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Abstract 
Graphene, the  basic building block of all graphitic 

materials has received significant scientific interest due to its 
ultra-high surface area (>2,630 m2/g), high charge carrier 
mobility, high thermal conductivity, etc. In particular, 
graphenes high surface area and excellent electrical 
conductivity has made it a leading candidate for next 
generation electrode material in energy storage devices such 
as ultracapacitors. 

One of the approaches for high volume production of 
graphene is the reduction of exfoliated graphite oxide (GO) 
sheets by thermal annealing, and/or reducing agents. 
However, the high temperature annealing process consumes a 
large amount of energy. Furthermore, large quantities of toxic 
reducing agents such as hydrazine and dimethylhydrazine are 
required. In this paper microwave (MW) assisted heating is 
studied as a scalable approach for the synthesis of reduced 
graphene. In this study, dry MW irradiation (MWI) synthesis 
of the reduced graphene is successfully demonstrated and the 
MW reduced GO shows a improved electrode performance 
when compared to  highly porous activated carbon; the state 
of the art electrode material in commercial ultracapacitors. 

Introduction 
A ultracapacitor is an electrochemical capacitor that has 

much higher energy density than conventional capacitors 
(Figure 1). Ultracapacitors have also been referred to as 
supercapacitors and/or electrochemical double layer capacitor 
(EDLC). Ultracapacitors are employed in hybrid electric 
vehicles as a momentary-load device since 
charging/discharging time is extremely short compared to 
conventional electrochemical batteries, and in portable 
electronics due to the lightweight. Ultracapacitors are 
proposed for many green energy storage devices that require 
rapid charging/discharging.   

                                                                    
Figure 1. Ragone plot describes the energy density versus 
power density of energy storage devices on a log-log 
coordinate system, with diagonals representing the 
discharge time. Ultracapacitors occupy a region between 
conventional capacitor and batteries.  
 

Ultracapacitors employ the double layer effect [1] of the 
interphase between a porous electrode and the adjacent 
electrolyte ions (Figure 2). With highly extended electrode 
surface area (A> 1,500 m2g-1) and the small thickness of the 
electrical double layer, ultracapacitors have several orders of 
magnitude higher specific capacitance and energy density 
than conventional capacitors (equations (1)-(2)). Activated 
carbon is the state of the art electrode material in commercial 
ultracapacitors since it has a very high surface area (~1,500 
m2g-1) and generates low equivalent series resistance (ESR).  

 
Figure 2. Schematic structures ultracapacitors. 
  

The capacitance (Cdl) of the double layered structure, the 
energy density (Emax) and the power density (Pmax) of an 
ultracapacitor are expressed in equations (1)~(3), 

 Cdl 
A
4d
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1

2
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U 2
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where, ε is the dielectric constant of the electrical double 
layer region, A is the accessible surface area of the electrode, 
d is the thickness of the electrical double layer (d in the order 
of Angstroms), U is the cell voltage and R is the ESR. 

Current activated carbon based ultracapacitors have 
insufficient energy densities when compared with 
conventional batteries. Further improvement in energy 
storage device performance can be contrived by modifying 
parameters in equations (2) and (3). Generally two strategies 
have been be adopted to increase the energy and power 
performance of ultracapacitors. The first strategy is 
optimizing the electrolytes to broaden the electrochemical 
window (higher U). The second strategy is to develop novel 
electrodes with greater accessible surface area (larger A) and 
higher conductivity (lower R). Improvements in electrolyte 
materials and design have been reported [10~12], however, 
there is limited progress and understanding of the function of 
the electrode materials and its design. The development of 
novel electrode materials is imperative to the design high 
performance ultracapacitors. 
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Significant effort to develop alternative electrode 
materials, such as carbon aerogels (CAGs) and carbon 
nanotubes (CNTs) has had limited success. Electrodes based 
on CAGs requires no binder, yet the accessibility of 
micropores during activation remains questionable [13]. 
CNTs offer a unique combination of high porosity and low 
electrical resistivity. The CNT-based electrode research 
experienced rapid evolution from entangled multi-wall CNTs 
[14, 15] to open end, vertically aligned CNTs (VCNTs) [16]. 
Research on CNT based ultracapacitors is still undergoing, 
but the low volumetric density and difficulty in controlling 
the pore size limit their development and utilization. 

