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Abstract

The intercalation pseudocapacitance mechanism holds the potential to significantly narrow the gap between supercapaci-
tors and lithium-ion batteries, particularly in terms of energy density and power density properties. Herein, 1D nanorod and
2D nanoflake mixed structures of nickel cobaltite (NiCo,0,) were prepared for asymmetric supercapacitor application. For
comparison, the NiO and Co;0, materials were also prepared, and examined their supercapacitor properties. The NiCo,O,
store charges through the diffusion-controlled process and delivers the specific capacity of 347 C g7! (694 F g~ at 1 A g™!
and it withstands 96% of initial capacity after 5000 cycles at a current density of 10 A g~!. Furthermore, the asymmetric
supercapacitor device (NiCo,0,//AC) exhibits the specific capacity of 141 C g ' (88 Fg~')at 1 A g7!, with an excellent
energy and power density of 31.3 Wh kg™! and 800 W kg™! respectively. The device retained 86% of its initial capacity after
5000 GCD cycles at 10 A g~!. Therefore, the 1D/2D mixed morphologies with diffusion-controlled charge storage process
are guaranteed to achieve superior electrochemical performance.

Keywords 1D/2D morphology - NiCo,0, - Diffusion -controlled - Supercapacitors - Energy storage

1 Introduction

Over the past few years, supercapacitors have garnered sig-
nificant attention as energy storage solutions for applications
demanding rapid charge/discharge characteristics. These
applications encompass high-power electronic devices and
electric vehicles. Supercapacitors deliver superior power
density while maintaining an extended cycling lifespan com-
pared to traditional batteries. Furthermore, they can store
a greater amount of energy when compared to traditional
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capacitors [1, 2]. The ion adsorption/desorption or fast redox
reaction process are the two energy storage mechanisms that
occur in Electric double-layer capacitors (EDLC) and pseu-
docapacitors respectively [3, 4]. Regrettably, the limited
specific capacitance of EDLCs falls short of meeting the
ever-increasing demand for peak-power support in electric
vehicles and similar applications. Consequently, there has
been a burgeoning interest in the adoption of pseudocapaci-
tive materials in supercapacitors. This surge in interest has
been driven by the significant increase in energy density
resulting from Faradaic reactions, which is at least one order
of magnitude greater than that achieved by EDLCs [5].
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Further, the Pseudocapacitors store charges using three
different charge storage mechanisms: underpotential deposi-
tion, redox pseudocapacitance, and intercalation pseudoca-
pacitance [6]. The underpotential deposition charge storage
mechanism takes place when a metal electrode is polarized
at a potential below the presumed value for a redox reaction.
This phenomenon induces electrochemical adsorption and
desorption of ions on the electrode's surface, giving rise to
pseudocapacitance [7]. Redox pseudocapacitance encom-
passes electron transfer between the electrode and the elec-
trolyte, which plays a significant role in driving the pseu-
docapacitive characteristics of the device [8]. Conversely,
intercalation pseudocapacitance relies on materials capable
of reversibly intercalating ions from the electrolyte into their
crystal structure. This intercalation and de-intercalation
process (battery-like charge storage mechanism), occurring
during charging and discharging cycles, greatly enhances
the overall pseudocapacitive performance of the device. By
way of comparison, Supercapacitors, which store energy
through either EDLC or surface Faradaic redox pseudoca-
pacitance, exhibit remarkable rate performance. However,
it's important to note that their energy density still lags sig-
nificantly behind that of lithium-ion batteries. On the other
hand, the intercalation supercapacitors store energy through
a battery-like process, while still exhibiting rapid reaction
kinetics like a supercapacitor. This intercalation pseudoca-
pacitance has the potential to substantially bridge the gap
between supercapacitors and lithium-ion batteries in terms
of energy density and power density. This creates a fresh
opportunity for the advancement of energy storage systems
that can offer both high energy density and power density
simultaneously [9].

