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Supercapacitor (SC) electrodes fabricated with the combination of carbon nanotubes (CNTs) and metal oxides are
showing remarkable advancements in the electrochemical properties. Herein, NiO decorated CNT/ZnO core-shell
hybrid nanocomposites (CNT/ZnO/NiO HNCs) are facilely synthesized by a two-step solution-based technique
for the utilization in hybrid supercapacitors. Benefitting from the synergistic advantages of three materials, the
CNT/ZnO/NiO HNCs based electrode has evinced superior areal capacity of ~67 uAh cm 2 at a current density of
3 mA cm ™2 with an exceptional cycling stability of 112% even after 3000 cycles of continuous operation. Highly
conductive CNTs and electrochemically active ZnO contribute to the performance enhancement. Moreover, the
decoration of NiO on the surface of CNT/ZnO core-shell increases the electro active sites and stimulates the faster
redox reactions which play a vital role in augmenting the electrochemical properties. Making the use of high
areal capacity and ultra-long stability, a hybrid supercapacitor (HSC) was assembled with CNT/ZnO/NiO HNCs
coated nickel foam (CNT/ZnO/NiO HNCs/NF) as positive electrode and CNTs coated NF as negative electrode.
The fabricated HSC delivered an areal capacitance of 287 mF cm™~2 with high areal energy density (67 uWh
cm~2) and power density (16.25 mW cm™~2). The combination of battery type CNT/ZnO/NiO HNCs/NF and EDLC
type CNT/NF helped in holding the capacity for a long period of time. Thus, the systematic assembly of CNTs and
ZnO along with the NiO decoration enlarges the application window with its high rate electrochemical
properties.

1. Introduction

Unimaginable growth of global population is demanding the high
amount of energy, and tending to destroy the environment with the
pollutants releasing from the conventional energy sources (coal, gas, oil,
etc.) [1-3]. These ever-increasing energy-environmental problems have
been stimulating the exploration towards alternative clean energy re-
sources such as solar, wind, ocean, and bio energies [4-7]. Most of the
renewable and environmentally benign energy sources are sporadic in
nature, and need an energy storage device arrangement besides it [1].
Thus, the demand is increased for the best performing energy storage
technology/device to buffer the intermittent nature of the sustainable
energy sources.

Two major technologies which occupied the energy storage industry
are lithium-ion batteries (LIBs) and supercapacitors (SCs) [8]. Each
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technology is possessing its own advantages along with disadvantages.
With peculiar features such as sharp charge/discharge rates, high power
densities, improved cycling stabilities, and simple and safe operations,
SCs are drawing utmost attention in the field of energy storage [9-11].
Specifically, hybrid supercapacitors (HSCs), which are derived from the
blend of electric double layer capacitor (EDLC) electrode and battery
type electrode [12,13]. This HSCs entrust high energy density originated
from rich redox chemistry of battery-type materials, and power density
resulted from EDLC materials [12]. Moreover, the widening of potential
window is also evident in this class of SCs due to the existence of two
different electrode materials which enhances the energy density in line
with the equation E = ' CV? [8].

