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Abstract

In this study, the three structures of the symmetric paper supercapacitors based on

the carbon nanotubes (CNTs), graphite nanoparticles (GNPs) and graphene

electrodes have been fabricated. In the supercapacitors was used of polyvinyl

alcohol (PVA)/phosphoric acid (H3PO4) as a gel electrolyte and the BaTiO3 film

as a separator film. The carbon nanomaterials, gel electrolyte surface, and

electrode films were characterized by scanning electron microscopy (SEM) and

transmission electron microscope (TEM). The specific capacitance of the

symmetric paper supercapacitors using charge-discharge technique and C-V

curves at the voltage scan rates 20 mV/s and 150 mV/s have been investigated.

The symmetric paper supercapacitor based on the CNTs electrode showed higher

specific capacitance 411 F g�1, compared to GNPs and graphene

supercapacitors. Also by electrochemical impedance spectroscopy, the Nyquist

curves of the symmetric paper supercapacitors have been plotted. For the

symmetric paper supercapacitors based on the GNPs, graphene and CNTs

electrodes the equivalent series resistance (ESR) resistance was 210 U, 96 U and

101 U respectively. The flexible symmetric paper supercapacitor based on
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BaTiO3/PVA/CNTs structure denotes a new type of the flexible supercapacitor that

can be applied to the soft electronic.

Keywords: Materials science, Electrical engineering, Energy

1. Introduction

Supercapacitors with high power density and storage capacity are devices for elec-

trical energy storage. A large application of supercapacitors is needed in the trans-

port and hybrid electric vehicles. Supercapacitors are used in electronic devices

such as power supply stabilizer, flashes deliver power, grid power buffer, energy

harvesting and Energy recovery. The flexibility of paper supercapacitor allows

the ability of rolling energy storage device or folding up to obtain high efficiency.

Paper supercapacitors are commonly used in MEMS-based, transistors, sensors and

solar cells systems. Based on the charge storage mechanism supercapacitors are

divided into pseudocapacitors, electrical double layer capacitors and hybrid super-

capacitors [1, 2, 3]. Recently, the electrodes of electrical double layer supercapaci-

tors are fabricated of CNTs, GNPs, and graphene due to light-weight,

electrochemical stability, and excellent conductivity. CNTs because of high electri-

cal conductivity could replace collectors in supercapacitors. The larger specific sur-

face area (SSA) of CNTs (430e1600 m2g�1) as an electrode in supercapacitor

display the higher specific capacitance. The solution of polyvinyl alcohol (PVA)

and phosphoric acid (H3PO4) are used as gel electrolyte in paper supercapacitors.

In Ref. [4] the paper supercapacitor based on CNTs electrodes and H3PO4/PVA

gel electrolyte has been described. That paper showed the specific capacitance of

the supercapacitor was 47 Fg�1. A solid-state paper based CNTs supercapacitor

with H3PO4/PVA electrolyte has been studied by Rajmani et al. [5]. They have

shown the specific capacitance was 115 Fg�1. Graphene is a single layer with

unique properties such as high surface-to-volume ratio and excellent conductivity

and is suitable for energy storage due to their rate/cyclic capability and improved

capacity [6]. The surface area of a single graphene sheet is 2630 m2/g [7]. Super-

capacitors based on the graphene material are usually contained porous graphene,

graphene foams, graphene fibers, graphene aerogels, graphene films, reduced gra-

phene oxide, graphene/CNT, graphene/conducting polymers and graphene/oxides

[8, 9, 10, 11, 12, 13, 14]. Kumar et al. [15] investigated the high-performance

supercapacitor based on the Fe3O4/reduced graphene oxide nanosheets hybrid elec-

trode. They showed the specific capacitances of 3D hybrid materials was 455 F g�1

at the scan rate of 8 mV s�1. In another study, self-assembled hierarchical formation

of conjugated 3D cobalt oxide nanobead�CNT�graphene nanostructure for super-

capacitor electrode has been reported in Ref. [16]. That paper indicated for the 3D

cobalt oxide nanobead�CNT�graphene electrode the specific capacitance of the

supercapacitor was 600 Fg�1 at the charge/discharge current density of 0.7Ag�1.
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Li et al. [17] showed the specific capacitance of the paper supercapacitor with