To attain high energy density and power density fea-
tures, it is essential to design the electrodes in a way that
incorporates a substantial quantity of electroactive sites and
facilitates high rates of transport for both electrolyte ions
and electrons. These elements work in tandem during the
Faradaic reactions, contributing to enhanced performance.
This can be accomplished by preparing the high surface
area electroactive materials with various morphologies,
resulting in a significant increase in surface area, improved
electrical conductivity, and enhanced ion transport capabili-
ties. Notably, one-dimensional (1D) and two-dimensional
(2D) nanostructures have gained significant recognition
because of their unique structural characteristics and inher-
ent attributes [10, 11]. Specifically, 1D and 2D nanostruc-
tures offer an abundance of surface-active sites, effectively
shortening the routes for electrolyte ion movement during
electrochemical reactions. This leads to accelerated charge/
discharge rates and an expanded electrode/electrolyte inter-
face. Furthermore, 2D nanostructures possess impressive
planar electronic conductivity, while their reduced thickness
enhances their electrochemical reactivity. In addition, the
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2D morphologies experienced the spacer effect during the
cyclic stability analysis due to the restocking factor. The 1D
and 2D morphologies mixed morphologies could overcome
these drawbacks to enhance electrochemical performance
[12, 13]. Still, various nanomaterials with 1D and 2D mor-
phologies are used to prepare the electroactive materials for
supercapacitors [14, 15].

Here, we develop 1D and 2D mixed morphologies of
NiCo,0, material through the hydrothermal method for
asymmetric supercapacitor application. For comparison,
the individual components such as NiO and Co;0, were
also prepared and examined its electrochemical properties.
The NiCo,0, material with various morphologies was uti-
lized as supercapacitor electrodes previously [16, 17]. In this
work, we extend the intercalation pseudocapacitance-based
NiCo,0, material, which is attained through the preparation
of mixed morphologies with 1D and 2D nanostructures. The
surface-controlled and diffusion-controlled charge storage
mechanism is analyzed in detail for various scan rates in
supercapacitor analysis. As stated above, the materials fol-
low the intercalation-pseudocapacitor behavior due to these
unique mixed morphologies. Asymmetric device studies
were also performed for NiCo,0, material and provided
high energy and power density characteristics due to the
diffusion-controlled properties. As a result, producing elec-
trode materials in the form of 1D and 2D nanostructured
material enhances the desirable supercapacitor properties.

2 Experimental section
2.1 Materials

All reagents are used in their pure form without
any further purification. The Nickel nitrate hexahy-
drate (Ni(NO3)2-6H20), cobalt nitrate hexahydrate
(Co(NO3)2-:6H20), poly(vinylidene fluoride) (PVDF),
and carbon black, were bought from Sigma Aldrich.
Additionally, ethanol, urea, diethylamine, and N-methyl-
2-pyrrolidone (NMP) were purchased from SRL (India).
Furthermore, nickel foil (0.025 mm thickness), polyvinyl
alcohol (PVA) (Molecular weight- 88,000-97,000), and
N-methyl-2- pyrrolidone (NMP), were procured from Alfa
aesar. Throughout the preparation and electrochemical stud-
ies, deionized (DI) water was employed exclusively.

2.2 Material synthesis

For the synthesis of NiCo,0, material, 0.02 M
Ni(NO;),-6H,0 and 0.04 M Co(NO;),-6H,0 were dis-
solved into 70 mL of DI water and subjected to stirring
for 20 min. Subsequently, 0.2 M of urea was added, fol-
lowed by an additional 10 min of stirring. Lastly, 5 mL of
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diethylamine was gradually introduced into the solution,
and stirring was continued for another 10 min. The result-
ing solution was subsequently transferred to a 100 mL
Teflon-lined stainless-steel autoclave and maintained at
150 °C for a duration of 15 h. After attaining room temper-
ature, the resultant precipitate underwent three cycles of
cleaning through centrifugation with various solvents such
as ethanol, water, and acetone respectively. The resultant
material was then subjected to drying in a vacuum oven
at 70 °C for 8 h, followed by calcination at 350 °C for 5 h.
The same procedure was repeated for the synthesis of NiO
and Co;0, materials.

