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ABSTRACT 

Preparation of Reduced Graphene Oxides as Electrode Materials for Supercapacitors 

Yaocai Bai 

 

Reduced graphene oxide as outstanding candidate electrode material for supercapacitor 

has been investigated. This thesis includes two topics. One is that three kinds of reduced 

graphene oxides were prepared by hydrothermal reduction under different pH conditions. 

The pH values were found to have great influence on the reduction of graphene oxides. 

Acidic and neutral media yielded reduced graphene oxides with more oxygen-functional 

groups, lower specific surface areas but broader pore size distributions than those in basic 

medium. Variations induced by the pH changes resulted in great differences in the 

supercapacitor performance. The graphene produced in the basic solution presented 

mainly electric double layer behavior with specific capacitance of 185 F/g, while the 

other two showed additional pseudocapacitance behavior with specific capacitance of 225 

F/g (acidic) and 230 F/g (neutral), all at a constant current density of 1A/g. The other one 

is that different reduced graphene oxides were prepared via solution based hydrazine 

reduction, low temperature thermal reduction, and hydrothermal reduction. The as-

prepared samples were then investigated by UV-vis spectroscopy, X-ray diffraction, 

Raman spectroscopy, and Scanning electron microscope. The supercapacitor 

performances were also studied and the hydrothermally reduced graphene oxide exhibited 

the highest specific capacitance. 
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Chapter 1 Introduction 

1.1 Introduction 

Research on energy storage has been boosted in the last decades by the increase in 

renewable energy production from sun and wind as well as by the development of electric 

vehicles or hybrid electric vehicle
1
. Energy storage technologies including batteries and 

electrochemical capacitors or supercapacitors have been paid great attention
1,2

. Tons of 

research articles in the field of energy storage are published each year. For example, there 

are approximately 70,000 results when searching the „lithium ion battery‟ as the topic on 

the Web of Knowledge, indicating great interests in that area.  

 

Fig. 1-1 Ragone plot for various electrical energy storage devices
1
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Fig. 1-1 shows the Ragone plot (power density vs. energy density) for different energy 

storage devices including capacitors, electrochemical capacitors or supercapacitors, and 

batteries
1
. As can be seen from the plot, the batteries such as lithium ion batteries have 

very large energy densities up to 180 Wh/kg. However they suffer from slow power 

delivery or uptake, which limits their applications in faster and higher-power energy 

storage systems
1,3

. The conventional capacitors or electrostatic capacitors display 

opposite properties from batteries, where they possess higher power densities but lower 

energy densities
4,5

.  Fortunately, the supercapacitors fill the gap and act as a bridge 

between conventional capacitors and batteries
1
. Table 1-1 shows the comparison of the 

above three energy storage devices
6
. The supercapacitors can be charged and discharged 

in a few seconds with reasonable energy densities and very high power densities, which 

are critical to high-power applications such as electric vehicles and hybrid electric 

vehicles by providing powerful acceleration and braking energy recovery
5
. Besides, the 

supercapacitors have much longer life cycles (more than 100 000 cycles) and higher 

charge/discharge efficiencies than the batteries. 

Among the various electrode materials such as activated carbons and MnO2, a new class 

of carbon material, graphene, has attracted great interest due to its unique structure and 

superior properties. Graphene, monolayer of carbon atoms, exhibits exceptionally high 

electrical conductivity, outstanding intrinsic strength, superior thermal conductivity and 

reasonable chemical stability
7-12

. More importantly, the specific surface area of graphene 

is theoretically up to 2630m
2
/g and the intrinsic capacitance of graphene is 21µF/cm

2
.
13

 

Hence graphene is an outstanding candidate electrode for supercapacitors.  
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Table 1-1 Comparison of Capacitor, Supercapacitor and Battery
6
 

Parameters Capacitor Supercapacitor Battery 

Charge Time 10
-6

 ~ 10
-3

 sec 1 ~ 30 sec 0.3 ~ 3 hrs 

Discharge Time 10
-6

 ~ 10
-3

 sec 1 ~ 30 sec 1 ~ 5 hrs 

Energy Density (Wh/kg) < 0.1 1 ~ 10 20 ~ 100 

Power Density (W/kg) > 10,000 1,000 ~ 2,000 50 ~ 200 

Cycle Life > 500,000 > 100,000 500 ~ 2,000 

Charge/Discharge Efficiency ~ 1.0 0.90 ~ 0.95 0.7 ~ 0.85 

 

1.2 Literature review 

1.2.1 Principles of supercapacitor 

Based on the charge storage mechanism including non-Faradaic, Faradic and a 

combination of the two, supercapacitors or ultracapacitors or electrochemical capacitors 

can be divided into three general classes respectively: electrochemical double layer 

capacitors (EDLCs), pseudocapacitors or redox supercapacitors, and hybrid 

capacitors
1,2,14

. The charges in EDLCs are stored electrostatically on surfaces by physical 

adsorption of ions of the electrolyte
2
. Instead, the pseuodocapacitors involve the charge 

transfer between electrode and electrolyte through oxidation-reduction process or Faradic 

process
1,2

.  
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Fig. 1-2 Schematic of an electrochemical double layer capacitor
14

 

 

Fig. 1-2 shows the schematic of a typical EDLC constructed from two electrodes, a 

separator, and an electrolyte
14

. The zoom-out image shows that in order to meet 

electroneutrality the electrolyte ions are built up on the electrolyte side to balance the 

charges accumulated on the electrode surfaces
5
. In this way an electric double layer at the 

electrode/electrolyte interface forms and so does the electric filed. The capacitance can 

then be calculated like the conventional capacitors using the following equation: 
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where,    is the electrolyte dielectric constant,    is the dielectric constant of vacuum, A 

is the surface area of the electrode, and d is the effective thickness of the double layer. 

The charge/discharge process can be described by following equations
15,16

: 

Positive electrode 
arg

1 1
arg

/ /
C h e

s s
D isch e

E A E A e
          

Negative electrode 
arg

2 2
arg

/ /
C h e

s s
D isch e

E C e E C
         

Overall reaction 
arg

1 2 1 2
arg

/ / / /
C h e

s s s s
D isch e

E E C A E A E C
           

where, Es is the electrode surface, // is the electrode/electrolyte interface, C
+
 and A- are 

the cation  and anion respectively in the electrolyte. There are no chemical or 

composition changes during the charge/discharge process and only the physical 

adsorption of ions is involved
14

. Hence the charge storage in EDLC is highly reversible, 

i.e. the cycling performance for EDLCs is very great compared with that for batteries 

(Table 1-1).  

