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ABSTRACT

Graphene and carbon nanotubes have drawn scientific attention as effective

nanomaterials for electrical supercapacitors. This study aims to increase the

productivity and the performance of eco-friendly supercapacitor electrodes at a

low cost. This paper investigates the capacity enhancement of the supercapac-

itor carbon-based electrodes utilizing varied ratios of graphene and carbon

nanotubes. The effects of electrolyte concentrations on supercapacitor electrode

electrochemical performance have been studied as well. Using the electro-

chemical exfoliation, and arc discharge of graphite rods, the graphene, and

carbon nanotubes were prepared, respectively. X-ray diffraction, Raman shift

spectrum, and high-resolution transmission electron microscopy (HRTEM) have

been used to investigate the nanomaterials. The micrographs of the HRTEM

indicate that the average tube diameters of the carbon nanotubes are about

179 ± 81 nm. The effective carbon nanocomposite electrodes are analyzed by

the traditional electrochemical cyclic voltammetry technique. The highest

specific capacitance of graphene/carbon nanotubes composite amounts to about

& 179 F/g at a scan rate of about 10 mV/sec for a 3:1 graphene to carbon

nanotubes ratio with 1 M NaCl as the electrolyte.

Address correspondence to E-mail: mfikry@sci.cu.edu.eg; m_fikry80@yahoo.com

https://doi.org/10.1007/s10854-021-07585-9

J Mater Sci: Mater Electron (2022) 33:3914–3924

http://orcid.org/0000-0002-2360-3854
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-021-07585-9&amp;domain=pdf


1 Introduction

Electric energy storage is not a novel concept. Italian

physicists discovered the presence of bioelectricity in

1786 [1]. Alessandro Volta has invented the modern

battery in 1799 [2]. In 1836, a two-fluid battery, dub-

bed a Daniel cell after the discoverer, was discovered

to produce a continuous and stable source of elec-

tricity over a long period, allowing it to be utilized for

telegraphy [3]. In the 1880s, New York utilized lead-

acid batteries with its direct current (DC) power

supply system to illuminate street lamps with turned

off the power generators in the evening [1]. To be

appropriate for a certain application, a storage device

must fulfill all of the requirements in terms of energy

density (Wh) and maximum power (W), as well as

size, weight, initial cost, and life, among other things

[4, 5].

Supercapacitors have filled the gap between tra-

ditional capacitors and batteries, leading to devices

with higher power densities than batteries and higher

energy densities than standard parallel-plate capaci-

tors [6]. Furthermore, they are an appealing alterna-

tive for energy storage applications in portable or

distant apparatuses where batteries and traditional

capacitors must be over-dimensioned owing to poor

power-to-energy ratios [4]. These are devices with

high power capacity, extended cyclical life ([ 100 000

cycles), little maintenance, and quick dynamics of

charge spread. They are also known as electrochem-

ical condensers or ultracapacitors. Compared to

lithium-ion (Li-ion) cells, supercapacitors have a

specific energy density three orders of magnitude

higher than ordinary condensers [7]. Moreover,

supercapacitors are suitable storage for storing the

energy of applications requiring fast loading cycles

and high reliability, such as load cranes, electric

forklifts, and electric cars. They provide benefits over

conventional power storage solutions [8]. Superca-

pacitors have two energy storage mechanisms:

pseudo electrical capacitors (PEC) and double-layer

electrical capacitors (DLEC) [9, 10]. Currently, the

pseudo-capacitors utilize an electrode material that

performs reversible redox reactions of Faradic poly-

mer or metal oxide [11, 12]. In contrast, carbon was

the essential component of the based electrode DLEC,

which works according to an electrical quick with

reversible charge mechanism and electrolyte ion

discharge on the interface of electrode/electrolyte

[13].

Nanotubes of carbon (CNTs) as a potential active

material from the DLEC as well taken into consider-

ation. They feature tubular construction, a high

electrical conductivity, and an exterior porosity that

is easily accessible for the electrolyte via the inter-

weaving of the separate tubes [14]. Many synthesis

strategies have been reported since the discovery of

CNTs, although some of them are not as important.

The most advanced and efficient procedures descri-

bed include chemical vapor deposition, arc dis-

charge, and laser removal [15–17].