Recent reports on novel materials-based HSCs have been proclaimed
enhanced performances than other supercapacitors benefiting from the
advantages of two mechanisms [14-18]. As the performance of a SC is
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dependent on materials and their combination, the exploration of novel
materials and combinations for next generation HSCs is a current sci-
entific challenge in the field of energy storage. CNTs as a supercapacitor
electrode are gaining the wide spread of attention owing to their unique
properties, such as high surface area, high electrical conductivity, and
excellent stability [19]. ZnO is a ubiquitous component in the battery
type SCs with its numerous advantages like, high chemical stability, high
energy density of 650 A g~!, abundancy, good electrochemical activity,
low cost, eco-benign nature, and ease of fabrication [20-22]. Utilizing
the advantages of both the materials, improvement in the performance
of the SC can be achieved by the combination of CNTs and ZnO with
different morphologies. Recently, Ranjithkumar et al. fabricated ZnO
nanorod embedded CNT (ZnO/CNT) by a chemical refluxing method
and showed its superior electrochemical performance than individual
ZnO or CNTs. ZnO/CNT electrode has shown a specific capacitance of
189 F g1, which is nearly 1.5 times of CNT electrode and 3 times of ZnO
electrode [23]. In another study, Wei Wang et al. reported the enhanced
electrochemical performance of ZnO/CNT electrodes prepared by a
suction filtration method. The study revealed that the increase in the
contents of CNTs and ZnO resulted in the enhanced electrochemical
performance maximum areal capacitance at a scan rate of 50 mV s Lis
14.6 mF cm 2 until the optimization point and then decreased [24]. Few
other studies also proved that the fabrication of CNT and ZnO based
composite electrodes gives the improved performance [25-27]. Sur-
prisingly, a recent study related to CNTs uncovered the dramatical
improvement in the performance of the composite electrode when it is
combined with mixed metal oxides [28]. Thus, it is anticipated that the
addition of second metal oxide can tremendously enhance the charge
storage capacity of the CNT/ZnO composite. Moreover, a systematic
assembly of metal oxides and CNTs is needed to achieve higher perfor-
mances with longer lifetimes by facilitating the high surface area, and
electrochemical active plats. Nickel oxide (NiO) is also a widely studied
material as supercapacitor electrode due to its high theoretical capaci-
tance (2584 F g_l), environmental friendliness, low cost, facile syn-
thesis, and good chemical stability [1,29,30]. Efficient decoration of NiO
on the surface of CNT/ZnO core-shell nanostructures enhances the
electrochemical performance by improving the active surface area,
facilitating the effective diffusion of electrolyte, and contributing itself
as an electro active material.

By considering the aforementioned facts, we have successfully
fabricated the NiO decorated CNT/ZnO core-shell hybrid nano-
composites (CNT/ZnO/NiO HNCs) using facile solution-based method
with the aid of ultrasonication for the enhancement of electrochemical
performance of the HSC. Prior to the core-shell synthesis process, CNTs
were refluxed for better dispersibility using ultrasonication. Refluxed
CNTs were dispersed in Zn acetate solution to develop the ZnO shell on
their surface. As obtained CNT/ZnO core-shell nanostructures were
decorated by NiO with the aid of ultrasonication to achieve novel hybrid
nanocomposites. Due to the collective advantages of the materials in the
composite, CNT/ZnO/NiO HNCs/NF electrode has delivered high areal
capacity than all other electrodes along with the excellent long-term
cycling stability (over 3000 cycles). Finally, the assembled HSC by uti-
lizing the CNT/ZnO/NiO hybrid nanocomposite as positive electrode
and CNTs as negative electrode has demonstrated good electrochemical
properties. Here, the novel core-shell structure of CNTs and ZnO
improved the electro-active sites. The decoration of NiO on the CNT/
ZnO core-shell surface further enhanced the active surface area of the
electrode. Thus, the unique NiO decorated CNT/ZnO core-shell structure
ultimately improved the diffusion rate of electrolyte ions into the elec-
trode and thereby electrochemical performance.

2. Experimental
2.1. Materials

All the materials used in this experiment are reagent grade, and used
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as received without any further purification. CNTs, zinc acetate dihy-
drate (Zn(CH3CO3)2-2H20), nickel chloride hexahydrate (NiCly-6H20),
sodium hydroxide (NaOH), potassium hydroxide (KOH), and nitric acid
(HNO3) were supplied by Sigma Aldrich Co., Republic of Korea. Nickel
foam (NF) and super P carbon were obtained from MTI Korea, Republic
of Korea. Deionized (DI) water of 18.3 MQ cm resistivity is produced
within the laboratory using Milli-Q water filter system and utilized for
the experiment.

2.2. Ultrasonication assisted functionalization of CNTs and preparation
of CNT/ZnO, CNT/NiO core-shell nanostructures (CSNSs)

Prior to the core-shell synthesis process, the dispersity of CNTs was
improved by chemical refluxing process with the aid of ultrasonication.
300 mg of CNTs was refluxed in 50 mL of 6 M concentrated HNOj3 so-
lution for 4 h at 80 °C, followed by washing with DI water, and drying
overnight at 60 °C.

