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f NF/ZnOx and NF/CoOx
nanostructures for high performance
supercapacitor electrode materials†

Yedluri Anil Kumar, * Araveeti Eswar Reddy, Jin-Soo Bak, In-Ho Cho
and Hee-Je Kim *

NF/ZnOx nanocone and NF/CoOx nanoparticle electrode materials were fabricated on a nickel foam

surface using a simple chemical bath deposition approach and assessed as an electrode material for

high-performance supercapacitors (SCs). The electrochemical properties of the NF/ZnOx and NF/CoOx

electrodes were examined by cyclic voltammetry, galvanostatic charge–discharge tests, and

electrochemical impedance spectroscopy. The fabricated NF/ZnOx and NF/CoOx SCs devices exhibited

a good specific capacitance of 2437 and 2142 F g�1 at a current density of 20 mA g�1, respectively, in

a three electrode system. Furthermore, the NF/ZnOx and NF/CoOx electrode materials showed

acceptable long cycle-life stability with 97.8% and 95.8% specific capacitance retention after 3000 cycles

at a current density of 22 mA g�1 in a 2 M aqueous KOH solution. Furthermore, the NF/ZnOx and NF/

CoOx SCs showed a high energy density of 54.15 W h kg�1 and 47.6 W h kg�1 at a power density of

499.8 W kg�1 and 571.2 W kg�1, respectively, with maximum operating voltage of 0.5 V. Overall, NF/

ZnOx and NF/CoOx electrode materials are promising electrodes for electrochemical energy storage

applications.
Introduction

The utilization of non-renewable fossil fuels has increased the
concerns regarding global warming.1 In this regard, scientists
have been searching for sustainable and alternative energy
sources that are clean, inexpensive, renewable, and safe
replacements for traditional fossil fuels.2,3 In recent years, the
growth of electrochemical energy storage (ECs) devices has
increased. Among all ECs available, supercapacitors (SCs) have
attracted considerable interest because of their outstanding
power capability, long cycling stability, rapid charge–discharge
time, excellent energy efficiency, and safety.4–6 SCs can be used
in many applications, such as memory back-up, hybrid elec-
trochromic devices (vehicles), and solid-state sensors.7

Depending on the energy storage process (reactions), SCs can be
separated into two parts: electrical double layer capacitors
(EDLCs) and faradaic based pseudocapacitors (PCs).8–10 Gener-
ally, EDLC-based electrode materials exhibit low specic
capacitance, limited energy capabilities and low rate capabil-
ities compared to PCs.11,12 In recent years, PCs have received
more attention by researchers owing to their better specic
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capacitance, excellent cycling life, and fast redox reactions.13

Generally, PCmaterials are classied into two types: conducting
polymers and transition metal oxides (TMO).14 Recently, TMO
(such as NiO, MnO2, RuO2, V2O5, Co3O4, CoO, and ZnO)-based
materials have become promising electroactive electrode
materials because of their excellent specic capacitance and
higher energy storage capability.15–17

Among the various TMOs, cobalt oxide (CoO) and zinc oxide
(ZnO) play crucial roles in SC applications owing to their
excellent theoretical capacitance, eco-friendliness, lower cost,
and much higher abundance.18–20 Moreover, NF/CoOx and NF/
ZnOx exhibit superior specic capacitance and excellent elec-
trochemical activity compared to other electrode materials.
Although the literature on NF/CoOx and NF/ZnOx is very
limited, enormous research is ongoing to examine the electro-
chemical energy storage properties of nanostructured NF/CoOx
and NF/ZnOx.

Recently, Liu et al. developed Co3O4 nanowires using
a calcination method, which delivered a specic capacitance of
278 F g�1 at 1 A g�1.21 Xiao et al. synthesized Co3O4 ultrathin
nanosheet that exhibited a specic capacitance of 1121 F g�1 at
1 A g�1.22 Xia et al. presented a specic capacitance of 648 F g�1

at 0.5 A g�1 for CoO/C nanostructure fabricated using a calci-
nation approach.23 Recently, Pant et al. developed ZnO nano-
akes in a graphene nanosheet that exhibited a maximum
specic capacitance of 786 F g�1 at 1 A g�1.24 Very recently,
Aravinda et al. fabricated ZnO/carbon nanotubes that showed
RSC Adv., 2019, 9, 21225–21232 | 21225
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a maximum specic capacitance of 48 F g�1 at 1 mA cm�2.25 On
the other hand, there has been limited research on the potential
of NF/CoO and NF/ZnO metal oxide materials for SCs.