2.3 Material characterizations

The X-ray diffraction (XRD) analyses were done in a
Bruker AXS (D8 Discover with GADDS) within 20 values
from 20 to 80° with Cu-Ka radiation (A=0.154060 nm,
30 mA and 40 kV) and X-ray photoelectron spectro-
scopic (XPS) analysis was done using Ulvac-PHI (PHI
Quantera-II) instrument. The Fourier-transform infrared
(FTIR) spectroscopic analyses were evaluated using Agi-
lent Cary 670 spectrometer with wavelengths from 4000
to 400 cm~!. The morphological images were recorded
by scanning electron microscopy (SEM; Zeiss Ultra Plus)
and high-resolution transmission electron microscopy
(HRTEM; Techni G2S-TWIN, FEI).

2.4 Electrochemical characterizations

For both three-electrode electrochemical cells and device
analysis, the same procedure was followed for the fabrication
of electrodes. The active material, carbon black, and polyvi-
nylidene fluoride (PVDF) (80:10:10 ratio) were taken in the
mortar pestle and made a slurry with N-methyl-2-pyrrolidi-
none solvent. This slurry was then brush-coated onto the Ni-
foam current collector and subsequently dried in a vacuum
oven at 60 °C for 12 h. The weight of the active electrode
materials was 0.004 g. The obtained electrode served as the
working electrode for evaluating the supercapacitor proper-
ties. The platinum foil and Ag/AgCl electrodes were used as
counter and reference electrodes respectively. A 6 M KOH
was served as an electrolyte. All electrochemical assess-
ments were carried out using a Biologic instrument. The
asymmetric supercapacitor (ASC) device was fabricated
using an activated carbon anode and a NiCo,O, cathode with
a PVA/KOH-soaked Whatman filter paper separator. The
cyclic voltammetry (CV), Galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopic (EIS)
techniques were utilized for evaluating the supercapacitor
properties.

3 Results and discussion

To determine the crystal structure of the NiO, Co;0,4 and
NiCo,0, materials, XRD was recorded and depicted in
Fig. 1. The XRD spectra (Fig. 1a) of the NiO material
show the diffraction peaks at 2 0 values of 37.2, 43.2,
62.8, 75.4, and 79.4° are matched with the (111), (200),
(220), (311) and (222) planes of cubic structured NiO
phase which more comparable with the JCPDS card No.-
01-071-1179[18]. The XRD spectrum of Co;0, material
(Fig. 1b) shows the peak at 2 6=31.2, 36.8, 38.5, 44.8,
55.6, 59.4, 65.2, 68.6, 74.1, 77.3, and 78.4° are corre-
sponds to (220), (311), (222), (400), (422), (511), (440),
(531), (620), (533), and (622) planes of cubic Co;0, phase
(JCPDS card no.-42-1467) [19]. Figure 1c shows the XRD
spectra of the NiCo,0, material, consist of 2 6 peaks at
31.1, 36.6, 38.4, 44.6, 55.4, 59.1, 64.9, 68.3, and 77.5°, are
matches to (220), (311), (222), (400), (422), (511), (440),
(531), and (533), planes of cubic NiCo,0, phase (JCPDS
card no.-20-0781) [20].

Furthermore, there are no additional peaks observed
after the hydrothermal process for the formation of NiO,
Co;0,, and NiCo,0, materials and the subsequent calcina-
tion, which indicates the high phase purity of synthesized
materials. All the materials provide very shape diffraction
patterns, confirming the high crystalline nature of the cor-
responding materials. The XRD result, chemical compo-
sition, and oxidation state of the NiCo,0, material are
further verified by the XPS analysis. The survey spectrum
of the NiCo,0, material (Fig. 2a) consists of Ni 2p, Co 2p,
and O 1 s peaks, which confirms the formation of NiCo,0,
material. Figure 2b shows the core-level spectra of Ni 2p,
which consist of Ni 2p;,, and Ni 2p,, peaks at 854.3 and
872.4 eV respectively. The Gaussian fitted core level spec-
tra show the peaks at 853.1 and 871.1 eV are ascribed to
Ni%*, whereas the peaks at 854.9 and 873.4 eV are due to
Ni** oxidation states, along with their two satellite peaks
at 861.1 and 878.6 eV respectively [21]. The deconvolu-
tion of the Co 2p peaks reveals two spin—orbit doublets, a
distinctive feature indicative of Co®* and Co”" ions. Fur-
ther, the spectra show the peaks at 780.7 and 796.5 eV
correspond to Co?* ions, while 778.9 and 794.4 ¢V indi-
cate Co®* ions along with two satellite peaks at 788.8 and
805.1 eV respectively [22].

