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Preparation of Functionalized Graphene Sheets via Microwave-Assisted Solid-State
Process and Their Electrochemical Capacitive Behaviors
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Abstract: Functionalized graphene sheets were produced by microwave-induced exfoliation of graphene oxide.
Exfoliation happens when the oxygen-containing groups decomposed into CO, and H,O by microwave-heat, thus
yielding pressures that exceed the Van der Waals attraction between the layers. X-ray diffraction, FTIR, SEM, TEM
and nitrogen adsorption-desorption were used to characterize the samples. Scanning electron microscopy images
show that the sample possesses nanoporous structures. Fourier-transform infrared spectroscopy characterization
proves the existence of a few functional groups on the surface of graphene sheets. The results of nitrogen
adsorption-desorption analysis indicate that the sample has high BET surface area (412.9 m?-g™') and large pore
volume (1.91 em’-g™). The electrochemical tests show that the sample has good electrochemical capacitive behavior

and high specific capacitance values about 207.5 F+g™ in aqueous KOH.

Key words: functionalized graphene sheets; microwave irradiation; supercapacitor; electrochemical measurements

Graphene, an entirely new class of carbon with two attracted great interest because of the unique physical,
dimensional (2D) structure, was first reported by Andre chemical, and mechanical properties arising from its 2D
Geim and Kostya Novoselov in 2004 ", Graphene has form *¥. Tts special nanostructure holds great promise
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resonators > and transistors ">, However, it is a

challenge to produce graphene on large scale.

Micromechanical cleavage of graphite to obtain
graphene sheets was first reported in 2004 ", but this
method is not amenable to large-scale production of
graphene. Recently, several promising methods for mass
production of graphene sheets have been reported!”9.
Chemically converted graphene sheets were prepared
by the chemical reduction of exfoliated graphene oxide
(GO) with reducing agents!"7?. Stoller et al. prepared
graphene sheets by means of suspending GO in water
and chemical reducing with hydrazine ™. This kind of
graphene has some great performances, such as good
conductivity and good supercapacitive properties (the
specific capacitance of the sample was about 135 F-¢™
at a discharge current of 10 mA in 5.5 mol -L.™" KOH
aqueous solution). Functionalized graphene sheets
(FGS) were reported to be prepared via high temperature
expansion of GO or a low-temperature reduction under
high vacuum "2, Malesevic et al. produced few-layer
graphene via microwave plasma-enhanced chemical

(MW-PECVD) ™. However, high

temperature or long reduction time is required for most

vapor deposition

of the methods listed above. For instance, the chemical
reduction to exfoliated GO with reducing agents
provides a meaningful approach to produce large-scale
graphene sheets "), hut in most chemical reduction
methods heating to nearly 100 °C for several hours is
necessary. As for the MW-PECVD method, heating
substrates to 700 °C is required . Furthermore, the
thermal exfoliation of GO usually requires high
temperature (above 1 000 “C)** or extreme exfoliation
condition (vacuum) ™. Therefore, rapid exfoliation of
GO under a mild condition is needed for the preparation
of FGS in large quantity. Cote et al. produced graphene
sheets by flash irradiation using GO as precursor .
Thermal exfoliation of graphite intercalation compounds
was reported by Falcao et al. using microwaves as a
heat source™. Microwave irradiation has also been used
for the synthesis of graphene sheets in solvents ®*1.

Hassan et al. produced graphene sheets supporting

metal nanocrystals in aqueous and organic media by

™ The main advantage of

microwave irradiation
microwave irradiation is heating the samples uniformly
and rapidly compared with other conventional heating
methods. Here, the thermal reduction of GO is studied
using microwave irradiation as heat source.

More

supercapactive behavior of graphene materials have

recently, ~many studies on the
been reported "***%. Vivekchand et al. prepared the
graphene by three different methods . The highest
specific capacitance value of the sample was about
117 F-g™ in 1 mol -L™" H,S0, aqueous electrolyte. A
approach to produce

low-temperature  exfoliation

graphenes under high vacuum was reported by Lii

et al®

. The specific capacitance value of the obtained
graphene materials was up to 264 F+g™ in 5.5 mol - L™
KOH aqueous solution without any post-treatments
without any post-treatments. Wang et al. prepared the
graphene materials via a gas-solid reduction process™.
The maximum specific capacitance value of the sample
was 205 F g™ at energy density of 28.5 Wh+kg™ in a
30wt% KOH aqueous solution.