In contrast to EDLCs, the pseudocapacitors store energy Faradaically through fast redox 

reactions between electrode materials and electrolyte. The Faradaic process is completed 

through electrosorption, reduction-oxidation reactions, and intercalation processes
2,17,18

. 

In principle, the pseudocapacitors can provide higher capacitances and energy densities 

than EDLCs
14,19,20

. However, they suffer from bad cycling stabilities
14

. 

Hybrid capacitors are designed to take advantages of both the stable cycle performance of 

EDLCs and the high capacitance of psedudocapacitors. The charge storage mechanism 
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for hybrid capacitors is the combination of Faradaic process and non-Faradaic process. 

Currently, three general configurations for the hybrid systems have been studied
1,14

. One 

is using the composite electrode materials in which the pseudocapacitive species such as 

metal oxides and conducting polymers are incorporated into the carbon electrode. 

Another concept is the asymmetric capacitor, in which one electrode is EDLC based 

carbon materials while the other one is based on pseudocapacitive materials. The third 

configuration is quite the same as the asymmetric design and is called battery-type hybrid 

supercapacitors. The unique thing is that battery type hybrids utilize a supercapacitor 

electrode and a battery electrode to exploit the advantage of high energy densities of 

batteries and the advantages of high power densities and stable cycle performance of 

supercapacitors.  

1.2.2 Electrode materials and electrolytes for supercapacitors 

Three kinds of electrode materials including carbon based materials, metal oxides, and 

conducting polymers have been widely studied. Carbon based materials such as activated 

carbons, carbon nanotubes and graphene usually demonstrate EDL capacitance behavior, 

while metal oxides and conducting polymers exhibit pseudocapacitive behavior
14

. In this 

thesis, we will focus on the study of the reduced graphene oxide based supercapacitors, 

which will be reviewed in the next section. 

Electrolytes are crucial for the cell voltage because the electrolyte will decompose over 

its limited potentials
1
. Since the energy density (E) is calculated from the equation  

 

 
    (where C is the cell capacitance and V is the cell voltage), widening the voltage 

window of the electrolyte will greatly improve the energy density. Numerous efforts have 
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been put on designing highly conducting and stable electrolyte with a wider voltage 

window. Typically three categories of electrolyte can be classified: aqueous electrolyte, 

organic electrolyte, and ionic liquid electrolyte. The thermodynamic electrochemical 

window of water (1.23V) limits the voltage of aqueous electrolytes based supercapacitors 

to typical 1V
2
. The voltage of organic electrolytes based supercapacitors can go to above 

2.5V while the ionic liquid one can reach 4V, which will significantly enhance the energy 

densities when compared with the aqueous electrolytes based supercapacitors
1,11

. 

However, the disadvantages of both the organic electrolytes and the ionic electrolytes are 

the high specific resistance and their high costs
1
.  

1.2.3 Reduced graphene oxides as candidate electrode materials 

Graphene has been considered as a promising candidate for supercapacitor electrode 

materials. It can be produced by scotch tape method
7
, epitaxial growth

21
, chemical vapor 

deposition (CVD)
22,23

, and reduction of graphene oxide
24

. The first three methods can 

produce graphene with relatively perfect structure and excellent properties but with high 

cost and low yield
24

. The reduction of graphene oxide will yield so called reduced 

graphene oxide (rGO), which can be prepared in large scale at low cost
25

. Different 

reduction methods have been reported to prepare the rGOs and their supercapacitor 

performances vary considerably in each case.  

Graphene oxides can be thermally reduced or exfoliated at low and high temperatures 

under different atmosphere. Vivekchand et al. prepared the rGO by high temperature 

exfoliation at 1050  under argon atmosphere and reported a high capacitance of 117 F/g 

in 1M H2SO4 electrolyte by two electrode configuration
26

. Graphene oxides were 
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thermally reduced in nitrogen atmosphere for 2h from 200  to 900  by Zhao et al.
27

. 

The highest capacitance of 260.5 F/g was obtained for the 200  reduced graphene oxide 

in 6M KOH in three electrode configuration. Here one thing needs to be mentioned is that 

three-electrode cells yield specific capacitance values approximately double that of the 

two-electrode cell
28

. For simplicity, the author will only mention the three electrode 

configuration when it is used and the default one is the two electrode configuration. Lv et 

al. thermally reduced the graphene oxide through low temperature (200 ) and vacuum-

promoted exfoliation process
29

. The specific capacitance reached up to 264 F/g at a 

constant charge/discharge current density of 100 mA/g in 5.5M KOH electrolyte. 

Functionalized graphene sheets were also produced by thermally exfoliation at low 

temperatures for 5min under air atmosphere by Du et al.
30

. The electrochemical tests 

were done in three electrode experimental setup using 2 mol/L KOH aqueous solution 

and a high capacitance of 230 F/g was achieved. Yan et al. reported high performance 

supercapacitor electrodes based on highly corrugated graphene sheets prepared through 

thermal reduction of graphite oxide at 900  followed by rapid cooling using liquid 

nitrogen. A high specific capacitance of 349 F/g at 2mV/s was obtained in 6M KOH 

electrolyte and also the cell was also tested in three electrode configuration
31

. Microwave 

irradiation as heating source was also used to prepare the rGO. Zhu et al. reported a high 

capacitance of 191 F/g using KOH electrolyte for microwave exfoliated graphite oxide 

(MEGO)
32

. Zhu et al. also reported the KOH activated MEGO with very a very high BET 

surface area up to 3100 m
2
/g

33
. A high capacitance of 166 F/g was achieved in the 1-

butyl-3-methyl-imidazolium tetrafluoroborate (BMIM BF4)/AN electrolyte. The achieved 

energy density and power density were as high as 70 Wh/kg and 250 kW/kg respectively.  
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Another strategy is to reduce the graphene oxides by chemical reagents such as hydrazine. 

Stoller et al. reduced the graphene oxide by hydrazine in aqueous solution and called it 

chemically modified graphene (CMG)
34

. The CMG showed a specific capacitance of 135 

F/g in 5.5M KOH aqueous solution and also in organic electrolyte with a specific 

capacitance of 99 F/g. Wang et al. improved the hydrazine reduction method by using 

gas-solid reduction process and prepared the graphene materials (GMs) with higher 

specific capacitance of 205 F/g
35

. Solvothermal method was utilized to produce 

functionalized graphene where the graphene oxides were dispersed in the 

dimethylformamide (DMF) and thermally treated at 150  .
36

 The supercapacitor 

performance was tested in three electrode set up and a specific capacitance up to 276 F/g 

was achieved at a discharge current of 0.1 A/g in 1M H2SO4 electrolyte. Xu et al. 

reported the self-assembled graphene hydrogel via a one-step hydrothermal process. The 

capacitance they achieved was around 160 F/g
37

. Zhang et al. from the same group 

prepared the graphene hydrogels by a two-step reduction
38

. The hydrothermally reduced 

graphene hydrogel was post treated with hydrazine solution. The specific capacitance was 

reported to be 220 F/g at 1 A/g and they also showed good rate performance.  