CNTs/graphene composites was 100 Fg�1. A supercapacitor based on graphene

foam/polyvinyl alcohol/formaldehyde (GF/PVA-F) has been presented in

Ref. [18]. That paper described the maximum energy density and power density

were 42 mWh cm�2 and 0.5 W cm�2 respectively. In this research, design, and

fabrication of different paper supercapacitor based on CNTs, graphene and graphite

nanoparticles electrodes and gel electrolyte have been investigated. The H3PO4/

PVA was used as a gel electrolyte and BaTiO3 was used as a separator. The

different films were characterized using the SEM analyze. We compared the effects

of different electrodes on the electrical properties of the symmetric paper superca-

pacitors. Also, the specific capacitance of the symmetric paper supercapacitors us-

ing cyclic voltammetry and galvanostatic techniques were investigated.
2. Materials and methods

At first, on the paper substrate using the push coating method a thin layer of mixture

BaTiO3 (233.2 g mol�1, Merck brand, 3 gr) and N-Methyl-2-pyrrolidone (99.13 g

mol�1, Merck brand, NMP: 10 mL) has been coated on the substrate. The paper

with separator was dried using the oven at 60 �C and for 15 min. PVA is a polymer

with excellent mechanical properties that is used as both separator and electrolyte in

supercapacitors [4]. The gel electrolyte films of paper supercapacitors were prepared

by mixing PVA (278.34 g mol�1, Sigma Aldrich brand) and H3PO4 (98 g mol�1). At

first, the PVA (1 g) and deionized water (10 mL) were mixed using magnetic stirring

for 2 h at 90 �C. Then, the H3PO4 (4.7 g) was added into the mixture. Using the push

coting method on the PVA film a layer of carbon nanomaterials has been coated. The

CNTs was prepared by mixing sulfuric acid (98.078 g mol�1) and nitric acid (163.01

g mol�1) (3 H2SO4: 1 HNO3). This solution was dispersed by magnetic stirring for 2

h at 90 �C. The adhesion between the gel electrolyte film and the electrode (GNPs

and graphene) prevents the carbon nanomaterials peeled off from the surface after

bending the paper supercapacitor. The cyclic voltammetry and charge-discharge

techniques and also impedance measurement of the symmetric paper supercapacitors

have been done using potentiostat/galvanostat model ZIVE SP1. The frequency

range of ZIVE SP1 is 10 mHz to 1 MHz with frequency accuracy 0.01%. The current

range of ZIVE SP1 is 1 nA to 1 A.
3. Results and discussion

The schematic of the symmetric paper supercapacitor (dimension 3 cm� 6 cm) with

the structure of GNPs electrodes and also the image of the fabricated supercapacitor

were illustrated in Fig. 1. As can be seen in Fig. 1, using the push coating, a thin layer

of gel separator, electrolyte and electrode has been coated on both sides of the paper.

The SEM images of the paper surface before and after the coating of BaTiO3 and
on.2018.e00862
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Fig. 1. (a) schematic of the symmetric paper supercapacitor with the structure of GNPs electrodes (b)

image of the fabricated supercapacitor (c) image of paper supercapacitor in bend state.
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also the PVA gel electrolyte surface and GNPs electrode surface morphology have

been shown in Fig. 2. The SEM image of the BaTiO3 surface shows the pores of the

surface were filled with gel separator. In the Fig. 2 (e), the TEM image of the GNPs

has been shown. The average size of GNPs diameter analyzed by using Simagis Live

[19] was 40 nm. The specific capacitance of the symmetric paper supercapacitor was

measured using cyclic voltammetry and charge-discharge methods. The cyclic vol-

tammetry technique has been done in voltage scan rates 20 mV s�1 and 150 mV s�1.