The deconvoluted O 1 s spectrum consists of three peaks
at 530.3, 531.4, and 532.4 eV relating to metal — oxygen
binding, hydroxyl group from the atmosphere, and chem-
isorbed water molecules respectively [23]. The XRD
and XPS results confirmed the successful formation of
NiCo,0, material in the present work.

The morphological analysis of the NiO, Co;0, and
NiCo,0, materials was conducted through SEM analysis,
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Fig. 1 XRD analysis a NiO, b Co;0,, and ¢ NiCo,0O, material

as illustrated in Fig. 3. The SEM images of NiO (Fig. 3a,
b) depict predominantly micro-sized particles, although
it is worth noting that some nanoparticles are also dis-
cernible alongside these micro-sized particles. The SEM
images (Fig. 3c, d) of the Co;0, material reveal a nanorod
structure. Fascinatingly, the Co;0, nanoparticles are also
formed, and it is perfectly visible in the SEM images.
Moreover, the SEM images of NiCo,0, (Fig. 3e, f show
the 1 D nanorod and thin 2 D nanoflake structure. The size
of the nanorod is 30 + 10 nm and its lengths span several
micrometers.

To understand more clearly, TEM analysis was done for
NiCo,0, materials as shown in Fig. 4a, b. The TEM images
perfectly show both 1 D nanorods and thin 2 D nanoflake
structures. The size of the nanoflake structure is 80 + 10 nm.
The fringe pattern in Fig. 4c shows the d-spacing values of
0.24 and 0.14 nm, which corresponds to (311) and (440)
planes of the cubic NiCo,0, phase and it is more compa-
rable with the XRD results. In Fig. 4d, the selected area
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electron diffraction pattern is presented, displaying distinct
diffraction rings that signify the characteristic polycrystal-
line nature of the NiCo,0O, material. The morphological ana-
lytic results confirmed that the NiCo,0, mate contains both
1 D nanorod and thin 2 D nanoflake mixed morphologies.
The reaction mechanism for the synthesis of NiO, Co;0,
and NiCo,O, materials is explained below: At first, the urea
and diethylamine generate OH™ ions during the hydrolysis
process when it dissolved in DI water. The reaction mecha-
nism for the synthesis of NiO, Co;0, and NiCo,0, materi-
als is elucidated as follows: Initially, when urea (Equations
S1-S2) and diethylamine (Equations S3) dissolve in DI
water, they generate OH™ ions [23]. The surplus OH™ ions
engage in a reaction with metal ions, leading to the forma-
tion of metal hydroxide as an intermediate product. The
metal oxides are formed after the calcination of these inter-
mediate products. The formation reaction mechanism for
NiO (Equations S4-S5) [24] and Co;0, material (Equations
S6-S7) [25] are provided in the supplementary information.
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Fig.2 XPS spectra of NiCo,0, material. a Survey spectra, b Ni 2p, ¢ Co2pandd O 1 s

Formation of NiCo,0O, material (Egs. 1-2) [26]

