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A B S T R A C T

Supercapacitors (SCs) hold significant promise as a key component in energy storage systems due to their unique 
combination of high-power density, rapid charge/discharge rates and long cycle life. Unlike traditional batteries, 
SCs can efficiently handle frequent charge/discharge cycles without significant degradation, making them ideal 
for applications requiring rapid energy delivery. Graphene oxide (GO) and reduced graphene oxide (RGO) are 
gaining significant attention as electrode materials for SCs due to their unique properties. The solvents, HNO3 
acid and DMF not only facilitate the dispersion of graphene-based materials but also impact the morphology, 
surface chemistry, and structural properties of the resulting thin films. The present research explores the suit
ability of GO and RGO-based composite electrodes prepared using 0.1 M HNO3 acid and DMF for SCs. The re
ported work mainly focused on comparing the performance of RGO-based SCs with that of GO-based (control) 
using HNO3 and DMF as solvents. The maximum specific capacitance obtained was 146 F g− 1 at 2 mV s− 1 for 
RGO – DMF-based SC at room temperature. The maximum gravimetric energy density of 21.58 Wh kg− 1 and 
gravimetric power density of 81.55 kW kg− 1 were exhibited for GO – DMF and RGO – DMF-based SCs, 
respectively. Electrochemical impedance analysis was used to characterize the device. Investigation of solvent 
influence on electrode preparation is unique and can provide insights into optimizing the electrode preparation 
process. The study uncovers that DMF is a better solvent for preparing GO and RGO-based electrodes. In addition, 
the study reveals that RGO-based SC shows higher performance compared to that of GO-based one.

1. Introduction

Climate change and the limited availability of fossil fuels and rapid 
fossil energy consumption have greatly affected the world economy and 
ecology and resulted in a series of serious problems such as large green- 
house gas emissions and environmental pollution. It is now essential that 
new, low-cost and environmentally friendly energy storage systems be 
found, in response to the needs of modern society and emerging 
ecological concerns [1]. Supercapacitors (SCs), also known as ultra
capacitors or electrochemical capacitors, have garnered significant 
attention in the realm of energy storage due to their unique properties 
and numerous advantages. Unlike traditional batteries, SCs store energy 
through the separation of charge at the interface between an electrode 

and an electrolyte, enabling rapid charge and discharge cycles. This 
characteristic endows SCs with high power density, allowing them to 
deliver bursts of energy quickly, making them ideal for applications 
requiring rapid energy transfer such as regenerative braking in vehicles 
or peak power shaving in renewable energy systems [2,3]. Additionally, 
SCs exhibit excellent cycling stability. Moreover, their relatively simple 
design and use of environmentally friendly materials make them 
promising candidates for sustainable energy storage solutions [4]. The 
choice of electrode material plays a crucial role in determining the 
performance and efficiency of SCs. The specific surface area, conduc
tivity, and electrochemical stability of the electrode material directly 
impact the capacitance, power density, and cycling stability of the SC 
[5]. GO and RGO have garnered significant attention as electrode 
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materials for SCs due to their unique properties. GO, a precursor of 
graphene, possesses abundant oxygen-containing functional groups, 
which facilitate dispersion in aqueous solutions and enable easy pro
cessing into various forms. On the other hand, RGO, derived from GO 
through reduction processes, retains the sp2 carbon structure of gra
phene while exhibiting improved electrical conductivity compared to 
GO [6,7]. Both materials offer high specific surface areas, allowing for 
enhanced ion adsorption and storage capacity within the electrode. 
Additionally, the tunable properties of GO and RGO, such as surface 
functionalization and layer thickness, provide avenues for tailoring the 
electrochemical performance of SCs [8]. In this study, GO and RGO were 
successfully synthesized from natural graphite powder using a modified 
Hummers method. The process involved the oxidation of graphite to 
produce GO, followed by the reduction of GO to obtain RGO. The 
reduction of GO to produce RGO is of paramount importance in 
enhancing the performance of SCs. The reduction process involves the 
removal of oxygen-containing functional groups from GO, leading to the 
restoration of sp2 carbon networks similar to pristine graphene. This 
reduction significantly improves the electrical conductivity of the ma
terial, thereby reducing internal resistance and facilitating more effi
cient charge transfer kinetics within the electrode. As a result, RGO 
exhibits higher specific capacitance and lower equivalent series resis
tance compared to GO, leading to enhanced energy storage capabilities 
and improved electrochemical performance of SCs [9,10]. Moreover, the 
reduction of GO also results in an increase in surface area and porosity, 
providing more active sites for ion adsorption and thus further 
enhancing the capacitance of the electrode material [11]. Solvent is 
critical in the fabrication of GO and RGO thin films as electrode mate
rials for SCs due to its significant impact on film quality, morphology, 
and electrochemical performance. The solvent not only affects the 
dispersion and stability of the GO suspension but also influences the 
reduction process and the final properties of the RGO film. A suitable 
solvent for processing GO should effectively exfoliate and stabilize GO 
sheets, enabling uniform dispersion and homogeneous deposition onto 
the substrate. Additionally, it should facilitate or not interfere with the 
reduction process by promoting the removal of oxygen-containing 
functional groups, thereby aiding in the restoration of the conjugated 
sp² carbon network. [12]. Additionally, the solvent’s polarity, surface 
tension, and evaporation rate can influence the film’s thickness, 
porosity, and crystallinity, thereby affecting the accessibility of active 
sites for ion adsorption and the overall capacitance of the SC electrode 
[13,14]. The selection of Dimethylformamide (DMF) and HNO3 as sol
vents in the fabrication process of GO and RGO thin films for SC elec
trodes holds paramount importance. DMF, known for its high boiling 
point and excellent solvating properties, facilitates the dispersion of GO 
during the synthesis of GO, ensuring uniform coating and deposition 
onto the substrate. Furthermore, DMF serves as an effective medium for 
the reduction of GO to RGO, promoting the removal of 
oxygen-containing functional groups and the restoration of sp2 carbon 
networks, thus enhancing the electrical conductivity and electro
chemical performance of the resulting RGO thin films [15]. HNO3, on 
the other hand, plays a crucial role in the oxidative treatment of graphite 
to produce GO precursor, initiating the formation of GO sheets by 
introducing oxygen functionalities. Moreover, HNO3 treatment aids in 
the exfoliation and functionalization of graphite layers, leading to 
enhanced dispensability and reactivity of the resulting GO suspension 
[16]. The current collector serves as a foundation for the electrode 
material, facilitating efficient electron transport between the electrode 
and the external circuit [17]. FTO stands out as a highly advantageous 
current collector material for GO and RGO based SCs. FTO exhibits 
excellent electrical conductivity, ensuring efficient electron transport 
between the electrode material and the external circuit, thus minimizing 
energy loss and enhancing overall device efficiency. Furthermore, FTO 
demonstrates remarkable chemical stability and corrosion resistance, 
ensuring long-term durability and reliability of the SC device [18]. The 
electrolyte serves as the medium through which ions migrate between 