1.3 Objectives 

The objective of this thesis is to study the reduced graphene oxides as electrode materials 

for supercapacitors from the following aspects: 

i. Develop a way to prepare the graphite oxide as a precursor for the reduced 

graphene oxide. 
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ii. Prepare the reduced graphene oxides by hydrothermal reduction under different 

pH conditions, study their differences from the aspects of reduction efficiency, 

structure and morphology, and investigate their application as electrode materials 

for supercapacitors.  

iii. Investigate the supercapacitance performance of reduced graphene oxides 

prepared by three different methods: hydrothermal reduction, solution based 

hydrazine hydrate reduction and low temperature thermally reduction. 
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Chapter 2  Preparation and Characterization of Graphite Oxide 

2.1 Introduction 

Graphite oxide was first reported in 1840 by Schafhaeutl
39

 and in 1859 by Brodie
40

. 

Although it is over 150 years old, it has been intensively studied nowadays as a precursor 

for the cost-effective and mass production of graphene-based materials
24

. The method 

developed by Hummers and Offeman in 1958 is the most widely used one to prepare 

graphite oxide
41

. There are some modifications on this method which are called modified 

Hummers method. Fig. 2-1 shows the citation report of the article “Preparation of 

Graphitic Oxide” published on Journal of the American Chemical Society in 1958. We 

can see that it has been cited for over 2100 times, of which 860 times was cited in 2011. 

It is interesting to be reminded that in 2004 Novoselov and Geim et al.
7
 reported the 

individual graphene sheets and that in 2010 they shared the Nobel Prize in Physics. 

 

Fig. 2-1 Citation report of the article “Preparation of Graphitic Oxide”, analyzed from Web of 

Knowledge until June the 12
th
, 2012 
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In this chapter, we prepared the graphite oxide by modified Hummers method and 

characterized it by X-ray diffraction, UV-vis spectroscopy, Raman Spectroscopy, and 

Scanning electron microscopy.  

2.2 Experimental 

2.2.1 Preparation of graphite oxide  

Graphite oxide was prepared by a modified Hummers‟ method
41,42

. Typically, 75 ml of 

concentrated sulfuric acid was added to 1.5 g of graphite powder and 1.5 g of sodium 

nitrate in the beaker and stirred for 15 min at room temperature before the beaker was 

kept in an ice bath. Then 9 g of potassium permanganate was added slowly into the 

mixture and kept in the ice bath for 30 min. After the ice bath was removed, the reaction 

was continued for 48 h under stirring at room temperature. The brown slurry or thick 

paste was then added into 138 ml of DI water and the brown suspension was stirred for 

10min.  420 ml of warm water was added followed by a slow addition of 30 ml of 

hydrogen peroxide to get a yellow suspension. The suspension was centrifuged and 

washed by a mixed aqueous solution of 6 wt% H2SO4/1 wt% H2O2, and then by water 

and dried in vacuum at 60   for 36 h to obtain the graphite oxide powder. 

2.2.2 General Characterization 

Powder X-ray diffraction studies were carried out using a Bruker D8 ADVANCE X-ray 

diffractometer with Cu Kα radiation (λ = 0.15406 nm) as the X-ray source. The UV-vis 

absorption spectra were recorded on a Varian spectrophotometer. Raman spectroscopy was 

performed on Horiba LabRAM HR Raman Microscope with 532nm laser excitation. 
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Field emission scanning electron microscopy (FEI Helios Nanolab) was used to 

investigate the morphology of the samples. 

2.3 Results and Discussion 

2.3.1 Visual characteristic and UV-vis spectra 

 

Fig. 2-2 (a) Photographs of graphite and graphite oxide powder and (b) UV-vis adsorption spectra 

of GO, the inset shows the photograph of GO solution. 

 

Fig. 2-2 (a) shows the digital images of graphite and graphite oxide. After oxidation, the 

color of graphite changed from black to yellow brown. UV-vis absorption spectroscopy 

was used to characterize the GO solution as shown in Fig. 2-2 (b). The UV-vis spectra 

can be used as an identification tool for GO because of the maximum absorption peak at 
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about 227 nm, corresponding to     transition of aromatic C=C bonds
43

. The inset of 

Fig. 2-3 shows the typical yellow brown color of GO solution. The atomic-thick layers of 

graphite oxide are hydrophilic due to the oxygen-containing groups
24

; therefore they can 

be dispersed in the water very well. 

2.3.2 XRD and Raman characterization 

 

Fig. 2-3 (a) XRD patterns and (b) Raman spectra of graphite and graphite oxide 

 

The XRD patterns of graphite and graphite oxide are shown in Fig. 2-3 (a). The 

diffraction peaks of graphite at 2θ=26.5°, corresponding to the (002) reflections, totally 

disappeared and shifted to 2θ=9.9° after oxidation, indicating the complete oxidation of 

graphite oxide
30,44,45

. The interlayer spacing of the as-prepared graphite oxide is 8.93Å, 

which is much larger than that of graphite (3.7Å). This is due to the insertion of oxygen-

containing groups such as hydroxyl, carboxyl, and epoxy groups
27,31

.  
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The oxidation can also be observed from the Raman spectra in Fig. 2-3 (b). The graphite 

shows a prominent G band at 1576 cm
-1

 arising from the first-order scattering of the E2g 

mode
46

. The G band of graphite oxide is broadened and shifted to 1588 cm
-1

. Besides, the 

D band at 1351 cm
-1

, which is related to a breathing mode of κ–point phonons of A1g 

symmetry, becomes prominent
10,46

. The prominent D band is an indication of disorder 

originating from defects in the forms of vacancies and grain boundaries
47-49

. The intensity 

ratio between D band to G band (ID/IG) has been used to characterize the size of the in-

plane sp
2
 domains

10,46
. The ID/IG ratio has been increased from 0.11 to 0.94, suggesting 

the reduction of sp
2
 domains and rise of the defects. 

2.3.3 SEM investigations 

 

Fig. 2-4 SEM images of (a) graphite and (b) graphite oxide. 

 

The SEM images of graphite and graphite oxide are shown in Fig. 2-4. The graphene 

layers in graphite are firmly stacked while those in graphite oxide are loosely stacked 
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with some disorder. In addition, the graphite oxide consists of crumpled or wrinkled 

sheets which will further enlarge the interlayer spacing. 

