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ABSTRACT: The NiO-CNT and NiO−Fe-CNT composites that
have been prepared from waste high density polyethylene plastic
and their carbon nanotube (CNT) quality-dependent super-
capacitance tuning have been reported here. Multiwalled CNT
(MWCNT) formation has been confirmed from TEM and Raman
spectra with an ID/IG ratio of 0.77, which stands for high
graphitization. The specific surface area (SSA) of MWCNTs in the
NiO−Fe-CNT composite was 87.8 m2/g, while in the NiO-CNT
composite, it was 25 m2/g. NiO−Fe-CNT displayed higher specific
capacitance and energy density (1360 Fg−1 and 1180 W h kg−1)
than NiO-CNT (1250 Fg−1 and 1000 W h kg−1), which may be
due to the presence of higher-quality MWCNTs in the NiO−Fe-
CNT composite. NiO−Fe-CNT displayed higher contributions of
electric double-layer capacitor (59%) behavior compared to NiO-CNT (38%) and represented a hybrid supercapacitor. NiO−Fe-
CNT also displayed a capacitive retention of 96% after 1000 charge−discharge cycles. Furthermore, studies in acidic electrolytes
revealed higher performance of NiO−Fe-CNT than NiO-CNT, displaying specific capacitances of NiO−Fe-CNT to be 1147 Fg−1 in
2 M H2SO4 and 943 Fg−1 in 2 M HCl. It has been qualitatively explored that the quality of CNTs, SSA, and quantum confinement
effects in the composites may be the factors responsible for the performance difference in NiO−Fe-CNT and NiO-CNT. The
present work is geared toward the low-cost fabrication of high-quality CNT composites for supercapacitors and energy storage
applications. The present work also contributes quantitatively to the understanding of CNT quality as an important parameter for
the performance of CNT-composite-based supercapacitors.

1. INTRODUCTION
Supercapacitors (SCs) are promising energy storage devices to
deliver moderate energy densities and higher power densities
and hence, SCs are another complimentary candidate along
with the Li-ion batteries in energy storage devices.1 SCs are
attractive in many industries, such as automobiles, aerospace,
electronics, and telecommunications.2 The performance of SCs
can be improved and optimized using nanofillers and
nanocomposites. As per the nanotechnology principle, specific
surface area (SSA) and quantum confinement effect are the
contributing factors in enhancing any nanomaterial-based
device. Also, the porosity of the nanostructure is also an
added parameter specifically for energy storage devices such as
SCs. Electrolytes can influence the storage performance of SCs
by increasing ionic conductivity, redox reactions, charge
transfer between electrodes, and double-layer formation for
electric double-layer capacitors (EDLCs).3 Electrochemical
performance of SCs are defined by its various parameters, such
as capacitance, energy density, power density, operating
voltage, peak current, internal resistance, time constant, and
cyclic stability/retention.4

CNTs are one of the promising carbon materials to be used
as an electrode material in SCs due to their natural abundance,
higher conductivity, higher SSA, porosity, etc.5−7 CNTs can
provide porous channels for electrolyte ions through their
inner diameter to enhance their supercapacitive performance.7

CNTs have higher SSA through their lower tube diameter
(inner and outer diameters), which can reduce the separation
between electrode−electrolyte boundaries, thus increasing the
supercapacitive performance of SCs.8 CNTs can be derived
from renewable carbon sources, and hence, can be low-cost
and environmentally friendly.9−11 CNTs are ideal among the
carbon materials for SC applications due to their high surface
area and high thermal/chemical stability,9−11 low electrolyte
solution resistance or equivalent series resistance (ESR),
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porous structure, a wide range of band gap (0.18−1.8 eV), and
tunable electrical properties.12,13 A quantum confinement
effect may also arise in CNTs from single-walled CNTs to
multi-walled carbon nanotubes (MWCNTs), which may be an
influential parameter for SC materials. CNTs are suitable for
flexible electrodes due to their high strength, lightweight
materials with Young’s modulus of 1 TPa, and tensile strength
of 63 GPa.13,14 In this regard, quality of CNTs can also be a
parameter to influence the storage performance of SCs, which
has been reported in the present work.
A capacitor can store charge by transfer of electrons or

faradaic processes or pseudocapacitance (PC), whereas an SC
can store larger amounts of charges through additional non-
faradaic processes, namely, electric double-layer (EDL)
process, and hence SCs display higher specific capacitance,
energy densities, and power densities.15−17 The EDL process
in SCs may be further improved by incorporating CNTs.16,18

MWCNTs have been reported for SC application with specific
capacitance in the range of 4−135 Fg−1.9 Hence, further
enhancements in CNT-based EDLC SCs may be possible
through their composite with metal oxides. It is reported that
the metal oxides are pseudocapacitive in nature and hence,
CNT−metal oxide composites can have both double-layer and
pseudocapacitive storage mechanisms, i.e., function as a hybrid
SC.19 CNT−metal oxide composites can also prevent metal
oxides from volume expansion upon repeated charge−
discharge cycles and lead to the composite’s higher stability.20

