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Abstract 
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Seoul National University 

 

This thesis reports an innovative approach to fabricate flexible 

interdigitated supercapacitors via the combination of graphene oxide (GO) 

patterning with an ultra-low-volume liquid dispenser and GO photo-

thermal reduction. GO solution is delivered on a specific surface to create 

a functional nanostructure with high porosity, leading to a “printed” 

electrical double layer capacitor or supercapacitor that demonstrates a high 

energy density. High flexibility in terms of architecture and substrate 

material makes this energy storage device favorable for intelligent power 

applications. 

21st century sees the continual revolution in the IT world that incessantly 

alters human life style, especially through the invention of may smart 

devices. Along with this development, there are increasing needs for 
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electrical energy storage with high energy density that can meet the power 

demands of new smart circuits. For instance, energy harvesting for remote 

sensors requires supercapacitors fully integrated with on-chip circuitry. 

Bulky sandwich structure of a conventional supercapacitors are likely less 

effective in these applications. Alternative to that complicated structure, the 

use of porous material in interdigitated configuration on a substrate can be 

a feasible solution. 

A low volume liquid handling instrument was employed in the printing 

process. It is programmable to deliver GO droplets onto a substrate to 

achieve a high resolution pattern. This essentially simplifies electrode 

patterning process because current collector components and masking 

procedures are avoided. In this manner, GO pattern was interdigitated on a 

PET film. Photothermal reduction approach was opted to recover the 

electrical properties of pristine graphene, using a commercial camera flash 

accessory. Optimization of flash reduction was of paramount importance to 

induce effective photothermal effect while maintain the integrity of the 

electrode structure. Through appropriate surface treatment and direct 

printing approach as well as optimized reduction conditions, 

supercapacitors can be realized on various substrates such as thin films and 

other device surfaces.  

Device characterization was achieved through electrochemical means. 

Cyclic voltammetry, galvanostatic charging-discharging test, 
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electrochemical impedance spectroscopy and capacitance retention test 

were performed and detailed in performance analysis.  

Keywords: Direct printing, Graphene oxide, Photothermal reduction, 

Electrical double layer capacitor, Supercapacitor 

Student number: 2013-22487   
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1. Introduction 

 

1.1. Supercapacitor – An energy storage device 

Energy storage devices are indispensable in today’s world where we are 

surrounded by ever power-hungry electronics. Batteries have been the most 

prevalent choice since the last century. Despite superior capacity, secondary 

batteries such as lithium ion batteries still suffer from critical limitations 

that arise from the slow Faradaic process which they rely on[1]. 

Consequently, batteries are not only plagued by sluggish power 

performance, but their usage is also largely hindered by poor cyclability due 

to material degradation[2].  

Several decades ago, people began to shift attention to supercapacitors 

that seemingly promising to fill the voids between electrolytic capacitor and 

battery. Supercapacitors or electrochemical capacitors are capable to tackle 

the aforementioned drawbacks of batteries. One hallmark of 

supercapacitors is their high charging and discharging rate [3, 4], usually 

falls in the range of seconds or minutes, depending on the capacity. 

Supercapacitors are extremely useful in terms of providing a surge of output 

energy in a short period of time. Such characteristic makes them 

irreplaceable and complementary with secondary batteries in many 

applications including automotive and wind energy generation systems. 

Another attractive features of supercapacitors is their excellent cyclic 

stability. They can operate more than 500 000 cycles without major 
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performance drop. Fast charging-discharging capability and highly stable 

cycle life are attributed to the non-faradaic charge storage mechanism, 

through the formation of electrical double layer on the electrode-electrolyte 

interphase. The general operating conditions of supercapacitors and 

batteries are compared and summarized in Table 1.  

Supercapacitors are advantageous in high power oriented devices that 

need remarkable cycle life. Typically, supercapacitors are equipped in a 

wide range of high power delivery applications such as electric 

transportation, elevators, hand tools, flashlights, welding and defibrillator. 

They are also useful in energy harvesting systems where rapid charging 

ability is needed to store energy harvested from surroundings. Besides, 

supercapacitors find practical application in uninterruptable power supply 

(UPS) that replace electrolytic capacitors for cost effectiveness. Beyond 

bulky equipment, supercapacitors are also incorporated as main power 

source in tiny devices such as sensor platform, smart devices and 

implantable medical devices. More and more applications are being 

explored with the use of supercapacitors. Large demand in many diverse 

areas is driving the research and development of the energy storage device. 
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Table 1 Comparison of supercapacitors and batteries.[5] 
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1.2. Development and current researches of 

supercapacitors 

A capacitor is an electrical device used to store energy in electrostatic 

field using a pair of conductors or electrodes, sandwiching an insulating 

dielectric material. The invention of capacitor in 18th century came through 

with glass as the dielectric[6]. Energy storage is possible due to charge 

separation that creates a potential difference between the conductors. The 

magnitude of the stored energy relies on the dimension as well as material 

properties of the electrodes, and the electrical potential between the 

electrodes which is limited by the dielectric breakdown of the insulator.  

