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ABSTRACT

Introduction: The graphene has received a great attention because
of its extraordinary characteristics of high carrier mobility, excel-
lent thermal conductivity, high optical transmittance, and superior
mechanical strength. Developing a simple methods with the prop-
erty of producing large quantities of high-quality graphene have
become essential for electronics, optoelectronics, composite mate-
rials, and energy-storage applications. Materials and Methods: In
this study, the simple one step and efficient method of grinding
was used to produce few-layers graphene nanoflakes from graphite.
Different microscopic (TEM, SEM, and AFM) and spectroscopics
(XRD, XPS, and Raman) charactrization tools were used to test
the quality of the resultant graphene nanoflakes. Results: The pro-
duced nanoflakes showed no traces of oxidation due to the grinding
process. In addition, the applicability of the obtained nanoflakes as
potential supercapacitor electrodes was investigated. For that pur-
pose, thin films of the few-layer graphene nanoflakes were devel-
oped using spray coating technique. In terms of both transparency
and conductivity, the prepared films showed equivalent properties
compared to those prepared by more complex methods. The elec-
trochemical properties of the prepared electrodes showed high
specific capacitance of 86 F g-'at 10 A g-' with excellent stability.
The electrodes sustained their original capacity for more than 7000
cycles and started reducing to 72 F g™' after 10000 cycles. Con-
clussions: The method provides a simple, efficient, versatile, and
eco-friendly approach to low-cost mass production of high-quality
graphene few-layers. The electrochemical stability and flexibility of
the developed thin films indicated that the films could be used as

electrodes in a wide range of electronic applications.
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INTRODUCCTION

The graphene, an isolated atomic plane of graphite,
has received a great attention because of its extraor-
dinary characteristics of high carrier mobility, excel-
lent thermal conductivity, high optical transmittance,
and superior mechanical strength. Developing appro-
priate methods for mass production of high-quality
graphene will make it more viable for technological
applications. Several preparation methods have been
proposed since the rise of graphene such as chemical
vapor deposition (CVD) - wet stirred milling in the
presence of different media ¢ Intercalation with a
wide range of molecules of different materials ¢
D, Microwave irradiation of co-intercalated graphite
@9 Laser and plasma irradiation of graphite “**>and

reduction of graphite oxide by different solvents ‘%

More or less and depending on the targeted applica-
tion, each of the above mentioned graphene prepa-
ration technique has its own merits and limitations.
In order to develop a more viable technique feasible
for wider range of applications, emphasis must be
given to develop a technique which can be cost-ef-
fective as well as capable of mass production of high
quality graphene with less impurities and defects. To
overcome some of the limitations, techniques based
on exfoliation of graphite have been the most prom-
ising ones so far. Both milling and immersion in dif-
ferent liquid suspensions of graphite have been used

for that purpose -

Because of the high surface to volume ratio of car-
bon materials causing relatively high specific charge
storage, they can be used as an electrode in the en-
ergy storage devices such as Supercapacitors. Ide-
ally, a monolayer of sp”bonded carbon atoms can

reach specific capacitance up to ~550 F/g, large sut-
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face area of 2675 m?*/g, high intrinsic mobility of
200,000 cm*(V.s), and optical transmittance around
97.7% © 229 which basically set the upper limit for
all carbon materials. Therefore, an extensive atten-
tion is given to utilizing graphene in the supercapaci-

2029 Although supetcapacitor electrodes

tor device
made of graphene powders generally show a high
power density, they are limited by the modest capaci-
tance value (~200 Fg'V Therefore, the energy density
and overall device performance are generally unsatis-
fied. Alternatively, a large capacitance improvement
up to 750 F g can be achieved by introducing the
pseudo-capacitance effects through combining and
modifying the carbon electrodes with pseudo-capac-
itive materials (metals, semi metals, and polymer) ¢
) On the hand, the capacitance of supercapacitor
depends strongly on the electrode materials, and can
be optimized by the electrode size and dimension.
Among the graphene-based electrodes, graphene
thin film have attracted much attention due to the
tunable thickness, structural flexibility, lightweight
and electrical properties, which are the essential
qualities required for supercapacitors. Therefore,
tremendous efforts have been dedicated to explore
novel processing methods for graphene-based films,
such as spray, spin-coating, Langmuir Blodgett, lay-
er-by-layer deposition, interfacial self-assembly, and
vacuum filtration. As with other graphene-based
materials, the processing of graphene thin films is
hindered due to the agglomeration and restacking of
graphene sheets resulting from the inter-planar in-
teraction and van der Waals forces, which can greatly
reduce the surface areas and limit the diffusion of

electrolyte ions between graphene layers %+

In this study, the two techniques of graphite immer-
sion in liquid suspensions and grinding were com-