The specific capacitances of NiO-CNT composites were
reported for SC application by different researchers, such as
879 Fg−1 (Roy et al. by the co-precipitation method),19 1329
Fg−1 (Lin et al. by the co-precipitation method),21 622 Fg−1

(Yu et al. by the atomic layer deposition method),22 and 1844
Fg−1 (Wen et al. by the electrostatic adsorption method).23

Literature analysis of different NiO-CNT composites shows
that their supercapacitive performance significantly depends on
the morphology of NiO. The NiO-CNT composites having
NiO as nanosheets,23,24 nanoflakes,25−27 porous nanopar-
ticles,21 and quantum-sized NiO particles,28 (<10 nm) are

generally found to have increased supercapacitive performance
(Table 1). The nanosheets, nanoflakes, and porous nano-
particles generally possess larger SSA, leading to larger
electrochemically active sites, further leading to higher
supercapacitive performance. Quantum-sized NiO particles as
reported by Hakamada et al. 201628 showed that with the
decrease in the size of NiO nanoparticles in the quantum
region, there is a significant increase in the NiO-CNT
composites’ SC performance. However, no literature report
tried to explore the reason for the variation of supercapacitive
performance in the different NiO-CNT composites prepared
through the same method.
The present work reports on the comparative SC perform-

ance of NiO, NiO-MWCNT, and NiO−Fe-MWCNT
composites. A novel approach for a single-step preparation of
NiO−Fe-CNT composites is reported using waste high-density
polyethylene (HDPE) plastics with the application of a lab-
developed pyrolysis reactor. The NiO−Fe-CNT composite
was used to prepare polyethylene (PET)-based flexible
electrodes for electrochemical analysis. The particle size of
NiO in the NiO-CNT composite was in the 2−5 nm range
(quantum dot range), whereas the particle size of NiO in
NiO−Fe-CNT composite was in the 6−44 nm range. The
number of walls, CNT diameter, density (2218 cm−3), and the
elastic modulus (28.63 GPa) of NiO−Fe-CNT composite have
been reported in a previous work.29 The Raman ID/IG ratio of
0.77 for NiO−Fe-CNT is indicative of low defect formation of
MWCNTs as compared to the ID/IG ratio of 1.94 for NiO-
CNT, which is indicative of the quality of CNTs and its
structural integrity. The TEM images are complementary
evidence for the direct observation CNT quality. Flexible SC
electrodes were made using NiO-CNT and NiO−Fe-CNT as
active materials on waste-derived PET sheets. The electro-
chemical measurements show a specific capacitance of 1360
Fg−1 for NiO−Fe-CNT and 1250 Fg−1 for NiO-CNT at 5
mVs−1 in a 2 M KOH electrolyte. The structural integrity and
quality of CNTs have been tuned using ferrocene for CNT
growth, which increases the energy density in NiO−Fe-CNT

Table 1. Tabular Summary for Energy Storage Performance of NiO, NiO-CNT, and NiO−Fe-CNT Composites

Sl.
no

sample and source of
CNT source of CNT NiO morphology

SC performance (C = F/g, E = W h/kg,
P = W/kg, R = %)a

reference,
year

1 NiO quantum dot C = 209, E = 153 P = 100 at 0.5 A/g, R = 98 present
work

2 NiO-CNT prepared from waste HDPE plastic
carbon source

quantum dot C = 1250, E = 1000 P = 100 at 0.5 A/g, R = 81

3 NiO−Fe-CNT nanoparticles C = 1360, E = 1181 P = 100 at 0.5 A/g, R = 96
4 NiO-CNT purchased nanoparticles C = 879, E = 85 P = 1.6, R = 91 (2018)19

5 NiO-CNT C = 622, E = N/R P = N/R, R = 100 (2016)22

6 NiO-CNT C = 160, E = N/R P = N/R, R = 100 (2005)59

7 CNT-NiO C = 523, E = N/R P = N/R, R = N/R (2009)60

13 CNT-NiO nano−micro flakes C = 258, E = N/R P = N/R, R = 86 (2020)61

14 CNT-NiO C = 258, E = N/R P = N/R, R = 86 (2013)62

8 GO/CNT/NiO nanoflakes C = 1180, E = N/R P = N/R, R = 95 (2014)25

9 NiO-CNT C = 1727, E = N/R P = N/R, R = 91 (2014)26

10 CNT-NiO C = 1511, E = N/R P = N/R, R = 92.4 (2014)27

11 CNT-NiO nanosheets C = 1844, E = 52.6 P = 219, R = 89 (2016)23

12 CNT-NiO C = 996, E = 25.4 P = 400, R = 93 (2015)24

15 CNT-NiO quantum dot
(3.6 nm)

C = 2480, E = 21 P = 1100, R = N/R (2016)28

16 NiO-CNT porous
micro-spheres

C = 1329, E = N/R P = N/R, R = 93 (2010)21

aN/R = Not reported.
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to 1180 W h kg−1 as compared to 1000 W h kg−1 in NiO-
CNT. Capacitive contributions were evaluated using the
Trasatti method, and it was found that NiO−Fe-CNT
displayed 59% EDLC behavior, 41% PC as compared to
38% EDLC, and 62% PC for NiO-CNT. NiO−Fe-CNT
displayed enhanced EDLC behavior than NiO-CNT and acts
as a high-performing hybrid SC electrode. NiO−Fe-CNT also
showed higher stability than NiO-CNT in acidic electrolytes (2
M H2SO4 and 2 M HCl). The NiO−Fe-CNT displayed higher
supercapacitive performance compared to NiO-MWCNTs,
which may be attributed to its superior quality, lower defect,
higher SSA, and quantum confinement effect owing to smaller
tube thickness (∼8.5 nm) in NiO−Fe-CNT than in NiO-
CNT.30,31