The discovery of graphene - one-atom-thick planar sheet 
of sp2 bonded carbon atoms in a hexagonal lattice - has drawn 
tremendous attention due to its exotic material properties. 
Graphene has extraordinarily high material properties such as 
specific surface area (2,630 m2/g) [17], charge carrier 
mobility (~200,000 cm2V/s) [18], Young’s modulus 
(1,100GPa) [19], and thermal conductivity (~5,000 W/mK) 
[20]. More importantly, in contrast to the conventional 
electrode materials, the effective surface area of the graphene 
does not depend on the distribution of pores due to its unique 
2-D structure. Thus the utilization efficiency of surface can be 
significantly increased.  

Some studies on graphene-based ultracapacitors have 
been reported [17, 21, 22]. Graphene was expected to have 
improved energy density by higher surface area, and reduced 
ESR by decreasing the ionic diffusion resistance. However, 
the energy/power values reported were much lower than the 
theoretical calculations. This could be the result of poor 
graphene quality or due to graphene in an agglomeration 
rather than extended morphology[17]. Obtaining controlled 
extended morphology is essential for maximum surface 
utilization.  

 There are several ways to create 2D graphene including 
peeling off thin layers from graphite plates by sticky tape and 
transferring platelets to substrates, epitaxial growth on SiC or 
metal (Ni, Cu etc) substrates, chemical reduction, and 
unzipping CNTs by plasma etching or chemical reactions. 
Chemical reduction because of its simplicity cost 
effectiveness, low temperature process, possible mass 
production, etc. has received a majority of the scientific 
interest as a method for graphene synthesis.  Chemical 
reduction is based on a top down methodology, where the 
graphite is used as a precursor material. Graphite is exfoliated 
and oxidized into graphene oxide (GO) which is 
functionalized with oxygen containing functional groups such 
as hydroxyl, carboxyl and epoxide groups at the edge and/or 
on the 2D plane as shown in Figure 3 (a). For synthesis 
graphene, the GO should be reduced to functional group-free 
sp2-hybridized graphene layers (Figure 3 (b)).  

 
Figure 3. Oxidized/functionalized graphene (GO) (a) and 
reduced graphene (b). 
 

A few approaches for the reduction have been proposed, 
including high temperature treatment (over 1500 C) and 
chemical reduction with or without temperature assist. In this 
paper, we propose the use of microwave as an ultra fast 
heating source for reduction, under dry condition even 
without chemical assists. Previous studies on MW heating as 
a reduction source were reported where they used MW for 
heating dielectric media such as reducing agents [23] or polar 
solvents [24], rather than heating GO directly. Graphite [25] 
and carbon nanotubes (CNTs) [26] have been known as good 
microwave absorbers. We had reported the reduced CNT 
defects by MW annealing [27~30]. Graphene, a basic 
structural element of those carbon allotropes and its 
derivative GO are expected to have similar MW absorbing 
properties. 

In this paper, a study on MW reduced graphene [31] is 
discussed and characterizations (Raman spectra, X-ray 
photoelectron spectroscopy (XPS), thermal/electrical 
properties and Raman spectra, X-ray photoelectron 
spectroscopy (XPS), thermal/electrical properties and 
electrochemical performance) of MW reduced graphene 
oxide is used to confirm graphene formation with the 
potential application as an electrode material  in 
ultracapacitors. 