the electrodes during charge and discharge cycles, enabling the storage 
and release of electrical energy. Factors such as ionic conductivity, 
viscosity, and electrochemical stability are crucial considerations in 
selecting an electrolyte [19]. H2SO4 acid exhibits high ionic conduc
tivity, facilitating the efficient transport of ions between the electrodes 
during charge and discharge cycles. This characteristic enables rapid 
energy storage and release, leading to high power density and fast 
response times [20].Modern improvements in GO - based materials have 
expanded their application potential in SCs. Modified GO with tailored 
oxygen functional groups has been shown to enhance ion accessibility 
and surface wettability, thereby improving capacitance and cycling 
stability. Structural engineering strategies, such as producing porous or 
three - dimensional architectures, further improve active surface area 
and facilitate fast ion transport. Hybrid composites of GO with metal 
oxides, conductive polymers, and heteroatom doping strategies have 
been widely investigated to boost energy density and conductivity while 
maintaining good mechanical stability [21]. RGO, produced through 
controlled thermal, chemical, or electrochemical reduction of GO, 
demonstrates a balance between oxygen functionalities and conductiv
ity, enabling boosted charge transfer and better electrochemical per
formance. These advancements underscore the importance of 
fine-tuning GO’s structural, chemical, and electronic characteristics to 
optimize its role as a high-performance electrode material for 
next-generation supercapacitors [22]. In this study, GO and RGO were 
synthesized from graphite powder via a modified Hummers method, 
followed by an investigation into the effect of different solvents, namely 
DMF and HNO3 acid, on the reduction of GO and its subsequent impact 
on the performance of SCs. The reduction process is crucial as it in
fluences the electrical conductivity and structural integrity of the 
resulting RGO, which directly affects the electrochemical properties of 
the SC. By systematically varying the solvent composition, we aim to 
elucidate the role of solvent in the reduction process and its implications 
for SC performance. This research sheds light on optimizing the syn
thesis parameters to enhance the energy storage capabilities and overall 
efficiency of graphene-based SCs, offering insights for the development 
of advanced energy storage devices.

2. Materials and methods

2.1. Synthesis of graphene oxide and reduced graphene oxide

Graphene oxide (GO) was synthesized using a modified Hummer’s 
method, which is a widely adopted chemical route for the oxidation of 
graphite. Initially, 1 g of natural graphite powder and 0.5 g of sodium 
nitrate (NaNO3) were mixed thoroughly in a beaker. To initiate the 
oxidation process, 13 ml of concentrated sulfuric acid (H2SO4, 98 %) was 
added slowly to the mixture while maintaining the temperature below 
5 ◦C using an ice bath. Continuous stirring with a magnetic stirrer was 
employed during this step to ensure uniform dispersion and to prevent 
localized overheating.

Once the acid was completely added and the mixture was stabilized, 
3 g of potassium permanganate (KMnO4) was gradually added in small 
portions. The slow addition of KMnO4 is critical to avoid a rapid increase 
in temperature and to maintain a controlled oxidation environment. 
After the complete addition of KMnO4, the reaction mixture was kept at 
room temperature overnight to ensure oxidation of graphite into 
graphite oxide.

The next day, the resulting highly viscous mixture was carefully 
diluted with deionized water to a final volume of approximately 200 ml. 
To terminate the oxidation reaction and decompose any residual 
KMnO4, 30 % hydrogen peroxide (H2O2) was added dropwise until the 
reaction mixture turned bright yellow, indicating the reduction process. 
This quenching step also helps in improving the safety and stability of 
the product.

The resulting greenish-yellow suspension, containing exfoliated 
graphene oxide, was subjected to purification to remove residual acids, 
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salts, and other by-products. For this the suspension was first filtered to 
remove unreacted solids and large agglomerates, followed by repeated 
washing with deionized water until a neutral pH was achieved, ensuring 
the removal of acidic impurities. It was then centrifuged to further 
isolate the well-dispersed GO. After this step, the suspension was divided 
into two portions to obtain both GO and reduced graphene oxide (RGO). 
One portion was retained as the GO suspension, while the other was 
further diluted with deionized water and subjected to a chemical 
reduction process to produce RGO, allowing both materials to be used in 
subsequent applications.

2.2. Fabrication of electrode

The pH value of two suspensions (GO and RGO) 100 ml (1 g/L) was 
tuned to 10 by gradually adding sodium hydroxide (NaOH). Then the 
mixture was heated to 95 ℃ and held for 2 h and it was sonicated for 
30 min. The synthesis was performed at 95 ◦C and maintained for 2 h to 
ensure complete oxidation. Then the mixture was filtered and dried at 
65 ℃ for 12 h in a vacuum oven. The 0.100 g of GO and RGO was mixed 
with 1 ml of 0.1 M HNO3 acid and the mass of 0.100 g of GO and RGO 
was mixed with 1 ml of DMF separately. Then, 0.02 g of TiO2 (20 % of 
GO and RGO) was added separately and the two solutions were soni
cated for 3 h and then stirred for 24 h to reduce the particle size of 
graphene. The reduction process of GO to RGO was carried out under 
controlled heating and chemical treatment, followed by filtration and 
drying at 65 ◦C in a vacuum oven for 12 h to obtain stable RGO powder.