Ceramic, film type and electrolytic capacitors are built based on identical 

concept. It is noteworthy that polarized electrolytic capacitors has relatively 

high capacitance. It contains either solid or liquid electrolyte that functions 

as cathode, while a thin metal oxide layer that grown on anode is the 

dielectric material where electrostatic field establishes. The energy storage 

mechanism is different from supercapacitors, in which charge storage takes 

place owing to electrical double layer or pseudocapacitance. The discussion 

of supercapacitor in the entire thesis is restricted only for electrical double 

layer capacitor (EDLC).    

The working principle and structure of supercapacitor will be elaborated 

in following sections. Generally, supercapacitor utilizes carbon 

nanomaterials as electrodes for their large specific surface area and 

excellent electrical properties. Ruoff’s group has proposed to use 
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chemically modified graphene (CMG) as electrode materials in a sandwich 

configuration[7]. Chemical binder was mixed with CMG particles to 

construct the electrodes. Other than sandwich configuration, planar 

configuration with interdigital pattern was also developed. MEMS 

fabrication provides well-established techniques to pattern such delicate 

current collectors and electrodes such as micro-supercapacitors based on 

monolithic carbide-derived carbon films[8]. Later on, ultra-high power 

micrometer-size supercapacitors were made using onion-like carbon as 

active material[3]. Onion-like carbon was electrophoretically deposited on 

interdigitated gold current collectors that were produced using conventional 

photolithography and etching process. Furthermore, numerous works were 

dedicated for simpler device structure and patterning process. Laser sources 

were used to simultaneously reduce graphene oxide and produce desirable 

interdigitated patterns. For instances, direct laser writing on hydrated 

graphite oxide films[9] and laser scribing using commercial DVD writer [4, 

10]. Innovative supercapacitor fabrication approaches are also being 

reported like using soft lithography[11] and printing technologies[12].  
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2. Theoretical Background 

 

2.1. Capacitance 

The simplest capacitor can be constructed by putting two pieces of metal 

plate facing each other in close proximity, with an insulator held in between 

to avoid physical contact. During the charging process where the metal 

plates are connected to direct current power supply, current flows in the 

circuit. A charge Q will move from one plate to another, causing the plates 

to be charged with +Q at one side and equally magnitude of –Q at another. 

Charges accumulate on the metals until the potential between the plates 

balances the external potential. The plates or capacitor will remain charged 

even when the external power supply is removed, as how electrical energy 

is stored in the device. It is more accurate to say that energy is stored in the 

electrostatic field established between the plates. The electrostatic field 

grows stronger as current flows in, charging the device. On the other hand, 

the charges on the plates will be released and electrons start flowing in the 

circuit when an external load is connected, until the potential between the 

plates is neutralized. This is known as discharging process.  
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Figure 1 Parallel plate capacitor. 

Capacitance is the electrical property that represents the ability of a 

capacitor to store electrical charge, in the unit of Farad (F). It can be defined 

as charge accumulated in the plates for a given unit potential difference (V). 

Q
C

V


  

The capacitance of the device is proportional to the areal size of plate, A 

and dielectric constant of the insulating material, while inversely 

proportional to the distance between the plates, d. Capacitance can be 

expressed in following equation, 

A
C

d




 

where ε is the permittivity of space and κ is dielectric constant of the 

insulating material.  



8 

Supercapacitors operate under exactly same principle while having much 

higher capacitance than electrolytic capacitor, swiftly exceeding 100 F. 

Such significant capacitance enlargement is mainly attributed to the 

electrode materials used in supercapacitor, which are mostly carbon based, 

instead of metal. Advance in nanotechnology has produced various carbon 

based nanomaterials which attains extremely high surface, such as fullerene, 

carbon nanotube, graphene, and activated carbon. High surface area 

electrodes are needed to hold additional charges on the electrode.  

Nevertheless, supercapacitors do not use traditional dielectric materials 

like ceramic and thin polymer film to separate the electrodes. Instead when 

electrical potential is provided, the ions contained in electrolyte form an 

electrical double layer in the electrode-electrolyte interphase where solvent 

molecules stay in between the ions and the electrodes. (The structure and 

principle of double layer are articulated in the following 2.2 section.) This 

solvent molecules layer plays critical roles of the dielectric materials as in 

traditional capacitors. The key advantage offered by this double layer is the 

extraordinary short separation distance between the charged electrodes and 

the ions, which is within atomic length. This narrow gap is crucial because 

it reduces the electrical potential because the electric field between the 

parallel plates is constant. 