The exceptionally physical, electrical, mechanical,

optical, and structural characteristics of graphene, as

a single-atomic, two-dimensional carbon crystal,

have garnered significant interest in recent years

[18–20]. The combination of these characteristics also

makes graphene-based materials more appealing for

electrochemical and sustainable energy storage such

as Li-ion batteries, supercapacitors, solar, and fuel

cells [21]. In scientific research, graphene was exten-

sively investigated as a potential active material in

energy storage strategies owing to its theoretical

specific capacitance of single-layer-graphene is * 21

lF/cm2, the corresponding specific capacitance is *
550 F/g when the entire surface area is fully utilized,

besides electrical conductivity is 2000 S/cm [14, 21].

However, reported experiments could only attain

25.7–39.0% of their theoretical value [22].

The two-dimensional graphene nanosheet capacity

will reduce irreversibly due to the p–p arrangement

between nanosheets. However, the CNTs-graphene

nanocomposite synergistic impact can improve the

conductivity of the supercapacitor electrode. Specifi-

cally, two-dimensional graphene nanosheets can

serve as a support platform for one-dimensional

carbon nanotubes and provide electron transport

pathways. In addition, the CNTs can act as an inter-

layer spacer to avoid stacking of two-dimensional

graphene sheets to enhance the specific bulk density

and the specific surface area of the nanocomposite.

Furthermore, CNTs decrease the defects’ impact on

the conductivity of the two-dimensional graphene

nanosheets because they shrink the holes in the gra-

phene film [23–25].

In recent years, many strategies integrated the

CNTs and graphene to produce supercapacitor elec-

trodes. Various synthesis methods exist to prepare

CNTs and graphene. According to yield, quality, cost,

purity, and scalability, each method has its advan-

tages and inconveniences.
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In this article, low cost, simple, and eco-friendly

electrochemical double-layer graphene supercapaci-

tor electrodes are subsequently hybridized with dif-

ferent ratios of CNTs. Furthermore, the electrical

capacitance of all samples is investigated to use as

supercapacitor electrodes.

2 Experimental

2.1 Materials

Graphite fine powder (99.9%) and graphite rods

(99.9%) from (Nice chemicals), N, N-dimethyl for-

mamide (DMF, 98%) from (Advent Chembio), Sul-

furic acid (H2SO4, 98%) from (S. D. Fine),

Polyurethane solution from (Pachin for Paints), and

Sodium chloride (NaCl, 98.5%) from (Egyptian salt

and minerals Co.).

2.2 Syntheses of graphene

Agraphite rod (size 5 9 10 9 110mm3)was utilized as

a carbon source for electrochemical exfoliation. By

taking 4.8 g of sulphuric acid anddiluting it into 100 ml

de-ionized water, the H2SO4 ionic solution was pre-

pared. In theH2SO4 ionic solution, the graphite rodwas

only immersed as an anode. Parallel to the graphite rod

was a grounded platinum (Pt) wire 5 cm apart. The

electrochemical exfoliation process was carried out by

applying DC bias to the graphite electrodes (? 10 V).

Finally, the produced graphene is neutralized by

washing it using distilled water repeatedly, then it

dried in a vacuum oven at 60 �C, Fig. 1a [26].

2.3 Syntheses of CNTs

CNTs were fabricated via the electrical arc discharge

technique. The arc is generated between two elec-

trodes of graphite (size 10 9 10 9 110 mm3) using

distilled water. The electrodes were carried out under

a DC of 60 A. Finally, the produced graphene is neu-

tralized by washing it repeatedly with distilled water,

then it dried in a vacuum oven at 60 �C, Fig. 1b [27].

Depending on the synthesis, either single-walled

CNTs or multi-walled CNTs can be produced [14].

2.4 Sheet resistance samples preparation

Polyurethane was employed as a binder of electrode

materials and graphite powder was used as the

primary test (as a parent of graphene to determine

the optimum graphite: polyurethane mass ratio).

First, preparing 0.5 g/50 ml of polyurethane/DMF

and stirring for 15 min created the polyurethane

solution. The first 1 ml of the solution above was then

separately mixed and ultra-sonicated with the gra-

phite mass ratios from 1:1 to 1:10. Subsequently,

it was placed separately on different spaces of a cell-

culture plastic plate (12-well with 2.3 cm diameter),

while drying at 80 �C in the oven.