The higher supercapacitive performances of NiO−Fe-CNT
composite material may arise due to the presence of higher
quality of CNTs in the composite due to the use of ferrocene
as the floating catalyst.32,33 In the case of NiO−Fe-CNT and

NiO-CNT, the respective MWCNT diameters are 20.1 and
72.3 nm, with total wall thicknesses of 8.5 nm (NiO−Fe-CNT)
and 24.65 nm (NiO-CNT). As a result, NiO−Fe-CNT is likely
to experience stronger quantum confinement effects than NiO-
CNT. The SSA of the MWCNT component within the
composite is 87.8 m2/g for NiO−Fe-CNT and 25 m2/g for
NiO-CNT. Thus, even though NiO-CNT (ID/IG = 1.94)
possesses higher defects than NiO−Fe-CNT (ID/IG = 0.77),
which contributes to the overall supercapacitive performance,34

NiO−Fe-CNT displayed higher supercapacitive performance,
which may be due to factors such as SSA, quality of CNTs, and
quantum confinement effects in CNTs, leading to larger
interfacial area for ion adsorption and desorption pro-
cesses.28,30,31

Figure 1. (a) UV−visible spectra of NiO-CNT and NiO−Fe-CNT. (b) Tauc plot of NiO-CNT and NiO−Fe-CNT and their band gaps’
extrapolation. (c,d) Raman spectra of NiO-CNT and NiO−Fe-CNT. (e) Comparative XRD profile of NiO, NiO-CNT, and NiO−Fe-CNT.
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2. RESULTS AND DISCUSSION
2.1. Material Characterizations by UV−Vis Absorp-

tion, TEM, XRD, and Raman Spectroscopy. UV−vis
absorption spectra of NiO-CNT and NiO−Fe-CNT were
obtained in ethylene glycol solvent. The absorption peak of
NiO nanoparticles was found to be at 300 nm.35 The
absorption peak of NiO-CNT and NiO−Fe-CNT composites
showed a blue shift to 257 and 261 nm, respectively, which
may be due to the presence of CNTs (Figure 1a).36 Jiang et
al.37 reported an absorption peak of CNTs at 253 nm and
Cheng et al.38 reported the characteristic absorption peak of
MWCNTs in the range of 240−265 nm, which are in
agreement with the present work.
The band gap of the prepared samples were determined by

using Tauc’s relation.39,40

=h h E( )0 g
2

(1)

The direct band gap of NiO nanoparticles is found to be
3.42 eV,35,41 whereas the band gaps of NiO-CNT and NiO−
Fe-CNT are found to be 3.02 and 2.6 eV, respectively (Figure

1b). The decrease in band gap in the composites is suggestive
of CNT formation.42 The CNTs are better acceptors of
electrons, and hence it drives a small decrease in Fermi energy
level during the composite formation. Figure S1a,b shows the
powder sample images of NiO-CNT and NiO−Fe-CNT,
respectively.
Raman spectra of NiO-CNT and NiO−Fe-CNT (Figure

1c,d) exhibited the two characteristic bands, D band and G
band at 1364 and 1585 cm−1 for NiO-CNT, respectively, and
at 1323 and 1586 cm−1 for NiO−Fe-CNT, respectively. The G
band is due to in-plane vibrations of sp2-bonded carbon atoms
related to C−C stretching and is a measure of the degree of
graphitization. The D band is due to the out-of-plane
vibrations arising from the structural defects caused by the
broken symmetry of the graphite unit cell.43,44 The values of
the ID/IG ratio are a measure of the disorder of the nanotube
walls,45 which is derived from the integrated area of
deconvoluted Raman peaks and are found to be 1.94 for
NiO-CNT and 0.77 for NiO−Fe-CNT. The lower value of ID/
IG ratio of NiO−Fe-CNT (0.77) indicates the higher
graphitization of NiO−Fe-CNT.