Experiments 
Graphite flakes used were donated from Asbury Corp. All 

the chemicals were of analytical reagent grade, and used 
without further purification. GO was synthesized by 
Hummer’s method [32]. Graphite was put into cold 
concentrated H2SO4 and NaNO3 solutions in a flask. After 
graphite was mixed homogeneously, KMnO4 was slowly 
added to the flask and temperature was kept below 20 oC. The 
mixture was stirred in an ice bath for 2 h and then in a 35 oC 
water bath for 0.5 h. 70 oC DI water was added into the flask 
drop by drop and the generated heat during adding water will 
keep the solution temperature around 98 oC. The mixture was 
diluted by 70 oC DI water and 30% H2O2 until the reaction 
terminated. The mixture was filtrated and washed several 
times with DI water. The resulting GO solid was centrifuged 
for 30 min. The obtained supernatant was dried overnight to 
form GO films.  

In a typical reduction experiment, the as-made dry GO 
was cut into a 2 cm × 1 cm size film and placed in a Pyrex 
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beaker. The film sample was then subjected to a microwave 
field (500 W, 6.425 GHz±1.285GHz) in a variable frequency 
microwave system (Microcure 2100). The surface 
temperature of the GO sample was monitored in real-time by 
an infrared thermometer. 

When observing the evolution from GO to reduced GO in 
both the Microcure 2100 system and the household 
microwave oven, we added a quota of 2 mL 1mg/ml GO 
solution into a beaker and dried at 55 oC. Compared with the 
2 cm ×1 cm size dry film, the smaller quantity of the starting 
GO absorbed less power and better contact with the beaker 
bottom increased the heat dissipation from GO to the 
substrate, then the reduction transition was slowed down 
enough to observe the whole process.  

Scanning electron microscopy (SEM, JEOL 1530), atomic 
force microscopy (AFM, Vecco, operated at tapping mode), 
micro-Raman spectroscopy (Aramis, HORIBA Jobin Yvon) 
assembled with a confocal imaging microscope, X-ray 
photoelectron spectroscopy (XPS, SSX-100), and thermal 
gravity analysis (TGA) were used to characterize GO and the 
as-prepared reduced Graphene.  

In order to prepare a thin film working electrode for 
electrochemical testing, 47.5 mg of graphene powder were 
dispersed in a glass vial containing an 1 ml N-Methyl-2-
pyrrolidone (NMP) solution (containing 2.5 mg of 
Polyvinylidene Fluoride, PVDF) and ultra-sonicated for 30 
min to obtain a uniform slurry.  Then, 10 µL of slurry was 
transferred onto a glassy carbon electrode embedded in a 
PTFE holder. The whole electrode was oven-dried in air for 
30 min to evaporate NMP. The graphene loading was 
estimated to be 0.475 mg. The same procedure used for the 
preparation of the electrode based on the commercial 
activated carbon (Norit Supra 30, BET surface area; 1,900 
m2/g) for comparison.  

 In the characterization of electrochemical behavior, a 
glassy carbon disk (geometric area = 0.196cm2) and a 
platinum electrode were used as the working and the counter 
electrode, respectively. The Saturated Calomel Electrode 
(SCE) was used as the reference electrode and a 1M H2SO4 
solution was used as the electrolyte. Cyclic voltammetry 
(CV) was performed in a potential range from 0 to 0.8 V (vs. 
SCE) at a potential scan rate of 10 to 100 mV/sec. The 
galvanostatic charge-discharge experiments were performed 
at a constant current density of 0.1 to 10 mA/cm2 to estimate 
the specific capacitance (F/g). For a benchmark electrode 
material, a commercial activated carbon (Norit Supra30, BET 
surface area; 1,900 m2/g) was employed. 

Results and Discussions 
GO to Reduced GO 
The GO reduction process mainly includes the removal of 

oxygen containing functional groups such as hydroxyl, 
carboxyl and epoxy groups on GO. When GO goes through 
the reduction process, its color dramatically changes. In dilute 
solutions, the color difference between graphene oxide and 
reduced graphene is prominent; as shown in Figure 4. The 
oxidized graphite exhibits brown color while the reduced GO 
appears very dark close to black. AFM height images 
indicated the thickness of the graphene oxide ranged from 

0.36 nm to 1.69 nm, corresponding to 1~5 atomic graphene 
layers. 