V
E

d


 

Subsequently, more charge is needed to be loaded on the plate to maintain 
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the voltage, resulting in higher capacitance. Hence, the collective 

contributions from the large electrode surface area and short separation 

distance in double layer essentially expand the capacitance to the level 

unreachable by the traditional capacitors.   

  In the charging process, ions are attracted by Coulomb forces towards 

opposite charged porous electrodes, which leads to the formation of 

electrical double layer at both electrodes. Each double layer structure can 

be visualized as a capacitor. Thus, a symmetrical supercapacitor that 

consists of two identical electrodes can be considered as a combination of 

two capacitors connected in series, shown in Figure 2. During discharging 

process, electrons flows from one electrode to another through an external 

circuit. This removes the charges gathered on the electrodes and diminishes 

the Coulomb attraction acting on the ions at the interphase. Accordingly, 

ions desorb from the electrode surface. The discharging process is depicted 

in Figure 3.    

   



10 

 

Figure 2 Charging process. Ions are absorbed on the porous electrode. Two electrical double 
layers behave as two capacitors connected in series. 

 

 

Figure 3 Discharging process. Ions are desorbed from the electrode surface and charge 
accumulated on both electrodes are released.  
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2.2. Electrical Double Layer 

The capacitance of electrical double layer capacitor (EDLC) is resulted 

from the formation of a layer of counter ions on the electrode surface to 

form two array layers of opposite charges. The structure of such layers has 

been meticulously studied and argued since 1ate 19th century when von 

Helmholtz first proposed the basic model of double layer. Helmholtz 

suggested the accumulation of a compact layer of ions that maintains a 

distance about 1nm from the electrode surface. This distance is considered 

as the layer thickness that depends on the ion size and the applied voltage.  

Several decades later, it was clear that the compact ion layer cannot be 

static under the effects of thermal motion according to Boltzmann principle. 

A new model known as Gouy-Chapman, was then proposed in such way 

that the ions should be seen as point charges that float randomly in the 

electrolyte, which motion was explained with Poisson-Boltzmann 

equations. Thus, a diffuse ion layer extending into the electrolyte from the 

electrode surface was proposed. This model suffers from incorrect potential 

profile as well as over-large capacitance prediction owing to the point 

charge assumption. Gouy-Chapman model was corrected by Stern who had 

combined both Helmholtz and Gouy-Chapman models that consisted of a 

compact ion layer and diffuse layer.  

Grahame developed further the double layer theory by distinguishing 

inner and outer layer of Helmholtz layer. Such distinction is because of the 

size difference between cations and anions. [13] Smaller cations are 
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surrounded by the solvent molecules due to the ion solvent dipole 

interactions, resulting in a larger dimension with the solvation shells. Since 

anion layer is located nearer to the electrode compared to the cation layer, 

usually the capacitance on positive electrode is higher than the negative 

electrode. Further from the electrode and double layer, there is a diffuse 

layer as well in Grahame’s model.[14] The latest development of the double 

layer addressed the interaction between the dipolar solvent (water) and the 

electrode, because of excessively higher concentration of solvent than 

solute. [15] 

The double layer formed at the electrode surface can be represented using 

a simple model shown in Figure 4. Inner Helmholtz plane (IHP) spans from 

the center of compact ion layer whereas outer Helmholtz plane (OHP) 

passes from the center of solvated ion to the electrode surface. Lastly, the 

diffuse layer covers from OHP onwards. The thickness of double layer is 

approximated at 1.5 1 , where 1  is the Debye-Huckel length [16] which 

is given as 

1 0 2 2 1/ 2
r 0 B i( k T / 2c z e )      

r

0

B

:  Relative dielectric permittivity of solvent

:  Permitivity of vacuum

k :  Boltzmann constant

T :  Temperature

z :  Ion charge

e :  Electron charge
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Figure 4 Structure of electrical double layer.[17]  
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3. Materials and Methods 

 

3.1. Electrode material 

Supercapacitors store electrical energy through the physical interaction 

between the ion species in the electrolyte and the electrodes that forms 

electrical double layer. It is intuitive that materials with high specific 

surface area can accommodate more ions, leading to larger capacity. In 

addition, supercapacitor electrode have to be electrically conductive, 

chemically and thermally stable to ensure low equivalent series resistance 

and long cycle life. Riding the tides of popularity in nanotechnology, many 

carbon nanomaterials such as fullerene, carbon nanotubes, graphene and 

activated carbon are produced in industries and laboratories and being 

tested in various applications. Particularly, these graphitic materials are also 

being investigated rigorously for supercapacitor applications [18-20].  