 

2.4 Conclusions 

In summary, graphite oxide was successfully prepared by a modified Hummers method. 

The as-prepared graphite oxide was yellow brown with an interlayer spacing of 8.93Å. 

The graphite oxide is ready to be reduced for preparation of reduced graphene oxide in 

the next two chapters. 
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Chapter 3  pH-Induced Structural and Chemical Modification of 

Hydrothermally Reduced Graphene Oxide for Efficient 

Supercapacitors 

3.1 Introduction 

Supercapacitors including electrochemical double-layer capacitors (EDLCs) and 

pseudocapacitors classified by different charge storage mechanisms are one of the most 

promising energy storage devices due to their high power density and exceptionally long 

cycle life
2,50

. Graphene or reduced graphene oxide (rGO) is an outstanding candidate for 

supercapacitor electrode material because of its superb characteristics of chemical 

stability, high electrical conductivity, large surface area and broad electrochemical 

window
8-12

. Moreover, rGO can be prepared in large scale at low cost
25,33

. Various 

reports are available on the reduction of graphene oxide by different methods and the 

supercapacitor performances of rGO vary considerably in each case. Stoller et al. 

reported a specific capacitance of 135 F/g at a discharge current of 10mA for chemically 

modified graphene  prepared by hydrazine reduction of the graphite oxide solution
34

. 

Vivekchand et al. treated the graphite oxide by thermal exfoliation at 1050  to obtain 

the graphene  with a specific capacitance of 117 F/g at 5 mA in 1 mol/L H2SO4 

electrolyte
26

. Wang et al. prepared the graphene materials from the gas-based hydrazine 

reduction which showed a specific capacitance of 205 F/g in aqueous electrolyte at a 

constant current density of 100 mA/g
35

. However, the fact that hydrazine is toxic and 

dangerously unstable and that the high temperature exfoliation process is energy-

consuming, limit the application of those reduction methods
49

. 
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Recently, Zhou et al. reported a simple, clean and controlled hydrothermal dehydration 

route to convert graphene oxide (GO) to graphene
49

. They also demonstrated the 

influence of the pH of the hydrothermal reaction on the dispersion of the graphene. Xu et 

al. also fabricated the graphene hydrogel by hydrothermal method via increasing the GO 

concentration and applied it in supercapacitors
37

. However, to the best of our knowledge, 

no reports are available on the effects of pH of the hydrothermal reaction solution on the 

supercapacitor properties of rGO. Herein, we report on how the pH values affect the 

hydrothermally reduced graphene oxides (HTrGOs) in the areas of morphology, 

reduction efficiency, functionalization and electrochemical performance as 

supercapacitor electrodes.  

3.2 Experimental 

3.2.1 Reduction of graphite oxide 

The graphite oxide was prepared as described in Chapter 2. The graphite oxide was 

reduced by hydrothermal dehydration as reported with some modification
49

. Briefly, 37.5 

ml of 0.5 mg/ml GO aqueous solution prepared by probe Ultrasonication (160 W) for 1 h 

was sealed in a 50 ml Teflon-lined autoclave and maintained at 180   for 6 h. It was then 

cooled to room temperature; the resultant black product was filtered and washed by DI 

water. The pH of the solution was adjusted with hydrochloric acid and ammonia solution, 

and the products were labeled as HTrGO-N (neutral, pH~7), HTrGO-A (acidic, pH~2), 

and HTrGO-B (basic, pH~10). 
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3.2.2 General characterization 

Powder X-ray diffraction studies were carried out using a Bruker D8 ADVANCE X-ray 

diffractometer with Cu Kα radiation (λ = 0.15406 nm) as the X-ray source. The UV-vis 

absorption spectra were recorded on a Varian spectrophotometer. Raman spectroscopy 

was performed on Horiba LabRAM HR Raman Microscope with 532nm laser excitation. 

BET surface areas were determined on a Micromeritics ASAP 2420 system using 

nitrogen as adsorptive at 77 K. Before measurements, the samples were degassed in 

vacuum at 200  for 12h. Surface chemistry information was collected by X-ray 

photoelectron spectroscopy (XPS). Field emission scanning electron microscopy (FEI 

Helios Nanolab) and transmission electron microscopy (FEI Titan) were used to 

investigate the morphology and microstructure of the samples. 

3.2.3 Fabrication of the supercapacitors and electrochemical testing 

The mixture of HTrGOs and poly(tetrafluoroethylene)  in a mass ratio of 95:5 was 

dispersed in ethanol to give a slurry. The slurry was then pressed onto conductive carbon 

paper substrate, which was followed by drying at 100   overnight in a vacuum oven. 

The weight of the active materials in each electrode is around 2.5mg. The two electrodes 

were assembled into a coin cell separated by a thin polymer separator (Celgard
®
 3501) in 

30wt% KOH aqueous electrolyte. Cyclic voltammograms (CV) and galvanostatic charge-

discharge were tested on electrochemical workstation (Model 660D, CH Instruments) and 

electrochemical impedance spectroscopy (EIS) and cycling performance were tested on 

VMP3 (BioLogic Science Instruments). The EIS was performed in the frequency range 

from 100 kHz to 10 mHz at a 5mV amplitude referring to open circuit voltage. The 
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capacitance of carbon paper substrate can be neglected
51

. The specific capacitance (Csp) 

was calculated from the charge-discharge curves according to Eq. (1)  

    
  

        
    (1) 

where I is the charge/discharge current, m is the mass of HTrGOs in each electrode, and 

      is the slope of the discharge curve excluding the IR drop. 

The energy density (E) and power density (P) were calculated from Eq. (2) and Eq. (3) 

respectively 

  
 

 
     

   (2) 

where    is the potential window of discharge process. 

  
 

  
   (3)  

3.3 Results and discussion 

3.3.1 Visual characteristics and UV-vis spectra 

 

Fig. 3-1 (a) Photographs of GO solution and HTrGOs after hydrothermal treatment and (b) UV-

vis adsorption spectra of GO and HTrGO-N. 
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As shown in Fig. 3-1 (a), the HTrGOs were produced in different forms after 

hydrothermal treatment, depending on the solution pH. The acidic solution yielded 

aggregated graphene or graphene hydrogel while neutral and basic solutions resulted in 

stable graphene solutions. The reduction mechanism is likely related to H
+
 catalyzed 

intramolecular and intermolecular dehydration
49

. The small zeta potential of the GO 

solution in acidic media leads to the intermolecular dehydration to form aggregated 

graphene via ether linkages
49,52,53

. Fig. 3-1 (b) shows the UV-vis adsorption spectra of 

GO and HTrGO-N. After hydrothermal reduction, the adsorption peak red-shifts 

obviously from 227nm (GO) to 259nm (HTrGO-N) and the adsorption in the whole 

spectral region increases, indicating the restoration of the sp
2
 domain within the carbon 

structure
49,52

. 