Synthesis of CNT/ZnO CSNSs was facilely done by a solution-based
method. In a typical synthesis process, 100 mg of functionalized CNTs
was dispersed in 50 mL of DI water via ultrasonication for 30 min.
Meanwhile, 10 mM of Zn(CH3CO3)2-2H20 solution was prepared by
dissolving 110 mg of Zn(CH3CO3)2-2H50 in 50 mL of DI water. Then the
CNTs dispersion was added to the Zn solution under magnetic stirring
for 4 h at 80 °C by adding NaOH solution drop wise and soaked the
mixture for a period of 6 h. After cooling down to room temperature, the
precipitate was collected and washed with DI water and ethanol several
times, followed by drying at 300 °C for 2 h to obtain CNT/ZnO CSNSs.
Synthesis of CNT/NiO CSNSs was also performed in a similar manner by
adding dispersed CNTs in 50 mL of 10 mM NiCl,-6H0 solution and
proceeded until drying at 300 °C for 2 h.

2.3. Synthesis of CNT/ZnO/NiO HNCs with the aid of ultrasonication

To prepare CNT/ZnO/NiO HNCs, first 100 mg of CNT/ZnO CSNSs
were dispersed in 50 mL of DI water using ultrasonication for 30 min and
mixed with 50 mL of 5 mM NiCly-6H0 solution. The mixture was stirred
for 1 h at a temperature of 80 °C by adding NaOH drop wise. The well
mixed precipitate was collected and washed with DI water several times.
Ultimately, the CNT/ZnO/NiO HNCs were obtained after drying the
precipitate at 300 °C for 2 h. Several other materials like, pure ZnO
nanorods (NRs) and NiO nanosheets (NSs), and ZnO/NiO core-shell
nanostructures (CSNSs) were also prepared for the comparison studies.
Detailed description on their fabrication is given in electronic supple-
mentary information (ESI, Fig S1).

2.4. Characterization

Field emission scanning electron microscope (FESEM, Carl Zeiss,
LEO SUPRA 55) equipped with an energy dispersive X-ray spectroscopy
(EDS) was employed to investigate the surface morphology and
elemental composition of the synthesized materials. Transmission elec-
tron microscope (HR TEM, JEM 2100F, OXSFORD instruments) equip-
ped with EDS was utilized for the examination of internal microstructure
of the samples. The information related to crystalline nature and phase
of the materials was obtained from X-ray diffraction (XRD, Cu Ko radi-
ation, M18XHF-SRA, MAC Science) analysis. The surface elemental
composition and oxidation states of the samples were analyzed by using
X-ray photoelectron spectroscopy (XPS, Thermo Electron
MultiLab2000).

2.5. Electrochemical measurements

All the electrodes were prepared by a simple slurry coating method
using the nickel foam (NF) as a current collector. Cleaning of the NF was
performed very carefully to remove the oxidative layer on the surface by
sonicating it in HCI (37 wt%), water, and ethanol for 5 min at each step,
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followed by drying. In order to prepare electrodes, the active material
(ZnO NRs, NiO NSs, ZnO/NiO CSNSs, CNT/ZnO and CNT/NiO CSNSs,
and CNT/ZnO/NiO HNCs), super P carbon, and PTFE binder were taken
in a weight ratio of 80:10:10 and ground in an agate mortar by adding
few drops of N-methyl-2-Pyrrolidone (NMP) until the formation of
uniform slurry. This slurry was uniformly coated on professionally
cleaned NF in an active area of 1 x 1 cm? and dried at 80 °C for 4 h
followed by pressing with ~5 MPa pressure to obtain better attachment
between the material and NF.

The electrochemical properties of the electrodes were investigated
by using an IviumStat electrochemical instrument (IVIUM Technologies)
with the help of cyclic voltammetry (CV), galvanostatic charge/
discharge (GCD), and electrochemical impedance spectroscopy (EIS) in
three electrode system at room temperature (Fig. S4). Synthesized ma-
terials coated NF was acted as working electrode, Pt wire was used as
counter electrode, and Ag/AgCl was taken as reference electrode. The
applicability of the best performing material (CNT/ZnO/NiO HNCs/NF)
for practical applications was tested by fabricating supercapacitor de-
vice using it as positive electrode, CNTs coated NF (CNTs/NF) as
negative electrode, 1 M KOH as electrolyte, and cellulose membrane as
separator. The fabrication of negative electrode was also done in a
similar manner as described above by coating CNTs slurry on NF. The
following equations were used to obtain areal capacity, areal capaci-
tance, energy density, and power densities [31].