Figure 2. TEM images of NiO, NiO-CNT, and NiO−Fe-CNT at different scales: (a1,a2) NiO NP, (b1,b2) NiO-CNT, and (c1,c2) NiO−Fe-CNT.
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Figure 1e shows the XRD profiles of NiO, NiO-CNT, and
NiO−Fe-CNT. The XRD patterns of NiO, NiO-CNT, and
NiO−Fe-CNT contain major peaks at 26.12, 32.2, 37.8, 43.8,
52, 63.4, and 76° corresponding to planes at (002), (002),
(022), (111), (004), (220), and (311), respectively.40,46−49

The XRD peak at ∼ 44° corresponds to the (200) plane of
NiO (JCPDS no. 47-1049).40,50 The presence of XRD peaks at
26.12° (002) for NiO-CNT and 52° (004) for NiO−Fe-CNT
confirms the presence of MWCNTs (JCPDS no. 75-1621).51

It is to be noted that the peak at 26° was not observed in
NiO−Fe-CNT, which may be due to the CNTs inside the
composite and also due to the small scattering length of CNTs
compared to metal (Ni) atoms.52

Figure 2a1,a2 shows TEM images of NiO nanoparticles and
fringe patterns, respectively. The particle sizes of NiO-NPs
were found to be in the range of 2−5 nm (Figure 2a1). The
average d-spacing was calculated to be 0.212 nm, which
corresponds to reflection from the (200) plane.53 Figure
2b1,b2 shows TEM images of NiO-CNT showing tubular
structures and confirming the formation of MWCNTs. Figure
2c1,c2 shows TEM images of NiO−Fe-CNT where the
presence of tubular structures confirms CNT formation. The
outer and inner diameters of MWCNTs were calculated using
ImageJ software (Figure 2c2). They are as follows: NiO-CNT:
dout = 72.3 nm and din = 23 nm; NiO−Fe-CNT: dout = 20.1 nm

and din = 3.1 nm. The number of walls of the CNTs was
calculated as previously reported, using eq 2,29,54 and found to
be 74 for NiO-CNT and 26 for NiO−Fe-CNT.

=n d d
1

0.68 nm
( )out in (2)

The SSAs of NiO-CNT and NiO−Fe-CNT were studied
using eq 3,31 and they were found to be 25 and 87.8 m2/g,
respectively, thus displaying higher surface area for NiO−Fe-
CNT than NiO-CNT.

=
×
[ ]=

d

nd i
SSA (MWCNT)

1315

0.68 i
n

o

0 1
1

(3)

where 1315 is the theoretical SSA of SWCNT (in m2/g), do is
the outer diameter of MWCNT, n is the no. of walls, 0.68 is
the 2ds−s (interlayer distance between successive walls), and

= ii
n

1
1 is the summation over no. of walls in the MWCNTs.

2.2. Electrochemical SC Characterizations. Electro-
chemical measurements were performed to determine the
supercapacitive behavior of the three different electrodes
(NiO, NiO-CNT, and NiO−Fe-CNT). The cyclic voltamme-
try and galvanostatic charge−discharge (GCD) measurements
were carried out to evaluate the various parameters such as

Figure 3. (a−c) Cyclic voltammetry curves of NiO, NiO-CNT, and NiO−Fe-CNT, respectively, at different scan rates. (d) Specific capacitance vs
scan rate of different samples.
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specific capacitance (Csp in Fg−1), energy density (E in W h
kg−1), and power density (W kg−1) using eqs 4−6.55−57

=C
fm V V

I E E1
( )

( ) d
V

V

sp
f i

f

i (4)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
=E C

V V1
2

( )
3.6sp

f i
2

(5)

= ×
P

E
t

3600
(6)

where ΔV is the potential range, m is the mass of active
material on electrodes, ν is the scan rate (mV s−1), (Vf − Vi) is
the sweeping potential range, I(E) is the response current, and

I E E( ) d
V

V f

i
is the area of the CV curves.58

Figure 3a−c shows cyclic voltammograms of NiO, NiO-
CNT, and NiO−Fe-CNT recorded at different scan rates of
5−500 mV s−1. The calculated specific capacitances for NiO,
NiO-CNT, and NiO−Fe-CNT from CV at 5 mVs−1 were 209,
1250, and 1360 Fg−1, respectively, and their respective energy
densities of 153, 1000, and 1181 Wh kg−1 were in the order of
NiO−Fe-CNT > NiO-CNT > NiO. The higher specific
capacitances of CNT composites can be attributed to the
presence of CNTs, which are in agreement with the lower

values of the band gap of CNT composites.42 The higher
capacitance of NiO−Fe-CNT than NiO-CNT is attributed to
the higher quality of MWCNTs and surface area as evidenced
from TEM and Raman spectra. An ideal EDLC is characterized
by rectangular CV curves9 and is reported the same in the case
of carbon materials.16

The present CV curves (Figure 3a−c) show some deviations
from an EDLC behavior, which may be due to the presence of
NiO in the composites or silver paste in the final electrode.
Therefore, the CV curves are indicative of a mixture of EDLC
and pseudocapacitive behavior. Figure 3d shows the increase of
specific capacitance at slower scan rates due to more time
being available to the ions to percolate within the pores at a
slow scan.58 The lower scan rates allow the double-layer
processes to contribute to the charge storage mechanism.19

The lower scan rate region shows both faradaic and double-
layer processes contributing to the charge storage mecha-
nism.19

CV curves of bare PET with Cu wire, silver paste on PET
with Cu wire, NiO, NiO-CNT, and NiO−Fe-CNT were taken
for comparison at 500 mVs−1 (Figure S1c). The bare PET with
Cu wire has a small CV area (0.02 VA) and silver paste-PET-
Cu wire has a negligible CV area (0.038 VA) compared to the
CV area of NiO−Fe-CNT (1.48 VA). Figure S1c indicates the
2.56% effect of silver paste in the electrochemical signal of the