The C-V curves of the paper supercapacitor in the potential range �1 V to þ1 V

were presented in Fig. 3(a). As it can be seen in Fig. 3(a), for scan rate 150 mV

s�1 the current was increased from -1.1 A to 2.17 A and for the scan rate 20 mV

s�1 the current was changed from -0.3 A to 0.62 A. The specific capacitance of

the supercapacitors using cyclic voltammetry method can be obtained from the

following formula [20]:
on.2018.e00862
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Fig. 2. SEM images of paper surface (a) before and (b) after BaTiO3 gel separator coating (c) PVA gel

electrolyte surface (d) GNPs electrode surface (e) TEM image of GNPs.
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Fig. 3. (a) Cyclic voltammetry (C-V) at 20 mV/s and 150 mV/s (b) Galvanostatic charge-discharge re-

sults from paper supercapacitor with the graphite nanoparticles electrodes.
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Cm ¼ ½mSðV2 �V1Þ��1
ZV2

V1

I dV ð1Þ

Where S is the voltage scan rate and m is the mass of the electrode materials. From

Eq. (1) the specific capacitances of the symmetric paper supercapacitor with GNPs

electrode for 150 mV s�1 and 20 mV s�1 were 79 F g�1 and 380 F g�1 respectively.

Ping et al. [21] showed the specific capacitance of graphene supercapacitor is larger
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at low-speed voltage scan that due to slow charge/discharge. The charge-discharge

curves for symmetric paper supercapacitor with current density 0.06 mA cm�2 were

shown in Fig. 3(b). As it can be seen in Fig. 3(b) the behavior of the paper super-

capacitor as like a conventional capacitor. The specific capacitance of the superca-

pacitor using galvanostatic method can be obtained the following formula [22, 23]:

Cm ¼ I
�
m
�
dV
dt

���1

ð2Þ

Where dv/dt is the absolute value of the slope of the discharging curve. Using the

Eq. (2) the specific capacitance of the paper supercapacitor was 163 F g�1 that is

inside the range of the capacitance of C-V curves. The schematic of the symmetric

paper supercapacitor based on the graphene electrodes is shown in Fig. 4 (a). In

this structure using push coting method on the gel electrolyte film, a layer of

the graphene has been coated. The TEM image of the graphene has been shown

in Fig. 4 (b). The C-V curves of the symmetric paper supercapacitor based on

the graphene electrode were illustrated in Fig. 5(a). From Eq. (1) the specific ca-

pacitances of the symmetric paper supercapacitor with graphene electrode for 150

mV s�1 and 20 mV s�1 were 87 F g�1 and 410 F g�1 respectively. The charge-

discharge curves for paper supercapacitor based on graphene electrodes were pre-

sented in Fig. 5 (b). From Eq. (2) the specific capacitance of the paper supercapa-

citor was 310 F g�1 that is inside the range of the capacitance of C-V curves. Dai

et al. [24], showed the specific capacitance for the paper supercapacitor based on

the KCu7S4/graphene electrode and PVA electrolyte was 483 F g�1. The superca-

pacitor based on the graphene-PEDOT electrode has been investigated in

Ref. [25]. That paper described the specific capacitance of the supercapacitor

was estimated to be 374 F g�1. The schematic of the symmetric paper supercapa-

citor based on the CNTs electrodes was displayed in Fig. 6 (a). Fig. 6 (b) shows the

TEM image of the CNTs. The CNTs diameter were analyzed using Simagis Live

[19] and were around 7e55 nm. The average size of CNTs diameter was 15 nm.

Using spry method, a thin layer of CNTs has been coated on the gel electrolyte

film. The SEM images of CNTs electrode surface have been shown in Fig. 6

(c). The C-V curves of the symmetric paper supercapacitor based on CNTs elec-

trodes were presented in Fig. 7(a). The C-V curve of the symmetric paper super-

capacitor at 150 mV s�1 showed a nearly rectangular shape. From Eq. (1) the

specific capacitances of the symmetric paper supercapacitor with CNTs electrode

for 150 mV s�1 and 20 mV s�1 were 164 F g�1 and 411 F g�1 respectively. The

charge-discharge curves for the symmetric paper supercapacitor based on CNTs

electrodes were illustrated in Fig. 7 (b). From Eq. (2) the specific capacitance of

the paper supercapacitor was 520 F g�1. Comparison of the specific capacitance

of the symmetric paper supercapacitors based on graphite nanoparticles, graphene

and CNTs electrodes shows that the capacitance of the CNTs supercapacitor is
on.2018.e00862
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Fig. 4. (a) Schematic of the paper supercapacitor with the graphene electrodes (b) TEM image of the

graphene.
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higher than the graphene and graphite nanoparticles supercapacitor. Kalam et al.

