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ARTICLE INFO ABSTRACT

Keywords: The facile and cost-effective chemical bath deposition method is employed for the binder-free synthesis of
NiCo204 NiCo204 marigold flower-like nanostructures on a flexible stainless-steel substrate. Binderless and surfactant-free
Bi"defless » synthesis of NiCo204 films for supercapacitor application is a crucial part of this synthesis process. The effect of
g:;z;ﬁ;;;ideposmon reaction times on the deposition of NiCo,04 nanostructured films has been discussed briefly based on the

electrochemical performance and surface morphology of films. The reaction time is varied as 2, 4, 6, and 8 h. The
prepared films were analyzed by structural and morphological characterizations. The time-dependent significant
change in morphology of NiCo204 films is discussed in detail. The development of the Marigold-like flowers from
wheat grain-like nanostructures has been observed for increasing reaction time. The film deposited at 6 h re-
action time (NCO-6 electrode) showed better specific capacitance of 1277 F/g at 5 mA/cm?, which retained
about 95 % after 10,000 cycles. The NiCo204 film exhibited a 0.7 V potential window with the maximum energy
and power density of 86 Wh/kg and 2333 W/kg, respectively. The fabricated aqueous symmetric device i.e.,
NCO//NCO showed energy density and power density of 16.4 Wh/kg and 275.5 W/kg, respectively. The
fabricated device shows 90.5 % retention in performance after 5000 cycles. These results revealed that NiCo204
can be a better electrode material for energy storage devices.

Reaction time

1. Introduction discharge behavior [4]. Also, it shows more reliability, high power
density, high charge transfer ability, and good cyclic stability ~10°
cycles [5]. The carbon-containing materials like active and porous car-

bon, graphene, and carbon nanotubes exhibit high power density, low

Today, much of our energy consumption relies on renewable sources,
driven by climate change concerns and the finite nature of fossil fuels.

Consequently, the global community has increasingly turned to solar
and wind power, aiming to minimize carbon dioxide emissions through
the adoption of electric and hybrid vehicles. Nowadays, the use of green
energy sources like solar, wind, hydro, tidal, geothermal, bio-energies,
nanogenerators etc. is increasing tremendously. Nevertheless, the
intermittent nature of these sources necessitates efficient energy storage
solutions when the primary source is unavailable. To address this
challenge, supercapacitors and batteries have emerged as vital mecha-
nisms for energy storage [1-3]. Supercapacitors are being well popu-
larized due to their low cost, high performance, and quick charge-
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specific capacitance, and low energy density restricting their use in high-
energy circuits. In this regard, the researchers are focused on the fara-
daic electrode materials with increased capacity and energy density. In
recent years, metal oxides, hydroxides, sulfides, and conducting poly-
mers have been enormously used in energy storage devices [6,7]. MnO»
[8], MOFs [9], and Co304 [10] are the most well-known faradaic elec-
trode materials with low intrinsic electrical conductivity. Recently,
mixed transition metal oxides (MTMOs) have garnered significant
attention in energy-related applications. The inclusion of multiple metal
species in MTMOs has proven beneficial in enhancing redox reactions
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within electrolyte solutions, while also providing a high electrical con-
ductivity advantageous for electrochemical applications [11]. Nickel
cobaltite (NiCo304 or NCO) is a low-cost, less toxic, highly elemental
abundant, and has a diverse morphological appearance which is feasible
to get superior electrochemical properties [12]. NiCoy04 can provide
richer redox chemistry and integrate the contributions from both nickel
and cobalt ions in comparison to the two single component oxides i.e.
nickel oxide, and cobalt oxide [13]. NiCo204 has at least two orders of
magnitude better electrical conductivity than monometallic nickel and
cobalt oxides because of the existence of mixed valences of the same
cation in such spinel cobaltite [14]. This is because electrons are
transported between cations with comparatively low activation energy
[15]. The ternary materials have a substantially greater electrical con-
ductivity than the binary electrode materials, which helps the electrode
to perform significantly better in terms of storage, particularly con-
cerning its high rate capabilities [16]. The various crystal structures and
rational morphological designs are concerned with improving the elec-
trochemical performance of electrode materials. Till now, NCO nano-
structures like nanofibers, nanoneedles, nanorods, nanowires,
nanosheets, nanospheres, nanoflowers, etc. were synthesized by hy-
drothermal [17], solvothermal [18], screen printing [19], electrodepo-
sition [20], and spray pyrolysis method [21]. Some of these methods are
and multistep which require more time for device fabrication which
increases cost. Among them, Chemical bath deposition (CBD) is a well-
known chemical method used for the morphology-controlled synthesis
of material by varying time, temperature, pH, solvent, solute concen-
tration, etc. Therefore, we have used the CBD method for the synthesis of
NCO nanostructures. In a charge storage mechanism, the highly porous
material plays a wide role in the enhancement of surface area and active
sites on the material surface. Oftenly, polymer binders are used to coat a
thin film on the substrate surface but they reduce active sites and elec-
trochemical performance of material. Therefore, binder-free electrode
deposition is essential for improving the supercapacitive behavior of the
material. As a result, researchers are eager to develop binder-free thin
film.