3.3.2 XRD and Raman characterization 

Fig. 3-2 (a) shows the powder XRD patterns of graphite oxide, HTrGO-A, HTrGO-N, 

and HTrGO-B. Due to the insertion of oxygenated groups and H2O molecules, the (002) 

diffraction peak of GO appears at 2 =9.9°, with an enlarged interlayer spacing of 8.93 Å. 

The (002) reflections from HTrGO-A, HTrGO-N, and HTrGO-B shift back to 3.64 Å, 

3.63 Å, and 3.50 Å respectively, indicating the reduction of GO and formation of 

graphene. The interlayer spacing of HTrGO-B is smaller than the other two, but still 

larger than graphite, suggesting fewer residual oxygenated groups or functional groups in 

HTrGO-B
54

.  
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Fig. 3-2 (a) XRD patterns and (b) Raman spectra of graphite oxide and HTrGOs. 

 

The average number of graphene layers can be calculated through Lorentzian fitting and 

Debye-Scherrer equation. The full width at half maximum (FWHM) of the peak is given 

via Lorentzian fitting (the inset of Fig. 3-2 (a)). By calculating from Debye-Scherrer 

equation 

  
     

         
 

the average thickness of the graphene sheets can be obtained. The thickness divided by 

the interlayer spacing will finally yield the average number of graphene layers. By 

analyzing these broad peaks, which indicates the poor order of graphene sheets and 

multilayer character, the average number of stacked graphene sheets is calculated to be 

four to six layers
55,56

 (see Table 3-1), decreasing as increasing the pH.  
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Raman spectra (Fig. 3-2 (b)) show very small increase in the ID/IG ratios from 0.94(GO) 

to ~1.05 (HTrGO) indicating good defect repairs
49

, and very small differences among the 

HTrGOs.  

3.3.3 BET test 

The nitrogen adsorption and desorption isotherms and pore size distributions for the three 

pH conditions are shown in Fig. 3-3.  

 

Fig. 3-3 (a) N2 adsorption-desorption isotherms of HTrGOs and (b) BJH pore size distributions. 

 

The BET surface areas of HTrGO-A, HTrGO-N, and HTrGO-B are 265.2, 342.9, and 

479.6 m
2
/g respectively, suggesting an increased BET surface area with increasing pH, 

which is consistent with the agglomeration at lower pH. All the isotherms are 

characterized as type IV with H2 hysteresis loops in the relative pressure region between 

0.4 and 1.0 according to the International Union of Pure and Applied Chemistry (IUPAC) 

classification
31,33,57

, indicating the mesoporous structures as shown in the pore size 

distributions obtained by means of Barret-Joyner-Halenda (BJH) equation. The 

intermolecular dehydration in acidic solution will yield broader pore size distributions 



37 
 

 

 

because the graphene sheets will connect each other via ether linkages which will likely 

introduce larger pores. 

3.3.4 XPS investigation 

 

Fig. 3-4 (a) XPS spectra of graphite oxide and HTrGOs and (b) O1s spectra of HTrGOs. 

 

The XPS survey spectra for HTrGOs are shown in Fig. 3 (a). The intensity of O 1s peak 

is obviously reduced after hydrothermal reaction, indicating the deoxygenation or 

reduction process. The atomic ratios of carbon to oxygen are calculated as 4.78, 5.05, and 

8.19 respectively for HTrGO-A, HTrGO-N and HTrGO-B, again suggesting fewer 

remained oxygenated groups for HTrGO-B. Moreover, nitrogen is incorporated into the 

rGO in ammonia tuned basic media, which explains the good dispersion capability of 

HTrGO-B because of the increased numbers of hydrophilic polar sites
58

. As the O1s 

spectra are more surface specific due to the smaller O1s sampling depth
59

, the O1s XPS 

profiles are shown in Fig. 3 (b) to compare the surface chemistry of the HTrGOs. There 

are mainly two peaks located at 530~532 eV and ~533 eV respectively. The former peak 
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comes from C=O type oxygen (carbonyl, -COOR in ester) while the latter one is related 

to the C-O-C type oxygen (in ether) or C-OH groups (in carboxyl or hydroxyl group)
29,59-

61
. The O1s spectrum of HTrGO-B is weaker than that of HTrGO-A and HTrGO-N, 

indicating better reduction efficiency. There are relatively more C=O type oxygen than 

C-O-C or C-OH type oxygen in HTrGO-B due to the removal of C-OH by intramolecular 

dehydration
49

. 

3.3.5 SEM and TEM characterization 

 

Fig. 3-5 SEM and TEM images of (a) (b) HTrGO-A, (c) (d) HTrGO-N, and (e) (f) HTrGO-B. 
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Fig. 4 shows the representative SEM and TEM images of HTrGOs. The SEM images 

indicate that all HTrGOs form dense agglomerates with layered structure in dry state and 

the nanosheets exhibit curved/wrinkled morphology, which can prevent the graphene 

sheets from restacking from one another, hence contributing to the mesoporous 

structures
11

. Those curved morphology and mesopores are believed to allow the 

electrolyte in supercapacitors to access into the graphene layers
11

 and to ensure the full 

utilization of the graphene nanosheets
31

.  Besides, the mesopores and wrinkles on the 

surface of graphene sheets may shorten the ion diffusion lengths in supercapacitors and 

improve the transport of electrolyte ions
31

 . The TEM images also show multilayer 

graphene sheets and their wrinkled structures. From the TEM specimen preparation, we 

know that HTrGO-A is very hard to be dispersed in ethanol. 

Table 3-1 Interlayer spacing, average number of graphene layers, specific area, C/O atomic ratio, 

and specific capacitance of HTrGOs   

 

3.3.6 Supercapacitor performance 

Fig. 3-6 shows the CV curves of HTrGOs within the potential range of 0 to 1 V at various 

scan rates. Due to different reduction degrees of GO, the shapes of the CV curves vary. 

HTrGO-B shows better EDLC characteristic with lower capacity while the other two 

present additional pseudocapacitance with higher capacity. Quite similar shapes of CV 

curves and specific capacitance (Csp) are obtained from HTrGO-A and HTrGO-N most 
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likely because of their functionalization
29,30

. The functional groups such as hydroxyl, 

carboxyl and epoxy groups result in fast redox processes in HTrGO-A and HTrGO-B, 

which will provide the pseudocapacitance
30

. A broad peak at ~0.3 V for CV curves of 

HTrGO-A and HTrGO-N is observed, which could be attributed to the oxygen-related 

functionalities
30

. The quasi-rectangular shapes can be well kept with less distortion at 

higher scan rate of 300mV/s (Fig. 3-6 (e)) indicating low contact resistance.  