In this work, we prepared FGS using GO as the
precursor via an easy microwave induced solid-state
process and investigated its electrochemical capacitive
properties. The FGS sample possesses high BET
surface area and large specific capacities in aqueous
KOH (2 mol -L™) electrolyte. The microwave-induced
exfoliation approach provides a promising approach for
mass production of graphenes at low cost. Moreover, the
FGS products show great potential applications in

electrochemical energy storage.
1 Experimental section

1.1 Preparation of FGS

GO was prepared from natural graphite powders
(universal grade, 99.985% ) according to hummers
method B, Simply, natural graphite powders were
washed by 5% HCI twice, then filtered with distilled
water, and dried at 110 °C. 10 g of washed graphite
powder was added to cold (0 °C) concentrated H,S0,
30 g of KMnO, was added gradually with stirring and

cooling, so that the temperature of the mixture was
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controlled at not higher than 20 °C. The mixture was
stirred at 35 °C for 30 min, then 460 mL distilled water
was added slowly to the reaction vessel to cause an
increase in temperature to 90 °C and the mixture was
continued to be stirred for 15 min. Finally, 1.4 L
distilled water and 100 mL 30% H,0, solution were
added. After the reaction, the solution was held at room
temperature for 24 h. The solid product was separated
by vacuum filtration, washed with 5% HCI aqueous
solution until sulfate could not be detected with BaCl,,
then the reaction product was dried under vacuum at
50 °C for 48 h. Small amounts of the dried GO were
added into a porcelain dish, then, the porcelain dish
was placed inside a household microwave oven
(G8023CSK-K3 2450 MHz, 800 W) and irradiated at
full power for different time in range of 30~240 s. The
obtained samples were denoted as FGS1 (30 s), FGS2 (1
min), FGS3 (2 min), and FGS4 (4 min).
1.2 Characterization

X-ray diffraction patterns were performed by a
Bruker D8-advance
graphite monochromatized Cu Ke, radiation(A=0.154 05

diffractometer equipped with

nm). The morphology of FGS was observed by
transmission electron microscopy (TEM) (JEOL JEM-
2100) and (SEM)
(Gemini, LEO 1530). Nitrogen adsorption-desorption
ASAP2010
(FTIR)
spectroscopy was performed with a Nicolet-670 FTIR

scanning electron microscopy

was measured with a Micromeritics

instrument.  Fourier  transform  infrared
spectrometer using the KBr pellet method.
1.3  Electrochemical tests

The electrochemical performance of FGS was
evaluated by cyclic voltammetry (CV), galvanostatic
charge-discharge (GC), and electrochemical impedance
spectroscopy  (EIS), which were done in a three-
electrode experimental setup using 2 mol -~ KOH
aqueous solution as the electrolyte. The prepared
electrode was used as the working electrode. A
platinum sheet and a saturated calomel electrode were
used as counter and reference electrode, respectively.
The working electrode was prepared as follows: 80wt%

FGS, 15wit% black, and 5wt%

polytetrufluoroethylene were well mixed and pressed

acetylene

onto a nickel grid (1 e¢m?), and flaked under 10 MPa
after being dried at 353 K for 12 h. The electrode
contained about 5 mg of FGS. The CV, GC, and EIS
CHI660C

electrochemical workstation at room temperature. The

measurements were carried out on

potential rang of CV and GC was determined between -
1.0 and -0.2 V (vs.SCE). The GC measurement was
carried out in current density range of 1~10 A -g™". The
impedance spectroscopy measurement was performed
with a frequency range of 100 kHz~0.01 Hz(amplitude

of 5 mV at open circuit potential).
2 Results and discussion

2.1 Characterization of FGS

Since GO is the oxidation production of pristine
graphite, there are many functional groups on the
surface of its carbon sheets, such as hydroxyl, carboxyl,
and epoxyl groups. Fig.1 shows XRD patterns of the
parent graphite, GO, FGS1, and FGS3. Compared with
the pristine graphite, the native graphite peak
disappears, and the feature diffraction peak of GO
appears at 10.4°, corresponding to an interlayer spacing
(d-spacing) of 0.85 nm, which indicates the complete
oxidation of the starting graphite and most oxygen is
bonded to the planar surface of graphite after the
oxidization P, After the microwave-heating treatment,
the sharp peak around 10° at the XRD patterns
disappears, indicating that oxygen intercalated into the
interlayer spacing of graphite is largely removed by
microwave irradiation. In Fig.1, FGS samples display

amorphous structure patterns.