The electrode slurry was prepared by thoroughly dispersing either 
graphene oxide (GO) or reduced graphene oxide (RGO) in the solvent 
along with titanium dioxide (TiO2), which serves as the binder. The 
dispersion process was carried out using vigorous stirring and sonication 
to ensure a homogeneous mixture with uniformly distributed particles. 
Once the slurry achieved a consistent texture, it was carefully drop- 
casted onto fluorine-doped tin oxide (FTO) glass substrates, which 
served as the current collectors. Special attention was given to ensure 
uniform spreading of the slurry across the substrate surface to promote 
consistent film thickness. Following the coating process, the electrodes 
were subjected to thermal drying in a hot air oven at 120 ◦C for one 
hour. This step ensured the complete evaporation of residual solvents, 
resulting in the formation of smooth, uniform thin-film coatings on the 
FTO substrates which was used for subsequent characterization or de
vice fabrication.

2.3. Cell assembling

After preparing two identical electrodes, cells were assembled by 
sandwiching the electrolyte–impregnated filter paper, which also works 
as the separator. The entire stack was then sealed to prevent electrolyte 
leakage. To simulate practical application environments, each assem
bled symmetric two-electrode supercapacitor was developed using a 
planar configuration with a 1 cm² active electrode area and a 1 mm thick 
cellulose-based filter paper separator. The total electroactive material 
mass per cell was tested as 0.0052 g (GO-HNO3) > 0.0028 g (GO-DMF) 
> 0.0024 g (RGO-DMF) > 0.0020 g (RGO-HNO3), corresponding to 
0.0026 g, 0.0014 g, 0.0012 g, and 0.0010 g per electrode, respectively. 
These values fall within the typical mass loading range of practical lab- 
scale supercapacitor devices and were used normally for all electro
chemical measurements to make secure, reliable and comparable per
formance evaluation.

2.4. Electrochemical testing

Cyclic Voltammetry (CV) was performed between 0 – 1 V potential 
window at different scan rates, 2 mV s− 1 to 100 mV s− 1 at room tem
perature. In galvanostatic charge–discharge (GCD) testing, the SC was 
charged and discharged at a constant current and the voltage across the 
electrodes was monitored. GCD testing was done at different constant 

currents 0.5 mA cm− 2 to 5 mA cm− 2. Electrochemical Impedance 
Spectroscopy (EIS) was done using a sinusoidal signal with a mean 
voltage of 0 V and amplitude of 10 mV over a frequency range of 0.1 Hz 
to 100000 Hz. EIS measures the impedance of an SC as a function of 
frequency.

3. Results and discussion

3.1. Characterization

The X-ray diffraction (XRD) (Rigaku Ultima IV X-ray diffractometer) 
patterns of Graphite, GO and RGO powders were recorded with a 
scanning rate of 1◦ per minute in a 2θ range from 0◦ to 100◦ with Cu-Kα 
radiation (λ = 0.1546 nm, 40 kV and 30 mA) to characterize the carbon- 
based powders.

XRD patterns obtained for graphite, GO and RGO provide valuable 
insights into the structural transformations during the synthesis process. 
As shown in Fig. 1, the XRD pattern of natural graphite powder typically 
exhibits a sharp peak at 26.48◦, corresponding to the (002) crystal plane, 
indicative of its highly ordered layered structure [23]. Upon oxidation to 
form GO, the diffraction peak for GO was shifted to 2θ = 11.38◦ and the 
intensity of this peak decreases while broadening occurs, suggesting the 
disruption of the graphite’s layered structure and the introduction of 
oxygen-containing functional groups, such as epoxy, hydroxyl, 
carbonyl, and carboxyl groups and moisture between layers during 
chemical oxidation reaction [24]. Subsequent reduction of GO to RGO 

Fig. 1. (a). XRD patterns of graphite, GO and RGO powders (b). Raman spectra 
of graphite, GO and RGO powders.
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leads to a recovery in the intensity of the (002) peak, indicating the 
restoration of the graphitic structure to some extent. However, the peak 
remains broadened compared to pristine graphite, indicative of the 
retention of some disorder and defects introduced during the oxidation 
process. Additionally, the appearance of new peaks or shifts in peak 
positions in the XRD patterns of GO and RGO compared to graphite 
further confirms the structural modifications undergone during the 
synthesis process [25,26].

We conducted a comprehensive comparative analysis of graphite, 
GO and RGO powders by determining key structural parameters from 
XRD patterns. Inter-planar distance (d) refers to the distance between 
adjacent crystal planes within a material, providing insights into the 
stacking arrangement and structural integrity. Average crystallite width 
(D) represents the lateral size of the crystalline domains present in the 
material, reflecting the degree of crystallinity and the size distribution of 
individual crystallites. In-plane crystallite size (L) denotes the size of the 
graphene domains within the material’s plane, indicating the extent of 
lateral growth and structural coherence. The average number of gra
phene layers per region (n) quantifies the degree of graphene layer 
stacking, which influences the material’s electronic and mechanical 
properties [27,28]. By analyzing these parameters across graphite, GO 
and RGO samples, we gained valuable insights into the structural evo
lution induced by oxidation and reduction processes. This comparative 
analysis provides critical insights into the synthesis pathways and 
structural transformation mechanisms of graphene-based materials. 
This enhances the fundamental understanding of their physicochemical 
evolution. Such knowledge is essential for the rational design and 
optimization of graphene derivatives tailored for high-performance 
applications, particularly in energy storage systems such as SCs, where 
material properties directly influence electrochemical behavior [29]. 
Tables 1 and 2

d =
nλ

2Sinθ
(1) 

D =
kλ

βCosθ
(2) 

L =
1.84λ

βCosθ
(3) 

n =
D
d
+ 1 =

2k.Tanθ
β

+ 1 (4) 

where, λ = 0.15406 nm (wavelength of incident X-ray, θ = peak position 
(in radians) n = 1 (order of diffraction), β = Full peak width of the 
diffraction peak at half maximum height (FWHM), K = 0.89 (that is a 
constant related to crystallite shape) for spherical crystals with cubic 
unit cells.