 

Figure 5 Carbon allotropes: Fullerene, carbon nanotube, graphene, diamond and 
graphite.[21]   
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Graphene, the building unit of graphite, is one-atom-thick carbon sheet 

that attains two dimensional forms. Graphene attracts massive attention 

because of its extraordinary mechanical properties, high specific surface 

area (2600	m /g ) and excellent electrical properties [22, 23]. It can be 

prepared through top-down or bottom-up approaches. Top-down 

approaches are referred to processes in which three dimensional graphite 

structure is exfoliated into two dimensional sheets, mechanically or 

chemically. Typical examples are micromechanical exfoliation using 

Scotch tape, creation of colloidal suspensions like graphene oxide, 

transversal cutting of carbon nanofiber and unzipping of carbon nanotubes. 

In contrast, bottom-up approaches rely on self-assemble of carbon sources 

in molecular level into larger and more complex structures, for instances, 

chemical vapor deposition (CVD) of hydrocarbon, epitaxial growth and 

organic synthesis.   

Bottom-up approaches offer high quality graphene but usually require 

high temperature environment which may hinder its use in some 

applications. Graphene preparation through graphene oxide suspension is 

commonly used due to simplicity and high production yield. Graphite 

structure is exfoliated into layers through series of rigorous oxidation 

process, which is widely known as Hummer’s method. Graphene oxide 

(GO) obtained needs to undergo reduction process to remove attached 

functional groups in order to recover electrical conductivity. GO used for 

electrode precursor material dispersed in water, has concentration of 5g/L 

and flake size in the range of 0.5 to 5 microns.   



16 

3.2. Pattern design 

In general, the configuration of supercapacitors can be categorized into 

two groups: stacked type and planar type (Figure 6).  

 

Figure 6 Stacked and planar configurations. Shorter ion diffusion length in planar geometry 
where ions rely on lateral movement.[23]  

Stacked type is the kind which electrodes are stacked together, while a 

separator is sandwiched in between to prevent physical contact of the 

electrodes. This configuration enables more loading of electrode material 

to increase the total capacity of the energy storage device. Another possible 

configuration of supercapacitors is the planar geometry, in which the 

electrodes are built as interdigitated conformation on a same surface.  

Planar geometry eliminates the use of separator which is the primary 

resistive force exerted on the ions in the migration process during charging 

and discharging. Swift movement of the ions leads to better power 

performance of the storage device. Moreover, the ion diffusion length is 



17 

shorter in interdigitated configuration than its counterpart. Ions mainly rely 

on lateral movements that they can get through the porous material more 

smoothly and quickly. In contrast to this, ions have to penetrate deeply into 

the porous electrode for empty spots, resulting in longer diffusion length in 

stacked type.[24]  

Planar geometry was opted in this research. Both cathode and anode 

consist of four fingers interdigitating with each other, as shown in the figure 

below. The horizontal side was made up with 22 spots, while vertical was 

25 spots. Taking into account the dispensing error, the dimension of the 

pattern was measured at 1750 m × 1890 m including the spacing between 

the fingers.  

 

Figure 7 Printing layout 
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3.3. Printing procedures 

GO can be viewed as graphene sheets with basal plane is decorated by 

oxygen-containing functional groups. These functional groups have high 

affinity to water molecules, making GO hydrophilic and dissolvable in 

water. The solubility of GO in water allows itself to be used as ink in the 

printing approach. A liquid dispenser (sciFLEXARRAYER DW, Scienion, 

Germany) is employed to deliver GO solution directly onto a flexible 

polyethylene terephthalate (PET) film. The piezoelectric-driven nozzle of 

the dispenser is able to eject solution of volume as low as 300 pL. The 

dispenser is programmed to jet out GO droplets at designated spot on the 

substrate to produce patterns (Figure 8).  

 

Figure 8 Ultra low volume dispensing.[25] 

 

Prior to printing, PET surface was treated with high voltage using a Tesla 

coil to reduce the substrate surface energy, resulting in a more hydrophilic 

surface. It is crucial to control the surface energy to promote effective GO 

reduction and good adhesion after the reduction process. Due to stress 
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resulted from the volume expansion after reduction[26], reduced graphene 

oxide (rGO) are prone to delamination when the interfacial energy is high 

as reflected in large contact angle. It was observed that GO was more easily 

reduced when it was deposited on surface with higher contact angle. At 

higher contact angle, GO structure was thicker because droplet was focused 

onto smaller area of deposition. However when the interfacial energy is low 

as in the case of GO on glass surface, the photothermal reduction hardly 

took place. GO droplet formed a thin transparent layer on glass surface, 

which was not effective to capture photothermal energy.    

The droplets were maintained at 80 m from each other, an optimal 

distance to make a continuous line while effectively avoided coalescence 

of the droplets which are shown in Figure 10. Droplet coalescence should 

be avoided to prevent disconnection of printed lines as shown in Figure 

9.Various patterns are possible; anode and cathode rGO lines were 

interdigitated to maximize charge storage area. The thickness of the printing 

pattern could be controlled through multiple layer dispensing, in which 

active material was stacked up layer by layer. Similar to 3D printing, new 

layer was added onto previously printed surface after the preceding layer 

dried out from evaporation. In this manner, ten layers of GO interdigitated 

pattern was printed before proceeding to reduction process. Figure 11 

displays the printed pattern through multiple layer dispensing.  
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Figure 9 Printing failure. GO lines were not well connected due to droplet coalescence. 