Figure 4. (a) Normalized GCD curves of NiO, NiO-CNT, and NiO−Fe-CNT of the 1st cycle at 0.1 Ag−1. (b) Capacitive retention vs cycle
number of the samples. (c) Energy density and specific capacitance at different current densities of the samples. (d) Plot for optimization of energy
density, power density, and current density of NiO−Fe-CNT, obtained from GCD data.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03044
ACS Omega 2023, 8, 33380−33391

33385

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03044/suppl_file/ao3c03044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03044/suppl_file/ao3c03044_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03044?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03044?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03044?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03044?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


prepared NiO−Fe-CNT electrode and also little contribution
in the redox peaks.
GCD measurements were conducted using the chronopo-

tentiometry method to further evaluate the performance of the
electrode materials. The specific capacitances from charge−
discharge measurements were calculated using eq 7.16

=C
I t

Vsp
m

(7)

where Im is the current density, Δt is the discharge time, and
ΔV is the potential window.
Figure 4a shows normalized charge−discharge cycles of

NiO, NiO-CNT, and NiO−Fe-CNT at a current density of 0.1
Ag−1. The potential windows (ΔV) of NiO, NiO-CNT, and
NiO−Fe-CNT electrodes were found to be 0.4 V. The specific
capacitance of NiO−Fe-CNT have been calculated from GCD
data (Figure 4a) to be 163 Fg−1 at 0.1 Ag−1, whereas the
specific capacitance of NiO and NiO-CNT were found to be
2.65 and 42 Fg−1, respectively. The GCD data also suggest the
better supercapacitive nature of NiO−Fe-CNT. The capacitive
retentions of NiO−Fe-CNT, NiO-CNT, and NiO were found
to be 96, 81, and 98%, respectively, at 1000 cycles and at 0.1
A/g, which shows better retention % of NiO−Fe-CNT

compared to NiO-CNT (Figure 4b). Figure S2 shows the
GCD curves of NiO−Fe-CNT, NiO-CNT, and NiO at
different current densities and different cycles, which are
nearly symmetrical in nature and hence possess good
capacitive behavior.58

Figure S3a,b shows capacitive retention at a higher current
density, such as NiO−Fe-CNT having 59% at 0.5 Ag−1 and
2000 cycles and NiO-CNT having 14% at 0.5 Ag−1. Figure S3c
shows the bent image of the PET modified electrode indicating
the flexible nature of the SC electrode. Figure 4c shows energy
densities at different current densities of NiO, NiO-CNT, and
NiO−Fe-CNT, respectively, showing the higher energy density
of NiO−Fe-CNT. Figure S3d shows the energy density and
power density of NiO−Fe-CNT up to the 2000th cycle,
indicating high energy density retention after 2000 cycles.
Figure 4d shows the optimum energy density, power density,
and current density of the NiO−Fe-CNT SC to be 2.396 Wh
kg−1, 56 W kg−1, and 0.28 Ag−1, respectively. Figure S3e,f
shows the optimum energy density, power density, and current
density in the case of NiO and NiO-CNT, respectively.
Figure 5a shows the Nyquist plots of NiO, NiO-CNT, and

NiO−Fe-CNT. The ESR is calculated from the cutting point
of the Nyquist plot to the X-axis, which are found to be 0.38,
0.42, and 0.52 Ω, in the case of NiO, NiO-CNT, and NiO−Fe-

Figure 5. (a,b) Nyquist plot and Bode plot of the different samples (NiO, NiO-CNT, and NiO−Fe-CNT), respectively. (c) Ragone plot of the
present work and reported literature of NiO-CNT-based composites, obtained from CV and Nyquist plot data. (d) Histograms for capacitive
contribution (EDLC and PC) of NiO-CNT and NiO−Fe-CNT using the Trassati method.
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CNT, respectively. Charge-transfer resistance (RCT) or contact
resistance between the electrode and the current collector is
calculated from the diameter of the semicircle of the Nyquist
plot63 and found to be 2.72, 1.34, and 2.68 Ω for NiO, NiO-
CNT, and NiO−Fe-CNT, respectively. Figure 5b shows the
Bode plot (phase angles vs frequency) of NiO, NiO-CNT, and
NiO−Fe-CNT to study the capacitive behavior at high
frequencies. A SC’s impedance may switch from pure capacitor
to pure resistor with the variation of phase angle from 90 to
0°.54 The capacitance is inversely proportional to frequency,
and hence a SC theoretically behaves like a pure resistor at
high frequencies with a near-zero phase angle.55,58 Figure 5b
indicates that the NiO, NiO-CNT, and NiO−Fe-CNT retain
their capacitive nature at high frequencies up to a great extent.
Figure 5c shows the Ragone plot of NiO−Fe-CNT as
calculated using CV data and eq 8, which are compared with
the reported literature.64

=P E
R4

2

ESR (8)