This paper reports the design and fabrication of novel elec-
trode materials, NF/ZnOx and NF/CoOx, synthesized using
a simple chemical bath deposition approach using nickel foam
for SCs with excellent energy storage properties. The measure-
ment results showed that the NF/ZnOx and NF/CoOx nano-
structures prepared without the additives exhibited a specic
capacitance of 2437 F g�1 at a current density of 20 mA g�1 and
2142 F g�1 at a current density of 20 mA g�1, demonstrating its
potential as a candidate electrode material for high perfor-
mance SCs. The outstanding performance of the NF/ZnOx and
NF/CoOx electrode materials makes it a promising candidate,
offering great potential for high-performance energy storage
devices with great electrochemical performance. This type of
electrode material may be extended to various metal oxides for
different integrated devices to improve the power and energy of
capacitors for ever-increasing applications.
Experimental section
Materials preparation of the NF/ZnOx and NF/CoOx electrode
materials

NF/ZnOx and NF/CoOx electrodes were fabricated using
a simple chemical bath deposition method. Prior to deposition,
Ni foam (1 � 1 cm2) was treated with 2 M HCl for 30 min and
cleaned with deionized (DI) water and ethanol for 20 min. A
100 mL precursor solution was prepared with 0.06 M zinc
nitrate and 0.08 M hexamethylenetetramine (HMTA) solutions
in DI water and stirred for another 1 h to form a precursor
solution. The resulting solution and a piece of Ni foam were
transferred to a beaker with a 100 mL capacity and heated to
100 �C for 12 h. Aer cooling to room temperature, the product
was washed several times with ethanol and DI water and the
product was nally dried at 60 �C for 12 h. Finally, the product
was annealed at 300 �C for 1 h in a furnace to improve the
crystallinity. NF/CoOx was also prepared in the absence of a NF/
ZnOx source under the same experimental conditions. The
average mass loading of NF/ZnOx and NF/CoOx were approxi-
mately 8 and 7 mg cm�2, respectively.
Materials characterization of nanoparticle and nanocone

X-ray diffraction (XRD) was used to estimate the crystallite size
and crystalline phases (XRD, D/max-2400, Rigaku) using Cu Ka
radiation over the range of 20–80 �C and operated at 40 kV and
30 mA. Scanning electron microscopy (SEM, Hitachi S-4800)
and transmission electron microscopy (TEM) associated with
an energy dispersive X-ray detector (EDS) using a JEOL, JEM-
2010F TEM operated at 200 kV was used to study the internal
features of the synthesized samples. TEM specimens were
prepared by grinding a small fragment of ZnOx and CoOx
powder material under methanol and dispersing it on a holey
carbon support lm. Specimens were examined at liquid
nitrogen temperature in a cooling stage, to reduce beam
damage and contamination effects. X-ray photoelectron
21226 | RSC Adv., 2019, 9, 21225–21232
spectroscopy (XPS, KBSI, Busan) using monochromatic Al Ka
(1486.6 eV) radiation was used to analyses the chemical binding
energy of the samples.
Electrochemical measurements

Cyclic voltammetry (CV), galvanostatic charge–discharge (GCD)
measurements, and electrochemical impedance spectroscopy
(EIS) of the as-prepared (NF/ZnOx and NF/CoOx) electrodes were
carried out in a standard three electrode conguration using
a Biologic-SP150 workstation in a 2 M KOH aqueous electrolyte.
The NF/ZnOx and NF/CoOx electrode materials were used as the
working electrode; Pt wire and Ag/AgCl were employed as the
counter and reference electrodes, respectively. EIS was carried
out under a zero potential by sweeping the frequency from
0.1 Hz to 100 kHz at an amplitude of 5 mV. The specic
capacitance (Cs, F g�1) and energy and power densities of the
prepared samples were calculated from the GCD curves at
different current densities according to the following equations:

Cs ¼ 2� I � Dt

m� Dv
(1)

E ¼ 0:5� Cs � DV 2

3:6
(2)

P ¼ E � 3600

Dt
(3)

where I is the discharge current (A); m is the mass of the active
material (g); V is the potential range (E) and t is the discharge
time (s).
Results and discussion

As depicted in (Fig. 1a, b, d and e), highly conductive, highly
exible and inexpensive nickel foam (NF) was utilized as
a substrate; the resulting Ni foam could serve as an efficient
candidate for energy storage devices. During electrochemical
reaction of deposition, OH� ions released from Zn2+ provide
abundant active sites for nucleation in the reaction solution.
Meanwhile, in the process of hydrolysis, part of the Zn(OH)2
colloid dissolves to Zn2+ and OH� within the solution, which
results in the formation of NF/ZnOx nuclei. Secondly, similar to
the above mentioned methodology, nanoparticles like NF/CoOx
by a similar chemical bath deposition process. During deposi-
tion, slowly released OH� ions from the urea react with Co2+

ions in the reaction solution to precipitate CoOx surface,
leading to the growth of nanoparticle structure.

The surface morphology and microstructures of the as-
prepared NF/ZnOx and NF/CoOx nanostructure electrode
materials were examined by eld emission scanning electron
microscopy (FE-SEM) images. Fig. 1 presents FE-SEM images of
NF/ZnOx and NF/CoOx nanostructures deposited on nickel
foam substrates at different magnications using a simple
chemical bath deposition approach. FE-SEM (Fig. 1a and b)
revealed the as-fabricated NF/ZnOx to have a cone-like nano-
structure. As shown in Fig. 1a and b, the NF/ZnOx nanostructure
displayed a unique surface morphology with a uniform
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a and b) FE-SEM images, (c and f) EDX pattern and (d and e) FE-SEM images of NF/ZnOx and NF/CoOx on nickel foam and (g and h)
elemental mapping of Zn and O.
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distribution over the nickel foam substrate, showing a cone-
shaped nanostructure with a large surface area. This can
augment the transport of electrolyte ions and ensure adequate
surface contact between the active material and electrolyte in
supercapacitor electrodes, which are benecial to the redox
reaction. Fig. 1c presents the EDX spectrum; the NF/ZnOx was
comprised mainly of Zn, Ni, C and O. Fig. 1d and e shows FE-
SEM images of NF/CoOx revealing a wave-like nanostructure.
The FE-SEM images (Fig. 1d and e) of the NF/CoOx indicated
nanoparticles interconnected with each other and distributed
uniformly over the Ni foam, which is a benecial surface for the
electrochemical reaction. EDS was also performed to conrm
the formation of the NF/CoOx nanostructure, as illustrated in
Fig. 1f. The spectrum indicated the presence of Co, Ni, O and C.
Moreover, the EDS elemental mapping images further reveal
there appears a distribution of Zn and O across the structure
(Fig. 1g and h), unambiguously conrming the nanocone
structure is attributed to NF/ZnOx.

The structural features of the prepared NF/ZnOx and NF/
CoOx samples were examined by HR-TEM, as shown in
Fig. 2. HR-TEM clearly resembling the nanoparticle-like
morphologies of the synthesized NF/ZnOx and NF/CoOx
samples. The mean length and width of the obtained nano-
cone and nanoparticles were 1 mm, respectively (Fig. 2a and
b). The NF/ZnOx had a uniform surface, clear edges, and
minor thickness. Therefore, these nanocone and
This journal is © The Royal Society of Chemistry 2019
nanoparticle structures are benecial for efficient and fast
ion and electron transportation to the surface of the active
materials, which enhance the effective utilization of the
active material. The formation of these nanocone and
nanoparticle are governed by a range of factors, such as
nucleation, grain growth and chemical bath deposition
parameters (temperature and time duration). The HR-TEM
images which was the individual (111) planes are regularly
arranged over the nanoparticles in similar directions as
shown in Fig. 2d.