I x At
= (€]
a
1 x At
a = 2
ax AV 2
C,xAV?
Ed:T 3)
Ey
P, =—
4 =2 C)]

where, Q, Cg, Eg, and Py are areal capacity (Ah cm?), areal capacitance
(F cm’z), areal energy density (Wh cm’z), and areal power density (W
crn’z), respectively. I, a, At, and AV are current density (mA cm’z), area
(cm?), discharging time (s), and potential window (V), respectively.

(a)
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3. Results and discussion
3.1. Structural and morphological analysis

Fig. 1 schematically elucidates the NiO decorated CNT/ZnO core-
shell nanostructures developed by a facile two step solution-based
technique. Fig. la is the schematical representation of the functional-
ized CNTs. In first step, stirring followed by soaking of CNTs dispersion
in Zn acetate dihydrate solution was conducted to coat ZnO shell on
CNTs surface. During this process, the Zn precursor was uniformly
developed on CNTs and strongly adhered to their surface. Drying at
300 °C induced the growth of the ZnO from the Zn precursor with perfect
phase onto the surface of CNTs (Fig. 1b). During the second step, a mild
stirring and heating helped to decorate NiO on CNT/ZnO core-shell
nanostructures after immersing them in nickel precursor solution
(Fig. 1c). Prior to this second step, the CNT/ZnO CSNS were well
dispersed in DI water via ultrasonication for homogenous distribution of
NiO nanoparticles on the core-shell surface. The main role of the
ultrasonication in this experiment is to separate the agglomerated CNTs
in order to develop the ZnO shell on their entire surface. After the
ultrasonication process for 4 h, the surface of the CNTs is completely
available to coat ZnO shell. Similarly, CNT/ZnO core-shell nano-
structures were also subjected to ultrasonication for the proper separa-
tion of the agglomerated nanostructures before decorating with NiO.
Due to its high chemical stability, good electrical conductivity, and large
porosity, NF was selected as a current collector for the electrodes and
coated the prepared materials on it. This highly porous conductive
substrate collects the electrons from the electroactive materials and
transport them to an external circuit rapidly [8].

Surface morphology of the CNTs, CNT/ZnO, and CNT/ZnO/NiO
HNCs was evaluated by FESEM as shown in Fig. 2. Smooth surface of the
CNTs can be elucidated from the Fig. 2a(i&ii) with an outer diameter of
about 17-22 nm. Fig. 2a(iii) shows the surface chemical composition of
CNTs where single carbon element is noticed without any other impu-
rities. Nearly similar morphology was observed for CNT/ZnO core-shells
which is indicating the unmitigated coating of thin layer of ZnO shell on
CNTs core without disrupting their original structure (Fig. 2b(i&ii)).
Chemical compositions of the samples are revealing the material as
CNT/ZnO composite without any other elements (Fig. 2b(iii)). Perfect
coating of thin ZnO layer enhances the energy density of the electrode
owing to its battery type behavior and also improves the active surface
area. Decorated like structures on CNT/ZnO core-shells are evidenced
from the Fig. 2c(i&ii). Primarily, the material decorated on CNT/ZnO
core-shells is assumed as NiO and further confirmed from the EDS

(b) (c)
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Fig. 1. Schematic representation of CNTs (a), CNT/ZnO core-shell nanostructures (b), and CNT/ZnO/NiO HNCs (c).
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Fig. 2. Surface FESEM images and EDS spectra of CNTs (a)(i-iii), CNT/ZnO core-shell nanostructures (b)(i-iii), CNT/ZnO/NiO HNCs (c)(i-iii).

spectrum in Fig. 2c(iii), which shows that the material is composed of
CNTs, ZnO, and NiO nanostructures. NiO decoration on CSNSs pre-
dominantly increases the electrochemical performance of the electrode
with the aid of enhanced active surface area and excellent electro-
chemical properties of NiO [32]. Decorated structures improve the
electrolyte diffusion into the core areas of the electrode and facilitate
them to contribute to the overall electrode performance.