Graphite exhibited a characteristic interplanar distance of approxi
mately 0.33 nm, reflecting its well-defined layered structure. Upon 
oxidation to form GO, this distance expanded due to the introduction of 
oxygen-containing functional groups, resulting in a larger interlayer 
spacing [30]. The average crystallite width of graphite was observed to 
be relatively large, indicative of its high degree of crystallinity. In 
contrast, the crystallite width decreased upon oxidation to GO, reflect
ing a reduction in crystallinity and the formation of smaller crystalline 

domains [31]. Furthermore, the in-plane crystallite size of graphite was 
notably extensive, indicating the presence of large graphene domains. 
However, oxidation led to a reduction in the in-plane crystallite size of 
GO, reflecting the disruption of the graphene layers into smaller, more 
disordered domains. Subsequent reduction to RGO resulted in a partial 
recovery of the inter-planar distance and crystallite size compared to 
GO, suggesting the restoration of structural order to some extent. 
However, the values remained slightly lower than those of pristine 
graphite, indicative of residual defects and disorder [32]. This 
comparative analysis provides valuable insights into the structural 
transformations undergone by graphene-based materials during syn
thesis processes, offering crucial guidance for their tailored design and 
optimization for SC applications [33].

Raman spectroscopy plays a pivotal role in characterizing graphite, 
GO and RGO powders due to its ability to provide detailed structural 
information at the molecular level. The distinctive Raman spectra of 
these materials reveal characteristic peaks corresponding to various 
vibrational modes, such as the G band (associated with sp² carbon 
atoms) and the D band (indicative of structural defects and disorder). 
The intensity ratio of these bands, known as the ID/IG ratio, serves as a 
quantitative measure of structural disorder and the degree of graphiti
zation. Additionally, Raman spectroscopy enables the identification of 
additional bands associated with specific functional groups in GO, 
providing valuable information about the extent of oxidation and the 
presence of oxygen-containing moieties. Furthermore, the analysis of 
peak positions and peak shapes in Raman spectra can elucidate the 
structural evolution of graphene-based materials during synthesis pro
cesses [34,35].

We conducted a comparative analysis of graphite, GO and RGO 
powders using Raman spectroscopy, elucidating distinctive features in 
their spectra that reflect their structural characteristics. Graphite 
exhibited a prominent G band at 1583 cm⁻¹ , corresponding to the in- 
plane stretching vibrations of sp² bonded carbon atoms, indicative of 
its highly crystalline nature. Additionally, a relatively weak D band at 
approximately 1359 cm⁻¹ , attributed to the breathing modes of sp² 
carbon atoms in rings and vacancies, was observed, suggesting minimal 
structural defects [36]. Upon oxidation to GO, the intensity of the D 
band significantly increased due to the introduction of 
oxygen-containing functional groups and the disruption of the graphitic 
structure. This was accompanied by a blue shift and broadening of the G 
band, reflecting a reduction in the average size of sp² domains and an 
increase in disorder. Moreover, new bands associated with 
oxygen-containing functional groups emerged in the spectra of GO, 
providing evidence of functionalization [37]. Subsequent reduction to 
RGO resulted in a partial restoration of the G band intensity and an 
increase in the D band intensity compared to GO, indicating a partial 
recovery of the graphitic structure. Additionally, the emergence of a 2D 
band at around 2700 cm⁻¹ in RGO spectra confirmed the restoration of 
sp² carbon domains. These changes in band intensity, position, and 
shape observed in Raman spectra provide valuable insights into the 
structural evolution of graphene-based materials during synthesis pro
cesses [38]. Moreover, the intensity ratio of the D band to the G band 
(ID/IG) was focused as a key parameter for comparative analysis. 
Graphite exhibited a relatively low ID/IG ratio, indicative of its high 
degree of graphitic order and minimal structural defects [26]. Upon 

Table 1 
Some physical parameters of graphite, GO and RGO powder obtained from XRD 
patterns.

Parameter Graphite Powder GO Powder RGO Powder

2θ /degree 26.48 11.38 26.64
d /nm 0.33 0.77 0.33
D /nm 30.14 12.87 1.02
L /nm 66.31 16.44 3.28
n/layers per domain 124 17 8

Table 2 
Some physical parameters of graphite, GO and RGO powders calculated from 
Raman spectroscopy.

Parameter Graphite Powder GO Powder RGO Powder

D band /cm− 1 1359.09 1359.10 1355.85
G band /cm− 1 1583.10 1597.64 1594.05
ID/IG 0.26 0.91 1.10
Lsp2 /nm 63.11 18.03 14.90
LD /nm 25.38 13.56 12.34
nD/× 1011 cm− 2 0.89 3.12 3.78
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oxidation to GO, this ratio increased significantly due to the introduction 
of oxygen-containing functional groups, leading to a higher density of 
structural defects and disorder. The observed increase in the ID/IG ratio 
in GO spectra reflected the disruption of the sp² carbon network and the 
formation of sp³ hybridized carbon species. Subsequent reduction to 
RGO resulted in a partial restoration of the graphitic structure, as evi
denced by an increase in the ID/IG ratio compared to GO. The observed 
increase indicated a reduction in the density of structural defects and the 
partial recovery of sp² carbon domains. This comparative analysis of the 
ID/IG ratio provides valuable insights into the structural evolution of 
graphene-based materials during synthesis processes, offering crucial 
guidance for their tailored design and optimization for SC applications 
[39].

ID/IG ratio is utilized for the estimation of in-plane size of sp2 do
mains (Lsp2), average defect distance (LD) and defect density (nD, cm− 2) 
using the following equations [27], 

Lsp2 =
560IG

E4
LID

(5) 

L2
D
(
nm2) = 2.4 × 10− 9λ4

L
IG

ID
(6) 

nD =
2.4 × 1022ID

λ4
L IG

(7) 

where EL= 2.417 eV and λL= 514 nm are the energy and wavelength of 
the laser source.

We performed a comparative analysis of graphite, GO and RGO 
powders using Raman spectroscopy, focusing on the determination of 
key structural parameters: in-plane size of sp² domains, average defect 
distance, and defect density. The in-plane size of sp² domains represents 
the lateral dimension of the crystalline domains within the graphene 
lattice, indicating the extent of structural ordering [40]. Graphite typi
cally exhibits large in-plane domain sizes due to its highly crystalline 
nature, whereas the oxidation of graphite to GO leads to a reduction in 
domain size due to the introduction of structural defects and disruption 
of the graphene lattice [41]. The average defect distance, on the other 
hand, quantifies the spacing between structural defects within the gra
phene lattice, providing insights into the degree of disorder. Higher 
defect densities and shorter average defect distances are typically 
observed in GO compared to graphite, reflecting the increased density of 
functional groups and structural disruptions introduced during oxida
tion [42].