bined to synthesis graphene nanoflakes. This meth-



od depends on the effects of pure mechanical forces
(shear and fraction). The developed technique offers
significant advantages in comparison with other pre-
viously mentioned techniques. It is a mild and en-
vironmentally friendly (no harsh or toxic reactants)
method, it is simple, cheap (based on ball milling)
and productive, and potentially can be scaled up
to give large quantities (reach litters)) of graphene
nanoflakes with high quality, and high stability for
long periods of time. More importantly, this very
simple technique has the potential for increasing
the production tremendously at low cost, offering
a promising opportunity to produce graphene in
the volumes required for real-world applications.
Whereas, these concentrated graphene nanoflakes
dispersions could be used to fabricate transparent
conductive thin films possess comparable properties

to those prepared by more complex methods.

MATERIALS AND METHOD

Nanoflakes preparation: In order to prepare few-lay-
er graphene nanoflakes, the same previous technique
for preparing other two dimensional materials has

been followed ©% %

The pristine graphite powder
(Sigma-Aldrich) with particle size > 75 um was used
without any further treatment. First, the graphite
powder was mixed with pure N-methyl-2-pyrolidi-
none (NMP, 99 % Macron Chemical, USA) at a con-
centration of 2 wt%. Next, the prepared graphite
suspension was transferred to the grinder (AG-1000,
Allgen Technology) which was already half filled
with zirconia beads (bead size: 200 mm; density: 5.95
g cm-3). The rotor was set at high rotational speed
of 2000 rpm for the duration of 4 hours in order
to stir and disperse the prepared dense suspension.
Finally, the dark and homogenous suspensions was

easily purified from the zirconia beads, the beads

were precipitated at the bottom of the container

causing no contamination to the suspension.

Graphene thin film fabrication: In the second part
of this work, thin films were fabricated from the pre-
viously prepared graphene nanoflakes using simple
spray deposition method. First, the graphene nano-
flakes were diluted with IPA with 1:1 ratio in order to
speed up the draying process. Next, the solution was
spray coated onto a substrate which was previous-
ly cleaned in ultrasonic bath with acetone and IPA
(10 min each step). The spray-coating process was
performed in ambient environment (air) inside fume
hood. The nozzle diameter and the distance between
the sample and the sprayer head were manipulated to
obtain a uniform thin film. Finally, the prepared thin

films were left in air for 1 h in order to dry off.

Graphene nanoflakes and associated thin films Char-
acterization: Various microscopic and spectroscop-
ic characterization techniques such as TEM (JEM
2100F), SEM (FEI Nova200), XRD (PANalytical),
XPS (PHI 5000 Versa Probe scanning ESCA micro-
probe), AFM (Veeco di Innova), and Raman were
used to characterize the prepared few-layer graphene
nanoflakes and their associated thin films. The spe-
cific surface area measurements were determined us-
ing a Digisorb 2006 surface area, pore volume ana-
lyzer-Nova Quanta Chrome Corporation instrument

using multipoint BET adsorption.

Electrochemical Characterization: In order to char-
acterize the prepared graphene-nanoflakes thin films
as supercapacitor electrodes, the cyclic voltamme-
try (CV) was used. The relative catalytic ability of
the prepared films as an electrode was measured.
The CV measurements were conducted by using a

three-electrode electrochemistry system while the
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graphene nanoflakes were used as the working elec-
trode, Pt foil as the counter electrode, and Ag/AgCl
as the reference electrode (1 mol/L. H,So,) for dif-
ferent scanning rate. To determine the capacitance
of Supercapacitors, the equation C = 41 A#/mAV
is used to extract the specific gravimetric capaci-
tance “»*” where C is the measured capacitance of
the two-electrode cell (F/g), I is the constant cut-
rent (mA), Az is the discharging time (s), m is the
total weight of electrode materials (mg) and AV is
the voltage drop during discharging process (V). The

loaded mass of the active materials was 2.4 mg.
RESULTS AND DISCUSSION

It’s believed that there are two scenarios to describe

the way graphene nanoflakes were peeled off from

the graphite particles using the grinding process.
One that the zirconia ball rolls over the top of the
surface of the graphite producing a strong shear
force (Fig.1a). The second scenario is when the ball
first collides with the edge of the graphite particles,
producing a high fraction force overcoming the van
der Waals interaction, and then slides over its sut-
face (Fig.1b). Additionally, the graphite was mixed
with NMP solvent with a surface energy close to
graphene’s surface energy. This causes a very low

@39 Therefore, it will result in

energy of mixing
the stabilizing of the exfoliated nanoflakes against
aggregation. The sedimentation test showed that the
dispersion prepared without grinding precipitated
completely within several minutes but the graphene

nanoflakes maintained its high quality for a long pe-

riod of time.