Fig. 3 gives the internal microstructural information of the CNT/
ZnO/NiO HNCs. As can be seen from the Fig. 3a and 3b, decorated like
nanostructures are clearly visible on the surface of CNTs. Further, to
confirm the materials in the composite, lattice fringes were recorded at
the points shown in yellow, red, and blue colors in Fig. 3a(i). Core-shell
like structure is clearly revealed from the Fig. 3a(ii) in which CNT is a
core and ZnO is a shell. The explicit view of ZnO shell and CNTs core is
given in Fig. 3a(iii), where the d-spacing of 0.25 nm is attributed to the
(002) plane of ZnO and the d-spacing of 0.35 nm is ascribed to the
(002) plane of CNTs. Fig. 3a(iv) shows the lattice fringes of the CNT,
ZnO, and NiO in the sample. The d-spacings of 0.35 nm, 0.285 nm, and
0.194 nm are assigned to the planes of CNTs (002), ZnO (100), and NiO
(200), respectively and confirmed the decorated material as NiO. SAED
patterns were utilized to substantiate the existence of the CNTs, ZnO,
and NiO in the sample and observed the (002), (002), and (200) planes
corresponding to the materials CNTs, ZnO, and NiO, respectively
(Fig. 3c). Additionally, EDS elemental mapping was used for further
investigation of the elemental composition in the sample and it lucidly
reveals the presence of the elements like carbon, Zn, nickel, and oxygen
in the sample (Fig. 3d(i-iv)).

Fig. 4 depicts the XRD patterns of CNTs, CNT/ZnO CSNSs, and CNT/
ZnO/NiO HNCs, and XPS spectra of the CNT/ZnO/NiO HNCs sample. As
shown in Fig. 4a, XRD patterns are demonstrating a most prominent
peak located at 26 value of 26.1°, which is due to the graphitic structure
plane (002) of pure CNTs. From the XRD patterns of CNT/ZnO, all the

diffraction peaks other than CNTs (002) observed at 20 values of 31.7,
34.4, 36.2, 47.6, 56.6, 62.8, 67.9, and 69° are assigned to the planes of
(100), (002), (101),(102),(110), (103), (112), and (201), respec-
tively. All these observed planes are attributed to the hexagonal wurtzite
structured ZnO in CNT/ZnO composite (JCPDC #89-1397). Further-
more, there are no other peaks noticed in the XRD patterns which is
suggesting the perfect crystalline phase of the ZnO without any impurity
elements. The XRD patterns of CNT/ZnO/NiO HNCs are showing the
diffraction peaks related to NiO along with the peaks of CNTs and ZnO at
20 values of 43.4, 62.4, and 75.3° correspond to the planes (200),
(220), and (311), respectively. All these planes are assigned to the cubic
structured NiO (JCPDS #47-1049). Moreover, the XRD patterns of all
the materials revealed the perfect phase and high purity of the prepared
materials without any other impurity peaks. XPS survey spectrum of the
CNT/ZnO/NiO HNCs displayed the signals related to the elements Zn,
Ni, O, and C indicating their presence in the sample (Fig. 4b) and is well
in agreement with the EDS results. Further, the high resolution XPS
spectra were recorded for Zn 2p, Ni 2p, O 1s, and C 1s to verify their
valence states in the composite. As shown in Fig. 4c, the high resolution
XPS spectrum of Zn 2p is displaying the spin-orbit splitted Zn 2ps,> and
Zn 2p; o signals located at 1019.8 and 1042.9 eV, respectively. These
are the characteristic peaks of divalent Zn (Zn2+) [33]. Spin orbit
splitting was also noticed in Ni 2p which is splitted into Ni 2p3,2 and Ni
2pi,2 with the peaks located at 854.1 and 871.6 eV, respectively
(Fig. 4d). Small broad peaks presented at 859.88 and 877.78 eV in the
spectrum are assigned to the satellite peaks of Ni 2ps,2 and Ni 2p; 2,
respectively. All these main and satellite peaks are collectively indi-
cating the Ni%" state of the element Ni in the hybrid nanocomposite
[34]. The major peak of C 1s core-level spectrum at 283 eV is decon-
voluted into 3 peaks corresponding to C—C, C—OH, and C=0 bonds, at
283, 283.7, and 287.6 eV, respectively (Fig. 4e) [35]. Fig. 4f divulges the
narrow scan result of O 1s which is again deconvoluted into two peaks.
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Fig. 3. HRTEM images of CNT/ZnO/NiO HNCs with different magnifications (a & b). SAED patterns of CNT/ZnO/NiO HNCs (c), elemental mapping of C, Zn, Ni, and

O elements (d).

The peaks at 531.1 eV and 529.8 eV are the characteristic peaks of the
OH™ and metal-oxygen bonding, respectively [8]. All these character-
izations of the samples declared that the facilely fabricated materials
achieved the good crystallinity and phase purity without any unwanted
impurities.