It is to be noted that the energy density of NiO−Fe-CNT
has a quantum jump (>1000 W h kg−1) compared to reported
NiO-CNT-based composites (<100 W h kg−1) though the
specific capacitances are comparable with the literature (Table
1, Figure 5c). Figure S4 shows the Ragone plot of NiO, NiO-
CNT, and NiO−Fe-CNT at different power densities,
displaying the superior performance of NiO−Fe-CNT. The
contributions of EDLC capacitance and PC of NiO-CNT and
NiO−Fe-CNT have been calculated using the Trassati method
(Figure 5d).65 The total capacitance (CT) and the EDLC
capacitance (CEDLC) have been calculated from the intercepts
from the plots of 1/C vs f1/2 and C vs f−1/2, respectively, using
eqs 9 and 10,65 where f is the scan rate. Figure S5a,c is the plot
of C−1 vs f1/2 to calculate CT, and Figure S5b,d is the plot of C
vs f−1/2 to calculate CEDLC from intercepts of NiO-CNT and
NiO−Fe-CNT, respectively. The EDLC behavior for NiO-
CNT and NiO−Fe-CNT are valued at 38 and 62%,
respectively, and PC contributions are 59 and 41%,
respectively (Figure 5d). Figure 5d indicates an increase in
EDLC behavior in NiO−Fe-CNT and behaves as a hybrid SC.
The increase in EDLC behavior in NiO−Fe-CNT than in
NiO-CNT can be attributed to the quality of the MWCNTs.

= +C f Cconst1 0.5
T

1 (9)

= +C f Cconst 0.5
EDLC (10)

Therefore, the PC (CPC) can be obtained from eq 11.
65

= +C C CT EDLC PC (11)

Figure 6a shows the cyclic voltammograms of NiO−Fe-
CNT at 500 mV s−1 in different electrolytes (2 M H2SO4, HCl,
KCl, Na2SO4, NaOH, and KOH), whereas Figure S6a shows
the cyclic voltammograms of NiO-CNT. Figure 6b shows the
specific capacitance of NiO-CNT and NiO−Fe-CNT in
different electrolytes. It was found that NiO−Fe-CNT has a
higher capacitance in all electrolytes (highlighted in the dotted
rectangle) compared to NiO-CNTs, and it was also found that
the optimized electrolyte was 2 M KOH. Figure S6b shows the
largest potential window in 2 M KOH electrolytes for both
NiO-CNT and NiO−Fe-CNT. Figure 6b also shows that
NiO−Fe-CNT displayed higher specific capacitances in acidic
electrolytes (1147 Fg−1 in H2SO4 and 943 Fg−1 in HCl) as
compared to NiO-CNT (767 Fg−1 in H2SO4 and 494 Fg−1 in
HCl), thus displaying higher stability of NiO−Fe-CNT in
acidic electrolytes than NiO-CNT (as highlighted in the dotted
rectangle). Figure S6b shows the wider potential window of
NiO−Fe-CNT compared to NiO-CNT in different electro-
lytes, which also indicates higher stability.66 Figure S6c,d
shows the GCD profiles of NiO-CNT and NiO−Fe-CNT in
different electrolytes, which indicates the negligible impact on
GCD profiles in acidic electrolytes.

2.3. SC Performance of NiO−Fe-CNT vs NiO-CNT. The
higher supercapacitive performances of the NiO−Fe-CNT
composite material may have arisen due to the presence of
higher quality of CNTs in the composite. Here, ferrocene has
been used as a floating catalyst, which plays a vital role in
higher graphitization and higher quality of CNTs in the NiO−
Fe-CNT composite. The role of ferrocene in CNT quality is
also evident in the literature; e.g., Lim et al.32 observed longer
CNTs using ferrocene with the nickel-doped Si substrate
catalyst. Ferrocene decomposes to Fe particles as per eq 12,33

which provides nucleation sites for carbon atoms for enhanced
CNT growth.

+Fe(C H ) Fe 2C H5 5 2 5 5 (12)

Figure 6. (a) CV curves NiO−Fe-CNT in different electrolytes. (b) Histogram of specific capacitance of NiO-CNT and NiO−Fe-CNT in different
electrolytes.
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It is also to be noted that defect engineering in CNTs may
increase its surface area and porosity to some extent and may
influence the supercapacitive performance.34 The Raman ID/IG
ratio is a measure of defect of CNTs, and the NiO-CNT
composite has higher defects (ID/IG = 1.94) than the NiO−Fe-
CNT composite (ID/IG = 0.77). However, NiO−Fe-CNT
displayed higher supercapacitive performance despite lower
defects, which may be due to other factors such as SSA, quality
of CNTs, and quantum confinement effects in CNTs, leading
to larger interfacial area for ion adsorption and desorption
processes.28,31 CNTs may display quantum confinement effects
along the radial direction in SWCNTs and MWCNTs
(generally with a total wall thickness of <10 nm)30 where
the diameter of CNTs is twice the total wall thickness plus the
inner diameter. The diameters of the MWCNTs in NiO−Fe-
CNT and NiO-CNT are 20.1 and 72.3 nm, respectively, with
total wall thicknesses of 8.5 nm (NiO−Fe-CNT) and 24.65
nm (NiO-CNT). Therefore, there may be higher quantum
confinement effects in NiO−Fe-CNT than in NiO-CNT. It is
also reported that the SSA is inversely proportional to the
diameter of the CNTs, which can be calculated using eq 4 with
the help of the outer diameter of the CNTs.31 The SSAs of the
MWCNT part within the composite are 87.8 and 25 m2/g for
NiO−Fe-CNT and NiO-CNT, respectively. The higher SSA of
NiO−Fe-CNT also facilitates more electrochemically active
sites to be available to the electrolyte ions. Increased ion
accessibility leads to improved ion transport kinetics, faster
charge transfer, and higher capacitance. Thus, the quantum
confinement effect, SSA, and quality of CNTs play crucial roles
in increasing the performance of NiO−Fe-CNT as compared
to NiO-CNT in otherwise similar NiO-CNT composites.