[26], reported the paper supercapacitor based on CNTs electrode and the PVA

gel at the voltage scan rate of 150 mV/s. They showed the specific capacitance

of the paper supercapacitor was 219 F g�1. In another study, the polyester paper

supercapacitor has been investigated based on the CNTs electrode and PVA gel

electrolyte by Karthika et al. [27]. They reported the specific capacitance of the

paper supercapacitor was 276 F g�1 at 5 mV/s. The energy density and the power

density can be obtained from [28]:
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Fig. 5. (a) Cyclic voltammetry (C-V) at 20 mV/s and 150 mV/s (b) Galvanostatic charge-discharge re-

sults from paper supercapacitor with the graphene electrodes.
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Fig. 6. (a) Schematic of the paper supercapacitor with the CNTs electrodes (b) TEM image of the CNTs

(c) SEM image of CNTs film surface.
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Where V is the potential window in the discharge process. The CS is the specific

capacitance of the paper supercapacitor and t is the discharge time. The energy den-

sity and power density of the GNPs-based supercapacitor were 79 Wh/Kg and 11

KW/Kg respectively. For graphene-based supercapacitor and CNTs-based superca-

pacitor the energy density were 81Wh/Kg and 91Wh/Kg and power density were 12

KW/Kg and 13.6 KW/Kg respectively. The equivalent circuit of the symmetric pa-

per supercapacitor is the capacitor (C) in parallel with the resistance (Rx). This resis-

tance is due to self-discharge in the supercapacitors. The equivalent series resistance

(ESR) is series with the capacitor. The ESR is related to the resistance of the elec-

trodes. The equivalent circuit of the symmetric paper supercapacitor was plotted
on.2018.e00862
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Fig. 7. (a) Cyclic voltammetry (C-V) at 20 mV/s and 150 mV/s (b) Galvanostatic charge-discharge re-

sults from paper supercapacitor with CNTs electrodes.
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in Fig. 8. The resistance of the symmetric paper supercapacitors was measured using

the electrochemical impedance spectroscopy. The electrochemical impedance spec-

troscopy was done at a dc bias of 10 mV with the frequency range of 100 KHz tow

10 mHz. The Nyquist curves of the symmetric paper supercapacitors based on

GNPs, graphene and CNTs electrodes were compared in Fig. 8(a,b,c). The equiva-

lent series resistance of the supercapacitor can be obtained from the Nyquist curve.
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Fig. 8. Nyquist curves of the symmetric paper supercapacitors based on the (a) graphite nanoparticles

electrode (b) graphene electrode (c) CNTs electrode.
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In the 100 kHz frequency, the real part of the impedance was denoted as ESR. For

the symmetric paper supercapacitors based on the GNPs, graphene and CNTs elec-

trodes the ESR resistance was 210 U, 96 U and 101 U respectively. The Nyquist

curve slope is related to the Warburg resistance [29]. This resistance is due to the
on.2018.e00862
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Fig. 9. The specific capacitance of the paper supercapacitors as function of cycle number.
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frequency dependency of the ion diffusion from the electrolyte to the electrode.

Comparison of ESR resistance showed the resistance of graphene electrode is

smaller than the CNTs and GNPs electrodes. Fig. 9 shows the specific capacitance

of the paper supercapacitors as function of cycle number. The cycling stability for

the paper supercapacitors with GNPs, graphene and CNTs electrodes were carried

out by charge/discharge experiments for 2000 cycles. The paper supercapacitors

based on the carbon nanomaterials exhibit good cyclic stability after 2000 charge/

discharge cycles. This result indicates that the paper supercapacitors based on the