 

Fig. 3-6 Cyclic voltammograms at different scan rates for (a) HTrGO-A (b) HTrGO-N and (c) 

HTrGO-B, Cyclic voltammograms for HTrGOs at scan rates of (d) 10 mV/s and (e) 300 mV/s. 

 

The galvanostatic charge/discharge curves for HTrGOs at different current densities in 

the potential range between 0 to +1 V are shown in Fig. 3-7.  The specific capacitance at 

current density of 1 A/g for HTrGO-A, HTrGO-N and HTrGO-B respectively are 225, 

230 and 185F/g. This result shows that the pH can induce nearly 24% difference in the 
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specific capacitance of supercapacitor devices that use HTrGOs. The result also shows 

one of the highest specific capacitance reported for the rGO.  

 

Fig. 3-7 Galvanostatic charge-discharge curves at different current densities for (a) HTrGO-A (b) 

HTrGO-N and (c) HTrGO-B, (d) Galvanostatic charge-discharge curve for HTrGOs at a constant 

current density of 1 A/g. 
 

The specific capacitance values obtained for HTrGO-A and HTrGO-N based 

supercapacitors in the present study are better than those reported by Stroller et al.
34

 and 

by Wang et al.
35

. The values are comparable to those reported by Zhang et al. for rGO 

prepared by a combination method of hydrothermal dehydration and hydrazine reduction 

(222 F/g at 1 A/g)
38

. Consider that three-electrode cells yield specific capacitance values 

approximately double that of the two-electrode cell
28

, the specific capacitance values for 

HTrGO-A and HTrGO-N are better than those reported by Lin et al. (276 F/g at 0.1 
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A/g)
62

, by Yan et al. (227 F/g at 1A/g)
31

, and by Zhao et al. (260.5 F/g at 0.4 A/g)
27

. The 

nitrogen-doped HTrGO-B shows lower specific capacitance than the other two, but still 

higher than that reported by Sun et al. (326 F/g at 0.2 A/g in three electrode 

configuration)
63

. 

High performance supercapacitor electrodes should have high rate performance. From 

Fig. 3-8 (a), we can see that all the HTrGOs show good rate performance; where over 83% 

of the initial capacitance (1 A/g) was retained at high current density of 30 A/g. The 

similarities and differences between HTrGO-A and HTrGO-N capacitance behavior 

come from the synergic effects of functionalization and specific surface areas, where 

there are more oxygen-functional groups but lower BET surface area for HTrGO-A. 

 

Fig.  3-8 (a) Specific capacitance of HTrGOs at different current densities; (b) Cycling 

performance (2000 charge-discharge cycles at a constant current density of 2 A/g). 

 

The cycle life, which is a key evaluation factor for practical applications of 

supercapacitors
2
, was measured by galvanostatic charge-discharge technique between 0 

and +1 V at relatively large current density of 2 A/g for 2000 cycles. As can be seen from 

Fig. 3-8 (b), the specific capacitance of HTrGO-B based supercapacitor remains at ~180 
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F/g with excellent capacity retention of ~98% after 2000 cycles, indicating the EDLC 

behavior. The other two HTrGOs both retain at ~89%, but still remaining very high 

specific capacities at ~200F/g. Those good capacity retentions suggest the HTrGOs hold 

good stability and high degree of reversibility in the repetitive charge-discharge cycling
35

. 

The capacitance of HTrGO-A and HTrGO-N lost mainly in the first hundred cycles (lost 

6% of the initial capacity after 100 cycles) and they became quite stable after that. This is 

due to the removal of some functional groups and disappearance some of the 

pseudocapacitance during the first hundred cycles
30

.  

 

Fig.  3-9 (a) Nyquist plots and (b)Ragone plot for supercapacitors based on HTrGOs. 

The EIS data in the form of Nyquist plots (Fig. 3-9 (a)) show that all HTrGOs display 

inconspicuous arcs in the high frequency region and straight lines in the low frequency 

region. The high frequency loop is related to electronic resistance and all HTrGOs show 

very small electronic resistance (~0.15 Ω). The magnitude of equivalent series resistance 

(ESR) is obtained from the x-intercept and all HTrGOs show small ESR (~0.4 Ω), 

indicating excellent power density of the HTrGOs based supercapacitors. The vertical 

shape at lower frequencies indicates a pure capacitive behavior and represents the ion 
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diffusion in the structure of electrode. The straight lines of HTrGO-A and HTrGO-N are 

steeper than that of HTrGO-B, indicating faster ion movement and closer behavior to 

ideal capacitors. Fig. 3-9 (b) shows the Ragone plot (power density vs. energy density) of 

the symmetric supercapacitors based on HTrGOs. The energy and power densities are 

derived from charge-discharge curves at different current densities (see ESI). At a 

constant power density of 20 kW/kg, the energy density obtained for HTrGO-B is 17.1 

Wh/kg while both HTrGO-N and HTrGO-A show higher energy densities of ~23.5 

Wh/kg, indicating they are very promising electrode materials for high performance 

supercapacitors.  

3.4 Conclusions 

In conclusion, we prepared rGOs by hydrothermal reduction under different pH 

conditions and found that the pH plays an important role in controlling the properties of 

HTrGOs and the resultant supercapacitor performance. While HTrGO-A and HTrGO-N 

displayed both EDLC and pseudocapacitance effects with very high specific capacities 

(~230 F/g at 1 A/g), HTrGO-B exhibited mostly EDLC behavior with lower specific 

capacity. 
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Chapter 4  A comparison study of different methods reduced graphene 

oxides as supercapacitor electrodes 

4.1 Introduction 

Reduced graphene oxides (rGOs) can be prepared by different reduction methods and 

their supercapacitance performance vary considerably as mentioned in Chapter 1and 3. 

However, to the best of our knowledge, there are no reports on a comparison study of 

different methods reduced graphene oxides as supercapacitor electrodes. Herein, three 

commonly used reduction methods were selected for preparation of rGOs and their 

supercapacitance performances were studied and compared.  

4.2 Experimental 

4.2.1 Preparation of rGOs 

The graphite oxide was reduced to obtain the rGOs by the following three methods. 

Hydrazine hydrate reduction
1,2

: 200 ml of 1 mg/ml GO aqueous solution prepared by 

probe Ultrasonication (160 W) for 1 h was put in a 250 ml round bottom flask, which was 

kept in an oil bath at 95 . Then 3.2 ml of hydrazine hydrate (62 wt %) was added into 

the GO dispersion and the mixture was stirred for 3h. The black product was then 

collected with filtration, washed with DI water several times and dried at 60 .  