2.5 Preparation of supercapacitor
electrodes

Polyurethane solution is used to attach supercapaci-

tor electrode components as a foundation glue. At

first, prepared 0.25 g/25 ml of polyurethane/ DMF

and stirred for 15 min. Then, taken 0.5 ml from the

polyurethane solution by a micropipette, is added

individually as in Table 1 (S1–S10) of the electroactive

Fig. 1 Preparation of (a) graphene and (b) CNTs

Table 1 Electrodes contents

Sample name Sample contents

S1 Graphite

S2 Graphene

S3 95% graphene and 5% CNTs

S4 90% graphene and 10% CNTs

S5 85% graphene and 15% CNTs

S6 80% graphene and 20% CNTs

S7 75% graphene and 25% CNTs

S8 70% graphene and 30%CNTs

S9 65% graphene and 35%CNTs

S10 CNTs
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materials to be mixed by sonication. In particular,

each electrode has a polyurethane: electroactive

material mass ratio of 1:6 (0.005 g of polyurethane:

0.03 g of electroactive material). Eventually, the

specific amount of the above mixture was coated onto

the stainless-steel substrate (1 9 2 cm2) followed by

drying at 80 �C in the oven. The mass of each elec-

trode electroactive material including a binder is

about 25 mg.

2.6 Characterization techniques

The specifications of instruments used in the char-

acterization of the experimental samples are descri-

bed in Table 2.

3 Results and discussion

3.1 XRD characterization

The Cu Ka radiation source with 1540 Å wavelength

was used in the XRD measurements. Figure 2 shows

the XRD pattern of parent graphite and as-prepared

graphene powder that have been measured to iden-

tify the crystal structure of the samples and prove the

exfoliation of the graphite. According to Bragg’s

equation,

nk ¼ 2d sin h

where n = 1, k is the X-ray wave-

length = 0.1542 nm, d is the inter-planer distance,

and h is the diffraction angle.

The raw graphite powder shows a strong diffrac-

tion peak at 2h = 26.75�. This relates to the (002) plane

with 0.34 nm interlayer space [28]. Furthermore, for

graphene, the whole peak range increased from 22 to

27�, which indicates that the graphite layers’ long-

range order has disordered. According to that, the

exfoliation process of the graphene in many layers

has been achieved [29]. Additionally, it should be

noted that the graphene peak (002) shifted toward the

lower diffraction angles (26.42�), which was 26.75� for
graphite. The experimental findings demonstrated

that the lattice increased during electrochemical

exfoliation [30].

XRD is utilized to attest to the nanotubes crys-

talline nature against amorphous carbon materials.

Figure 2 shows the XRD pattern of the CNTs and

graphite. XRD profile obtained from graphite shows

two distinct peaks at 26.75 and 54.67� corresponding,
respectively, to the (002), and (004) graphitic planes

[31]. The pattern of CNTs shows an intense peak at

26.6 and 42.46o [32]. Contrasted to the normal gra-

phite, 2h = 26.75�, this peak shows a downward shift;

which is ascribed to the increase in sp2, C=C layers

spacing [33]. Furthermore, it should be noted that the

highest intensity peak of the (002) plane for CNTs

Fig. 2 XRD of graphite, graphene, and CNTs

Table 2 Specifications of instruments used in the characterization

Characteristic Instrument model

XRD measurements D8 Discover, Bruker, with the JCPDS-ICDD powder diffraction database as the source for

identifying crystalline structures

High-resolution transmission electron

microscopy (HRTEM)

JEM-2100, Joel, with a high-resolution charge-coupled device (CCD) and Gatan digital

camera

High-resolution raman spectra Lab RAM HR evolution, HORIBA scientific, with the analysis software (Lab Specific 6)

Cyclic voltammetry (CV) Potentiostat, galvanostat, metrohm auto-lab (PGSTAT302N)

Electrodes sheet resistance KETHLY 2400, with a four-probe device (SET-UP DFP-03)
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was found to be shifted toward the lower diffraction

angle and broader than the highest intensity peak of

graphite. Additionally, the peaks at 42.7 and 43.9� are
indexed to the (100) and (101) planes of CNTs [30, 31].

3.2 Raman characterization

The Raman spectra were obtained with a 532 nm

edge laser source wavelength and ND filter of 10% by

Lab RAM HR Evolution. Figure 3 shows the Raman

spectrum for the selected graphene. The graphene

sheets exhibit an intense (2D) band at around

2720 cm-1, which was evidence of sp2 carbon mate-

rials [30]. In addition, it is known that the (G) peak is

utilized for characterizing the exfoliation degree

while the (D) peak is used for the analysis of the

structural defects of graphene samples [28]. Further-

more, it is seen that there is a strong (D) band in the

spectrum of Raman, which is probably due to the

inevitable oxidation of sulfuric acid and the positive

electrical potential applied for exfoliation. Figure 3

shows a small-integrated peak ratio for 2D over G

bands (I2D/IG) which would that the graphene pre-

pared by the exfoliation is double-layer graphene.