Till now, very few reports are available on the binder-free synthesis
of the NCO nanostructure on stainless steel (SS) substrate by chemical
methods. Recently, Salunkhe et al. [22] have synthesized the NCO
nanorods by the CBD method which showed a 490 F/g specific capaci-
tance (Cgp) at 2 mV/s with an energy density of 45 Wh/kg and power
densities of 2 kW/kg, respectively. The fabricated device showed 97 %
stability after 1000 charge-discharge cycles. Meanwhile, Waghmode
et al. [23] have synthesized NCO nanoflower by the CBD method with a
Csp of 540 F/g at 5 mV/s, in which the electrode showed 93.5 %
retention in cyclic stability after 1000 charge-discharge cycles. The
fabricated NCO electrode revealed the energy and power density of 56
Wh/kg and 5.7 kW/kg, respectively. Moreover, Dhavale et al. [5] have
grown the NCO thin film on SS substrate by a simple CBD method. The
reaction was carried out by using different solvents which led to the
formation of different NCO nanostructure formation. The binder-less
synthesis of NCO thin film with a high Cy;, of 553 F/g at 0.5 mA/cm?
exhibited 90 % cycling stability after 2000 cycles. Binder-free synthesis
in the CBD method provided an excellent path to grow NCO thin films
with highly uniform porous structures that can deliver a high super-
capacitive performance. Similarly, Kamble et al. [24] synthesized
porous marigold micro-flower-like NCO by CBD method, in which a
fabricated device showed a 530 F/g at 6 mA/cm? with stability of 90.5 %
retention after 3000 cycles. These studies highlighted the benefits of
binder-less synthesis of the NCO nanostructure and motivated
enhancement in the electrochemical performance using simple and cost-
effective CBD methods. Nevertheless, the study on the binder-less syn-
thesis of NCO offers improved charge storage; however, performance
enhancement can still be achieved with the aid of novel morphologies.
As mentioned earlier, the CBD method can yield hierarchical morphol-
ogies and improved performance. Motivated by this, we synthesized
marigold flower-like NCO structures on a flexible stainless steel
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substrate by varying the reaction time, a novel approach that has not yet
been studied.

Herewith, we have reported the binder-less growth of marigold
flower-like NCO structures on flexible SS substrate using the CBD
method for supercapacitor application. The growth of the NCO nano-
structure has been optimized by varying the reaction time. The depos-
ited NCO films exhibited a growth transformation from wheat grain-like
to marigold flower-like structures with increasing reaction time. The
NCO film deposited at 6 h reaction time showed the formation of a
highly porous marigold flower-like structure which is advantageous for
energy storage mechanism in aqueous alkali electrolytes. However, a
symmetric supercapacitor device based on the marigold flower-like NCO
film has been tested to check the real-time applicability of the material.
Based on the obtained results and device performance, marigold flower-
like NCO films can be used as an attractive and promising electrode
material.

2. Experimental
2.1. Materials

Nickel nitrate hexahydrate (Ni(NO3)2.6H20), Cobalt nitrate hexa-
hydrate (Co(NOs3)2.6H20), Urea (CO(NHy)2), and Ammonium fluoride
(NH4F) were purchased from Sigma Aldrich and used without further
purification. The stainless steel (SS) substrates were purchased from
Micromesh India Pvt. Ltd. and double distilled water (DDW) was used
for the solution preparation.

2.2. Synthesis of NiCo204 films by a chemical bath deposition method

In this study, nanostructured NiCo304 films were prepared using the
chemical bath deposition method. A piece of SS (3 cm x 1 cm) was ul-
trasonically washed with a soap solution, and water and then polished
with zero-grade polish paper. In 50 ml DDW, Ni(NO3),.6H20 (0.05 M),
CO(N03)2.6H20 (0.1 M), (CO(NH2)2) (03 M), and NH4F (0.2 M) were
taken and stirred for 1 h. In a CBD method, 50 ml beaker containing
precursors solution was put in a hot water bath with a temperature of
90 °C. Later on, the flexible SS substrates were vertically immersed in
the solution for 2 h. A film of NiCo-hydroxide was formed as a result of
the chemical precipitation reaction. After the reaction, pink-colored,
and homogeneous NCO films were deposited. Later it was taken out
and washed several times with DDW and ethanol for removal of loose
particles. After that, the NCO films were put into the oven for drying at
70 °C for 8 h. Finally, the NCO nanostructured films were annealed at
350 °C for 3 h to avoid the thermal corrosion of stainless steel as well as
to obtain the NiCoy04 phase [5]. A similar deposition procedure was
carried out by varying the reaction times to 4, 6, and 8 h and the NCO
films were named NCO-2, NCO-4, NCO-6, and NCO-8, respectively. The
schematic representation of the synthesis process is shown in the Fig. 1.

2.3. Characterization techniques

A crystallographic characterization was recorded using a Bruker D8
Advanced X-ray diffractometer (XRD, Cu K,-1.54 A) for structural
identification. The surface analysis was carried out by Scanning electron
microscopy (SEM; JEOL-JSM6360). The functional group present in the
material was studied by Fourier transform infrared spectroscopy (JASCO
FTIR 4700) technique in the range of 4000-400 cm ™. The phases pre-
sent in the material were analyzed by FT-Raman spectroscopy (Bruker
Germany, multi-RAM, Nd-YAG) to study the Raman active bonds. Sur-
face chemical configuration was determined by X-ray photoelectron
spectroscopy (XPS; Thermo Scientific, UK). Transmission electron mi-
croscopy with high resolution (HRTEM; Tecnai F21) was used to
examine surface morphology. The surface area, pore size, and pore
volume distribution of the NCO powder sample were studied by
Brunauer-Emmett-Teller (BET, Quantachrome NOVA 1000e, USA).
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Fig. 1. Schematic representation of the synthesis of NiCo,0, films by varying different reaction time.

2.4. Electrochemical measurement

The electrochemical analysis of NCO nanostructured films was per-
formed by potentiostat Autolab (PGSTAT302N). The electrochemical
performance of all NCO films was studied with saturated calomel elec-
trode (SCE) as a reference, graphite electrode as a counter, and NCO
films as a working electrode immersed in an electrolyte solution. The
cyclic voltammetry (CV) tests were performed by scan rates from 5 to
100 mV/s in a potential range of —0.3 to +0.5 V (vs. SCE), whereas, the
galvanostatic charge-discharge (GCD) analysis was carried out at 5 to 25
mA/cm? current densities. Electrochemical impedance spectroscopy
(EIS) was performed in the 0.1 to 10° Hz frequency range. The following
formulae were used to find out the Cs, of NCO films from GCD curves,

I x At

P X AV M

where, [ is a current density (mA/cmz), At is discharge time (s), m is an
active mass (g), and AV is a potential window (V).