 

(a)  (b)  

Figure 4. Graphene oxide (a) and reduced GO (b) in a 
DMF/water mixture. 

 
We observed that microwave reduction induces local 

heating of GO and the decomposition rate of the functional 
groups such as epoxide and hydroxyls on GO may exceed the 
diffusion rate of the evolved gases such as CO2 or CO. This 
generates a high gas pressure in between GO layers 
exceeding Van der Waals force in-between layers, resulting 
in exfoliation of the graphene layers. This pressure makes a 
more granulated textures of the reduced GO compared to GO 
films, as shown in Figure 5. 

 

(a) (b)  

(c) (d)  
Figure 5. SEM images of GO, top (a) and side views (b), of 
reduced GO, top (c) and side view (d). 

 
The reduced electrical resistance is another signature of 

GO conversion to reduced GO. The functionalized (oxidized) 
sites on the GO plane and along the edge break the structure 
regularity and are considered as structure defects, which 
hinder electron and phonon transport via x-y planes resulting 
in lowering electrical and thermal conductivity. The reduction 
process removes the defective functional groups, and 
improves the electronic and thermal transport properties. We 
observed the surface resistance of GO films in the range of 
1~100 MΩ/sq level. We found a dramatic decrease in 
resistance during all reduction methods including chemical, 
electric field and microwave assisted reductions. In particular, 
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the surface resistance of MW reduced GO decreased from10 

MΩ/sq to around 40 Ω/sq, yielding an electrical conductivity 
comparable with that of the exfoliated graphene at 1050 oC 
[32], and about three orders of magnitude lower than 
chemically reduced GO by hydrazine [33], photo catalytic 
reduced GO [35] and GO after multi-step low-temperature 
annealing [35].  

Raman G, D and 2D modes of graphene can determine 
linear defect density and electron-phonon coupling [2]. 
Raman spectra of a GO display two prominent G and D peaks 
at 1583 and 1347 cm−1, respectively. In particular, the G band 
of GO is shifted to that of typical graphite [3]. This is mainly 
due to increased active defects [4], isolated double bonds of 
functional groups of GO [5] and a reduced number of stacked 
sheets [6,7,8]. The G peak is related to the vibration of sp2-
hybridized carbon and the D peak, corresponding to the 
conversion of an sp2-hybridized carbon to a sp3-hybridized 
carbon [37]. Figure 6 shows that the reduction makes the G 
band shifted down to 1565 cm−1, indicating the recovery of 
the hexagonal network of carbon atoms [37]. Since the D/G 
ratio is inversely proportional to the average size of the sp2 
domains and defects, the diminished D/G ratio in Figure 6 
indicates that the MW reduction dramatically increased the 
average size of the crystalline graphene domains and removed 
defects such as functionalized sites. 
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Figure 6. Raman spectra of GO and reduced GO. 

The decomposition of carbonyl and hydroxyl groups on 
GO by MW reduction was confirmed by FTIR and XPS. The 
high-resolution C1s XPS spectra of the reduced graphene 
showed a significant decrease of oxygen-functionalized 
groups at 286.1 eV (C-OH), 287.6 (C=O), and 289 (O=C-
OH) after MW reduction, confirming that most of the 
epoxide, hydroxyl and carboxyl groups were successfully 
removed. 

 

 
Figure 7. Weight loss of GO and reduced GO in TGA. 
 