This result is in good agreement with Su et al. [26].

This ratio is related to the recovery degree for sp2

C=C bonds in graphitic configurations. The graphene

quality via electrochemical exfoliation, however, is

superior to that by the reduced graphene oxide (rGO)

[26]. The later requires a chemical and/or thermal

treatment of graphene oxide (GO) to partially remove

the oxygen-containing groups and restore the high

electrical properties of pure graphene. A complete

reduction of the GO has not been achieved experi-

mentally yet [34–36].

Alternatively, the Raman spectra of the multi-

walled carbon nanotubes (MWCNTs) layers exhibit

the so-called strong (G) band at 1580 cm-1. This

arises from a normal first-order Raman scattering

process in the MWCNTs. The relatively weak

(D) band at 1350 cm-1 is ascribed to the disordered

structures, associated with the structural defects and

impurities. The low D/G ratio (ID/IG) indicates the

high quality and crystallinity of the MWCNTs [37]. A

peak of the (G’) band at approximately 2702 cm-1,

which matched to the (D) band overtone was obvious

in the MWCNTs sample [38]. Finally, the ratio

between intensities of (D) and (G) band determines

the quality factor of CNTs and graphene structure

[39].

3.3 Microstructure and morphology
characterization

The microstructure and morphology of graphene and

CNTs were perceived by the HRTEM analysis at

200 kV. Figure 4 (a, b) shows graphene morphology

with sheet shape. Figure 4c shows random and non-

uniform CNTs. The average diameters are calculated

from the tube histograms (processed by Image ver.

1.52a) as 179 ± 81 nm for the CNTs (Fig. 4e). More-

over, Fig. 4d showed that the CNTs are of the mul-

tiwall type with thick walls and medium cavities.

Additionally, the inner diameter is ranged from

10.5 ± 0.5 nm while the outer diameter is about

24 ± 0.5 nm and. Finally, HRTEM characterization

[Fig. 4d] also supports the Raman spectroscopy

results of CNTs being multi-walled.

3.4 Sheet resistance measurements

The polyurethane: graphite electrodes sheet resis-

tance was observed to decrease with the graphite

ratio increase as shown in Fig. 5. The ratio 1:3 (sheet

resistance = 9.3 Ohm/cm) is referred to the percola-

tion ratio. The ratio 1:6 of polyurethane: graphite

(sheet resistance = 7.5 Ohm/cm) is the acceptable ra-

tio utilized in the fabrication of the various electrode

samples attributable to the low electrode sheet resis-

tance which has a good attachment of electrode

components.
Fig. 3 Raman shift spectrum of graphene and CNTs, where D, G,

2D, and G’ bands are indicated in the figure
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3.5 Electrochemical properties

3.5.1 Effect of CNTs ratio

The electrochemical specification of the half-cell

supercapacitor electrodes was evaluated by the cyclic

voltammetry (CV) curves for the samples S1–S10 on

stainless substrates. The supercapacitor capacitance is

intensely dependent on the cell construct. Besides, it

is always substantially greater while utilizing a three-

electrode system [22]. The coated stainless substrate

was employed as the effective (working) electrode, a

platinum wire as the counter electrode, and an Ag/

AgCl electrode as the reference electrode. A 250 ml of

1 M NaCl solution was used as an electrolyte of the

cell. CV studies were achieved within the potential

range varied from 0 to 1 V at scan rates of 10, 25, and

50 mV/sec. The measured cyclic voltammetry curves

for S1, S2, S7, and S10 samples show a quasi-rectan-

gular shape, explaining good capacitive behavior of

the electrodes positively attractive for supercapacitor

applications, Fig. 6 [40, 41]. Furthermore, it should be

noted that the CV curves are still quasi-rectangular in

shape even at exceedingly high scan rates, showing

fast charging and discharging with a low equivalent

sheet resistance of the electrodes. These outcomes

imply that the sensational possibility for the use of

Fig. 4 HRTEM micrographs

of (a, b) graphene, (c) CNTs,

(d) single CNT, and (e) CNTs

diameter distribution
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this modern type of hybrid nanocarbon tubes film in

high-performance supercapacitors, Fig. 6 [40]. The

analysis results of Fig. 6 reveal that a scan rate of

10 mV/sec is considered a suitable condition for the

following studies.

