickness of nanosheets deposited on oxidized Si sub-

strates by the Langmuir–Blodgett method, was obtained by

atomic force microscopy (AFM). The data were treated with

the same methodology described above. Interestingly, a log-

normal distribution with an extended tail was also observed

for the thickness probability distribution (Fig. 10b). The AFM

data show that in the experiment conducted with 4 h of son-

ication and after 7 days of sedimentation, the major part of
substrates by Langmuir Blodgett method, (b) probability

all size flakes. (c), (d) AFM height profiles of nanoflakes film



Fig. 12 – Langmuir–Blodgett films of nanoflakes deposited

onto Si/SiO2 substrates: (a) optical image, (b) SEM image.

Scale bar; (a) 500 lm, (b) 20 lm.
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flakes (�68%) has a thickness within the range of 9–66 nm,

whereas fractions of very thick (>180 nm) or very thin

(<3.3 nm) ones (i.e., multi-layer grahene) are less than 2%. It

is noteworthy that the thickness of most of flakes is around

11–14 nm (see examples of AFM height profiles in Fig. 10c

and d). It might indicate that nanographite monocrystals with

the characteristic thickness near 10–12 nm exist in natural

graphite, that are delaminated from the larger polycrystalline

graphite flakes under impact of collapsing bubbles.

Surfactant-free dispersions can also be used for deposition

of individual nanoflakes between the metal electrodes (Au, Ti,

W) with micron-scale gaps by a dielectrophoresis method

(Fig. 11), similarly to nanotubes [54–56]. This allows us to mea-

sure the electrical and thermal contact resistivities between

graphene surface and different metals [49,57]. Furthermore,

thermal properties of suspended flakes were studied using

micro-Raman spectroscopy. The thermal conductivity (near

room temperature) for nanoflakes with lateral dimensions

less than 1 lm was measured to be �600 W m�1 K�1 [49]. This

value is quite close to the highest reported values for small

nanoflakes [5,49,58,59], proving thus their high crystalline

quality that is important for applications in a form of thin

continuous films for example in thermal interface materials

[58,59].

In another application, the graphene flake suspensions

were used to deposit continuous thin films of flakes over vari-

ous substrates (glass and thermally oxidized Si) using the Lang-

muir–Blodgett method. For this, a DMF solution with

nanoflakes was mildly centrifuged at first to remove large

aggregates. Then the supernatant was centrifuged again at
Fig. 11 – Graphene flakes deposited between different metal electrodes with different deposition bias and time (a) Ti, 0.5 V

and 30 s. Scale bar: 1 lm; (b) Ti, 0.5 V and 60 s. Scale bar: 10 lm; (c) Au, 1.3 V and 30 s. Scale bar: 10 lm; (d) W, 1.5 V and 90 s.

Scale bar: 5 lm.
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10,000 rpm for 10 min and the sediment was later transferred

to another solvent (toluene or dichloromethane). High surface

coverage by nanoflakes with the mean film thickness between

10 and 30 nm was obtained (Fig. 12). The detailed method and

comprehensive optimized results including deposition of

continuous films will be reported elsewhere [60].

4. Conclusions

In conclusion, graphite nanoflakes and multi-layer graphene

flakes were produced by mild sonication in organic solvents

(DMF, IPA) and the flakes size distribution was statistically

analyzed, with the number of measured samples being high

enough (from �200 to 900) for reliable evaluation of the statis-

tics model. This study has shown that the lateral size data for

nanoflakes are better described by a log-normal distribution,

with higher fraction of large size flakes as compared to a con-

ventional normal distribution. The same kind of distribution

was also obtained for the nanoflakes thickness. Based on

these findings, the detailed mechanism of the polycrystalline

graphite exfoliation in a liquid phase due to formation and

collapse of cavitation bubbles is discussed. We found that

for the solvent type, sonication time (from 2 to 240 min.)

and process temperature (15–40 �C), as well as centrifugation

parameters, within the conditions of our experiments, do not

change the type of size distribution that remains log-normal.

However, sonication and centrifugation times have notable

effect on the mean flakes size; prolonged processes lead to re-

duced fraction of larger flakes. Better understanding of the

delamination process due to impact by collapsing bubbles

and resulting shock waves and liquid micro-jets is important

to synthesize nanoflakes within the desired size range by

changing key process parameters.

By selecting a suitable organic solvent (with the Hilde-

brand solubility parameter and surface energy close to that

of graphene) and other process parameters to provide mild

delamination, we demonstrated that high quality (defect free)

nanoflakes can be obtained. The quality of flakes has been

characterized by confocal Raman spectroscopy. The obtained

dispersions were successfully used to deposit flakes between

metal electrodes by dielectrophoresis and over various sur-

faces using Langmuir–Blodgett method, thus demonstrating

applicability of dispersions to fabricate both discrete devices

and thin continuous films based on high-quality nanoflakes

obtained in a low cost process.
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