Fig.1 Schematic illustration of the graphene nanoflakes peeling off from the surface of graphite, (a) sliding

over the surface scenario and (b) peeling off the edge of graphite particle scenario.

SEM images shown in figure 2a uncovers a large
thickness of graphite (>75 um) and chaotic graphite
network. In comparison and as shown in Fig, 2b, the
obtained graphene nanoflakes are relatively thin with
typical lateral dimensions of few hundred nanome-
ters. Also, the substrate’s background can be clearly
seen through the nanoflakes confirming the nano-
flakes small thickness. Furthermore, AFM technique
was used to characterize the topography as well as
the thickness of the nanoflakes. Figs. 2b and 2c show
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a good agreement between both AFM and SEM
images in terms the nanoflakes low thicknesses. As
shown in Fig, 2d a histogram for height profile of 37
of obtained AFM images, the nanoflakes thickness
averaged around four nm. Thus, the average layer
number distribution of the graphene nanoflakes is
around six layers. The thinnest graphene nanoflakes
that have been observed so far acquire an AFM

height profile of close to three nm (inset of Fig. 2d).



A = b w W

o
L
e
[y

o
i P S S —— ——
0 100 200 300 400 300 600

Width (nm)

F]fkes count

6 7 8 9 10 1 12
Thickness (nm)

Fig.2 (a, b) SEM images, (c) AFM images, and (d) The histogram of the prepared graphene nanoflakes de-
termined from the AFM images. The inset is a height profiles of corresponding AFM topographies (average
thickness: 2.5-3.5 nm) of a typical nanoflake.

TEM imaging and diffraction analysis were used to determine the crystal structure of the obtained graphene
nanoflakes. Figures 3a and 3b present TEM images of a typical graphene nanoflake sized several hundred
nanometers. The TEM images also show that the obtained graphene nanoflakes thickness is only few nano-
meters with few layers/ graphene nanoflakes as characterized by SEM and AFM images shown in Fig, 2. The
SAED patterns (Fig. 3¢ and 3e) of the flat areas of nanoflakes and the corresponding high-resolution TEM
(HRTEM) images (Fig. 3d and 3f) reveal that the majority of nanoflakes has high crystallinity with hexagonal

lattice structure.

Fig.3 TEM images of graphene nanoflakes (a and b). The selected area electron diffraction (SAED) patterns
(c and e) of the flat areas of the nanoflakes and the corresponding high-resolution TEM (HRTEM) images

(d and ).
Innovaciencia
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Furthermore, Raman spectroscopy was also used
to analyze the crystal quality of the obtained nano-
flakes. Figure 4a shows three clear peaks at 1350
cm! (D-band), corresponds to the breathing mode
of sp2 carbon atoms, a very sharp peak at 1580 cm™
(G-band), corresponds to the in-phase vibrations of
the graphite lattice, and the 2D-band at 2725 cm™, an
overtone of the D-band “> - The symmetrical 2D
band which can be fitted to one Lorentzian and a
2D /G band ratio of 1.7 is another clear evidence of
the fact that the obtained graphene nanoflakes are
only few-layers. The spectrum also shows expected
two doublets intensity of the 2D bands (D and G)
for the majority of the prepared nanoflakes, indicat-
ing that the thickness does not exceed few layers. It
also confirms that no basal plane defects (no cova-
lently bonded oxides) were introduced during exfoli-
ation ®, which is in agreement with the TEM results.
The crystal orientation of the prepared nanoflakes
was also characterized using XRD technique. Fig.
4b shows nearly identical diffraction angles for the
pristine graphite material and the obtained graphene
nanoflakes, however, significant decrease in the in-
tensity and width of nanoflakes peaks were ob-

served. This implies the same degree of crystallin-
ity between graphite and graphene nanoflakes. The
corresponding diffraction (peak 26 at 26.5° ) can be
assigned to the reflections of the (002) plane, which
oriented predominantly along the c-axis or the [002]
direction “>*) This is consistent with the HRTEM
data shown in Fig. 3. Moreover and in order to quan-
tify the elemental atom ratios and getting further de-
tailed bonding properties of the obtained graphene
nanoflakes, XPS analyses were carried out. Fig. 4c
shows the expected peaks at 283.9 and 532.1 eV
which are attributed to Cls and Ols, respectively.
The atomic ratio of C: O of "4 indicates the exis-
tence of small quantity of oxygenated group (Fig.
4d). In addition, the XPS analysis showed a number
of smaller features, most probably related to the re-
sidual NMP left over from the exfoliation process.
[NIST X-ray Photoelectron Spectroscopy (XPS) Da-
tabase, Version 4.1, http://srdata.nist.gov/xps/]“].
This can be confirmed simply by determining the
ratio of carbon bonding to H, O and N atoms (i.e.
C-H, C-N, and C=0). Subsequently, all the spectro-
scopic analyses showed that the prepared graphene
nanoflakes were free of defects and oxides.
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Fig. 4. (a) Raman spectra (Iexcitation. 514 nm) of the prepared graphene nanoflakes (b) XRD patterns of