PVA gel electrolyte is stable, and could be considered in the application of

energy-storage devices.
4. Conclusion

In this study, the symmetric paper supercapacitors with the structures of CNTs,

GNPs and graphene electrodes have been fabricated. The specific capacitance of

the symmetric paper supercapacitor based on GNPs, graphene and CNTs electrodes

for voltage scan rate (150 mV s-1 -20 mV s-1) were (79 F g-1 -380 F g-1), (87 F g-1-

410 F g-1) and (164 F g-1-411 F g-1) respectively. The specific capacitance of the

symmetric paper supercapacitor based on GNPs, graphene and CNTs electrodes, us-

ing the charge-discharge method were 163 F g-1, 310 F g-1, and 520 F g-1 respec-

tively. The energy density and power density of the GNPs-based supercapacitor

were 79 Wh/Kg and 11 KW/Kg respectively. For graphene-based supercapacitor

and CNTs-based supercapacitor the energy density were 81 Wh/Kg and 91 Wh/

Kg and power density were 12 KW/Kg and 13.6 KW/Kg respectively. The
on.2018.e00862
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resistance of the symmetric paper supercapacitors was measured using the electro-

chemical impedance spectroscopy. The results of the symmetric paper supercapaci-

tors based on the nanomaterials electrode showed the CNTs have an excellent

performance that could be applied for electrical energy storage.
Declarations

Author contribution statement

L. Fekri Aval: Conceived and designed the experiments; Analyzed and interpreted

the data; Wrote the paper.

M. Ghorannevis: Contributed reagents, materials, analysis tools or data.

G. Behzadi Pour: Performed the experiments; Analyzed and interpreted the data.
Funding statement

This work was supported by the Iran National Science Foundation (INSF) and grant

number (INSF: 96007938).
Competing interest statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.
Acknowledgements

This research work was financially supported by the Iran National Science Founda-

tion (INSF) and grant number (INSF: 96007938).
References

[1] Y. Wang, Y. Song, Y. Xia, Electrochemical capacitors: mechanism, materials,

systems, characterization and applications, Chem. Soc. Rev. 45 (2016)

5925e5950.

[2] S. Tanaka, H. Nakao, T. Mukai, Y. Katayama, Y. Miyake, An experimental

investigation of the ion storage/transfer behavior in an electrical double-

layer capacitor by using monodisperse carbon spheres with microporous struc-

ture, J. Phys. Chem. C 116 (2012) 26791e26799.
on.2018.e00862

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

http://refhub.elsevier.com/S2405-8440(18)34482-7/sref1
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref1
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref1
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref1
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref2
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref2
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref2
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref2
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref2
https://doi.org/10.1016/j.heliyon.2018.e00862
http://creativecommons.org/licenses/by/4.0/


15 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00862
[3] M.F. Kady, M. Ihns, M. Li, J.Y. Hwang, M.F. Mousavi, L. Chaney,

A.T. Lech, R.B. Kaner, Engineering three-dimensional hybrid supercapacitors

and micro-supercapacitors for high-performance integrated energy storage,

Proc. Natl. Acad. Sci. Unit. States Am. 112 (2015) 4233e4238.

[4] J.Y. Shieh, S.H. Zhang, C.H. Wu, H.H. Yu, A facile method to prepare a high

performance solid-state flexible paper-based supercapacitor, Appl. Surf. Sci.

313 (2014) 704e710.

[5] S. Hu, R. Rajamani, X. Yu, Flexible solid-state paper-based carbon nanotube

supercapacitor, Appl. Phys. Lett. 100 (2012) 104103e104104.

[6] Ander Gonzalez, E. Goikolea, J.A. Barrena, R. Mysyk, Review on supercapa-

citors: technologies and materials, Renew. Sustain. Energy Rev. 58 (2016)

1189e1206.

[7] M.D. Stoller, S. Park, Y. Zhu, J. An, R.S. Ruoff, Graphene-based ultracapaci-

tors, Nano Lett. 8 (2008) 3498e3502.

[8] G.B. Pour, L.F. Aval, M. Mirzaee, Flexible graphene supercapacitor based on

the PVA electrolyte and BaTiO3/PEDOT: PSS composite separator, J. Mater.

Sci. Mater. Electron. 29 (2018) 17432e17437.