Ni** +2Co*" + 60H~ — NiCo,(OH) M

2NiCo,(OH)e + 0 > 2NiCo0,0, + 6H,0 1 (calcinationstep)
@

Cyclic voltammetry (CV) galvanostatic charge/discharge
(GCD) and electrochemical impedance spectroscopic experi-
ments were carried out using a three-electrode setup to assess
the electrochemical characteristics of the NiO, Co;0, and
NiCo,0, electrode materials. Figure Sa—c displays the CV
profiles of the NiO, Co;0, and NiCo,0, electrodes respec-
tively, at various scan rates, ranging from 5 to 10 mV s~
in 6 M KOH electrolyte. These CV curves share a common
shape and feature a series of prominent redox peaks, sug-
gesting that the primary contribution to specific capacitance
arises from rapid and reversible electrochemical redox reac-
tions. This observation highlights that the electrochemical

capacitance of all electrodes differs from the electric double-
layer capacitance, which is typically characterized by nearly
rectangular CV curves. The appearance of this pair of peaks
is predominantly attributed to Faradaic redox reactions asso-
ciated with M—O/M-0O-0OH (where M represents Ni or Co).
The NiO [27] and Co;0, [25] electrode materials changed
into hydroxides (NiOOH and CoOOH respectively) after the
reaction with OH™ ions from the alkali electrolytes [28].
Also, the same reaction is occurred in NiCo,O, material,
which explained using Eqgs. (3-5) [29];

NiCo,0,+ OH™ < NiOOH + 2CoOOH + e~ 3)
CoOOH + OH™ < Co0, + H,0+ e~ 4
NiOOH + OH™ < NiO, + H,0 + e~ 3)

The high-power properties of electrodes become evident
when examining their voltammetric response at different

@ Springer
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Fig.3 SEM analysis a, b NiO,
¢, d Co;0,, and e, f NiCo,O,
material

scan rates. As the scan rate rises, all the CV curves show a
consistent shape profile with a constant increase of current
density. Even when scanned at a rate of 100 mV s7! the CV
curve maintains a pair of redox peaks, suggesting that this
electrode material facilitates rapid redox reactions.

The peak potential shifts when the scan rate increases,
which indicates that the electrode experiences minimal
polarization. This can be attributed to the excellent electrical
conductivity ensured by the morphologies of the electrode
materials [5]. It’s a well-known fact that the area beneath the
CV curves directly correlates with the supercapacitor prop-
erties. To demonstrate the specific capacitance contribution
of carbon black in the NiO, Co;0, and NiCo,0, electrodes,
the carbon black electrodes were fabricated using 90% car-
bon black and 10% PVDF materials. The resultant carbon
black CV is shown in Figure S1. The carbon black elec-
trode provides a negligible amount of current density when
compared to NiO, Co;0, and NiCo,0, electrodes. Among
all the electrodes examined, the NiCo,O, electrode exhib-
its a notably larger area beneath the CV curves, indicating
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superior supercapacitive characteristics. This property can
be attributed to the advantages of binary metal oxides as
supercapacitor electrode materials, as both constituent metal
ions play a role in expanding the range of feasible oxida-
tion states and structures, thereby enhancing the electrode’s
performance.

The GCD measurements were carried out over a range
of current densities, spanning from 1 to 20 A g~!, to further
assess the pseudocapacitive properties of the NiO, Co;0,
and NiCo,0, electrodes synthesized in this study. The out-
comes are depicted in Fig. 5d—f. The presence of plateaus
in the charge—discharge profiles, occurring at approximately
0.3 V, indicates the typical pseudocapacitive behavior. This
finding aligns well with the observations from the cyclic vol-
tammetry (CV) curves. Among the electrodes, the NiCo,O,
demonstrates a longer discharge time, attributed to high
supercapacitor characteristics. Using the GCD curves, the
specific capacity (C g~!) and specific capacitance (F g™
were estimated using the following Egs. (6) and (7), respec-
tively [30]:
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Fig.4 TEM analysis a, b
Lower and higher magnification
images, c¢ fringes, and d SAED
pattern of NiCo,0O, material

()

Specific capacity = Ix At, 6)
m
. . Ix At
S 1 =—
pecific capacitance XAV @)

where I, At, m, and AV represent the input current density
(A g1, discharge time (s) from GCD profiles, weight of
the active material (g), and the applied potential window,
respectively. It is interesting to note that the NiO, Co,0, and
NiCo,0, electrodes deliver the specific capacity of 150 C
g ' (300 F g),251 C g7 ! (502 F g1, and 347 C g~! (694
F g~!) respectively at a current density of 1 A g~!. Remark-
ably, the specific capacity values achieved with the NiCo,0,
electrode surpass those previously reported for NiO, Co;0,
and NiCo,0, and its composite-based electrode materials,
as indicated in Table 1.