The specific energy density E (Wh/Kg) and power density P (W/Kg)
were calculated from the discharge curve using the following formulas,

C,, x AV?
T 2x36 2
E x 3600
P=—x 3

3. Results and discussion
3.1. NiCo30y film growth mechanism

In the CBD process, the addition of urea results in ammonium hy-
droxide production, and its breakdown into ammonia, raising the pH of
the solution with mixed hydroxides of Ni and Co metal ions [25]. The
electrostatic and Van der Waals forces led to attracting hydrolyzed metal
ions. The bath solution temperature of 90 °C allowed to creation of the
nucleation centers of metal hydroxide ions on the substrate by providing
sufficient energy. The deposition medium contained the Ni?* and Co**
metal salts with urea as a complexing agent [26]. In this process, the
NH4F is used for surface co-modification which creates F~ ions when

dissolved in water. This facilitated more nucleation sites on the SS
substrate surface in aqueous medium [27].

The nickel-cobalt hydroxide formation process is as given in Egs. (4)
to (6);

CO(NH3)2—>C3H6N5, + 6NH3 + 3C02 (4)

NH; + H,O—NH, + OH- (5)

Ni*™ 4+ 2Co*" +60H™—NiCo,(OH), (6)
1

NZCOZ(OH)6 +§02—>N1C0204+3H2 (7)

The annealing at higher temperatures is used to change the hy-
droxide into the oxide phase (NiCo204) [28]. After 3 h of annealing at
350 °C, the Ni—Co hydroxides released water molecules and shaped
from wheat grain to marigold flower-like NCO-nanostructures on the SS-
substrate [29]. The diffusion and nucleation rates were highly depen-
dent on the reaction times of nanostructured NCO resulting in the for-
mation of various morphologies due to offering different rates for
chemical reaction. As a consequence, the crystals grew in 2D or 3D
morphologies. The particle nucleation, aggregation, and coalescence are
the three major steps for the NCO-nanostructure formation [30]. The
shape evolution process involves the generation of nucleation centers
that attract more cations towards the substrate to form nanoparticles.
The wheat grain-like morphology of NCO film was observed at a reac-
tion time of 2 h. As reaction time increased from 4 to 6 h, the nanoplates
aggregated to form a marigold nanoflower-like structure of NCO with a
high surface-to-volume ratio, whereas, the reaction time exceeding 8 h
led to overgrowth formation on the film surface [31]. A similar
morphology transformation was reported by Kamble et al. [24]. The
synthesized NCO with marigold flower-like morphology on SS-mesh
substrate by simple CBD method offered a large surface area of
100.27 m?/g and resulted in a high specific capacitance of 530 F/g at 6
mA/cm?.

3.2. Structural analysis

The XRD analysis is used to study the material structural analysis of
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nanostructured NCO films. The XRD patterns of NCO nanostructured
films deposited by varying reaction time from 2 to 8 h with annealing at
350 °C are shown in Fig. 2(a). The diffraction peaks occurred at 26 an-
gles of 18.92°, 31.15°, 36.07°, 43.59°, and 64.09°, representing (111),
(220), (311), (400), and (440) lattice planes, respectively. The XRD
patterns revealed that deposited material is polycrystalline which is
well-matched with the standard data card (ICDD card no. 00-073-1702)
[32]. The diffraction peaks well agreed with the cubic spinel crystal
structure (Fd-3m) and * indicates the peaks due to the SS substrate. The
Debye Scherrer formula was used to calculate the crystallite size for the
most intense peak (311) as shown in Eq. (8) [33].

K

= P cosO ®

where, the crystallite size (D), shape factor (K), the wavelength of
monochromatic X-ray (A = 1.5418 A), full width at half maxima of the
peak (), and diffraction angle (0) [34].

By comparing all samples, the peak intensity of the (311) plane for
the NCO-2 sample showed high crystallinity and a more intense peak.
The crystallite sizes of NCO film samples were observed as 45.6, 39.87,
27.98, and 30.56 nm for NCO-2, NCO-4, NCO-6, and NCO-8 samples,
respectively, which were decreased with reaction time. The lower
crystallite size could be due to the deposition of the less crystalline grain
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on the surface of the substrate as the reaction time increased. For the
NCO-6 film, the crystallite size was smaller than others. Such a smaller
crystallite size can offer more flexible bonding and resulted in pseudo-
capacitive charge storage. The lattice parameters of all the samples were
found to be a = b = ¢ = 8.114 A [35]. The charge storage capability of
the material is due to the instant ion diffusion in the material because of
the nanosized nature of NCO. Also, the size reduction in the crystallite
size increased the chances of the intercalation of the electrolyte ions in
the NCO films [36].

The FT-IR spectra of NCO films were recorded to confirm the pres-
ence of functional groups in the material. From Fig. 2(b), the metal oxide
(M-O) peaks observed at 557 and 648 cm ™! correspond to the vibra-
tional frequencies of tetrahedral and octahedral sites present in the
material [37]. The tetrahedral sites correspond to the bonding of posi-
tive metal ions and can be utilized during the electrochemical activity.
The two peaks that occurred at 1635 and 1384 cm ™! are attributed to the
carbonyl group (O=C) vibrations i.e., bending and stretching [38]. A
strong, small band at 1036 cm ™! identified the C—O bond stretching
vibration. These peaks were probably caused by the adsorbed ambient
COs, or by remnants of intermediate oxalates left over after the synthesis
[39]. Chemisorbed water was responsible for a large peak seen at around
3412 cm ™! (-OH bond). As the change in reaction time, a slight shift in
the bandwidth at 557 and 648 cm ! predicted a suitable Ni—O and
Co—O network positioning. Variations in the peak position revealed the
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Fig. 2. (a) XRD patterns of NiCo,0, films with different reaction times: NCO-2, NCO-4, NCO-6, and NCO-8 (b) FTIR spectra of NCO-2, NCO-4, NCO-6, and NCO-8

samples (c) Raman spectra of NiCo,0, films with different reaction times NCO-2,

NCO-4, NCO-6, and NCO-8.
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increase in Ni—O and Co—O bond length, brought by the deformation of
the M-O bond [40].