A t Graphite L
NGO
FGS1
FGS3

0 10 20 30 40 50 60 70 80 90 100
20/ (%)

Intensity (a.u.)

Fig.1 XRD patterns of graphite, pristine GO, FGSI
and FGS3
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Fig.2 shows the FTIR spectra of GO, FGSI, and
FGS3. In addition to a broad band (3427 cm™) due to -
OH groups™, the characteristic peaks appear at 1734,
1624, 1400, 1228, and 1050 cm™ can be assigned to
the C=0, aromatic C=C, carboxy C-0, epoxy C-O, and
C-O groups on the surface of the GO layers. Compared
with the pristine GO, the intensity of the peaks at 1734
and 1 624 cm ™ for FGS samples decrease, and the
peaks at 1 400 and 1 050 c¢m ™ disappear, which
indicates that microwave irradiation removes most of
the functional groups on the surface of the GO layers
and still leaves a few residual functional groups on the
surface of graphene sheets.

Low-magnification scanning electron microscopy
(SEM) image (Fig.3(a)) of FGS3 shows that the sample
has many nanopores between the sheets, which results
from the thermal exfoliation of GO. The nanoporous
structure formed after the pressure generated by the

decomposition of  oxygen-containing groups via

microwave-heat was enough to overcome the Van der
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Fig.2 FTIR spectra of GO, FGS1, and FGS3

Waals forces binding the GO sheets together. The
high magnification SEM and transmission electron
microscopy (TEM) images (Fig.3 (b) and Fig.3 (c)) of
FGS3 show a wrinkled paper-like structure of the
ultrathin graphene sheets and stacking of sheets. In
Fig.3 (d), the selected area electron diffraction shows
only weak and diffuse rings, which indicates that the

graphene sheets lose the long range ordering.

Fig.3 SEM images of FGS3 (a, b), TEM and selected area electron diffraction pattern (SAED) of FGS3 (c, d)

The results of nitrogen adsorption-desorption
analysis (Fig.4(a)) also prove that the FGS samples have
nanoporous structure. Fig.4 (b) indicates that these
samples have a broad pore size distribution from 2 to

200 nm. The BET surface areas, pore volumes, and
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average pore sizes of the samples are shown in Table 1.
It can be found that, compared with FGS3 (2 min
irradiation), the BET surface areas of FGS samples have
no significant change after extending the processing

time. Furthermore, the BET surface areas of FGS are
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Fig.4 (a) Nitrogen adsorption-desorption isotherms of FGS1 and FGS3. (b) BJH pore size distributions

from adsorption branches for FGS1 and FGS3
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Table 1 BET surface areas, pore volumes, and average pore sizes of the FGS samples

Sample BET surface area / (m?-g") Pore volume / (cm’-g™) Average pore size / nm
FGS1 319.7 1.41 17.6
FGS2 338.2 1.53 18.1
FGS3 412.9 191 18.5
FCS4 408.7 1.67 163

lower than the theoretical limit (2 630 m* -g ™) of
graphene™. Tt indicates that the FGS products contain
extensive domains of stacked graphitic layers.
2.2 Electrochemical testing

The supercapacitive behavior of FGS3 is analyzed
using cyclic voltammetry (CV), galvanostatic charge-
(GC),

spectroscopy (ELS), which are done in a three-electrode

discharge and electrochemical impedance
system in aqueous KOH (2 mol - L") electrolyte. Fig.5(a)
shows the CV curves of FGS3 with different scan rates
(5~50 mV+s™). At a relatively low scanning rate, the CV
curves of FGS3 exhibit rectangular-like shape, even at a
scanning rate as high as 50 mV -s™', the CV curve still

shows a rectangular shape with small distortion,

=
SQmV s

0.04
0.02
< 0.00
=

-0.02
0.04

0.06
-0.08 < . S

-1.0 -0.8 -0.6 -0.4 -0.2

E/V(vs.SCE)
> (c) / e
J FGS3
40 / /° Ls
7 e s-l.o

30k / / N
S 73 /' 05 ;
N o e ore®

20r 4 ’ 0.0 M/

Ll 10 15 2.0 25 3.0
ol o8 z/Q
0 a8 —e—GO
ﬁ —0—FGS3
0 . . . .
0 10 20 30 40 50
zZ'Q