The outstanding performance of the NiCo,O, electrode
can be attributed to several key factors: (i) The small 1D
nanorod and 2D nanoflake exhibit a thin structure and
a high specific surface area, which offers a wide area for
the electrochemical process, facilitating the supercapacitor

characteristics. (ii) This distinctive structure creates a path-
way for rapid movement of electrolyte ions at the interface
between electrode and electrolyte. This enhances the usage
of the electrode materials during electrochemical analysis
and outcomes in enhanced specific capacity properties. (iii)
Both the 1D and 2D morphologies serve as spacer materials
between them, effectively preventing the aggregation pro-
cess during electrochemical reactions. This unique behavior
ensures that all the reaction centers of the electrode materi-
als remain easily available to alkali electrolyte ions, thereby
enhancing specific capacity characteristics during GCD
analysis.

The graph in Fig. 5g illustrates the relationship between
specific capacity and current density. Notably, the specific
capacity of electrodes exhibits a decrease as the current
density increases, ranging from 1 to 20 mV s~!. At lower
current densities, the OH™ can effectively meet all the
available electrode materials, enabling redox reactions to
take place in the outer and inner surface area of the elec-
trode materials. This contributes to the enhancement of the
specific capacity of the electrodes. Conversely, at higher
current densities, there is a reduced possibility of fully

@ Springer
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Table 1 Comparison performance table for supercapacitor properties

S. No Materials Electrolyte Performance References
1 NiCo,0, nanorods 2 M KOH 440F g lat5mV s~} [31]

2 NiCo,0, flowerlike structure 6 M KOH 658 Fglatl1 Ag™! [32]

3 NiCo,0, thin film 1 M KOH 580F g 'at0.5A g™! [33]

4 NiCo,0O, nanosheets @hollow microrod arrays 1 M KOH 678 Fglat6 Ag™! [34]

5 Zn, Mn Co-Doped NiCo,0, 1 M KOH 513.171 Fglat 10 mV s7! [35]

6 NiCo,0, nanoplates 2 M KOH 332Fglat5mVs~! [36]

7 NiCo,0, nanomorphs 1 M Na,SO, 479F g 'at 5 mvs™! [37]

8 NiCo,0,-decorated porous carbon nanosheets 6 M KOH 5968 Fglat2 Ag! [38]

9 NiCo,0, nanostructures 1 M Na,SO, 415Fglat2mvs™! [39]

10 1D/2D NiCo,0, 6 M KOH 347Cg (694 Fgatl Ag! Present work
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employing all the electrode materials, resulting in redox
reactions primarily taking place on the outer surface of the
electrode materials. This tendency decreases the specific
capacity at high current densities [40]. The EIS measure-
ments were conducted to acquire a deeper understanding of
the internal resistance and capacitive characteristics of the
NiO, Co;0, and NiCo,0, electrodes. The corresponding
Nyquist plots, along with the equivalent electrical circuit,
are presented in Fig. Sh. Each Nyquist plot exhibited two
distinct components: the semi-circle appeared in the high-
frequency region and the straight line in the low-frequency
region. The diameter of the semicircle within the Nyquist
plot signifies the charge transfer resistance (Rct), primarily
arising from the charge transfer properties occurring at the
electrode/ electrolyte interface [41]. The intercept value
with the X axis at the high-frequency region corresponds
to the equivalent series resistance (Rs), which comprises
electrolyte resistance, intrinsic resistance, and interface
contact resistance [42]. The Rs, Rct CPE, and Cp values
from equivalent circuits were provided in Table S1. It is
interesting to note that the NiCo,0O, electrode provides
low Rct and Rs values and high CPE and Cp values when
compared to NiO, and Co;0, electrodes, indicating the
excellent supercapacitor property of the NiCo,0, mate-
rial. Cycling stability is another crucial metric for assess-
ing the performance and quality of an electrode material.
Figure 5i illustrates the cycling performance of the NiO,
Co;0,, and NiCo,0, electrodes, conducted at a current
density of 10 A g~!. At initial cycles, the specific capac-
ity increases due to the activation of electrode materials
[43]. After the activation process, slowly decreasing the
specific capacity and attained 86, 95, and 96% of initial
capacity respectively at the 5000th cycle. Among all the
electrodes, the NiO electrode undergoes serious capac-
ity decay due to the aggregated morphology. Within the
NiCo,0, electrode, the distinctive 1D nanorod mor-
phology effectively prevents the restacking tendencies
observed in the 2D nanoflake structure. This ensures that
all the reaction centers of the electrode material remain
accessible to electrolyte ions, contributing to excellent
cyclic stability. Consequently, the results presented above
demonstrate that NiCo,0, exhibits remarkable electro-
chemical properties, including a commendable specific
capacity, low resistance characteristics, and cycling sta-
bility. As a result, an asymmetric device was fabricated
utilizing NiCo,0, as the material of choice. The kinetic
analysis has been conducted to differentiate between the
diffusion-controlled and the surface-controlled proper-
ties as presented in Fig. 6. In general, the faradaic mode
encompasses both diffusion-controlled faradaic behavior
arising from conversion and alloying reactions, as well as
redox pseudocapacitive processes involving charge transfer
with surface/subsurface atoms. As evident from Fig. 5d-f,