Figure 7 shows weight loss of GO and reduced GO in 
TGA. Significant weight loss from GO at ~180 C was 
observed, which is believed to be corresponding to 
decomposition, degassing and evaporation of oxygen 
functional groups to CO2 or CO, and remaining chemical 
substances. Above 200 C, the weight loss continues. This 
loss may be from the loss of residual functional groups on the 
reduced GO. On the other hand, the reduced GO showed high 
thermal stability and weight loss starts over 700 C. Less 
defective carbons materials show high thermal stability, this 
phenomenon has been also demonstrated in carbon nanotubes 
(CNT) by our group [28, 29]. The TGA study on annealed 
CNTs showed that well-annealed CNTs have higher thermal 
decomposition temperatures, much higher elastic modulus 
and increased thermal transport capability, while overexposed 
CNTs showed poor properties.  An optimized treatment 
condition needs to be used to maximized performance.  

To compare capacitive behavior of the graphene with that 
of a commercial activated carbon, cyclic voltammetry curves 
and galvanostatic charge-discharge curves of both samples 
were recorded at room temperature in a 1M H2SO4 solution 
using a three-electrode configuration.  

Shown in Figure 8 (a) are the typical cyclic voltammetry 
curves measured at a scan rate of 10 mV/sec. The amounts of 
the active materials (graphene and activated carbon, 95 wt. % 
of total mass) were kept the same (ca. 0.475 mg) for both 
samples and the current densities were normalized to the 
mass of the active materials. Clearly, the graphene-based 
electrode showed higher capacitance (larger current) than that 
of the activated carbon samples within the potential range of 
0.0~0.8V (vs. SCE). The observed enhancement might be 
attributed to the unique structure of the graphene, which has a 
large surface area for facile charge-separation 
(electrochemical double-layer formation).  

To calculate the specific capacitance (F/g) of the 
graphene, charge-discharge curves were recorded at a 
constant current density of 0.1 to 10 mA/cm2. Shown in 
Figure 8 (b) are the typical charge-discharge curves measured 
at a constant current density of 2 mA/cm2. The specific 
capacitance of graphene was ~147.5 F/g (as calculated from 
the discharge curve collected at 10 mA/cm2), which is ~1.6 
times that of the commercial activated carbon (87.8 F/g), 
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suggesting that the graphene has a great potential for 
ultracapacitor applications. Further investigations to elucidate 
the large capacitive behavior of graphene are still under way.  

 

(a)

0.0 0.2 0.4 0.6 0.8
-3

-2

-1

0

1

2

3

 Graphene
 Commercial activated carbon

C
u

rr
e

nt
 (

A
/g

)

Potential (V vs. SCE)  

(b)
0 50 100 150 200 250 300 350 400 450 500

0.0

0.2

0.4

0.6

0.8

1.0

P
ot

e
nt

ia
l (

V
 v

s.
 S

C
E

)

Time (sec)

 Graphene
 Commercial activated carbon

 
Figure 8. Comparison of capacitive behavior of graphene 
and activated carbon in 1M H2SO4 solution at room 
temperature. (a) Cyclic voltammetry curve measured with 
a voltage scan rate of 10 mV/sec. (b) Galvanostatic 
charge-discharge curve at a current density of 2 mA/cm2.  

Conclusions 
Graphene, the basic building block of graphitic materials 

was successfully synthesized from the microwave-assisted 
reduction, which includes creating GO from graphite particles 
and reducing back to graphene.  

Various characterizations such as color, electric 
resistance, Raman spectra, XPS, AFM and TGA confirmed 
the new MW reduction as a fast effective method for 
generating high quality graphene from GO. 

The ultracapacitor electrode performance of the reduced 
GO was investigated. The preliminary electrochemical test 
showed that the MW reduced GO exhibited almost two times 
higher specific capacitance than that of activated carbon used, 
the state of the art electrode material in commercial 
ultracapacitors. This might be because graphene synthesized 
is of considerably high quality and its high surface area was 
of high quality. Great potential of the reduced GO for a next 
generation electrode material in high-energy storage devices 
was demonstrated. Further studies on device level testing, 
graphene layers’ gap control and etc. are on going. 
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