Low temperature reduction
3
: The graphite oxides were thermally reduced at 300  for 

5min under air atmosphere.  

Hydrothermal reduction
4
: As described in Chapter 3. 
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The obtained samples were denoted as HHrGO (hydrazine hydrate rGO), TrGO 

(thermally rGO), and HTrGO (hydrothermal rGO), respectively. 

4.2.2 General characterization 

Powder X-ray diffraction studies were carried out using a Bruker D8 ADVANCE X-ray 

diffractometer with Cu Kα radiation (λ = 0.15406 nm) as the X-ray source. The UV-vis 

absorption spectra were recorded on a Varian spectrophotometer. Raman spectroscopy 

was performed on Horiba LabRAM HR Raman Microscope with 532nm laser excitation. 

Field emission scanning electron microscopy (FEI Helios Nanolab) was used to 

investigate the morphology of the samples. 

4.2.3 Fabrication of the supercapacitors and electrochemical testing 

As described in Chapter 3. 

4.3 Results and discussion 

4.3.1 General characterizaitons 

Fig. 4-1 shows the UV-vis adsorption spectra of GO and all rGOs. The GO exhibits an 

adsorption peak at about 231 nm, corresponding to      transition of C=C aromatic 

bonds. The redshift of the adsorption peak has been used as a monitoring tool and proof 

for the reduction of GO
5,6

. The adsorption peaks of HHrGO, TrGO, and HTrGO are 

respectively located at around 270, 254, and 259 nm, indicating the higher reduction 

efficiency of hydrazine. 
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Fig. 4-1 UV-vis adsorption spectra for GO, HHrGO, TrGO and HTrGO. 

 

 

Fig. 4-2 Fig. 4-2 (a) XRD patterns and (b) Raman spectra for GO, HHrGO, TrGO, and HTrGO; 

the * peaks come from the sample holder. 

 

Powder XRD patterns of GO and all rGOs are shown in Fig. 4-2 (a). The GO exhibits a 

sharp diffraction peak at about         corresponding to the (002) reflection. The 
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interlayer spacing is calculated as 8.93 Å, which is much larger than that of graphite (3.37 

Å) due to the insertion of oxygen-containing groups
7,8

. After reduction, the peaks all shift 

back to around 24.5° with interlayer spacing of ~3.6 Å. By analyzing the broad peaks 

through Lorentzian fitting and Debye-Shcrrer equation as shown in Chapter 3, we can get 

the average number of layers for the three different samples (see Table 4-1). The HHrGO 

has 3.7 graphene layers in average, while the other two samples have more layers. Raman 

spectra are shown in Fig. 4-2 (b). The intensity ratio between D band to G band has been 

used as a parameter on single GO monolayer before and after chemical reduction. The 

ratios for the three samples vary considerably (Table 4-1). HHrGO shows the highest 

D/G ratio due to the presence of unrepaired defects that remained after the reduction
4
. 

This D/G ratio value is consistent with most reported hydrazine reduced graphene 

oxides
4,6

. The ratios for TrGO and HTrGO changed little compared with the graphite 

oxide. However, those ratios do not always reflect the oxidation or reduction degree due 

to the influences by edges, charge puddles, ripples, or many other defects
6,9

.  

Table 4-1 Interlayer spacing, average number of graphene layers, D/G intensity ratio, and 

specific capacitance at 0.5 A/g 

Samples (002)dspacing 
(Å) 

Numberof

Layers 

𝑰 
𝑰 

⁄  Specificcapacitance

(F/g) 

HHrGO 3.63 3.7 1.26 143 

TrGO 3.67 5.3 0.95 138 

HTrGO 3.62 4.9 1.04 236 

 

The SEM images are shown in Fig. 4-3. The SEM images indicate that all HTrGOs form 

dense agglomerates with layered structure in dry state and the graphene nanosheets 
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exhibit curved/wrinkled morphology, which can prevent the graphene sheets from 

restacking from one another.  

 

Fig. 4-3 SEM images for (a) graphite oxide, (b) HHrGO, (c) TrGO and (d) HTrGO. 

 

4.3.2 Supercapacitor performances 

The electrochemical performances of the three samples were evaluated in the two 

electrode configuration to provide the most reliable results. Techniques of CV, 

galvanostatic charge/discharge and EIS were used to determine the capacitive 

performances.  
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Fig. 4-4 (a) and (b) show the comparison of CV curves for the different rGOs based 

supercapacitor devices at scan rates of 5 and 200 mV/s respectively. The CV loops for 

both HHrGO and TrGO based supercapacitors are very different from those for HTrGO. 

The CV curves of HHrGO and TrGO exhibit nearly rectangle shapes while those of 

HTrGO present quasi-rectangle shapes with a broad peak at ~0.3 V, which could be 

attributed to the oxygen-related functionalities
3
. The rectangle and quasi-rectangle shapes 

for rGOs can be well retained at a higher scan rate of 200 mV/s. The areas of the CV 

loops for HHrGO and TrGO are similar while larger areas are displayed for HTrGO, 

indicating the higher capacitance of HTrGO. 

 

Fig. 4-4 CV curves for the rGOs at different scan rates of (a) 5 mV/s and (b) 200 mV/s. 

 

The galvanostatic charge/discharge curves of symmetric supercapacitors based on 

HHrGO, TrGO and HTrGO at a constant charge/discharge current density of 0.5 A/g in 

the potential range between 0 and +1V are shown in Fig. 4-5 (a). It can be seen that the 

charge discharge curves are nearly linear and symmetrical, which is the typical 
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characteristic of ideal capacitor behavior
10

. The specific capacitance can be calculated 

from the curves by the equation in Chapter 3. The calculated capacitance for HTrGO is 

236 F/g at 0.5 A/g, which is much larger than HHrGO (143 F/g) and TrGO (138 F/g). 

The results are consistent with the reported values for HHrGO and TrGO based 

supercapacitors. Stoller et al. reduced the graphene oxide in an aqueous solution of 

hydrazine and showed a high capacitance of 135 F/g at a discharge current of 10 mA
11

. 

Du et al. prepared the rGO through the same thermally reduction method with the 

specific capacitance of 232 F/g at 1 A/g in the three electrode configuration
3
. Consider 

that three-electrode cells yield specific capacitance values approximately double that of 

the two-electrode cell
12

, the result we obtained is consistent with the reported one.  

 

Fig. 4-5  (a) Galvanostatic charge/discharge curves for rGOs at 0.5 A/g; (b) Rate performance for 

rGOs. 