Raman spectra were used to further investigate the purity of the
synthesized material and composition of NCO film samples, as shown in
Fig. 2(c). Peaks that occurred at 186.77, 475.24, 526.47, and 669.54
em ! are associated with Fag, Eg, Fag, and Ajg phonon modes of spinel
NCO phase, respectively. The peaks at 528 and 667 cm™! belong to the
Fg and A;; phonon modes due to the vibration of the Co—O and Ni—O
bond stretching, respectively [41]. The lower band (F2,) corresponds to
the tetrahedral sites of the material while the upper band (A;g) corre-
sponds to the octahedral sites [42]. The formation of NCO has been
confirmed by these characterizations, which are more relatable to the
literature [43]. The different NCO nanostructures prepared at different
reaction times exhibited similar active Raman vibrational modes which
confirmed the same NCO phase formation. The absence of a hydroxyl
peak in the Raman spectra indicated the absence of Ni/Co hydroxide,
thereby confirming the formation of NCO pure phase. This analysis is in
good agreement with the XRD.

The elemental compositional analysis of NCO films was carried out
by EDS. Fig. 3(a—d) shows the EDS spectra of NCO films. All NCO films i.
e., NCO-2, NCO-4, NCO-6, and NCO-8 showed the presence of Ni, Co,
and O in good elemental composition and revealed the deposition of
NCO films. The inset chart in the EDS spectra illustrated the composi-
tional and elemental analysis of the Ni and Co ratio with 1:2 ratio and
was well matched with the stoichiometry of NCO [44]. These findings
validated the formation of the spinel pure phase of NCO film and sup-
ported the results obtained from XRD and FT-IR analyses [45]

After the structural and compositional analysis, XPS was used to
study the chemical composition, oxidation states, and binding energy of
NCO-6 film [46]. The survey spectrum of the NCO-6 film is shown in
Fig. 4(a), which confirmed the presence of Ni, Co, C, and O constituents.
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The C 1s served as a reference for all XPS data analysis. The C 1s showed
the highest peak at 285.6 eV. No other noticeable peak was observed in
the survey spectrum which is in concurrence with EDS. The obtained
compositions of Ni, Co, O, and C were 15.6 %, 31.1 %, 30.4 %, and 22.9
%, respectively. In XPS, the two doublets observed in the Ni-2p spectrum
correspond to the doublets (2ps,2 and 2p;/2) due to spin-orbit interac-
tion, along with shakeup satellite as shown in Fig. 4(b). The Ni peak of
the Ni®* oxidation state is located at binding energies of 857.3 and
866.27 eV whereas, Ni** oxidation is at 884.02 eV. Also, the peaks at
860.82 and 878.80 eV, the two shakeup satellite peaks were shown in
Fig. 4(b). Similarly, the Co showed two peaks at 785.61 and 801.63 eV
binding energies that concern Co 2p3/» and 2py /2, respectively. Further,
satellite peaks at 790.37 and 808.12 eV binding energies can be seen in
Co core spectra [7]. Additionally, Fig. 4(c) depicts the Co 2p core-level
spectrum with an energy separation of 16.24 eV indicated the existence
of Co>* valence state of cobalt. In fitting (Fig. 4(d)) of the O1s spectrum,
the three Gaussian peaks viz. O1, 02, and O3 were observed at 532.58
eV (metal-oxygen bond), 534.97 eV (oxygen in hydroxide species), and
536.19 eV (oxygen ions in defect sites). Defects in the material with
strong coupling effects lead to the positive shifting of Ni, Co, and O
peaks. As a consequence of the prior discussion, it is possible to conclude
that the multi-oxidation states of Ni and Co, as well as surface oxygen,
contribute to improved electrochemical performance [47].

3.3. Surface and morphological study of NCO films

The surface and morphological analysis was carried out by SEM
study at four different magnifications, as shown in Fig. 5. The reaction
time dependence on the morphology of NCO films for NCO-2, NCO-4,
NCO-6, and NCO-8 was studied from these SEM images. The diverse
morphologies play a significant role in electrolyte adsorption, redox
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Fig. 3. EDAX images of NiCo,04 films with different reaction times (a) NCO-2, (b) NCO-4, (c) NCO-6, and (d) NCO-8.



P.S. Naik et al.

Intensity (a.u.)

1000

Journal of Energy Storage 86 (2024) 111302

= Survey spectrum [ Raw c-0 . .
5 (a) E==Survey spectrum| o (b) Cis Ni2p,, (©) Nizp
Background
[ Peak1C-O
| Peak20-C=0) Ni2p,,
Peak3CC Satellite
-
3 3
& <
<
£ 2
Z =
g 2
b5 5]
£ z
= —
Peak sum
Background
| | Peak 1 Satellite]
| | Peak2
| Peak 3 Satellite}
Peak 4
T T T T T T T T T T T T r r r r r r pleaks |
800 600 400 200 0 294 202 290 288 286 284 282 280 278 276 855 860 865 870 875 880 885 890
Binding energy (eV) Binding energy (eV) Binding energy (V)
Co2p Raw (e)
Peak sum Ols
Background
Peak 1
- Peak 2
L N Peak 3
G2 s
£ z
% =
g g
2 3
= =
=
Raw
Peak sum
Background|
Peak 1
[ Peak2
Peak 3
Peak 4
T T T T T T T T r r r r r
775 780 785 790 795 800 805 810 815 820 825 530 532 534 536 538 540
Binding energy (eV) Binding energy (eV)

Fig. 4. XPS spectra for NiCo,04 films (a) Survey spectrum, high resolution spectra of (b) C 1s, (c) Ni 2p, (d) Co 2p, and (e) O 1s.