The crystal structure and phase of the NF/ZnOx nanocone
and NF/CoOx nanoparticle samples were identied by XRD, and
the XRD pattern is shown in Fig. 3. The XRD peaks at 31.7�,
34.2�, 36.2�, 62.8�, 67.9�, and 69.0� 2q were indexed to the (1
0 0), (0 0 2), (1 0 1) (1 0 3) (1 1 2), and (2 0 1) crystal planes of the
ZnO (JCPDS no: 89–1397), respectively.26–28 The peaks at 36.5�,
42.4�, 61.5�, 73.7�, and 77.8� 2q were assigned to (111), (200),
(220), (311), and (222) planes corresponding to the cubic phase
of CoO (JCPDS 75-0393).29 The characteristic peaks of the
prepared samples were in good agreement with those reported
previously. In addition, the strong peaks corresponding to the
(111), (200), and (220) crystal planes were indexed to the Ni foam
substrate (JCPDS card no. 70-1849).30

Fig. S1a† presents the XPS survey spectra of the NF/ZnOx
complete spectrum clearly showing Zn, Ni and O with no
other impurities. The presence of Ni in the survey spectrum was
RSC Adv., 2019, 9, 21225–21232 | 21227
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Fig. 2 TEM and HR-TEM images of NF/ZnOx and NF/CoOx, (a and b) TEM images of NF/ZnOx, (c and d) TEM images of NF/CoOx.
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attributed to the background of the Ni foam. Fig. S1b† presents
the high-resolution XPS spectrum of Zn 2p. The two major
peaks at 1022.7 eV and 1045.5 eV were assigned to the Zn 2p3/2
and Zn 2p1/2 peaks of Zn2+ on the nickel foam surface.31

Fig. S1c† presents the Ni 2p spectrum consisting of two major
peaks which were the Ni 2p3/2 peaks located at 856.8 eV and
874.4 eV indicates the presence of Ni2+ and Ni3+, respectively;
meanwhile, the Ni 2p1/2 peaks were tted at 862.4 eV and
880.2 eV, which represents the Ni2+ and Ni3+ oxidation states,
respectively.32 Furthermore, Fig. S1d† presents the deconvolu-
tion spectrum of O 1s. There are three peaks located at eV values
of 529.5 (O1), 530.5 (O2), and 531.9 eV (O3); this correspond to
the oxy metal bonds and hydroxyl metal bonds.33 Overall, the
Fig. 3 X-ray diffraction (XRD) patterns of the NF/ZnOx and NF/CoOx
samples.

21228 | RSC Adv., 2019, 9, 21225–21232
presence of NF/ZnOx conrmed that the nanocone structure
had been prepared successfully. Fig. S2a† presents the XPS
survey spectra of the NF/CoOx complete spectrum clearly
showing Co, Ni and O. As shown in Fig. S2b† the deconvoluted
Co 2p at 780.12 (Co3+ 2p3/2) and 795.2 eV (Co3+ 2p1/2) corre-
sponding to Co3+, and the ttings of Co 2p at 783.6 (Co2+ 2p3/2)
and 799.3 eV (Co2+ 2p1/2) can be assigned to Co2+; this proves
existence of Co2+ and Co3+ oxidation states in the as-synthesized
material. Fig. S2c† presents the Ni 2p spectrum consisting of
two major peaks which were the Ni 2p3/2 peaks located at
855.4 eV and 873.6 eV indicates the presence of Ni2+ and Ni3+,
respectively; meanwhile, the Ni 2p1/2 peaks were tted at
862.4 eV and 880.2 eV, which represents the Ni2+ and Ni3+

oxidation states, respectively.32 Fig. S2d† presents deconvolu-
tion spectrum of O 1s. The high-resolution scan of the O 1s
spectrum showed a peak with a binding energy of 230.8 eV,
which is associated with typical metal–oxygen bond.

In order to evaluate the surface area and pore size distribu-
tion properties of the as synthesized NF/ZnOx and NF/CoOx
electrodes, N2 adsorption–desorption isotherms of BET anal-
ysis are shown in Fig. S3a and b.† Uniform distribution of NF/
ZnOx ensures higher electrochemically active surface area and
hence enhances the electrical conductivity. Aer analysis, NF/
CoOx was found to have minimum surface area and so it was
found to have the lowest specic capacitance than the other
electrode of NF/ZnOx. The BET surface area and mean pore
diameter of NF/CoOx was found to be 65.9 m2 g�1 with an
average pore sizes mostly below 5 nm whereas NF/ZnOx showed
approximately 79.4 m2 g�1 with an average pore sized mostly
below b nm, respectively. This large surface area conrms that
the introduction of NF/ZnOx electrode could enhance the
This journal is © The Royal Society of Chemistry 2019
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specic surface area and increased the reaction sites at the
interface of the electrode and the electrolyte signicantly.