3.2. Electrochemical performance of the electrodes

Fig. 5a manifests the CV curves of all the electrodes in three-
electrode configuration recorded within the voltage range of 0-0.55 V
at a constant sweep rate of 50 mV s~! for comparison. From the figure it
is evident that all the electrodes exemplified dominant redox peaks
during forward as well as backward scans which is realized as the
Faradaic mechanism of charge storage. Specifically, the area enclosed by
the CV curve of CNT/ZnO/NiO HNCs/NF electrode is larger and the
intensity of the redox peaks is also higher compared to other electrodes
which is mainly due to the synergistic effect emerged from the combi-
nation of three different materials. Moreover, the decorated like struc-
ture of NiO on CNT/ZnO core-shell surface improved the electro-active
sites and facilitated the large number of electrolyte ions to diffuse into
the core levels of the electrode and contributed to the overall capacity.
Charge/discharge characteristics of all the electrodes were examined
using GCD curves at a steady current density of 5 mA cm ™2 as shown in
Fig. 5b. As can be perceived from the figure, the discharging time of the
CNT/ZnO/NiO HNCs/NF electrode is longer than the other electrodes.
This longer discharging time is attributed to the typical morphology of

CNT/ZnO/NiO HNCs/NF with improved surface area. The decoration of
NiO on CNT/ZnO core-shell nanostructures aided to perform the
numerous reversible redox reactions as well as to store abundant
charges. Areal capacity values of all the electrodes were calculated using
the Eq. (1) and graphically shown in Fig. 5c. As expected, the CNT/ZnO/
NiO HNCs/NF electrode has delivered highest areal capacity due to its
larger discharge time. Owing to these results, CNT/ZnO/NiO HNCs/NF
electrode was marked as optimized and studied its electrochemical
behavior in detail. Fig. 5d presents the CV curves of the CNT/ZnO/NiO
HNCs/NF electrode investigated at scan rates from 5 to 100 mV s~ 1. As
observed from the figure, all the CV curves contained redox peaks which
is the characteristic behavior of battery type electrodes. Furthermore,
the enclosed area of the CV curves and the value of the current were
increased with scan rate and the electrode still holds its characteristic
redox peaks even at high scan rates, stipulating the good reversibility of
hybrid nanocomposite electrode.

Capacitive and diffusive controlled capacitance contribution was
investigated by using the following power law.

i=av’ (5)

where i is the peak current (mA), v is the scan rate (mV/s), a and b are the
adjustable parameters. The value of b indicates the charge storage
mechanism of the electrode. If the estimated value of b is close to 1, then
the mechanism is capacitive controlled and if it is close to 0.5, the
mechanism is battery type in which ionic diffusion takes place.
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Fig. 4. XRD patterns of CNTs, CNT/ZnO, and CNT/ZnO/NiO HNCs (a). XPS survey spectrum of CNT/ZnO/NiO HNCs (b). Core-level spectra of elements Zn (c), Ni

(d), C (e), and O (f) in the sample.

Generally, the value of b can be estimated from the slope of the graph
between log(peak current) and log(scan rate). As can be seen from the
Fig. Se, the values of b for anodic and cathodic graphs are 0.58 and 0.67,
respectively, corroborating the combination of capacitive and battery
type charge storage behaviors of CNT/ZnO/NiO HNCs/NF electrode.
Further, the power was converted as follows to calculate the contribu-
tions of each type [8]:

i = kyvikyv'? 6)

where, k1, and k; are the parameters, whose values can be realized from
the slope and intercept of the linear curves in Fig. 5f. Fig. 5g shows the
percentages of capacitive and diffusive controlled current contributions.
At the low scan rates, the current contribution is mainly diffusion
controlled, which is gradually decreased with scan rate. Diffusion
controlled current contribution is nearly 94% at a scan rate of 5 mV s !
and 78% at a scan rate of 100 mV s, indicating the domination of
battery-type behavior at all scan rates. Capacitive controlled current
contribution is increased from 6% to 22% with the increase in scan rates
from 5mV s~ to 100 mV s~