a distinct plateau is noticeable in the GCD curves and this
observation suggests that the energy storage mechanism
in the NiO, Co;0, and NiCo,0, are not characterized by a
pseudocapacitive process but rather exhibits a more diffu-
sion-controlled battery property. In theory, the relationship
between current density and the scan rate, v, is described
by the following Eq. (8) and Fig. 6a—c [44].

i=a (8)

where a and i represent a constant, and the measured cur-
rent. When the value of b is 0.5, it signifies that the redox
process is governed by a semi-infinite linear diffusion or dif-
fusion-controlled process, while a b value of 1 indicates the
surface-controlled reaction. The NiO, Co;0,4 and NiCo,0,
provide the anodic b-values of 0.65, 0.6, and 0.54, whereas
the cathodic b-values of 0.61, 0.58, and 0.52 respectively.
These resultant values demonstrate that the dominated dif-
fusion-controlled process in all electrode materials.

The current response (i) at a specific potential (V) can
be expressed as the summation of capacitive effects kv
and diffusion-controlled reactions k,v'/? following the fol-
lowing Eq. (9) [45].

i(V) = kv + k,v'/? )

The values of k; and k, can be established by utilizing
CV currents at various scan rates. By determining these
k, and k, constants, it becomes possible to distinguish the
proportion of current originating from surface capacitance
and diffusion-controlled processes. Figures 6d—f show the
percentage diffusion-controlled (purple-shaded) and sur-
face-controlled (brown-shaded) processes at a scan rate of
10 mV s~! and Figs. 6g—i represent diffusion-controlled
and surface controlled processes at all scan rates for NiO,
Co;0, and NiCo,0, electrodes respectively. At a scan rate
of 5mV s7!, the NiO, Co;0, and NiCo,0, electrodes pro-
vide 62, 81, and 87% of the diffusion-controlled process,
whereas the 38, 19, and 13% of the surface-controlled
process respectively. These findings illustrate that all the
materials store a substantial amount of charge through dif-
fusion-controlled processes during electrochemical analy-
sis. In a two-electrode setup, an asymmetric supercapacitor
(ASC) was fabricated using a positive electrode made from
NiCo,0, on Ni foam and a negative electrode utilizing
an activated carbon (AC) electrode. A piece of cellulose
membrane dipped in PVA/KOH (6 M) electrolyte and thus
was placed between them to serve as the separator. The
AC electrode was fabricated using the same method as
the NiCo,0, electrode, with the exclusion that AC was
utilized as the electrode substance. The charge balance
theory (Q*=Q™) was utilized for the mass ratio (m*/m™)
of positive and negative electrodes. The mass ratio is 0.34
based on the Eq. (10) [46].
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m(cathade) _ (C X AV)(anode)
(C X AV)(cathode)