The specific capacitance (Cp) of the supercapacitor

electrodes is determined utilizing the following

equation

Cp ¼
R
I dV

2 SmV
¼

R
I dV

2 SmðV1 � V2Þ

where I is the response current density (A.cm-2), dV

is the differential voltage, $IdV is the area bounded

by the CV curve. V is the potential (V) and equals the

voltage window (V1–V2), S is the potential scan rate

(V/sec), and m is the mass of the electroactive

materials in the electrode (g) [42–44].Fig. 5 Variation of the sheet resistance with the polyurethane:

graphite ratios

Fig. 6 Cyclic voltammetry curves of the half-cell supercapacitor electrodes: (a) S1 (graphite), (b) S2 (graphene), (c) S7 (75% graphene

and 25% CNTs), and (d) S10 (CNTs) in a 1 M NaCl solution

3920 J Mater Sci: Mater Electron (2022) 33:3914–3924



For sake of comparison of performance, the control

graphite, graphene, and CNTs electrodes were used

as working electrodes. Furthermore, graphene was

used as the primary material for supercapacitors

(electrodes S2–S9) because graphene nanosheets are

expected to be an ideal material for energy storage

and conversion. Theoretically, the specific capaci-

tance of exfoliated 2D-graphene sheets is about 550

F/g [45]. Furthermore, 2D-graphene sheets have

several competitive benefits, including huge specific

surface area, superior charge mobility, low cost, and

great transparency [46]. Moreover, 1D-CNTs with

ideal electrolyte accessibility played a vital role in

enhancing the supercapacitor electrode electrical

conductivity [41]. Furthermore, the matchless micro-

porosity made by the tube entanglement of 1D-CNTs

caused the high electrolyte accessibility, and hence

superior capacitances showed for the CNTs elec-

trodes [46]. It is predicted that a stretched conjugated

network can be created with nanotubes linking

between graphene sheets. The detected network

arrangements of both 1D-CNTs and 2D-graphene

with well-defined pores might operate as ionic con-

ducting channels and fast electronic. Thus, providing

perfect electrodes for energy storage devices, partic-

ularly supercapacitors [40]. Therefore, it is crucial to

tailor the hybrid film properties by governing their

architecture and composition at a microme-

ter/nanoscale. In this context, it is extremely neces-

sary to use 1D-CNTs to physically isolate 2D-

graphene sheets and preserve the high surface area of

the graphene sheets [46]. Also, the assembly of large-

area and multi-component hybrid films by 1D-CNTs

and 2D-graphene nanosheets through electrostatic

interactions onto several substrates is positively

suitable for electrochemical supercapacitor measure-

ments [40]. Experimentally, the CV curves of the

main supercapacitor electrodes (graphite, graphene,

CNTs, and S7 (75% graphene and 25% CNTs)) at a

scan rate of 10 mV/sec and 1 M NaCl electrolyte

concentration are shown in Fig. 7a. The hybrid elec-

trode S7 has the highest specific capacitance of about

(179 F/g) which is higher than those of graphene (139

F/g), graphite (65 F/g), and CNTs (39 F/g) electrodes

at the same conditions, Fig. 7b. Moreover, with

increasing CNTs loading, the specific capacitance

first decreases (electrodes: S3–S6) but approaches a

high value later (electrode: S7) then, decreases again

(electrodes S8 and S9). The lower specific capacitance

exhibited by electrodes S3–S6 can be justified with the

help of relevant HRTEM (Fig. 4c). The 1D-CNTs

emerge as very long and non-uniform tubes twisted/

entangled with each other, similar to a spider web.

This type of web-like formation can trap 2D-gra-

phene sheets or other structures that are around

them. In this context, the heterogeneous distribution

of small 1D-CNTs concentrations (CNTs mass

ratio\ 25%) at 2D-graphene sheets tends to reduce

the specific capacitance until the specific ratio of 1D-

CNTs (CNTs mass ratio = 25%) that enhance the

specific capacitance of the supercapacitor electrode.

Furthermore, the less specific capacitance of 1D-

CNTs (39 F/g at a scan rate = 10 mV/sec) is assumed

to be responsible for the specific capacitance

deterioration.