GCD cycles were also recorded for CNT/ZnO/NiO HNCs/NF elec-
trode at various current densities ranging from 3 mA cm 2 to 20 mA
cm 2 and the obtained results are shown in Fig. 5h. As noticed from the
figure, the GCD cycles of hybrid nanocomposite electrode are well in
accordance with CV curves, corroborating its battery type charge stor-
age mechanism. The values of areal capacity were calculated at each of
the current density and shown in Fig. 5i. Hybrid nanocomposite elec-
trode has shown high areal capacities of 66.7, 41.4, 35.8, 36.7, 34, 28.3,
and 21.1 pAh cm™2 at current densities of 3, 5, 7, 10, 12, 15, and 20 mA
em ™2, respectively. As we know, it is very essential for any electrode
material to hold good stability and repeatability during various charge/
discharge operations in order to satisfy the demand of practical appli-
cations. Thus, CNT/ZnO/NiO HNCs/NF electrode was subjected to
cycling stability test by observing the charge/discharge cycles without
break until 3000 cycles at a constant current density of 5 mA cm™2. As
can be observed from the Fig. 5j, the electrode has shown good stability
during the test with an exceptional capacity retention of 112% at the end
of 3000th cycle. The enhancement in the capacity retention after first

few cycles is ascribed to the activation of CNT/ZnO/NiO HNCs electrode
material in electrolyte and improvement in the discharge time as shown
in the inset of the figure. Electrochemical impedance spectroscopy was
adopted to analyze equivalent series resistance of the hybrid nano-
composite electrodes before and after the cycling stability test as pre-
sented in Fig. 5k. Nyquist plots were recorded in the frequency range
from 0.1 to 100 kHz with an open-circuit voltage of 5 mV. Nyquist plots
corresponding to before test and after test were fitted by applying an
equivalent circuit as shown in the inset of the Fig. 5h using Zview
software. The Nyquist plot’s intercepting point on X-axis gives the in-
formation about internal resistance of the device (R1) which is the
combination of active material internal resistance, electrolyte resis-
tance, and contact resistance between current collector and active
electrode material. Charge transfer resistance (R2) can be estimated
from the diameter of the semicircle appeared at high-middle frequency
region. The observed R1 and R2 values from the fitted EIS curves of the
electrode before cycling test were 0.192 Q and 0.22 Q, respectively.
While, the R1 and R2 values of the electrode after cycling test were
0.486 Q and 0.63 Q, respectively, indicating a slight increase in the
values after long-term operations. The low values of R1 and R2 were due
to the conductive CNTs and special structure of the hybrid nano-
composites. A schematical representation of the CNT/ZnO/NiO HNCs/
NF electrode including its morphological features is given in Fig. 51. The
decorated like structure of NiO allows the electrolyte to diffuse into the
core levels of the electrode efficaciously and promotes their participa-
tion in the electrochemical reactions. Moreover, conductive CNTs
facilitated the quick transport of electrons (obtained during the charging
and discharging processes) from the active material to the current col-
lector (NF). Owing to these features, the CNT/ZnO/NiO HNCs/NF
electrode has shown high areal capacities with good stability and
reversibility than other electrodes.

A hybrid supercapacitor was fabricated using CNT/ZnO/NiO/NF as a
positive electrode, and CNT/NF as a negative electrode. Cellulose filter
paper and 1 M KOH were used as separator and electrolyte, respectively.
Electrochemical properties of CNT/NF were studied and presented in
Fig. S2 of ESI with appropriate analyses. Prior to the HSC fabrication,
both electrodes as well as separator were soaked in electrolyte and then
cautiously assembled into a device as schematically shown in Fig. 6a. It
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electrode (1).

is recommended to balance the masses of the active materials before
constructing a supercapacitor to achieve high performance. Hence,
optimization of the mass was done using the following equation after
several experiments [36].

0. Xay
C_xAV_

m_ =

)

where, m,, C., and AV. are the mass, areal capacity, and potential win-
dow of the negative electrode, respectively. Q. and a, are the areal
capacity and active area of the positive electrode, respectively. The
optimized mass of the negative electrode from the above equation was
about ~1.2 mg. The potential window of the fabricated supercapacitor
was optimized by analyzing the CV curves at diverse potential windows
ranging from O to 0.6 V to 0-1.4 V as shown in Fig. 6b & S3. As can be
perceived from the figure, all the CV curves retained their original shape