 

 

Figure 10 Images of printed GO lines. Droplets were ejected 80 μm from one another to pr
oduce well connected lines.  
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Figure 11 Direct printing of interdigitated pattern using programmable liquid 
dispenser. 
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3.4. Graphene oxide reduction 

GO is a poor electrical conductor. During oxidation process, sp2 carbons 

are replaced by sp3 carbons which increase the band gap that diminishes 

the conductivity of the material. In fact, the conductivity of GO depends on 

the degree of oxidation. Therefore, a reduction treatment is necessary to 

recover the electrical properties of the pristine graphene through the 

removal of functionalities and restoration of aromatic graphene structure. 

Thermal[27], Photothermal [10, 28], plasma[29, 30], electrochemical[31] 

and chemical reduction[32, 33] methods have been demonstrated in many 

literatures as effective ways to reduce GO.  

Photothermal reduction method offers advantages such as quick and 

chemical free reduction process, as well as operable in mild environment 

whereas high temperature condition is required in conventional thermal 

reduction. As reported by Kaner’s group[34], graphene oxide could be 

reduced using laser source mounted in a commercial DVD laser scribe 

writer. GO solution was drop-casted on a PET film which was placed on 

the label side of a DVD disc, and was left in room environment to dry. The 

label side of the disc was faced downwards in the writer. rGO obtained 

using laser scribing is shown in Figure 12. 

Controllable parameters of laser scribing includes track per inch (TPI), 

focus offset (FO) of the laser and laser power. TPI defines the radial 

distance between the circular tracks passed by the laser point. The 650 nm-

wavelength coherent light source was operated at maximum power, 50 mW. 
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Optimization experiment of laser scribing number, TPI and laser FO were 

carried out. GO samples were laser scribed different time to investigate the 

corresponding reduction effect, which was indicated by the sheet resistance 

measurement using four point probe. GO was reduced in the first run. This 

was evident when initial GO sheet resistance decreased significantly from 

10 M/  to about 250 / . However the value became stable and 

fluctuated around 180 /  after second time scribing. 
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Figure 12 Laserscribing of GO on DVD disc. Brownish part is unreduced GO and dark part 
is reduced GO. 

 

 

Graph 1 Effect of laser scribing repetition on rGO sheet resistance. 
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TPI was manipulated at different values: 600, 950, 1300, 1650 and 2000. 

The images of the laser scribed rGO are shown in Figure 13 from left to 

right. Sheet resistance of the 6-time-laser scribed rGO samples were 

measurement. The values dropped from 950 /  to 180 /  in the increase 

of TPI. This is straightforward that overall GO had higher degree of 

reduction when the laser paths became denser, meaning more area was 

exposed to laser source.  

 

Figure 13 rGO produced from different TPI numbers: 600, 950, 1300, 1650 and 2000 
respectively from left to right. 

 

Graph 2 Effect of track per inch (TPI) on rGO sheet resistance. TPI defines density of laser 
scribing tracks or the width between the laser paths.  
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Laser focus offset at 0 is the default position of the DVD label surface. 

Since DVD disc was flipped upside down in the DVD writer, minus value 

referred to the position above the label surface where the GO coated PET 

was lying on. All samples were only single-time laser scribed. It was 

observed that laser scribing at -3 offset value gave the lowest sheet 

resistance.  

 

 

 

Graph 3 Effect of laser focus offset to rGO sheet resistance. 
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Photothermal reduction of GO was induced by laser scribing, 

accompanied by laser ablation that left crack lines on the rGO surface, 

which is visible in scanning electron microscopic image (Figure 14). rGO 

regions puffed up as a result of the exfoliation of the stacked graphene 

sheets (Figure 15). Nevertheless, the bottom layer of GO was found not 

properly reduced, which sheet resistance remained at high value, 

approximately 15 k/ .  

 

 

 

 

Figure 14 SEM image of laser passing tracks. rGO lines puffed up due to GO 
exfoliation. 
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Figure 15 Magnification of rGO lines. Exfoliated rGO domain shows pores opened up by 
degassing process.  
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Alternatively, a camera flash accessory (Style RX 1200, Elinchrom, 

Switzerland) was also reported being used to photo-thermally reduce 

GO[26]. Reduction process is efficient from the aspect of processing time 

as energy transfers to GO instantaneously. As reported in the literature, 

energy provided by xenon flash far exceeds 70 mJ/cm2, the heat energy 

needed to raise the temperature of 1 µm thick of GO from room temperature 

to 100˚C at which deoxygenating reactions take place. 