graphite and graphene nanoflakes. (c) XPS survey spectrum and (d) high-resolution XPS C1s spectrum.
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Furthermore, the viability of the prepared graphene
nanoflakes as a potential technological application
was investigated. The prepared graphene nanoflakes
solution was spray coated on different substrates of
paper, PET, and glass. The obtained semitransparent
conductive thin films are shown in Figures 5a, 5b,
and 5c, respectively. The resistivity measurements
showed that the graphene nanoflakes sample pre-
pared on glass substrate shows resistivity of around
860 £, while the thin film on PET substrate exhibit-
ed resistivity of around 2 k&2 much lower than 82 k£
for the sample prepared on paper. The thin films are
also flexible and can be shaped into a desired struc-

ture without losing their mechanical and electrical

bare PET

6 7 8 9 1011

properties. The thin films shows a reasonable stabil-
ity in terms of their resistivity properties before and
after being subjected to various deformations. For
example, the thin film prepared on PET had a sheer
resistance of 1.98 k&2sq-1 before bending and 2.06
k€sq-1 after bending. This is another advantage of
the prepared films for diversifying their domain of
technological applications. The prepared graphene
nanoflakes can be used as transparent-conducting
films to replace expensive Pt/FTO counter elec-
trodes of dye-sensitized solar cells. Also, it can be

used as anode for as anodes of flexible lithium ion
(45-41)

batteries and Supercapacitors

bare glass)

Fig. 5 Large area few layers graphene nanoflakes thin films prepared by spray coating on different substrates
(a) paper with length of 10 cm and width 2cm, (b) PET with dimensions 3*3 cm?, and (c) glass of 4%2.5 cm?

Further characterization of the prepared thin films
was performed by investigating the electrochem-
ical performance of the film using three-electrode
system. Figure 6a shows nearly symmetric rectan-
gular shapes of cyclic voltammetry (CV) curves in

1 mol/L H_So, at different scan rates even for an

extremely fast scan rate of 100 mV s under the cut-
rent density of 10.0 A g”'. Figure 6b shows a rela-
tively high-rate specific capacitance of 86 F g at 10
A ¢! and after 7000 cycles the graphene electrode
maintained almost its original capacity. However,

as expected it start to degrade to retain more than
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80% (72 F g7") after 10000 cycles, revealing an ex-
cellent stability for supercapacitor application. This
degradation in capacitance can be attributed to the
irreversible reaction between the electrodes and elec-
trolyte “. Furthermore, as shown in Figure 6b, the
charge/ dischatrge curve of first five cycles observed
no obvious change, demonstrating the excellent sta-
bility for the graphene nanoflakes as supercapacitors

electrode.

For further understanding, the impedance of the
graphene nanoflakes electrode before and after the

stability test were measured in the frequency range

of 100 kHz-0.1 Hz (Fig. 6¢). At high frequency
region the impedance spectra are almost similar in
form of an arc, while it is like a spike at the lower
frequency region which is indicating a high electro-
chemical stability. Furthermore, the equivalent series
resistance of the electrode is decreased after 10000
cycles, which can be attributed to the significantly
enhanced wettability of the electrode to the electro-
lyte caused by the relatively loose morphology with

B9 In addition, after the long-term

highly open pore.
cycling, the oblique line of the electrode is more ver-
tical than before, demonstrating that the electrode

behaves more closely as an ideal capacitor.
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Fig. 6. (a) CV curves with different scan rates. (b)The capacitance retaining and galvanostatic charge/dis-

charge cycles (inset) under constant current density of 10 A g™"in 1 mol/L. H,So, in aqueous solution during

10000 cycles. (c) Nyquist plots for electrode in the frequency range of 100 kHz to 0.1 Hz measured during

the cycle life tests. (d) Schematic of the supercapacitor structure.

CONCLUSIONS

The simple method of grinding produced dispersible
few-layers of high quality graphene nanoflakes were
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characterized and investigated. The method provides
a simple, efficient, versatile, and eco-friendly ap-
proach to low-cost mass production of high-quality
graphene few-layers. Integrated with spray coating



technique, uniform semitransparent flexible conduc-
tive thin films were developed. The electrochemical
stability and flexibility of the developed thin films
indicated that the films could be used as electrodes

in a wide range of electronic applications.
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