without any deformation until 0-1.3 V and showed a sharp peak for the
potential window 0-1.4 V (due to the oxygen/hydrogen evolution),
indicating the 0-1.3 V as the best suitable potential window. Further,
GCD curves of the device were recorded by varying the voltage range
from 0.5 to 1.3 V at a constant current density of 12 mA cm ™2 (Fig. 6¢).
From the figure, clear triangular shapes were observed at lower poten-
tials where the capacitive mechanism is dominant and with an increase
in the potential range, the shape is slightly changed indicating the
presence of capacitive and battery type mechanisms. From the CV and
GCD curves which were recorded at different potentials, 1.3 V was
considered as optimum potential and performed detailed electro-
chemical analysis of the fabricated device at this potential. Fig. 6d
presents the CV curves of the HSC device at different scan rates ranging
from 10 to 100 mV s~ '. Due to the combination of battery type and
electric double layer type materials in the device, the obtained CV curves
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are showing quasi-rectangle shapes. Further, GCD measurements were
carried out to examine the electrochemical performance of the device at
fixed potential range of 0-1.3 V by varying the current densities from 3
to 25 mA ecm ™2 (Fig. 6e). The areal capacitance values were calculated
using Eq. (2) corresponding to each of the applied current densities from
GCD curves and graphically represented in Fig. 6f. The calculated areal
capacitances of the device are 286.6, 157.7, 140, 143.1, 131.1, 108.5,
92.3, and 80.8 mF cm ™2 corresponding to the current densities of 3, 5, 7,
10, 12, 15, 20, and 25 mA cm_z, respectively. Further, areal energy
density and power density of the device were calculated using Eq. (3&4)
and presented in Fig. 6g. The device exhibited high areal energy density
of 67 yWh cm ™2 at a power density of 1.95 mW cm 2. Further, the device
shown good performance under high current density of 25 mA cm™2
with an areal energy density of ~20 pWh cm 2 at a high power density
0f 16.25 mW cm 2. The obtained areal energy density and power density

values of the present supercapacitor are larger than the values of
recently reported CNT based SCs [27,37-45]. As the cycling stability is
particularly important to employ the device in practical applications,
the cycling test was conducted for 6000 cycles. As can be seen from the
Fig. 6h, the HSC device has retained its areal capacitance nearly 109%
after 6000 cycles. This good stability in the capacitance is attributed to
the synergistic effect originated from the three different materials in
positive electrode and highly stable CNTs based negative electrode.
Finally, making the use of high energy density and power density of the
device, it has been tested for its feasibility by illuminating commercial
LED. As can be elucidated from the Fig. 6i, the device was successfully
illuminated the LED after charging for a while. Table S1 shows the
comparison of the energy and power densities of previously reported
CNT based supercapacitors with present CNT/ZnO/NiO//CNT super-
capacitor. From the morphological advantages, high areal capacitances,
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and high energy and power densities, the fabricated HSC device is ex-
pected to employ in energy storage applications successfully.

4. Conclusions

In summary, NiO decorated CNT/ZnO core-shell hybrid nano-
composites were facilely prepared by a two-step solution-based tech-
nique. Uniform distribution of thin ZnO layer on CNTs surface and NiO
decoration on CNT/ZnO surface were elucidated from the morphology
investigations. Structural and compositional studies revealed the perfect
crystalline phase of the materials without any impurities. All the pre-
pared materials were used to fabricate electrodes by simple slurry
coating method on NF. CNT/ZnO/NiO HNCs/NF electrode has shown
high areal capacity of ~67 pAh cm™2 at a current density of 3 mA cm ™2
with a cycling stability of 112% upto 3000 cycles. NiO decoration on
CNT/ZnO surface ultimately improved the electro-active area thereby
effective electrolyte ions diffusion which helped in performance
augmentation. Collective advantages of CNTs, ZnO, and NiO are
contributed to the enhanced electrochemical properties of CNT/ZnO/
NiO HNCs/NF electrode. HSC device was fabricated with CNT/ZnO/NiO
HNCs/NF and CNT/NF as positive and negative electrodes, respectively.
The fabricated HSC device demonstrated high areal energy density of 67
pWh em~2 and power density of 16.25 mW cm 2 at current densities of
3 mA cm ™2 and 25 mA cm 2, respectively. Moreover, the device has
shown outstanding stability over 6000 cycles with ~109% of capacity
retention. Ultimately, the technology of decorating NiO on CNTs and
metal oxide core-shell surfaces shows promising impacts on the
enhancement of the electrochemical performance.
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