Photothermal energy optimization is key to ensure the integrity of the 

printed structure after reduction. Flash energy was controlled at 21.50 J/cm  

in GO reduction process. It was observed that GO remained un-reduced at 

low energy ( 20.79 J/cm ), while actively reduced and broken into pieces at 

high energy level ( 26.36 J/cm ).The moment energy was delivered to GO, an 

explosion sound effect of “pop” was audible, suggesting a rapid air 

expansion near the surface of GO due to degasing, which effectively 

exfoliates the stacked structure of graphite layer. The significant increase 

of total surface of rGO was attributed to the exfoliating mechanism that 

expanded the rGO thickness ten times after reduction process.  

 

Figure 16 Photothermal reduction on GO spots using camera flash accessory. 
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Aside from observing color change from brown to black in Figure 16 and 

Figure 17, GO reduction was verified through Raman spectroscopy which 

is commonly used to characterize crystal structure, defect and disorder of a 

material. The measurement was conducted using LabRam Aramis (Horiba 

Jobin Yvon), 0.5 mW powered laser with 514 nm wavelength. The 

corresponding Raman spectrum is shown in Graph 4. D peak which 

represents the breathing mode of 2sp rings[35], increased substantially after 

the reduction process, indicating the formation of 2sp domain. The ratio of 

D peak and G peak 
D G(I /I )  refers to the degree of disorder and inversely 

proportional to the size of 2sp clusters. Increase of D/G peak ratio from 0.92 

to 1.41 after photothermal reduction implied the formation of graphitic 

domain[36]. 

 

Figure 17 Flash reduction treatment on GO resulted in colour change and radical volume 
expansion. 
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Graph 4 Raman spectroscopy of GO and rGO. Substantial increase of D peak after reduction 
treatment is observed. Increase of D/G peak ratio indicates the formation of graphitic domain. 
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3.5. Electrolyte 

Poly(vinyl alcohol) 2 4(PVA)-H SO  polymer gel was used as electrolyte.[4] 

Gel electrolyte was made by dissolving PVA powder in water (1 g PVA : 10 

g water) at 90 °C under constant stirring. The mixture was let cooling off 

after it became clear (Figure 18). Then 1 g of concentrated sulfuric acid was 

added to the mixture. The gel electrolyte was spread evenly on the printed 

electrode and was left in ambient environment for 5 hours. This was to 

ensure the electrolyte wet the rGO electrodes completely and evaporation 

of excess water from the gel. Gel electrolyte simplified the fabrication 

process because the device does not need additional packaging material for 

sealing liquid type electrolyte. After that, carbon paste was applied at the 

end of both electrodes as contact pads. The whole fabrication is 

schematically explained in Figure 20. Figure 19 shows the actual image of 

the device which is ready for measurement.   
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Figure 18 Transparent PVA-H2SO4 gel electrolyte. 
 

 

Figure 19 Image of fabricated supercapacitor. Gel electrolyte was coated on printed 
electrode and conductive carbon paste painted on both ends as contact pads.
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Figure 20 Fabrication flow of supercapacitor. Graphite oxide suspension is printed into 
interdigitated pattern using liquid dispenser. GO electrode is treated with flash radiation to 
induce reduction process. Lastly, gel electrolyte is coated on printed electrode and carbon 
paste is used to create contact pads at both ends. 
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4. Result 

 

4.1. Cyclic voltammetry 

Cyclic voltammetry (CV) is widely used to conduct electrochemical 

study on chemical compounds, reactions or an electrode materials. It is 

frequently used to characterize energy storage and conversion devices such 

as batteries, supercapacitors, and fuel cells. In a CV test, the electrical 

potential of working electrode is ramped linearly versus time within a 

potential window that sets the upper and lower limit of the potential sweep 

[37]. When the potential hits the upper or lower limit, the potential ramp 

will be reversed to make continuous cycles. Therefore, potential is swept 

forth and back in the potential window and the corresponding current is 

recorded, and then plotted against the potential, shown in cyclic 

voltammogram. The speed of the potential sweep is known as scan rate, 

expressed in the unit of V/s.  

CV setup can be established either in two or three-electrode 

configuration depending on the purpose of study. Three-electrode 

configuration is prevalently used for fast screening and characterization of 

electrode materials. An additional reference electrode is used in three-

electrode system, acting as a standard bar in the electrical potential 

measurement because it has stable and known potential. Various types of 

reference electrode are used, such as standard hydrogen electrode (SHE), 

saturated calomel electrode (SCE) and silver chloride electrode. On the 
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other hand, two-electrode configuration is inclined to whole cell 

performance evaluation under real operating conditions. CV was performed 

on the supercapacitor in two-electrode systems, at different scan rates: 25, 

50, 100 and 250 mV/ to characterize the performance of the device (Graph 

5). The potential window was limited within 1V to prevent the 

decomposition of the aqueous electrolyte.  