[9] R. Kumar, et al., Direct laser writing of micro-supercapacitors on thick

graphite oxide films and their electrochemical properties in different liquid

inorganic electrolytes, J. Colloid Interface Sci. 507 (2017) 271e278.

[10] R. Kumar, et al., Fabrication of interdigitated micro-supercapacitor devices by

direct laser writing onto ultra-thin, flexible and free-standing graphite oxide

films, RSC Adv. 6 (2016) 84769e84776.

[11] R. Kumar, E. Joanni, R.K. Singh, D.P. Singh, S.A. Moshkalev, Recent ad-

vances in the synthesis and modification of carbon-based 2D materials for

application in energy conversion and storage, Prog. Energy Combust. Sci.

67 (2018) 115e157.

[12] R. Kumar, R.K. Singh, A.V. Alaferdov, S.A. Moshkalev, Rapid and control-

lable synthesis of Fe3O4 octahedral nanocrystals embedded-reduced graphene

oxide using microwave irradiation for high performance lithium-ion batteries,

Electrochim. Acta 281 (2018) 78e87.

[13] R. Kumar, et al., Controlled density of defects assisted perforated structure in

reduced graphene oxide nanosheets-palladium hybrids for enhanced ethanol

electro-oxidation, Carbon 117 (2017) 137e146.
on.2018.e00862

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

http://refhub.elsevier.com/S2405-8440(18)34482-7/sref3
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref3
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref3
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref3
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref3
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref4
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref4
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref4
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref4
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref5
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref5
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref5
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref6
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref6
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref6
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref6
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref7
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref7
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref7
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref8
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref8
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref8
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref8
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref9
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref9
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref9
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref9
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref10
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref10
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref10
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref10
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref11
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref11
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref11
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref11
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref11
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref12
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref12
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref12
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref12
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref12
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref12
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref12
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref13
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref13
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref13
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref13
https://doi.org/10.1016/j.heliyon.2018.e00862
http://creativecommons.org/licenses/by/4.0/


16 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00862
[14] K. Awasthi, R. Kumar, R.S. Tiwari, O.N. Srivastava, Large scale synthesis of

bundles of aligned carbon nanotubes using a natural precursor: turpentine oil,

J. Exp. Nanosci. 5 (2010) 498e508.

[15] R. Kumar, R.K. Singh, A.R. Vaz, R. Savu, S.A. Moshkalev, Self-assembled

and one-step synthesis of interconnected 3D network of Fe3O4/reduced gra-

phene oxide nanosheets hybrid for high-performance supercapacitor electrode,

ACS Appl. Mater. Interfaces 9 (2017) 8880e8890.

[16] R. Kumar, R.K. Singh, P.K. Dubey, D.P. Singh, R.M. Yadav, Self-assembled

hierarchical formation of conjugated 3D cobalt oxide nanobead�CNT�gra-

phene nanostructure using microwaves for high-performance supercapacitor

electrode, ACS Appl. Mater. Interfaces 7 (2015) 15042e15051.

[17] J. Li, X. Cheng, J. Sun, C. Brand, A. Shashurin, M. Reeves, M. Keidar, Paper-

based ultracapacitors with carbon nanotubes-graphene composites, Appl.

Phys. Lett. 115 (2014) 164301e164305.

[18] A. Bello, F. Barzegar, D. Momodu, J. Dangbegnon, F. Taghizadeh,

M. Fabiane, N. Manyala, Asymmetric supercapacitor based on nanostructured

graphene foam/polyvinyl alcohol/formaldehyde and activated carbon elec-

trodes, J. Power Sources 273 (2015) 305e311.

[19] Simagis Live Smart Web Pathology: Smart Imaging Technologies Co, http://

host.simagis.com.

[20] M. Mirzaee, G.B. Pour, Design and fabrication of ultracapacitor based on pa-

per substrate and BaTiO3/PEDOT: PSS separator film, Recent Pat. Nanotech-

nol. 12 (2018). In press.