To examine the electrochemical performance and assess the
advantages of these NF/ZnOx and NF/CoOx electrode materials,
CV, GCD, Cs, and cycling stability were measured in a standard
3-electrode set up using a 2 M KOH aqueous solution as the
supporting electrolyte. Fig. 4a presents the CV curves of the NF/
ZnOx electrode at various scan rates and potential window
between 0 and 0.4 V (vs. SCE). All CV curves revealed a well-
dened a pair of redox peaks with increasing scan rate. The
CV area increased and a similar CV curve shapes were obtained,
indicating pseudocapacitive material. The electrodemaintained
a uniform and typical redox reaction with a well-dened peak
even at higher scan rates (100 mV s�1 from 5 mV s�1). At low-
scan rates, most of the inner active sites participate and very
high specic capacitance can be obtained. Moreover, the anodic
and cathodic peaks shied toward higher and lower potentials,
respectively, due to the insufficient penetration of ions from
electrolyte into the dense center of the nanostructure. Fig. 4b
presents GCD measurements of the NF/ZnOx electrode carried
out at various current densities, ranging from 20 mA g�1 to
28 mA g�1 in the cut-off voltage from 0 to 0.4 V. The entire
charge and discharge proles were symmetrical with different
current densities, suggesting that the electrode material
exhibits more reversible charge and discharge characteristics.

The specic capacitance of the NF/ZnOx was determined
from the discharge curves of the GCD proles and the corre-
sponding results, as shown in the Fig. 4b. The specic capaci-
tance of the NF/ZnOx electrode material was 2437 F g�1 at
Fig. 4 (a) CV curves at different scan rates, (b) GCD curves at different
current densities as a function of the current density, and (d) cycling sta

This journal is © The Royal Society of Chemistry 2019
20 mA g�1. Fig. 4c presents GCD plots of NF/ZnOx at different
current densities from 20 to 28 mA g�1 in a potential window
from 0 to 0.4 V. Fig. 4c displays the calculated specic capaci-
tance based on the discharge current density. The NF/ZnOx
electrode showed Cs values of 2437, 1512, 1125, 975, and 787
F g�1 at current densities of 20, 22, 24, 26, and 28 mA g�1,
respectively. Therefore, the high specic capacitance and rate
capability of as-synthesized NF/ZnOx were attributed to the
exclusive porous architecture, which could be useful to shorten
the ion-diffusion pathways, enhance the spaces for ion-buffer
storage, and offer effective capacitance. The specic capaci-
tance results were higher than the recently reported values of
ZnO-based electrodes, such as Co3O4@ZnO nano-
heterostructrues (415 F g�1 at 1 A g�1),34 ZnCo2O4 microspheres
(542.7 F g�1 at 1 A g�1),35 ZnO nanoakes (260 F g�1 at 2 A g�1),36

ZnCo2O4 nanostructure (776.2 F g�1 at 1 A g�1)37 and
ZnO@Co3O4 core/shell heterostructure (857.7 F g�1 at 1 A g�1),38

respectively. Moreover, the cycling stability of the NF/ZnOx was
examined at a current density of 22 mA g�1. The NF/ZnOx
showed good capacitance retention of 97.8% aer 3000 cycles,
highlighting its remarkable long-term cycling stability, as
shown in (Fig. 4d).

The electrochemical performance of the NF/CoOx electrode
material was also analyzed by CV, GCD, Cs, and cycling stability
measurements. Fig. 5a and b presents the CV and GCD curves of
the NF/CoOx electrode. The NF/CoOx exhibited a specic
capacitance of 2142, 1807, 1670, 1392, and 1250 F g�1 at current
densities of 20, 22, 24, 26, and 28 mA g�1, respectively (Fig. 5c).
The specic capacitance of the NF/CoOx electrode exhibited
current densities, (c) calculated specific capacitance values at various
bility at 22 mA g�1 of the NF/ZnOx electrode.