A high-quality thin films of GO-HNO3, GO-DMF, RGO-HNO3 and 
RGO-DMF were successfully prepared on FTO current collectors and the 
films were characterized using XRD and Raman measurements to get 
information about crystal phase and structure. Fig. 2(a) displays the 
XRD pattern of the prepared four electrodes. The sharp and intense 
diffraction peaks at 26.36◦, 25.35◦, 26.19◦ and 25.86◦ for GO-HNO3, 
GO-DMF, RGO-HNO3 and RGO-DMF electrodes, respectively. GO 
(2θ=11.390) and RGO (2θ=26.51◦) powder were produced and char
acterized using powder X-ray diffraction as previously described. As 
shown in Fig. 2(a), the characteristic peaks of RGO are inherited in RGO- 
HNO3 and RGO-DMF based electrodes, with weakened intensity in RGO- 
HNO3 based electrode and strengthen intensity in RGO-DMF based 
electrode. This observation may be attributed to the amorphous state of 
RGO in RGO based electrodes. In addition, there are no some peaks 
around 2θ = 110 in XRD patterns of GO-HNO3 and GO-DMF based 
electrodes and a weak, broad peak centered around 250 were observed. 
It indicates that the presence of GO did not interfere with the growth of 
HNO3 and DMF solvents and change its crystalline structure. In addition, 
the increased 2θ value can be ascribed to the presence of a small amount 
of residual oxygen containing functional groups or other structural de
fects [43]. Raman spectroscopy was used to analyze further the chemical 
structure of GO-HNO3, GO-DMF, RGO-HNO3 and RGO-DMF thin films as 

shown in Figure. The D peak is related to the defects in sp2 carbon, while 
G peak is stretching of C-C sp2 bonds. The ratio of ID/IG gives data about 
the optical properties of the graphene-based materials. Furthermore, 
in-plane size of sp2 domains (Lsp2), average defect distance (LD) and 
defect density (nD) were found using Eq. (5), Eq. (6) and Eq. (7), 
respectively.

Apparently, the Raman spectrum of GO-HNO3, GO-DMF, RGO-HNO3 
and RGO-DMF reveal well marked D-band and G-band located at around 
1300 cm− 1 and 1550 cm− 1 which corresponds to the structural irregular 
defects as shown Table 3. The in-plane size of sp2 domains of GO-HNO3 
and GO-DMF electrodes slightly decrease relative to GO powder. The in- 
plane size of sp2 domains of RGO-HNO3 and RGO-DMF electrodes 
slightly increase relative to RGO powder. There is no any noticeable 
change in average defect distance and defect density.

Scanning Electron Microscopy (SEM) plays a pivotal role in assessing 
the performance of SC electrode materials due to its ability to provide 
high-resolution images at nanoscale levels. In the context of thin films of 
electrode material for SCs, SEM enables us to analyze the morphology, 
surface roughness, and structural integrity of the films. These factors are 
crucial determinants of the electrode’s specific surface area, porosity, 
and interfacial properties, which directly influence the electrochemical 
performance of the SCs [5]. Additionally, SEM can reveal defects, cracks, 
and agglomerations within the electrode material, offering insights into 
its mechanical stability and long-term durability [44].

Fig. 2. (a). XRD patterns of GO-HNO3, GO-DMF, RGO-HNO3 and RGO-DMF 
thin films (b). Raman Spectra of GO-HNO3, GO-DMF, RGO-HNO3 and RGO- 
DMF thin films.
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The SEM images of the four thin films synthesized for SC applications 
reveal distinctive morphological features that can significantly impact 
their electrochemical performance. Firstly, the GO film prepared with 
nitric acid solvent and TiO2 binder exhibits a relatively smooth surface 
with dispersed TiO2 particles, indicating good film formation and uni
form distribution of the binder material [45]. In contrast, the GO film 
synthesized using DMF solvent displays a more porous structure with 
fewer visible TiO2 particles, suggesting differences in film morphology 
and binder distribution. Moving to RGO films, those fabricated with 
nitric acid solvent and TiO2 binder exhibit a somewhat rougher surface 
compared to their GO counterparts, likely due to the reduction process 
that restores graphene-like properties and enhances surface roughness 
[46]. Additionally, the presence of TiO2 particles appears more pro
nounced and uniformly dispersed within the RGO matrix, indicating 
effective binder integration and potential enhancement of electro
chemical properties. Conversely, the RGO film synthesized with DMF 
solvent and TiO2 binder exhibits a porous and interconnected network 
structure, possibly due to the solvent’s ability to facilitate better 

dispersion and intercalation of TiO2 particles within the RGO matrix. 
This structure could potentially offer improved electrolyte accessibility 
and ion diffusion kinetics, leading to enhanced charge storage capabil
ities [47]. Overall, the SEM analysis suggests that the choice of solvent 
and binder, along with the graphene derivative used, has a significant 
impact on the morphology and microstructure of the thin films, ulti
mately influencing their electrochemical performance in SC 
applications.

3.2. Electrochemical analysis

All four electrodes (GO-HNO3, GO-DMF, RGO-HNO3 and RGO-DMF 
based electrodes) were first analyzed for their electrochemical perfor
mance using cyclic voltammetry (CV) curves. CV responses of the elec
trodes were measured in the 0 V to 1 V potential window. The potential 
window was scanned from the anodic to cathode voltage direction at 
different scan rates between 2 mVs− 1 and 100 mVs− 1.

An ideal SC would show a perfectly square shape when undergoing a 

Fig. 3. SEM images of (a) GO-HNO3 based thin film (b) GO-DMF based thin film (c). RGO-HNO3 based thin film (d). RGO-DMF based thin films.

Table 3 
Some physical parameters of thin films obtained from Raman spectroscopy.