[21] Y. Ping, Y. Gong, Q. Fua, C. Pan, Preparation of three-dimensional graphene

foam for high performance Supercapacitors, Prog. Nat. Sci. Mater. Int. 27

(2017) 177e181.

[22] A.M. Obeidat, M.A. Gharaibeh, M. Obaidat, Solid-state supercapacitors with

ionic liquid gel polymer electrolyte and polypyrrole electrodes for electrical

energy storage, J. Energy Storage 13 (2017) 123e128.

[23] L.Cao,G. Tang, J.Mei,H. Liu, Construct hierarchical electrodewithNixCo3-xS4
nanosheet coated on NiCo2O4 nanowire arrays grown on carbon fiber pa-

per for high-performance asymmetric supercapacitors, J. Power Sources 359

(2017) 262e269.

[24] S. Dai, W. Xu, Y. Xi, M. Wang, X. Gu, D. Guo, C. Hu, Charge storage in

KCu7S4 as redox active material for a flexible all-solid-state supercapacitor,

Nano Energy 19 (2016) 363e372.
on.2018.e00862

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

http://refhub.elsevier.com/S2405-8440(18)34482-7/sref14
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref14
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref14
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref14
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref15
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref15
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref15
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref15
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref15
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref16
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref16
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref16
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref16
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref16
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref16
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref16
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref17
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref17
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref17
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref17
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref18
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref18
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref18
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref18
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref18
http://host.simagis.com
http://host.simagis.com
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref20
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref20
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref20
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref21
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref21
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref21
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref21
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref22
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref22
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref22
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref22
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref23
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref23
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref23
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref23
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref23
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref23
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref23
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref24
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref24
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref24
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref24
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref24
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref24
https://doi.org/10.1016/j.heliyon.2018.e00862
http://creativecommons.org/licenses/by/4.0/


17 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 The Auth

(http://creativecommons.org/li

Article Nowe00862
[25] F. Alvi, M.K. Ram, P.A. Basnayak, E. Stefanakos, Y. Goswamid, A. Kumar,

Grapheneepolyethylenedioxythiophene conducting polymer nanocomposite

based supercapacitor, Electrochim. Acta 56 (2011) 9406e9412.

[26] A.A. Kalam, J. Bae, Low-cost, high-efficiency conductive papers fabricated

using multi-walled carbon nanotubes, carbon blacks and polyvinyl alcohol

as conducting agents, ECS J. Solid State Sci. Technol. 4 (2015) M41eM45.

[27] P. Karthika, N. Rajalakshmi, K.S. Dhathathreyan, Flexible polyester cellulose

paper supercapacitor with a gel electrolyte, ChemPhysChem 14 (2013)

3822e3826.

[28] C. Peng, J. Lang, S. Xu, X. Wang, Oxygen-enriched activated carbons from

pomelo peel in high energy density supercapacitor, RSC Adv. 4 (2014)

54662e54667.

[29] N.H. Basri, M. Deraman, M. Suleman, N.S. Mohd Nor, B.N. Mohamad Do-

lah, M.I. Sahri, S.A. Shamsudin, Energy and power of supercapacitor using

carbon electrode deposited with nanoparticles nickel oxide, Int. J. Electro-

chem. Sci. 11 (2016) 95e110.
on.2018.e00862

ors. Published by Elsevier Ltd. This is an open access article under the CC BY license

censes/by/4.0/).

http://refhub.elsevier.com/S2405-8440(18)34482-7/sref25
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref25
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref25
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref25
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref25
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref26
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref26
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref26
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref26
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref27
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref27
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref27
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref27
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref28
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref28
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref28
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref28
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref29
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref29
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref29
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref29
http://refhub.elsevier.com/S2405-8440(18)34482-7/sref29
https://doi.org/10.1016/j.heliyon.2018.e00862
http://creativecommons.org/licenses/by/4.0/

	High-performance supercapacitors based on the carbon nanotubes, graphene and graphite nanoparticles electrodes
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