For the S7 electrode (CNTs mass ratio = 25%)

CNTs were added and mixed homogeneously with

graphene sheets. The homogeneous in situ 3D-hier-

archical structures of 2D-graphene nano-sheets with

1D-CNTs formed. Specifically, these results show

that the addition of 1D-CNTs could enhance the

specific capacitance of 2D-graphene by avoiding its

restacking [45]. Since the 1D-CNTs have the highest

electrical conductivity, this structure is proposed to

decrease the electrical sheet resistance of the super-

capacitor electrodes, because the 1D-CNTs can act as

the ‘‘pathways’’ for the electrons and ions. Moreover,

the 1D-CNTs can also act as a spacer of the 2D-gra-

phene sheets, which would then improve the ion

accessibility [22]. On the other hand, electrodes S8

and S9 (CNTs mass ratio[ 25%) with increasing

amounts of 1D-CNTs, revealed a decrease in specific

capacitance. The lower specific capacitance of 1D-

CNTs is thought to be responsible for this deteriora-

tion, indicating that 2D-graphene is the main capac-

itance source in the graphene/CNTs film [47].

Therefore, the loading ratio of 1D-CNTs should

engineer the overall capacitance and the hybrid

structure of the 2D-graphene nano-sheets [45].

Herein, the optimum loading of CNTs in the com-

posite film for the electrochemical performance has

been obtained.

3.5.2 Effect of NaCl electrolyte concentration change

Figure 8a shows CV curves of the S7 electrode with

different electrolyte (NaCl) concentrations of 0.25, 0.5,

and 1 M, at the best scan rate (10 mV/sec). The S7

electrode reveals similar CV profiles in the three

NaCl concentrations. Furthermore, the area of the CV

J Mater Sci: Mater Electron (2022) 33:3914–3924 3921



curve of 1 M NaCl was the largest, indicating the

better capacitive performances of the S7 electrode in a

higher concentration of NaCl solutions. However, a

low concentration of NaCl solution induces high

resistive performance in the voltammetry curve, so

that cyclic voltammetry was not used to examine the

effect of low concentrations [48]. For sake of com-

parison, the specific capacitances of the S7 electrode

at various scan rates in NaCl solutions with different

concentrations are shown in Fig. 8b. The specific

capacitance value tends to increase as the concen-

tration of NaCl increase overall. Moreover, when the

concentration of NaCl increases the rectangular

shape can be readily reached. Therefore, with

increasing dopant concentration, there is a parallel

increase in the available ion number, causing the

increase of conductivity at the 1D-CNTs/electrolyte

interface, leading to enhance the utilization of the

supercapacitor electrode material. However, the

highly concentrated solution containing NaCl causes

ions retardation attached with aberrant migration

[48]. Moreover, one drawback when using a concen-

trated electrolyte is the corrosion at the supercapaci-

tor electrode surface, which may be causing the

supercapacitor electrode material to peel off from the

substrate [49]. Therefore, the concentration of 1 M

NaCl electrolyte solution was selected for further

tests in this study.

Fig. 7 a Cyclic voltammetry curves of the main half-cell

supercapacitor electrodes: S1, S2, S7, and S10 with 1 M NaCl

electrolyte concentration at a scan rate of 10 mV/sec, and b The

specific capacitance of S1–S10, at different scan rates 10, 25, and

50 mV/sec and 1 M NaCl solution

Fig. 8 a Cyclic voltammetry curves of the half-cell supercapacitor electrode (S7) with different NaCl electrolyte concentrations of 0.25,

0.5, and 1 M at a scan rate of 10 mV/sec and b The specific capacitance of S7 electrode at different electrolyte concentrations

3922 J Mater Sci: Mater Electron (2022) 33:3914–3924



4 Conclusion

A graphene and carbon nanotubes supercapacitor

electrode is successfully prepared with enhanced

electrochemical properties. Moreover, a percentage

enhancement of up to 29% is reported for the specific

capacitance of the graphene/carbon nanotubes

supercapacitor electrode at a 10 mV/sec scan rate

using graphene to carbon nanotubes mass ratio of 3:1

and 1 M NaCl as electrolyte. Furthermore, a higher

cyclic voltammetry scan rate up to 50 mV/sec as well

as lower NaCl electrolyte concentration down to

0.25 M correlate with a specific capacitance drop to

23 F/g (in a 1 M NaCl) and 20 F/g (at a scan rate of

10 mV/sec), respectively. Therefore, enhancement of

the supercapacitor electrode electrochemical proper-

ties is highly susceptible to electrode materials, scan

rate, and electrolyte concentration.
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