Thin film D – band /cm− 1 G – band /cm− 1 ID/IG ratio Lsp2 /nm LD /nm nD /× 1011 cm− 2

GO-HNO3 1353.96 1597.64 1.02 16.08 12.81 3.50
GO-DMF 1353.03 1599.28 1.01 16.24 12.87 3.47
RGO-HNO3 1352.52 1600.54 0.99 16.57 13.00 3.40
RGO-DMF 1355.16 1590.02 0.97 16.91 13.14 3.33
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CV analysis. In Fig. 4, we show CVs at scan rates of 2, 5, 10, 20, 50 and 
100 mVs− 1 for all four SCs built using graphene as electrodes and 2 M 
H2SO4 acid as electrolyte. However, due to electrolyte ion diffusion and 
resistance during CV analysis, pseudo-rectangular shapes were observed 
without distinct redox peaks [48]. Whether at a relatively low scanning 
rate or high, all the curves exhibited symmetry and very approximate 
rectangular shape, suggesting that the good charge propagation within 
the electrode which stores energy using the adsorption of both anions 
and cations. However, with increasing scan rates the rectangular shape 
deforms which can be due to charge transport limitations [49]. Calcu
lated specific capasitance (Csp) values of four SCs are given in Table 4 as 
a function of the potential scan rate. Table 4 demonstrates that at the 
lower scan rates, all the electrodes show the higher Csp. It decreases 
significantly with the increment of scan rate may be due to the relaxa
tion of charge transport in particular in the pores, rapid motion of 
massive ions which results in poor accommodation of ions inside the 
pores of graphene and consequence of mobility of massive electrolyte 
ions. At high scan rates, the ions get insufficient time to diffuse into the 
pores of graphene which results in a simple polarization followed by the 
accumulation of charges at the surface of the electrode [50]. However, 
the fall in specific capacitance of GO – HNO3 and GO – DMF based SCs 
between 2 mV s− 1 and 5 mV s− 1 not too rapid as shown in Figure 04 (b). 
This may be attributed to the highly porous nature of the surface of 
electrolyte with well-connected pores which facilitates the electrolyte 
ions to find a shortest directional path [51]. At high scan rates, the ions 
get insufficient time to diffuse into the pores of graphene which results 
in a simple polarization followed by the accumulation of charges at the 
surface of the electrode. The highest Csp value of 146 F g− 1 was observed 
for the RGO – DMF electrode among these four electrodes [52]. Fig. 5

The specific capacitance using the CV curves was reported by inte
grating over the full CV curve to determine the average value [53], 

Csp = 4
∫

I.dt
V × S × Mac

(8) 

where,
I = current, V = voltage range, S = scan rate, Mac 

= electrochemically active mass of the cell.
The term 

∫
I dt was calculated by integrating the area enclosed by the 

CV curves.
The comparative analysis of Csp with scan rate reveals intriguing 

insights into the electrochemical performance of GO and RGO based SCs. 
Across all materials and synthesis methods (GO-HNO3, GODMF, RGO- 
HNO3, and RGO-DMF), there is a noticeable trend of decreasing specific 
capacitance with increasing scan rates. This phenomenon is attributed to 
the limitations imposed by faster scan rates, which result in reduced ion 
diffusion kinetics and limited accessibility of active sites on the electrode 
surface [54]. However, it is noteworthy that specific capacitance values 
for GO-DMF and RGO-DMF are consistently higher compared to their 
counterparts synthesized using HNO3 as the solvent. This discrepancy 
underscores the significant impact of solvent choice on the electro
chemical properties of graphene-based materials, with DMF facilitating 
the formation of electrodes with higher capacitance. Furthermore, the 
specific capacitance values obtained at lower scan rates (2 and 
5 mV s− 1) are significantly higher compared to those at higher scan rates 
(50 and 100 mV s− 1), emphasizing the importance of optimizing scan 

Fig. 4. Cyclic voltammetry curves for different scan rates (a). GO-HNO3 based SC (b). GO-DMF based SC (c). RGO-HNO3 based SC (d). RGO-DMF based SC with 2 M 
H2SO4 acidic electrolyte.

Table 4 
Specific capacitance values at different scan rates for different electrode 
materials.

Scan Rates /mV s− 1 Specific Capacitance /F g− 1

GO-HNO3 GO-DMF RGO-HNO3 RGO-DMF

2 65.79 131.03 125.59 146.03
5 63.24 128.13 113.05 118.70
10 55.78 112.14 98.86 91.99
20 43.29 78.70 70.95 65.54
50 24.72 39.95 48.03 37.77
100 13.28 20.51 19.46 22.75
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rate for achieving superior electrochemical performance in SCs. This 
comparative analysis underscores the critical role of synthesis methods 
and scan rates in tailoring the specific capacitance of graphene-based 
SCs, providing valuable insights for the design and optimization of 
high-performance energy storage devices.

The gravimetric energy density (Eg) and gravimetric power density 
(Pg) are key parameters that determine the performance of SCs. Eg refers 
to the amount of energy that a SC can store per unit mass. Pg is a measure 
of how quickly SC can deliver energy [48]. The parametric relationship 
of the Eg and related Pg provides a greater insight into the device func
tional aspects of GO and RGO based electrodes with HNO3 and DMF 
solvents separately with 2 M H2SO4 electrolyte. The values of Eg and Pg 
of the four cells (GO-HNO3, GO-DMF, RGO-HNO3 and RGO-DMF) were 
calculated by studying the Galvanic charge-discharge (GCD) character
istics using the combined active electrode mass (Mac) at various current 
loads in the range 0.5 mA cm− 2 to 5 mA cm− 2. The values of Eg and Pg 

were calculated from [55], 

C =
4I

Mac
ΔV
Δt

(9) 

Eg =
1
2

CV2 (10) 

Pg =
Eg

t
(11) 

where, C = Gravimetric capacitance which was evaluated from the slope 
of discharge curve

I = Current density, V = Potential component of discharge slope, 
t = Time component of discharge slope

According to the GCD curves in Fig. 6(a) and Eqs. (9), (10) and (11), 
we have calculated the values of Eg and Pg of four cells and presented 
them in Table 5. As a result, a maximum Eg value of 21.58 Wh kg− 1 can 
be achieved with Pg value 1.21 kW kg− 1 at constant current density 
0.5 mA cm− 2 for GO-DMF electrode-based cell and a maximum Pg value 
is 81.5 kW kg− 1 with Eg value 0.96 Wh kg− 1 at constant current 5 m A 
cm− 2 for RGO-DMF based electrode. This data shows that the electro
chemical performance of DMF is better than HNO3 as a solvent. Fig. 6(a) 
shows the symmetric nature of GCD curves at 0.5 mA cm− 2 current 
density, which clearly matches CV curves as shown in Fig. 4. We could 
clearly identify the fabricated symmetric SCs can be operated up to 
wider potential window 1.0 V without any evolution occurred. Further, 
the Eg of the electrode material is indicated through the discharging 
period in the GCD curves where a longer discharging time indicates a 
better energy density value. Interestingly, as shown in Fig. 6(a), HNO3 
solvent based stacked devices were recorded a longer discharging time 
compared to DMF solvent based devices. But the Eg performance of DMF 
solvent based devices has an advantage over the HNO3 solvent based 
devices which is approximately 2 times higher than that of lower one as 
listed in Table 5. It is evident that the swiftness of the ion transport and 
pervasive ion access for built-up of the electrical double layer at the 
graphene platelet interface with acidic liquid electrolyte [56]. The 
structure of electrical double layer and thus performance of SC could be 
affected by the charge and size of ions [57]. Consequently, as shown in 
Fig. 6(a), the typical GCD curves at 0.5 mA cm− 2 current are linear 

Fig. 5. Specific capacitance as a function of scan rate.