The performance indices such as capacitance, energy and power densities 

were extracted from the cyclic voltammograms, and tabulated in Table 2 

Performance indices of supercapacitor.. Capacitance can be measured as charge 

stored on the electrode divided by the potential window, expressed in 

equation below. Accumulated charge on the electrode surface can be 

estimated from the ratio of area integration of the cyclic voltammogram 

with respect to potential, and the scan rate. Therefore, the specific 

capacitance was calculated using  

. .sp

IdE
C

E V


 ,  

where I, E, ∆E,  and V are the electric current, potential, potential 

window, scan rate and volume, respectively. The energy density is given 

by  

21

2d spE C E  .  

The power density was calculated by dividing the energy density with the 

discharging duration of the device, 
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  Rectangular cyclic voltammograms obtained indicates energy storage via 

electrical double layer mechanism. From the figure below, it is apparent that 

the magnitude of the current flowing between the working electrode and 

counter electrode was proportional to the scan rate. This phenomenon is 

attributed to the larger local electric field resulted by a rapid change of 

potential on the electrode surface[38]. At low scan rate, CV curve was more 

rectangular, implying good capacitive behavior. However, the rectangular 

shape gradually distorted at increasing scan rates, as “hump” starts to 

become more obvious at the corner. The appearance of the “hump” could 

be interpreted as capacitance drop because of the shrink of voltammogram 

area. The capacitance drop at higher scan rates is due to larger resistance to 

ionic currents resulted by fast potential sweeping, which is common in 

electrical double layer capacitor (EDLC) based on porous carbon material. 

This phenomenon was discussed in several literatures [38, 39], regarding 

the saturation of surface area occupied by the ions before reaching the 

maximum electrical potential. At low scan rates, electrodes are more 

accessible by the ions due to the deformation of the pore which is similar 

to intercalation process, thus resulting in higher capacitance at lower scan 

rate.   

  A Ragone plot (Graph 6) is used to compare the performance of various 

energy storing devices. Energy densities are plotted against power densities 

at increasing scan rates. From the plot, all kinds of supercapacitor position 
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between electrolytic capacitor and thin film battery. Printed rGO 

supercapacitor attained similar energy densities as laser scribed rGO 

supercapacitor, but the power densities fell approximately one order lower 

than its counterpart. The reason behind this is due to the absence of current 

collector that caused high impedance in printed rGO supercapacitor. The 

impedance of the device is discussed in more detail in following section.  
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Graph 5 Cyclic voltammetry measurement at different scan rates: 25, 50, 100 and 250 
mV/s. 

 

 

 

Table 2 Performance indices of supercapacitor. 
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Graph 6 Ragone Plot. Performance of printed rGO supercapacitor is compared with other 
devices.[10] 
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4.2. Charging-discharging test 

The behavior of a supercapacitor can be studied by charging and 

discharging the device. Charging-discharging can be carried either at 

constant electrical potential or constant current. Approach discussed in this 

thesis is restricted to the constant current or galvanostatic charging-

discharging test. The equivalent circuits of supercapacitor are illustrated in 

Figure 21, which includes the equivalent series resistance R  , electrical 

double layer capacitance C  and Faradaic resistance or leakage resistance 

R . V  represents the potential of the device while V  is  defined as the 

potential across double layer.  

 

Figure 21 Equivalent circuits during charging and discharging of supercapacitors. 

Prior to charging, the supercapacitor is considered to be zero charged and 

so zero potential, V  = 0. Therefore, when charging process starts at t = 0, 

the potential profile of the supercapacitor can be expressed as [40] 

DL DL
DL SC

F

dV V
C I

dt R
 

 

By solving the differential equation with initial condition such that at t = 0 

V  = 0, one can obtain  
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DL SC F
F DL

t
V I R (1 exp( ))

R C
  

 

Since 	V V 	  , the potential of the device during charging 

process is 

 

After fully charged, the maximum value of the electrical potential across 

the double layer is denoted as 	V 	  .The discharging process can be 

expressed by 

DL DL F Max DL SC F
DL

1
i dt + i R - (V I R ) 0

C
    

As V V 	 i dt,		 

 

During discharging, 	V V i R . Therefore, the potential profile of 

the device can be expressed as 

 

The charging-discharging tests were carried out at constant current of 

different magnitudes: 1, 3 and 5 μA (Graph 7). The triangular curves imply 

double layer capacitive energy storage mechanism. The potential drop at 

the beginning of the discharging process is visible, due to the equivalent 

series resistance occurs in the operation.  