500 nm

500 nm

Fig. 5. SEM images of NiCo,0, films with different reaction times as (al-a4) NCO-2, (b1-b4) NCO-4, (c1-c4) NCO-6, and (d1-d4) NCO-8.
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reactions, intercalation, and deintercalation into electrode material
[48]. The development of superior nanostructured materials with
various morphology to improve redox activities and cyclic stability of
films. Fig. 5(al-a4) shows the SEM image of NCO-2 film at different
resolution which revealed wheat grain-like dense and compact nano-
structure. As reaction time increased, the wheat-like structure dis-
appeared, and formed interconnected nanoplates/nanoflakes-like
morphology in the NCO-4 film as shown in Fig. 5(b1-b4). Moreover, the
enhancement in reaction time transform the interconnected nanoplates
to the porous self-assembled marigold flower with a size of 10-30 nm as
shown in Fig. 5(c1-c4) for NCO-6 film. The marigold flower-like struc-
ture has a porous surface morphology, large active sites, and it provides
an enhanced reaction rate, which is a favorable feature for SC applica-
tion. Conversely, at an 8 h reaction time, the NCO-8 film exhibited
compact, densely packed surfaces, reducing the electrochemical active
sites, and increasing electrode diffusion resistance, as shown in Fig. 5
(d1-d4).

To get more fine insights into the structure of the NCO-6 film, the
particle size and surface topography were studied using TEM. Fig. 6(a) &
(b) illustrate the NCO non-uniform nanoparticles ranging in size from 25
to 45 nm, which is relatable with the SEM findings. The high-resolution
TEM images (Fig. 6(c)) were used to calculate the lattice spacing of
crystal planes found to be 0.32 nm for the (311) plane. The poly-
crystalline nature of the NCO-6 film sample can be easily seen from the
Selected area electron diffraction (SAED) pattern. The large concentric
circles indicate the polycrystallinity of the sample and shown in Fig. 6
(d), and validated the XRD results.

The supercapacitor tendency highly depends on the surface area of
the electrode material, which can be measured from the technique as gas
adsorption and desorption techniques [49]. The Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) techniques were used
to study the surface area and pore size of the material, as shown in Fig. 7.
The powders scratched from NCO films were used for the BET study
[50]. The type IV isotherm and H3 hysteresis seen in the nitrogen
adsorption/desorption curves in Fig. 7(a-d) demonstrate the meso-
porous nature of NCO flowers. With a comparable pore size distribution
of 3-15 nm, these type IV isotherms have minor hysteresis loops,
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underscoring the mesoporous structure of the NCO samples.NCO-2,
NCO-4, NCO-6, and NCO-8 were found to have specific surface areas
of 23.7 m%/g, 25.1 m?%/g, 32.6 m%/g, and 26.4 m?/g, respectively. The
formation of the microflowers was the reason behind the higher surface
area of the NCO-6. Additionally, the mesoporous characteristics of
NiCo,04 powder were verified using the Barrett-Joyner-Halenda (BJH)
pore size analysis, as illustrated in Fig. 7(a-d) inset. For NCO-2, NCO-4,
NCO-6, and NCO-8, the average pore radii were 7.9 nm, 9.3 nm, 7.5 nm,
and 8.9 nm, respectively, while the average pore volumes were 0.091
cc/g, 0.035 cc/g, 0.120 cc/g, and 0.105 cc/g, respectively. It was
observed that NCO-6 had a greater surface area than NCO-2, NCO-4, and
NCO-8, indicating that NCO-6 may offer more electroactive sites for the
transfer of electrolyte ions. Consequently, improving the electro-
chemical performance of the NiCo,04 electrode was made possible due
to the mesoporous nature of the NCO-6 nanostructure. Additionally, the
electrochemical performance of the NCO film can be enhanced by the
mesoporous nature and marigold flower-like morphology of the NCO
nanostructure, characterized by a large pore volume, short pore radius,
and high specific surface area [51].

4. Electrochemical study of NiCo204 films

The electrochemical study of the NCO film was carried out by using a
1 M KOH electrolyte. The highly porous morphology of NCO films
improved the electrochemical performance of the material due to
improved mobility and redox ions activities. Fig. 8(a—d) shows the cyclic
voltammetry curves of all the NCO films by different scan rates ranging
from 5 to 100 mV/s with applied potential window of —0.3 to 0.5 V (vs.
SCE). The CV curves exhibited quasi-rectangular shape at a lower scan
rate and show small redox pairs, which confirmed the intrinsic pseu-
docapacitive behavior of NCO films. The presence of small redox peaks
rather than clear peaks can be resulted due to the nano crystallinity and
mesoporous structure of the NCO films. Due to these parameters, the
surface electrochemical activities were more than the diffusion and it is
also reflected in the charge contribution calculation. In an aqueous
electrolyte solution, the NCO film formed oxyhydroxides of Co and Ni
after going through Faradic redox reactions. The following equations

Fig. 6. a) TEM image of NCO-6 film, b) and ¢) HRTEM images of NCO-6 film and d) SAED pattern of NCO-6 film.



P.S. Naik et al.

Journal of Energy Storage 86 (2024) 111302

300
1004 .. a b
Y @ o | o] - — (b)
sod = 7 e
S | (W X200 5.
L v’\ E 1A A/
- “- - - \ /'\ et v \b
z 4 N Zw] j
5 Pl wis H —
2 0 - S 2 wadl . — -
TSR S S T =
& P < 1004 . : s % e
'é " _é Fore vim )
& & =
04 @92 "
04
0.0 02 0.4 06 058 19 00 02 04 0.6 0s 19
Relative Pressure (P/P,) Relative Pressure (P/P)
90
o (©) { e G
E 70 4 o) ézso.
g o £ ‘P @ | )
E IR \ e | E 200
g8 ! & <
g Ll W e ) 3
Tl o == | 4§ £ 1504
. S - R i 2
it By 100 4
z o N £
g 20 4 /,O ._‘__.' ] “
g,m. POV el g’ i
-
04 01
0 02 04 06 05 10 0 02 04 06 0S8 10
Relative Pressure (P/P,) Relative Pressure(P/P,)

Fig. 7. Nitrogen adsorption-desorption isotherm of (a) NCO-2, (b) NCO-4, (c) NCO-6, and (d) NCO-8 (respective insets show pore size distribution of respec-

tive sample).