Fig. 6. (a). GCD curves for four electrodes GO – HNO3, GO – DMF, RGO – HNO3 and RGO-DMF at the current density 0.5 mA cm− 2 (b). Variation of Pg as a function 
of Eg.
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across the entire charging and discharging time for all four cells reaf
firming the capacitive nature arising from the electrical double layer in 
the graphene-based SC device [58]. In terms of advancement made on 
the energy density increasing for SCs, another important work worth 
mentioning is the porous yet densely packed graphene oxide and 
reduced graphene oxide electrodes with high ion accessible specific 
surface area and low ion transport resistance, efficient electron and ion 
transport pathways, high packing density and pores can also speed-up 
the ion transport across the 2D plane of the graphene [59]. Further
more, the pores in graphene sheets are large enough to function as the 
ion diffusion shortcuts between different layers of graphene to greatly 
accelerate the ion transportation across the entire film [57].

The favorable variation of the Eg with increasing Pg as shown in the 
Fig. 6(b) reminisces the behavior of an electrical double layer SC power 
device exemplified by the tendency towards the reduction in Eg as Pg 
increases when higher current loads are applied. The decrease in the Eg 
of GO-HNO3 is not as significant at the corresponding increase in the Pg 
which suggests high power functionality of the acidic electrolyte in the 
GO based SC. In the case of the other three cells, the decrement of Eg is 
slightly aggravated. As demonstrated in Fig. 6, RGO based SCs exhibited 
high energy densities relative to GO based SCs. This result can certainly 
be attributed to the reduction of graphene oxide. GO consists of gra
phene sheets with oxygen containing functional groups while the 
reduction process involves removing a substantial portion of oxygen 
containing functional groups from GO. The reduction of GO typically 
leads to the restoration of some π-conjugated regions and improved 
electrical conductivity [60]. The improvement of electrical conductivity 
of GO is directly connected with the values of Eg. From the values of Eg of 
GO-DMF and RGO-DMF based SCs, we could obtain that the Eg values of 
GO-DMF based SC were higher than RGO-DMF based SC. This suggests 
that the effect of the solvent is more important than the effect of 
reduction of GO. In summary, there is a trade-off between Eg and Pg in 

GO and RGO based SCs, which are designed to balance these two pa
rameters effectively, offering a good compromise between energy stor
age capacity and the ability to deliver energy rapidly [61]. Table 6

Our Experimental results demonstrated that the highest Csp achieved 
was 146.03 F g− 1 at 2 mV s− 1 with RGO-DMF electrode. Comparatively, 
CNT-Graphene films and GF/PANI in 1 M H2SO4 reported Csp values of 
140 F g− 1 and 311.3 F g− 1, respectively, indicating that while our Csp 
values are competitive, there is room for improvement. Our Eg reached 
up to 21.58 Wh kg− 1 and power Pg up to 81,555.26 W kg− 1, particularly 
excelling in Pg compared to other materials such as GF/PANI 
(539.9 W kg− 1) and PANI/Vertical Graphene/Ti multilayer composites 
(383 W kg− 1). This positions our RGO-based SC as highly effective for 
applications requiring high power output.

The Nyquist plot (NP) serves as a critical tool in assessing the per
formance of SCs by providing valuable information about their elec
trochemical impedance characteristics. This plot, typically obtained 
through electrochemical impedance spectroscopy (EIS), depicts the 
complex impedance of the SC as a function of frequency [74]. The shape 
and features of the NP offer insights into various electrochemical pro
cesses, such as charge transfer resistance, double-layer capacitance, and 
Warburg impedance. Analyzing the NP enables us to evaluate the 
effectiveness of electrode materials, electrolytes, and device configura
tions in terms of their electrical conductivity, ion diffusion kinetics, and 
overall impedance matching [75]. Fig. 7 shows the in the frequency 
range between 0.1 Hz to 100000 Hz. It can be seen that both the spectra 
show common features: a small semi-circle at the higher frequency, a 
second larger capacitive loop at the lower frequency and a straight line 
in the middle frequency part related to the diffusion [76]. The internal 
resistance Rs was obtained from the intercept of the semicircle with the 
real axis (Z’) at high frequencies was used to evaluate the resistance 
associated with the transport within the porous structures of the elec
troactive materials. On the other hand, the semicircle along Z’ at the 

Table 5 
Eg values and Pg values for different electrode materials with different constant current densities.

Current 
(mA 
cm− 2)

GO – HNO3 GO - DMF RGO – HNO3 RGO - DMF

Eg /Wh kg− 1 Pg /kW kg− 1 Eg /Wh kg− 1 Pg /kW kg− 1 Eg /Wh kg− 1 Pg /kW kg− 1 Eg /Wh kg− 1 Pg /kW kg− 1

0.5 10.69 0.44 21.58 1.21 16.60 0.91 17.07 2.27
1.0 22.76 2.62 17.18 2.78 16.26 2.09 9.94 5.68
2.0 7.34 2.59 14.14 7.16 13.73 5.70 5.03 16.33
3.0 5.99 5.07 11.30 14.03 11.32 13.06 2.29 33.07
4.0 4.76 8.93 8.98 25.87 8.09 29.42 1.12 57.86
5.0 3.94 14.19 6.70 50.30 3.25 61.66 0.96 81.55

Table 6 
Csp, Eg, Pg and cycling stability values of RGO based SCs with different acidic electrolytes along with reference.