Fig.5

indicating an excellent supercapacitive behavior.
Discharge curves of the sample are performed at a
current density range of 1~10 A -g™'. As seen in Fig.5
(b). The specific capacitance is evaluated from the slope
of the discharge curves, according to the equation: C,=
IAt/(mAv)™!, where I is the current of charge-discharge,
At is the time of discharge, m is the mass of active
materials in the working electrode, and AV is 0.8 V.
(Table 2) indicate that FGS3

possesses higher capacitance retention (72.3%) at a

The evaluated results

current density of 10 A -g™. Specific capacitance per
surface unit Cs, (wF+cm™) is calculated using equation:
Csy=C,,/SAPY where SA is the BET surface area (m*-
¢™). The BET surface area of mesoporous carbon CMK-
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(a) Cyclic voltammograms of the FGS3 obtained at different scan rates. (b) Galvanostatic discharge curves of

FGS3 at different current density range from 1 to 10 A-g™ and mesoporous carbon CMK-3 at a current density

of 1 A-g™.(c) Electrochemical impedance spectra measured from 100 kHz to 0.01 Hz of the FGS3 and GO

(amplitude of 5 mV at open circuit potential). Inset shows an enlarged scale. (d) Cycling performance of FGS3

(current density: 1 A-g™).
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Table 2 Specific capacitances obtained from GC methods and capacitance retention for FGS3

C.l(F-g" Capacitance
Sample .
1A-g 5A-g" 4 A-g" 10A-g" retention / %
FGS3 207.5 192.5 180.1 150.0 723

3 is around 1196 m*+ g™ and the specific capacitance of
CMK-3 at the current density of 1 A -g™ is about
124.4 F -g™". The specific capacitance per surface area
of FGS3 calculated is about 50.3 wF+cm™ at the current
density of 1 A-g™, which is much higher than 10.4 pF-
cm afforded by CMK-3.

The impedance spectra consist of a semicircle in
high-frequency range and a line inclined at a constant
angle to the real axis in low-frequency range. The
semicircle portion observed at high frequencies
corresponds to the charge transfer limiting process. As
we can see from Fig.5 (c), low-down semicircles are
observed at high frequency region, from the diameter of
semicircle, the internal resistance of FGS3 is lower than
GO. It indicates that the conductive performance of
FGS3 is enhanced significantly. The inclined line in
low-frequency range is attributed to Warburg
impedance that is associated with electrolyte diffusion
through the anode. Compared with GO, the imaginary
part of the impedance spectra at low frequencies of
FGS3 is much closer to a 90° line in an ideal capacitor,
indicating an ideal supercapacitive behavior of FGS3.
Moreover, the electrical conductivity of FGS is an
effective indicator to the exfoliation extent of GO™. The
results show the effective exfoliation of GO.

Long cycle life of supercapacitor is important for
its practical applications ®¥. Fig.4 (d) shows the
variation of specic capacitance for FGS3 at a constant
current density of 1 A -g™. As can be seen, the sample
possesses high capacitance retention (92.2%) after 500
cycles of testing.

For the supercapacitive electrode materials, the
efficient adsorption of electrolyte ions is crucial to
generate high specific capacitance ™. The morphology
characterization of FGS shows that the samples have a
nanoporous structure~and low degree of agglomeration.
Different from conventional carbon materials used for

supercapacitor, the structure of FGS allows the

electrolyte ion to penetrate both the outer and inner
region of the solids. Therefore, both sides of exfoliated
graphene sheets could be exposed to the electrolyte and
contribute to the capacitance. Furthermore, the residual
functional groups on the surface of FGS may improve
afford the

, thus enhancing the overall

the hydrophilicity of electrode and

pseudocapacitance !

charge storage capability.
3 Conclusion

In summary, an easy, high yield, green, and fast
microwave-induced solid state approach to the synthesis
of FGS is reported using GO as precursor. The results of
electrochemical tests indicate that the FGS sample has
good supercapacitive behavior and conductivity. The
present method can be used to prepare graphene sheets
in large scale. The produced graphenes are expected to
be used for further application in electrochemical

energy storage and electrocatalysis.
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