RSC Adv., 2019, 9, 21225–21232 | 21229
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Fig. 5 (a) CV curves at different scan rates, (b) GCD curves at different current densities, (c) calculated specific capacitance values at various
current densities as a function of the current density, and (d) cycling stability at 22 mA g�1 of the NF/CoOx electrode.
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superior performance to other previously reported CoO-based
electrodes with Co3O4 nanostructure (637.2 F g�1 at 2 A g�1),39

Co3O4 nanotube (574 F g�1 at 2 A g�1),40 Co3O4 nanorod (456 F
g�1 at 1 A g�1),41 Co3O4/graphene (328 F g�1 at 1 A g�1)42 and
Co3O4 nanocubes (833 F g�1 at 50 mV s�1),43 respectively. In
addition, long cycling behavior is another important factor for
the practical prospects of a supercapacitor. Fig. 5d presents the
cycling performance of the as-prepared NF/CoOx at 22 mA g�1

over 3000 cycles. A gradual enhancement in cycling behavior
was observed due to the occurrence of an activation process
with the electrolyte penetrating into the inner parts of mate-
rials. Aer 3000 cycles, the NF/CoOx electrode still retained
95.8% of its initial capacitance.
Fig. 6 (a) Electrochemical impedance spectra (EIS) and (b) Ragone plots

21230 | RSC Adv., 2019, 9, 21225–21232
EIS was performed on NF/ZnOx and NF/CoOx electrode
materials over the frequency range, 0.1 Hz to 100 kHz, to further
investigate the electrochemical behavior, and the correspond-
ing EIS plots are shown in Fig. 6a. All the curves included
a partial semicircle in the high frequency region, corresponding
to the charge transfer resistance, and an inclined line along the
imaginary axis in the low frequency region, suggesting excellent
electrical conductivity due to rapid ion and electron transport in
the electrode, which leads to superior performance. The charge
transfer resistance (Rct) of the NF/ZnOx and NF/CoOx electrodes
were low at 0.2 U and 0.4 U, respectively. The energy density (E)
and power density (P) are generally used as important param-
eters to characterize the performance of supercapacitor
of the NF/ZnOx and NF/CoOx electrodes.

This journal is © The Royal Society of Chemistry 2019
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applications. The Ragone plots of NF/ZnOx and NF/CoOx is
shown in Fig. 6b. Impressively by using eqn (2) and (3), the NF/
ZnOx and NF/CoOx exhibited a high energy density (E) of
54.15 W h kg�1 and 47.6 W h kg�1 at a power densities (P) of
499.8 W kg�1 and 571.2 W kg�1, respectively, highlighting the
excellent energy storage performance of NF/ZnOx and NF/CoOx.
Remarkably, these obtained values are substantially superior
than the reported values for the ACkAl–Co oxide,44 ACkNi–Co
oxide,45 ACkFe3O4,46 ACkMnO2 (ref. 47) and ACk(Ni1/3Co1/3Mn1/

3)(OH)2 (ref. 48) asymmetric capacitors with identical experi-
mental conditions to those employed here. The high energy
density should be attributed to both its high specic capaci-
tance and its wide electrochemical window in the aqueous
electrolyte.
Conclusion

NF/ZnOx and NF/CoOx electrode materials were fabricated
using a simple chemical bath deposition approach for high
energy-storage performance. These NF/ZnOx and NF/CoOx
electrodes evaluated for supercapacitors delivered much
enhanced electrochemical behaviors and enhanced the use of
active material and provided a greater electrical conductivity
and faster kinetics. The fabricated NF/ZnOx and NF/CoOx SCs
devices exhibited a good specic capacitance of 2437 and 2142 F
g�1 at a current density of 20 mA g�1, respectively, and exhibited
outstanding cycling performance with 97.8% and 95.8%
specic capacitance retention, respectively, aer 3000 cycles at
a current density of 22 mA g�1. The electrodes exhibited a high
specic surface area, low Rct value, and good cycling perfor-
mance, highlighting their potential applicability for high
performance energy storage applications for the future.
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