3. CONCLUSIONS
In the present work, we report for the first time a single-step
synthesis of NiO−Fe-CNT from waste HDPE by a low-cost
method to fabricate flexible SC electrodes. The formation of
CNTs was confirmed from Raman spectra and TEM analysis.
The NiO−Fe-CNT composite consisted of an average of 26
walls with outer and inner diameters of 20.1 and 3.1 nm,
respectively, whereas NiO-CNT prepared without the use of
ferrocene consisted of an average of 67 walls with outer and
inner diameters of 72.3 and 23 nm, respectively. Also, the ID/IG
ratio of 0.77 for NiO−Fe-CNT is indicative of low defect
formation of MWCNTs as compared to the ID/IG ratio of 1.94
for NiO-CNT. Flexible SC electrodes were fabricated using
NiO-CNT and NiO−Fe-CNT as active materials on waste
PET sheets. From cyclic voltammetry analysis of the
electrodes, specific capacitances of 1360 Fg−1 for NiO−Fe-
CNT and 1250 Fg−1 for NiO-CNT at 5 mV s−1 in 2 M KOH
electrolyte were chosen. We observe that an increase in the
structural integrity and quality of CNTs by the use of ferrocene
for CNT growth directly results in an increase of specific
capacitance and energy density of NiO−Fe-CNT. Despite
lower defects in NiO−Fe-CNT, it displayed higher super-
capacitive performance as compared to NiO-CNT, which may
be due to the quality of CNTs, SSA, and quantum confinement
effects. Capacitive contributions were evaluated using the
Trassati method to evaluate the supercapacitive performance.
We observed that NiO−Fe-CNT displayed 59% EDLC
behavior and 41% PC as compared to 38 and 62% EDLC
and PC, respectively, for NiO-CNT. The NiO−Fe-MWCNT
electrodes displayed higher EDLC behavior, thus behaving
more like a hybrid SC. The higher overall capacitance and

energy density of NiO−Fe-CNT are attributed to its better
hybrid super capacitive nature than NiO-CNT. NiO−Fe-CNT
also displayed a capacitive retention of 96% after 1000 charge−
discharge cycles and 90% after 2000 cycles. To test the stability
of the electrodes, electrochemical experiments were conducted
in acidic electrolytes in which NiO−Fe-CNT again displayed
higher stability than NiO-CNT in acidic electrolytes (2 M
H2SO4 and 2 M HCl). NiO−Fe-CNT displayed specific
capacitances of 1147 and 943 Fg−1 in 2 M H2SO4 and 2 M
HCl, respectively. Thus, we also observed higher stability of
the NiO−Fe-CNT SC electrode in acidic electrolytes, and it
also displayed significantly higher energy densities in acidic
electrolytes than in NiO-CNT. The present work will thus
contribute to the emerging field of low-cost production of
CNTs. It will also quantitatively contribute to the under-
standing of the effects of the quality of CNTs in composite
materials for SC applications.

4. EXPERIMENTAL SECTION
4.1. Materials.Waste HDPE bottles were cut into pieces of

1 × 1 cm, cleaned, dried, and used to synthesize MWCNTs.
Nickel acetate (C4H6NiO4·4H2O, 98%), ethylene glycol
(HOCH2CH2OH, 99%), sodium hydroxide (NaOH, 98%),
ascorbic acid (C6H8O6, 99.7%), and 1-methyl-pyrrolidine
(NMP: C5H11N, 99.5%) were purchased from Merck India,
polyvinylidene fluoride pellets (PVDF: (C2H2F2)n, 180,000 by
gel permeation chromatography) from Sigma-Aldrich, and
ferrocene (C10H10Fe, 99%) from SRL. No further purification
of chemicals was carried out, and all chemicals were used as
received.