[——5mV/s ——5mV/S 0.104——5mVis
[ It (a) / 0084 jomvis (b) F—10mvis (C) /
|20 mV/S 420 mV/s
— 20 mvs j 0.08
0.03 4——40 mVis _ 06 —domvis — 40 mvss
& 60 mV/s ] & 0.06 1 60 mV/s
E ooz {—80mV5s g I et )
i i 100 mV/s| N = ™ 100 mVJs|
Z 002 e
= £ £ 0024
2001 1 Z Z pa
2 2 000+ £ 0.004
5} a
< 0.00 - a
< 5-0.02 £ -0.02 4
S £ £
20,01 - 5 0.04 4
g 5-0.04 S0
]
-0.02 4 .06 -0.06
-0.08
-0.03 4 0.08 4
-0.10 T T T T
T T T T T T T T
0.4 0.2 0.0 0.2 04 0.6 -0.4 0.2 0.0 0.2 04 0.6 0.4 02 0.0 0.2 04 0.6
Potential (V vs SCE) Potential (V vs SCE) Potential(V vs SCE)
0.08
F——5mV/s .
0084 1omvis (d) 0.006
——20 mV/s 0.004
_ 006 T—40mVis 0.064%
NE 60 mV/s o i 0.002
S 0.0480mVis g Z om0
< 100 mV/s| = £
= < 2 -0.002
Z0.02 = 00443
£ 0.02 z § -0.004
g z & © 0006
2 0.004 2
s < 002 00
g . ] S
E 002 £ 04 02 00 02 04 06
&) (3 Potential (V vs SCE)
-0.04 4 0,004
——NCO-2|
-0.06 ——NCO-4
| NCO-6
——NCO-§]
-0.08 r . . ; -0.02 , ; ,
0.4 02 0.0 02 04 0.6 0.4 0.2 0.0 0.2 0.4 0.6

Fig. 8. CV measurement of a) NCO-2 b) NCO-4 ¢) NCO-6, and d) NCO-8 films.

Potential (V vs SCE)

Potential (V vs SCE)

e) CV measurement of all NCO films at scan rate of 5 mV/s.



P.S. Naik et al.

express the Faradaic reactions that occurred at during chrage storage
[52],

NiCo,04+ OH™ <2 CoOOH + NiOOH + ¢~ ()]
CoOOH + OH™ <2 CoO+H,0+e” (10)
NiOOH +OH™ < NiO+H,0+e” a1

In CV curves, these peaks showed a reversible nature, which revealed
the quasi-reversible process. Furthermore, as the scan rate increased, no
deformation occurred in the CV indicating that the film has an excellent
performance rate. The potential corresponding to the anode and cathode
peaks shifted towards higher potentials as the scan rates increased due to
fast faradaic electrode-electrolyte reactions. As scan rate increased, peak
current also increased. The redox peaks shifted towards higher poten-
tials, indicating rapid ion and electron transport within the film, as
shown in Fig. 8. The CV curve area increased up to the NCO-6 sample;
thereafter, it decreased as the crystal size increased. Fig. 8(e) shows the
CV curve of all NCO samples at a 5 mA/cm? scan rate. This led to an
understanding that, in comparison to the other sample, NCO-6 has a
higher area under the curve. So, the low crystalline size in the NCO-6
sample helped in the intercalation/deintercalation of electrolyte ions
[53]. The current relation with scan rate was investigated by using
power law to differentiate the charge storage behaviors and is shown in
Fig. 9(a),

i=aV 12)

log,,(I,)

b-values

3.0 4 NCO-2 0.94
NCO-4 0.82
-3.2 4 NCO-6 0.78
NCO-8 0.88
=34 T T T T T T
-2.0 -1.8 -1.6 -1.4 -1.2 -1.0

Log,,(Scan rate)

(b)
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where, peak current (i), scan rate (v), intercept (a), and slope (b) are
determined from the graph of log (i) vs. log (v). The b value varied from
0.5 to 1, which implied the mixed processes as surface redox reactions
and diffusion in the NCO films. The electrochemical kinetics analysis can
quantify the contributions of each film that included both diffusion-
controlled and capacitive charge storage processes and are given by
the following equations [54],

0i=0,+Cv'? 13)
0=0,+0, a4

where, total charge (Qy), surface capacitive charge (Q;), diffusion charge
(Qq), constant (c), and scan rate (v). The Qg can be calculated from Q; vs
v12 plot [55]. The Fig. 9(b) shows the capacitive and diffusion-
controlled contributions of NCO-2, NCO-4, NCO-6, and NCO-8 films.
The NCO films showed Qg distribution of 93.83, 74.15, 52.69, and 65.54
% at 5 mV/s, whereas, Qg distribution was observed at lower scan rates
of 6.15, 25.84, 47.30, and 34.45 % at 5 mV/s for NCO-2 to NCO-8 films.
Especially, NCO-6 film demonstrated nearly equal contribution of
capacitive and diffusion controlled and also higher diffusion than other
NCO films. Fig. 9(c) shows that the diffusion-controlled contribution of
the NCO-6 films decreased as the scan rate increased. This could be have
happened because the interaction time of the ions at higher scan rates is
very less.