SC SC S SC F
F DL

t
V I R I R (1 exp( ))

R C
   

DL Max  DL Max  DL SC F
F DL

t
V V (V I R )[1 exp( )]

R C
    

SC Max  DL Max  DL SC F SC S
F DL

t
V V (V I R )[1 exp( )] i R

R C
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Graph 7 Galvanostatic charging-discharging test. 1, 3 and 5μA constant current was used 
to charge the device. 
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4.3. Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a more sophisticated 

technique to characterize the performance of the supercapacitors. EIS is 

able to separately evaluate multiple components such as electric double 

layer capacitance, equivalent series resistance (ESR) and Faradaic leakage 

resistance simultaneously. Impedance can be explained as resistance which 

impedes the flow of electrical current, but additionally includes the 

information of frequency dependency. Impedance measurement is carried 

out in such way that an alternating voltage (V 	V cosωt  is inserted to a 

system and the resultant current t o(I I cos( t ))    is monitored. Thus, 

impedance, Z is given as 	V /I  . Electrochemical reaction on electrode-

electrolyte interface can be represented through an equivalent circuit model, 

in which a capacitor and a resistance are connected in parallel as shown in 

figure below. The impedance of a capacitor is given as 
cZ 1/ j C   while a 

resistor’s is
RZ R  . 

SR  represents the ESR of the circuit that includes the 

internal resistance of the cell as well as the solution resistance.
FR  is the 

Faradaic leakage resistance or known as charge transfer resistance taking 

place at the electrode-electrolyte interface.
FR   impedes the chemical 

reactions at the interface by hindering electron transfer from the electrodes 

to the reactive species on the vicinity of the electrode. Electrical double 

layer capacitance is denoted as 
DLC  , is the capacitance arises from the 

formation of ion layer on the electrode to balance the charge of the electrode. 
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Total C R

1 1 1

Z Z Z
 

  

After re-arranging the terms, the impedance can be expressed in real and 

imaginary parts, such that  

'' 2 ' 2 2(Z ) (Z R / 2) (R/ 2)   . 

The real part of the impedance corresponds to the resistance components 

while the frequency dependent imaginary part reveals capacitance 

information. Therefore, the simple parallel RC circuit can be plotted in 

complex-plane impedance plot as following.   

 

 

 

 

 

Impedance measurement was taken from 100 kHz to 0.1 Hz, with input 

voltage of 5 mV amplitude. The impedance spectroscopy is shown in Graph 

8. The ESR of supercapacitor can be estimated from the intercept of x-axis, 

which was 138 . There are several reasons that gave rise to this fairly high 

SR
S FR R



Z'

-Z"

DLC

FR

SR

Figure 22 Nyquist plot of electrical double layer.
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ESR value. Firstly, the removal of current collectors effectively simplified 

the structure of the device, but resulted in higher resistance to the flow of 

charge because electrons had to travel along the electrodes instead of highly 

conductive metal material. Secondly, the reduction of GO was imperfect, 

which still contained functional groups after photothermal reduction 

process. The carbon-oxygen (CO) ratio of rGO was quantitatively 

determined by X-ray photoelectron spectroscopy [41]. The remaining 

impurities affected the electrical properties of the electrode material, 

ultimately leading to high ESR index.   
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Graph 8 Electrochemical impedance spectroscopy (EIS) of supercapacitor. Frequency was 
scanned from 100 kHz to 1 Hz. The x-axis intercept revealed the equivalent series resistance 
of the device, 138Ω.  
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4.4. Capacitance retention test 

It is crucial to inspect the cyclability of supercapacitor because excellent 

cycle life is one of supercapacitor’s identity. Capacitance retention test was 

performed on the device using cyclic voltammetry at 100 mV/s for 2000 

continuous cycles. The fabricated supercapacitor could retain about 89 % 

of the original capacitance after 2000 cycles.  

 

 

Graph 9 Capacitance retention of supercapacitor. 2000 cycles of CV test at 100 mV/s 
were conducted on the device. 

   

Retention Test 
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5. Conclusion 

 

The research on supercapacitors are actively taking place because of the 

increasing demand of energy storage systems for electronic devices. Hence, 

this thesis is dedicated to explore alternative route of fabricating reduced 

graphene oxide based supercapacitor. Direct printing approach proposed in 

this work offers many advantages. Firstly, printing of graphene oxide 

solution enables facile graphene oxide patterning process that whole 

procedures can be completed in ambient condition, even without MEMS 

fabrication. Secondly, GO patterns can be realized on various substrate 

materials through direct printing to serve versatile applications. Moreover, 

the combination of graphene oxide printing and reduction simplified the 

architecture of supercapacitors that eliminate current collectors and 

separator components.  

In addition, electrochemical methods were used to characterize the 

performance of fabricated supercapacitors. Important indices such as 

specific capacitance, energy and power densities were determined: 

1.152	F/cm  , 0.16	mWh/cm   and 0.1955	Wh/cm   respectively. It was 

found that the performance of supercapacitor was inferior in comparison 

with current literature results due to several factors, which should be 

addressed separately in detail. Nevertheless, the fabrication process 

demonstrated in this thesis is valuable as it serves as a starting point that 

shows possibilities in future development.     
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