4.2. Preparation of NiO Nanoparticles. A nickel acetate
solution (0.1 M) was prepared in ethylene glycol. An alkaline
solution comprising ascorbic acid and NaOH with a molar
ratio of 1:0.2 was prepared and added drop wise into the nickel
solution under stirring till a green precipitate of Ni(OH)2
(nickel hydroxide) was obtained. The precipitate was filtered
and washed several times by DI water followed by ethanol.
Finally, it was calcined at 400 °C for a duration of 6 h and NiO
grayish-black nanoparticle powder was collected.21,29,67

4.3. Preparation of NiO-MWCNT. Synthesis of NiO-
MWCNT composites was carried out via pyrolysis of waste
HDPE plastics in a custom-made two-stage “pyrolysis reactor
furnace”68 as reported in earlier works.29,35,55 NiO catalysts
were kept in a silica bed in the second reactor, and HDPE
plastics were kept in a porcelain bed in the first reactor. The
ratio of plastic and catalyst was kept as 1:1, and the furnace was
made inert by N2 gas with a flow rate of 100 mL/min during
the entire process, which also acted as a carrier gas to carry
hydrocarbons to the second reactor. The first reactor was
heated to 600 °C (heating rate = 10 °C/min) to initiate the
pyrolysis process, and the second reactor was heated to 800 °C
(heating rate = 10 °C/min) for thermocatalytic decomposition
of hydrocarbons and subsequent growth of MWCNTs. The
reactor was heated for 35 min to maintain the temperature and
allowed to cool down gradually.

4.4. Novel One-Step Synthesis of NiO−Fe-CNT. A
novel one-step synthesis of NiO−Fe-CNT was carried out for
the first time by pyrolysis of waste HDPE plastics in a custom-
made two-stage pyrolysis reactor furnace.68 However, one of
the two reactors was employed during the entire process. The
pyrolysis of waste HDPE plastic and its decomposition were
carried out in a single step to grow MWCNTs.
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200 mg of the NiO nanocatalyst, 200 mg of ferrocene, and
400 mg of waste HDPE plastics were kept together on a silica
boat. The silica boat was placed inside the reactor, and N2 gas
was passed to replace the oxygen and make the inert
atmosphere. The N2 flow was maintained for 20 min, and
the reactor was heated to 800 °C. A static N2 environment was
maintained instead of constant gas flow in order to avoid the
displacement of hydrocarbons from being available to the
catalysts for MWCNT growth. The temperature was
maintained for 35 min, and the reactor was allowed to cool
down gradually.

4.5. PET-Modified Electrode Preparation. A novel
paint-cast method was used for the preparation of flexible
SC electrodes. 1 × 1 cm of consumer-grade PET sheets were
cleaned with distilled water followed by ethanol under
sonication. Cu wires were passed through the center of the
PET sheets and was washed again in an ultrasonicator.
Active material, graphite powder, and PVDF were mixed in a

7:2:1 ratio to form the electrode slurry, which was then
sonicated for 4 h.16 The PET sheet was painted with the slurry
using a paintbrush, i.e., the paint-cast method and dried for 30
min at 50 °C in a hot air oven. The paint cast method was
repeated 5−6 times to get a uniform coating. The junction
between the PET sheet and Cu wire was filled up using silver
conducting paste to make it more conducting (contact
resistance ∼0.5−1.5 Ω). The final electrode was dried in a
hot air oven for 3 h at 50 °C and subsequently used for
electrochemical measurements.

4.6. UV−visible Spectra and Raman Spectra Charac-
terization. A UV−visible absorption spectrophotometer
(model: Hitachi U-3900) was used for measuring the UV−
visible spectra of NiO, NiO-CNT, and NiO−Fe-CNT. The
spectrophotometer had a double beam and a single
monochromator, and experiments were performed with scan
rates of 1−2400 nm/min, a wavelength range of 190−900 nm,
with an accuracy of 0.1 nm. The deuterium lamp for UV range
and 50 W tungsten iodide for visible range were used. A quartz
cuvette (path length of 10 mm) was used as a sample
container.
A laser micro Raman system (make: Horiba Jobin Vyon,

Model: LabRam HR) using a diode laser (485 nm) and
equipped with a liquid nitrogen cooling arrangement was used
to carry out Raman spectroscopic measurements.

4.7. TEM and XRD Characterization. TEM images of the
catalyst and the composite were recorded using TEM (make:
JEOL, model: JEM-2100) with an accelerating voltage of 60−
200 kV in 50 V steps with a resolution of 1.9 to 1.4 Å (lattice)
and an achievable magnification of 50× to 1,500,000×.
XRD data of the NiO and CNT composites were taken by a

Rigaku X-ray diffractometer (make: Rigaku, Model: TTRAX-
III 18 kW) using Cu Kα (λ = 1.5406 Å) radiation at a range of
2θ = 20−80°.

4.8. Electrochemical Measurements. Electrochemical
measurements (cyclic voltammetry, GCD, and EIS) of NiO,
NiO-MWCNT, and NiO−Fe-MWCNT were conducted using
an electrochemical workstation (CH Instrument Model:
CHI660D). The electrodes used were platinum wire (counter
electrode), Ag/AgCl (reference electrodes), and PET modified
with active material (working electrode). The CV data were
repeated in different electrolytes of a 2 M concentration
(KOH, H2SO4, HCl, KCl, Na2SO4, and NaOH) at scan rates
5−500 mV s−1, and the 2 M KOH electrolyte was optimized.
GCD measurements were conducted by using the chronopo-

tentiometry method where the upper and lower potential limits
were taken to be ±20% of the open-circuit potential. EIS was
conducted in 2 M KOH in the range of 1−100,000 Hz, where
the starting potential was taken to be approximately the open-
circuit potential.
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