Electrode Material Electrolyte Csp 

(F g− 1)
Eg 

(Wh kg− 1)
Pg 

(W kg− 1)
Cycling Stability References

RGO/Fe2O3 0.5 M H2SO4 81 - - - [62]
CNT-Graphene films 1 M H2SO4 140 - 5100 96.15 % after 2000 cycles [63]
GF/PANI 1 M H2SO4 311.3 66.3 539.9 - [64]
PANI/Vertical Graphene/Ti multilayer electrode composite 0.5 M H2SO4 535.7 26.1 383 86 % after 10000 cycles [65]
Electro-chemically tailored 3D RGO Polyvinyl alcohol/H3PO4 gel 81 11.25 5000 94.5 % after 5000 cycles [66]
Folded graphene paper 1 M H2SO4 172 - - 99 % after 5000 cycles [67]
Cellulose – graphene paper 1 M H2SO4 120 - - 99 % after 5000 cycles [68]
PANI-graphene Components 1 M H2SO4 233 - - - [69]
PANI-graphene nanofiber component 1 M H2SO4 210 - - 79 % after 800 cycles [70]
3D-N and B co-doped graphene nanosheets 1 M H2SO4 239 8.7 1650 100 % after 1000 cycles [71]
RGO/Carbon black PVA/H2SO4 79 - - - [72]
Multilayer RGO PVA/H3PO4 247.3 - - - [73]

Abbreviations for Table 06,
PANI – Polyaniline
CNT – Carbon nanotubes
IL – Ionic liquids
CMG – Chemically modified graphene
PVA – Polyvinyl alcohol
GF – Graphene foam
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higher frequency range was due to the ionic charge transfer resistance 
(Rct) at the electrode and electrolyte interface [77]. As shown in the 
Fig. 7, these low Rs and Rct resistances should be attributed to the 
porosity of the systems, which favors the access and escape of the 
electrolyte ions in to the electroactive materials, enhanced electrical 
conductivity and fast electrochemical reaction at the 
electrode-electrolyte interface of the material [78]. The largest semi
circle has been observed for GO-DMF based electrodes with the addition 
of DMF in H2SO4 acidic electrolyte which infers high ionic resistance. 
Consequently, in all other cases, there was small ⁓ 45◦ inclined line at 
middle frequency which is known as diffusive or Warburg resistance 
[79]. Furthermore, the straight lines of the GO-DMF and RGO-DMF 
based cells indicated in the low frequency region which appeared 
more perpendicular towards the Z’ axis, indicating a more ideal capac
itance behavior. All these cells with low Rs/Rct show a much higher 
specific capacitance compared to those with a lower resistance as 
illustrated in Fig. 3 [80].

The cyclic stability of RGO in DMF solvent with 2 M sulfuric acid 
electrolyte is determined by sequential CV curves for 1000 cycles at the 
scan rate 100 mV s− 1 as shown in Fig. 8. In the case of SC was charged 
from 0 V to 1 V. The specific capacitance increases till the 200th and the 
maximum value is 1.1 times the initial one. The increased trend is 
similar to that of functionalized graphene. The peculiar phenomenon 

may arise whether from the reduction of partially unstable oxygen 
functional groups in RGO or the exertion of pseudocapacitance in a slow 
kinetics course. After 200 cycles, an initial capacitance fading by 22 % 
until 400th cycle due to decreased pseudocapacitance resulting from 
stable functional groups in the electrochemical system. After 400 cycles, 
a gradual increment of the Csp was observed to 1000 cycles which is 
caused by electrolyte ion conductivity and an electronic resistance of 
RGO-DMF based electrode. The final retention reaches 91.7 % after 
1000 cycles.

Although detailed post-mortem characterization such as SEM or 
Raman analysis was not conducted, visual inspection of the electrode 
surfaces after 1000 CV cycles displayed no apparent physical damage, 
delamination, or discoloration. The undistorted morphology and steady 
electrochemical performance throughout the cycling test indicate good 
structural stability of the electrode films. Future research will be focused 
on advanced post - cycling characterizations in order to further confirm 
the long - term durability of the material system.

For contextual testing, the electrochemical performance of the RGO - 
DMF electrode (146 F g⁻¹ at 2 mV s⁻¹ and 81.55 kW kg⁻¹ at 5 mA cm⁻²) 
were compared against common benchmark materials such as activated 
carbon (AC), carbon nanotubes (CNTs), and commercial graphene. AC 
electrodes show a Csp of 100–120 F g⁻¹ in aqueous electrolytes under 
similar testing environments, while CNTs and commercial graphene fall 
in the 100–180 F g⁻¹ range depending on the morphology and electro
lyte compatibility. Our RGO-DMF electrode not only meets but exceeds 
these reference values in both Csp and Pg, illustrating the effectiveness of 
solvent choice and GO reduction approach. This comparison demon
strates the competitive performance of our material system, positioning 
it as a viable alternative for high - power SC applications.

4. Conclusion

In this paper, we analyzed and presented how graphene-based 
electrode materials and solvents influence the specific capacitance, en
ergy density, power density and impedance of SCs. According to the 
results obtained, RGO electrodes-based SCs exhibit superior perfor
mance compared to that of GO – electrodes based CSs. In particular, our 
results show that RGO – DMF electrode has the highest specific capac
itance and power density of 146 F g− 1 and 81.55 kW kg− 1, respectively. 
The maximum value of Eg of 21.58 Wh kg− 1 was observed at 
0.5 mA cm− 2 for GO – DMF electrode and the maximum value of Pg was 
exhibited as 81.55 kW kg− 1 at 5 mA cm− 2 for RGO – DMF electrodes. 
According to our findings, DMF is a better solvent to prepare GO and 
RGO based electrodes. In addition, comparison with established carbon- 
based electrode benchmarks validates that the electrochemical perfor
mance of the RGO - DMF electrodes is competitive, particularly in terms 

Fig. 7. Nyquist Plots of the electrochemical impedance spectroscopy of 
four SCs.

Fig. 8. (a). CV curves for 1000 cycles RGO-DMF SC with 2 M H2SO4 (b). Cyclic stability of RGO-DMF based SC at scan rate 100 mV s− 1.
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of Csp and Pg. Visual inspection after prolonged cycling revealed no 
apparent physical damage or film degradation, indicating promising 
structural stability. These observations collectively support the practical 
applicability and scalability of the developed GO and RGO - based 
electrodes for future SC device development.
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