m(anode) (10)
where C, V, and m denote the specific capacity, voltage
window, and weight of the electroactive material. Figure 7a
shows the CV curves anode and cathode at a scan rate of
50 mV s~! in 6 M KOH electrolyte. The absence of redox
peaks in the CV curve of the AC electrode indicates the
predominance of the electrochemical double-layer charge
storage mechanism. Figure 7b shows the CV curves of the
NiCo,0,//AC asymmetric device with various voltage win-
dows. However, a minor hump was noticeable within the
voltage range of 1.6—1.8 V, indicating the occurrence of the
oxygen evolution reaction on the positive electrode.

Consequently, the appropriate working voltage window
for the NiCo,0,//AC device was determined to be 1.6 V.
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When the scan rates varied from 5 to 100 mV s~!, the area
under the CV curve gradually expanded without significant
distortion in its shape (as shown in Fig. 7c. This observation
signifies excellent reversibility for rapid charge/discharge
processes, which is further demonstrated by the quasi-sym-
metric GCD curves displayed in Fig. 7d. The NiCo,0,//AC
device delivers an impressive specific capacity of 141 C g~!
(88.1 F g7 at a current density of 1 A g~!. Energy and
power density characteristics are pivotal parameters in the
context of supercapacitor applications and are thus calcu-
lated using Eqs. (11) and (12) respectively.

1
2x3.6

E.i = X Cy, X AV?, a1
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3600 X E,

cell

At ’ (12)

cell =
where Csp, AV, and At represent the specific capacity (C
g 1), current density (A g~!), and discharge time (s) respec-
tively. The Ragone plot Fig. 7e provides information about
the energy and power density properties. The NiCo,0O,//AC
device provides the energy and power density of 31.3 Wh
kg~! and 800 Wh kg~! respectively at a current density of 1
A g7!. The cyclic stability and coulombic efficiency analyses

were done and shown in Fig. 7f. The NiCo,0,//AC device
exhibited admirable cycling stability, retaining 86% of its
initial capacitance even after undergoing 5000 GCD cycles
at a current density of 10 A g~!. Coulombic efficiency is a
critical factor that signifies the stability of electrode materi-
als during the charge—discharge process. The calculation of
the coulombic efficiency for an electrode is determined using
the following Eq. (13):
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la

n= Z x 100 (13)
where t; is discharge time (s) and t, is charging time (s).
At an initial cycle, the NiCo,0,//AC device provides 96%
of coulombic efficiency, and 84% of initial coulombic effi-
ciency is retained after 5000 GCD cycles at a current density
of 10 A g~'. Hence, the 1D nanorod and 2D nanoflake mor-
phologies of NiCo,0, material have exhibited significant
potential in the field of energy storage applications.

4 Conclusion

In summary, this work progressed a simple approach for
the fabrication of 1D nanorod and 2D nanoflake morpholo-
gies NiCo,0, material for the asymmetric supercapacitor
application. The distinctive mixed nanostructure not only
promoted efficient electron transfer and ions adsorption/
desorption but also substantially augmented the number of
electroactive sites while safeguarding the structural integ-
rity of the electrode material. Consequently, the NiCo,0O,
material follows the diffusion-controlled process and thus
enhances the supercapacitor performance. In three elec-
trode systems, the NiCo,0, delivers the specific capacity
of 347 C g7! (694 F g7') at 1 A g7! with excellent cyclic
stability and 96% of initial capacity retention at 5000
cycles at 10 A g~!. The ASC device renders the specific
capacity of 141 C g7! (88 Fg ') at 1 A g~!, with an excel-
lent energy and power density of 31.3 Wh kg~! and 800 W
kg~! respectively. Due to the advanced mixed morpholo-
gies, the device withstands 86% capacity retention after
5000 GCD cycles at 10 A g~!. Hence, this study offers an
effective approach for designing efficient electrodes featur-
ing both 1D and 2D morphologies, catering to the high-
performance demands of energy storage devices.
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