The NCO charge-discharge characteristics were studied by the GCD
technique. GCD measurements of synthesized NCO films in a 1 M KOH

E Capacitive controlled contribution
100 - Diffusion controlled contribution

80

60

40 1

Charge contribution (%)

20 H

Scan rate (mV/s)

0.565

Fig. 9. a) Graph of log;0(I.) vs logio(scan rate) (inset table of b value), b) 3D Plot of diffusion controlled and capacitive controlled contribution of all samples and (c)

Charge contribution plot of NCO-6 film.
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electrolyte to further appraise the Cs;. The measurements were taken by
applying a potential range of —0.3 to 0.4 V at 5 to 25 mA/cm? as shown
in Fig. 10(a-d). The potential window used in CV analysis is not appli-
cable directly to the analysis of GCD profiles because electrode material
supersaturation occurred within the prescribed CV potential window. As
a result, the voltage range for GCD analysis is modified appropriately.
The higher potential from 0.5 V to 0.4 V was reduced to offer the best
feasible window for GCD analysis [56]. Fig. 10(e) suggests that NCO-6
has greater discharge time as compared with other samples. The less
active material participation in redox reactions leads to the voltage drop
at higher current densities which causes a decrease in Cs, [57]. The
calculated Cgp from Eq. (1) were 233, 536, 1277, and 862 F/g at 5 mA/
cm? for NCO-2, NCO-4, NCO-6, and NCO-8, respectively. Fig. 11(a)
shows the capacitance variation of the NCO films at various current
densities, in which the specific capacitance decreased as current density
increased for all samples. Fig. 11(b) and (c) show the Ragone plot and
Coulombic efficiency of NCO films, respectively. The NCO-6 film
showed the highest Coulombic efficiency as compared with others. The
rate capabilities of the electrode can give the information about storage
ability of the material at higher current densities. Rate capabilities of the
NCO-6 were 63, 58, 52, and 49 % at 10, 15, 20, and 25 mA/cmz,
respectively. The NCO-6 showed a higher rate capability of 63 % at 10
mA/cm? with 811 F/g specific capacitance. The rate capability was
decreased as the current density increased. Table 1 shows a comparison
of electrochemical performance of NCO films while, comparison of NCO
films with the existing literature is shown in Table 2.

EIS was used to study the electrical and dielectric properties of the
NCO films. The Nyquist plot was carried out at 0.1 Hz to 10° Hz fre-
quency range, shown in Fig. 12(a). All the NCO films showed semicircles
and a straight line at high and low-frequency regions, respectively. The
series resistance (Rg) calculated from the EIS plot were 1.31, 0.61, 0.76,
and 2.03 Q. Whereas, the charge transfer resistance (R¢y) values were
0.68, 0.81, 0.71, and 1.17 Q for all NCO films. The NCO-6 film with the
lowest R value suggested that ionic and electronic conductivity was
effectively enhanced due to binder free synthesis [58]. Based on the EIS
measurements, the NCO-6 film showed outstanding electrochemical
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behavior.

The GCD technique was used to perform the cyclic stability of syn-
thesized NCO-6 film. The 75 mA/cm? current density was used to study
the cyclic stability over 10,000 GCD cycles. Fig. 12(b) reveals the
retention in capacitance of NCO-6 film over 10,000 cycles. After 10,000
GCD cycles, the stability plot for the NCO-6 film revealed 95 % capac-
itance retention, only a 5 % decline in capacitance which might have
occurred due to material degradation in an aqueous electrolyte. The
intercalation and deintercalation of electrolyte ions during charge-
discharge cycles to counterbalance the overall charge could also intro-
duced mechanical stress to the physical structure of the film material
[59]. In addition to redox reactions that would result in composition
destruction due to irreversible chemical reactions. A recurrent charge-
discharge operation would undoubtedly result in mechanical and elec-
trical problems that reduce the initial performance due to the loss of
active material mass [60]. To investigate the effect of cycling, XRD
pattern of NCO-6 film was studied after cycling stability and is shown in
Fig. 12(c). From the XRD patterns of before and after stability, it was
seen that there are no large changes in the material’s structural prop-
erties and phase. Fig. 12(d) graph reveals a radar plot which suggests
that NCO-6 film has outstanding performance. The Table 2 shows the
comaprasion of the NCO performance with other reported materials.

5. Aqueous symmetric supercapacitor (ASS) device

The ASS device was fabricated using NCO-6 film as both the anode
and cathode were immersed in a 1 M KOH solution. Each electrode had a
mass loading of 2.9 mg in the symmetric supercapacitor configuration.
In the two-electrode experiments, the NCO//NCO device exhibited
positive electrochemical active potential window ranging from 0.0 to
1.6 V vs SCE. To determine the optimum potential window, the potential
range was varied from 1.0 V to 1.6 V at a scan rate of 100 mV/s, as
illustrated in Fig. 13(a). The ASS device operated in a maximum voltage
window of 1.6 V. Fig. 13(b) depicts CV curves of an NCO//NCO ASS
device at various scan rates in the 1.6 V potential range. At higher scan
rates, the CV curves replicated their shapes which indicated the rapid
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Table 1
Comparative table showing the structural and supercapacitive properties of NCO films at 5 mA/cm? current density.

Energy density (Wh/kg) Rate capability (%)

Power density (W/kg)

Sr. No. Sample code Mass loading (g) Discharge time (s) Specific capacitance (F/g)
1 NCO-2 0.6 19.5 233 15 2916 91
2 NCO-4 0.65 78.5 862 58 2692 87
3 NCO-6 0.75 134.1 1277 86 2333 63
4 NCO-8 1.01 75.1 536 36 1750 89

operational parameters. These metrics highlighted the device’s capa-
bility to store substantial energy while delivering power rapidly, a
crucial aspect for applications demanding high-performance energy

kinetics in a redox reaction. This phenomenon indicated the device’s
capability for efficient charge storage and release, crucial for applica-
tions requiring high power output or rapid energy transfer.