 

The rate performance (specific capacitance versus current density) is shown in Fig. 4-5 

(b). The specific capacitance decreases with the increase in discharge current density 

likely due to the internal resistance of the electrode. The HTrGO based supercapacitor 



54 
 

 

 

can retain 84% of the initial capacitance as increasing the current density to 20 A/g, while 

the HHrGO and TrGO based supercapacitors lost ~40% of their initial capacitance, again 

indicating better capacitive performance of HTrGO than that of HHrGO and TrGO.  

 

Fig. 4-6 Cycle performance for different rGOs based supercapacitor devices. 

 

Fig. 4-6 shows the cycle performance of the supercapacitor devices based on the rGOs 

for 6000 cycles at a moderate constant charge/discharge current density of 2 A/g. The 

capacitance for HHrGO based device increased at the beginning due to the activation 

process
13-15

 and then degraded slowly. Totally there are no capacitance losses after 6000 

cycles for HHrGO based supercapacitors, indicating excellent long cycle life and EDLC 

behavior. In contrast, the TrGO based supercapacitor exhibited worst cycle performance 

(79% retention after 6000 cycles), which may be due to the loss of pseducapacitance 

from removal of the oxygen-related functionalities and the large internal resistance
3
. The 
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HTrGO-based device lost the capacitance mainly in the first few hundred cycles and 

stabilized after that. The device lost ~7% of its initial capacitance in the first 500 cycles 

while the capacitance retention after 6000 cycles was 88% and it stabilized at 197 F/g.  

 

Fig. 4-7 Nyquist plots for different rGOs based supercapacitor devices. 

 

Nyquist plots of the HHrGO, TrGO, and HTrGO based symmetric supercapacitors are 

shown in Fig. 4-7. Each plot displays an inconspicuous arc in the high frequency region 

and a straight line in the low frequency region. The high frequency arc is related to 

electronic resistance within the electrode materials
10,16

. The length of the arc for HHrGO 

is the shortest, indicating the lowest internal resistance, which is consistent with the 

excellent cycle performance. The other two samples possess higher electronic resistance, 

suggesting more remained oxygen groups. The vertical line at lower frequencies indicates 
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a pure capacitive behavior. The more vertical the line, the more closely the 

supercapacitor behaves as an ideal capacitor. The straight line for HTrGO is much steeper 

than those for HHrGO and TrGO, indicating faster ion movement and closer behavior to 

ideal capacitors. The magnitude of equivalent series resistance (ESR) is obtained from 

the x-intercept all the samples show small ESR (~0.3 Ω). 

4.4 Conclusions 

To sum up, three methods have been used to reduce the graphene oxides. The as-prepared 

rGOs exhibited different structural and chemical information. The supercapacitance 

performances were investigated and we found that the hydrothermally reduced graphene 

oxide presented the highest specific capacitance (236 F/g at 0.5 A/g) among the three 

samples and good cycle performance (stabilized at 197 F/g at 2 A/g). The hydrazine 

reduced graphene oxide exhibited excellent cycle performance with no capacitance loss 

after 6000 cycles although the specific capacitance was relatively lower. 
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Chapter 5 Conclusions  

A modified Hummers method has been developed for the preparation of graphite oxide. 

The color change and the peak shift in XRD patterns between graphite and graphite oxide 

suggested the full oxidation of the graphite. The graphite oxide was well dispersed in the 

DI water due to its highly hydrophilic property. Different reduction methods have been 

utilized to reduce the graphene oxide. The reduced graphene oxides have been used as 

electrode materials for supercapacitors. 

On the one hand, reduced graphene oxides have been successfully prepared via a simple, 

clean and green hydrothermal dehydration or reduction route. The pH values of the 

reaction solution (graphene oxide aqueous solution) were found to play an important role 

in the formation of reduced graphene oxides. Three kinds of pH values (~2, ~7, ~10) 

have been investigated. After hydrothermal treatment, the acidic solution yielded 

aggregated graphene or graphene hydrogel while neutral and basic solutions resulted in 

stable graphene solutions. It was found that the interlayer spacing and average number of 

graphene layers for the hydrothermally reduced graphene oxides decreased with the 

increasing of pH values. In contrast, the BET surface areas increased and the pore size 

distributions were narrowed down as increasing the pH. All those were related to the 

reduction degrees under different pH conditions. The XPS analysis showed that the 

carbon/oxygen ratio for HTrGO-B (from basic solution) was the largest (~8.2) among the 

three samples, while that for HTrGO-A (from acidic solution) was the smallest (~4.8).  It 

indicated that there would be fewer oxygen-contained groups remained as increasing the 

pH values. The reason was related to the reduction mechanism including intermolecular 

dehydration and intramolecular dehydration. Those three samples were incorporated into 
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the supercapacitor devices as electrode materials. Their capacitive behaviors varied with 

the pH conditions, where HTrGO-B displayed mainly EDLC behavior while the other 

two samples presented additional pseudocapacitance behavior. Those additional 

pseudocapacitances were found to originate from the remained oxygen-related 

functionalities such as epoxy groups and carbonyl groups. The pH induced 

functionalization greatly enhanced the capacitance of reduced graphene oxides. The 

specific capacitances for HTrGO-A and HTrGO-N with more functional groups were 225 

and 230 F/g; while the specific capacitance for HTrGO-B was lower (187 F/g), where the 

pH induced 24% difference in specific capacitance.  

On the other hand, three commonly used methods including solution based hydrazine 

hydrate reduction (HHrGO), low temperature thermally reduction (TrGO) and 

hydrothermally dehydration (HTrGO) were selected to reduce the graphene oxides. A 

comparison study was conducted to compare their supercapacitance performances. The 

HHrGO and TrGO based supercapacitor displayed lower specific capacitances while the 

HTrGO showed the highest specific capacitance (236 F/g at 0.5 A/g). The rate 

performance for HTrGO based supercapacitor was also better than the other two. The 

HTrGO based supercapacitor can retain 84% of the initial capacitance as increasing the 

current density to 20 A/g, while the HHrGO and TrGO based supercapacitors lost ~40% 

of their initial capacitance. The cycle performance for HHrGO was excellent with no 

capacitance loss after 6000 cycles. The TrGO based supercapacitor exhibited worst cycle 

performance (79% retention after 6000 cycles), which may be due to the loss of 

pseducapacitance from removal of the oxygen-related functionalities and the large 

internal resistance. The capacitance for HTrGO stabilized at 197 F/g after 6000 cycles, 
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maintaining 88% of its initial capacitance. Hence the HTrGO can be used as electrode 

material for high performance supercapacitor. 