The GCD tests were conducted to explore the charge storage capa-
bilities and rapid delivery of the ASS device, as delineated in Fig. 13(c).
The NCO//NCO ASS device demonstrated quasi-linear behavior with
extended charge-discharge periods across all current densities, indi-
cating its pseudocapacitive properties and exceptional energy storage
capacity. Notably, at a current density of 2 mA/cm?, the NCO//NCO ASS

storage solutions.
Furthermore, the NCO//NCO ASS device exhibited outstanding and

durable electrochemical performance, retaining up to 90.5 % of its ca-
pacity after 5000 cycles at a current density of 15 mA/cm?, as depicted
in Fig. 13(d). This remarkable retention underscores the device’s suit-
ability for high-energy and power applications, where long-term sta-
bility and consistent performance are paramount. To assess the device’s

device exhibited a specific capacitance (C;) of 45.68 F/g, underscoring
its ability to efficiently store charge. Furthermore, the ASS device yiel-
ded an energy density of 16.24 Wh/kg and a power density of 275.86 W/
kg at 2 mA/cm? reflecting its robust performance across various

11

stability and internal resistance, EIS was conducted before and after the
cycling stability test [48]. As shown in Fig. 13(e), the Ry values for the
NCO//NCO ASS device before and after stability were 0.603 and 0.615
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Table 2
Comparison of performance metrics of synthesized NCO film with other reported literature.
Sr. Material Methods Morphology Specific capacity/ Stability Energy density Power density Ref.
No. capacitance (Wh/kg) (W/kg)

1 NiCo0,04 CBD Nanoflowers with nanorods 702 F/g 94.2 % after 18.52 313 [23]
5000 cycles

2 NiCo,04 Electrodeposition Nanosheets 1730 F/g 80 % after 5000 56 349 [61]
cycles

3 NiCo,04 Hydrothermal Nanowire 1183 mF/cm? 90.4 % after 24 - [62]
3000 cycles

4 NiCo,04 CBD Marigold micro-flower like 530 F/g 90.5 % after 41.66 3000 [24]
3000 cycles

5 NiCo204 Electrospinning and Nanoneedle 910 F/g 88 % after 1000 40.81 738 [63]

hydrothermal cycles
6 NiCo,04/ Two-step Core-shell nanosheets 3.81 F/cm? 86.1 % after 25 - [64]
MnO, electrodeposition method 10,000 cycles

7 NiCo,04 Hydrothermal Nanoflakes, nanoflowers 1030 F/g - 10 2000 [65]

8 CuCo304 Solvothermal Marigold flower 627C/g 95 % after 5000 - - [66]

9 CuCo204 Hydrothermal Non uniform spherical 193 F/g 85.9 % after 2.12 227 [67]

microstructure 6000

10 CuCo,04 Hydrothermal Nanowire, nanosheet 299.12C/g 100 % after 5000 36.46 1003 [68]

11 MgCo204 Solvothermal Microsphere 375.5C/g 100 % after 6000  35.4 8905 [69]

12 MnCo05045 Hydrothermal Nanosheet 304.37C/g 100.04 % after 30.36 950.83 [70]
5000

13 MnCo0,04 5 Solvothermal Microflower 287.02C/g 100 % after 5000 30.33 959.35 [71]

14 $-Co(OH), Solvothermal Microflower, microclews 396.5C/g 100 % after 5000 43.6 989.3 [72]

15 NiCo204 CBD Wheat grain into marigold 1277 F/g 95 % after 86 2333 This

micro flowers 10,000 Work
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Fig. 12. (a) Nyquist plot with circuit fitting by ZsimpWin software (b) Cycling stability graph of NCO-6 (c) XRD plot before and after cyclic stability, and (d) Radar

plot of various supercapacitor metrics of all the NCO films.

Q, respectively. Moreover, R changed from 1.28 to 1.39 Q. The low Ry
and Rt values were observed in the NCO//NCO ASS device and, indi-
cated the pivotal role of intercalation processes in enhancing charge
transfer kinetics through improved conductivity and rapid ion diffusion
within the electrochemical system. Table 3 gives the compartive glance

of the NCO//NCO device with other reported symmetric devices. This
underscored the device’s efficiency in facilitating seamless charge
transfer and ion transport, contributing to its robust electrochemical
performance and long-term stability.
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Table 3
Comparison of performance metrics of aqueous symmetric supercapacitor devices with other reported literature.
Sr.No.  Material for symmetrical Electrolyte Sp. capacitance (F/ Energy density (Wh. Power density (W/ Stability Ref.
devices g) kg) kg)
1 PANI/VG/Ti//PANI/VG/Ti 0.5 M HSO4 320 26.1 383 86 % after 10,000 cycles [731]
2 N-rGO//N-rGO 0.5 M K804 - 128 113 96.5 % after 10,000 [74]
cycles
3 N-AC/Gr//N-AC/Gr 6 M KOH - 13.1 12.5 93 % after 10,000 cycles [75]1
4 RCFs//RCFs 1.0 M NySO4 52 6.1 160 93.6 % after 10,000 [76]
cycles
5 CSCs//CSCs 0.5 M HyS04 307 8.8 4083 100 % after 10,000 cycles [771
6 NCO//NCO 1 M KOH 45.86 16.24 275.8 90.5 % after 5000 cycles This
work
6. Conclusion material.

Nickel cobaltite films were successfully fabricated using the CBD
approach on a stainless-steel substrate. The XRD analyses confirmed the
synthesis of NiC0204 film. FT-IR and FT-Raman spectroscopy confirmed
the presence of metal oxides as Ni—O and Co—O bonds in the NCO
films. SEM revealed the porous 3D-nanostructured marigold flower-like
morphology of NCO-6 film which offered more electroactive sites for
electrochemical reactions as compared to the other NCO films. The NCO-
6 sample showed the 32.6 m?%/g specific surface area. The electro-
chemical analysis revealed that at 5 mA/cm?, the NCO-6 film had an
excellent specific capacitance of 1277 F/g. The NCO-6 film is a prom-
ising option due to its outstanding Cgp, high energy density, high power
density, and cyclic stability of 95 % over 10,000 cycles. Additionally, an
ASS (NCO//NCO) showed higher Cg, of 45.68 F/g at 2 mA/cm? with
energy density and power density of 16.24 Wh/kg and 275.86 W/kg at 2
mA/cm?, respectively. The device exhibited superior capacitance
retention of 90.5 % over 5000 galvanostatic charge-discharge cycles.
Based performance, the marigold microflower-like nanostructures pro-
duced by the aforementioned synthetic technique can provide a new
pathway for the fabrication of energy storage devices for both high
energy density and high power density. Hence, these results could be
useful for developing high-performance supercapacitor electrode
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