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Graphical Abstract

Abstract

Metal-organic frameworks (MOFs), due to its exceptional characteristics like high specific
surface area and design diversity, serve as an outstanding sacrificial template in forming
layered double hydroxides (LDHs) for highly efficient electrodes in supercapattery devices. In
this work, we have prepared bimetallic layered Nickel Cobalt LDH via in-situ etching of Co-
ZIF, in different Nickel concentrations directly on Ni foam that enhances the interfacial contact
between substrate and the material. The optimised NiCo LDH-2 sample exhibited remarkable
electrochemical behaviour with fast electrolyte ion diffusion kinetics ideal for supercapattery

device and delivered a high specific capacitance of 2567 Fg' at 1 Ag'. Further, the
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supercapattery device assembled with Ni-Co LDH as anode and rGO derived from a
sustainable source as cathode demonstrated an energy density of 21 Whkg™!, power density of
0.307 kWkg! and good cyclic stability with capacitance retention of 88.89 % along with
coulombic efficiency of 90.58 % over 1500 cycles. This work proposes an effective approach
for designing layered NiCo-LDH that can be further extended to the synthesis of other

transition metal-derived LDH for supercapattery devices.

Keywords: Supercapattery; Metal-Organic Frameworks; Energy density; Power density

1. Introduction

Constant growth of new portable electronic technologies and a modernized lifestyle has
increased the demand for advanced energy storage devices. To address these challenges,
intensive research on electrochemical energy storage (EES) devices comprising batteries [1]—
[4], supercapacitors (SCs) [5]-[8] and supercapatteries [9]-[11] has been greatly considered
over the past few decades. In this aspect, batteries, which include materials like metal oxides,
hydroxides, phosphates, and sulphides that facilitate faradaic processes for charge storage
mechanism offer tremendous energy density but attribute poor power density and a quickly
diminishing cyclability. On the other hand, SCs have been classified into two groups depending
on their charge storage mechanism: electrical double-layered capacitors (EDLCs) [12], [13]
sand pseudocapacitors. The mechanism of non-faradaically adsorbing-desorbing electrolyte
ions is accountable for charge storage processes in EDLCs, that primarily use carbonaceous
materials (activated carbon, rGO, CNTs, etc.). Whereas, transition metal oxides/hydroxides
phosphides/sulphides/halides [14]-[ 18] and conducting polymers are predominantly utilized in
pseudocapacitors in which the surface redox reaction is responsible for the charge storage

mechanism. SCs' offer primary benefits like extended cycle life, high power densities, quick
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charge-discharge times, and environmentally friendly behaviour [17]. But their low energy
density is still a challenge posing a major hindrance in large-scale commercialization. It is
evident that both technologies, despite their merits do have their drawbacks which indicate that
taken alone, none of them can meet the enormous energy demand of this world. The
development of hybrid electrochemical energy storage technologies that combine the use of
batteries and capacitive-type materials in a single device is a significant step towards
addressing the aforementioned drawbacks [20], [21]. Due to the addition of carbonaceous
material of EDLCs as a negative electrode and MOF-derived LDH as a positive electrode, the

device shows increased energy density while maintaining power density with high cyclability.

Not only the active material, the method utilized in the fabrication of electrodes and also their
surface interaction with electrolytes have a major impact on the overall performance of the
device. Therefore, the utmost importance is to design electrode materials that possess high
kinetic and electrochemical activity. LDHs with unique 2D hydrotalcite-like structures are
regarded as exceptional electrode material in energy storage systems because of their relatively
high specific surface area and redox activities with tuneable chemical compositions, and the
ability for rapid intercalation/deintercalation of charged ions. The formula for LDHs that are
generally used is [Mx® "Mi*" (OH)2]*" [New™ ¥, where, M** (Co, Ni, Mg, and Zn), and M**
(Cr, Al, Ga, and V) are the trivalent and divalent metal cations in octahedral sites in brucite-
like layers, and N™ (NOs~, CO3™ and water molecules) are anions placed in the interlayer space
of LDH. The laminar LDH structures and flexible anionic exchange characteristics facilitated
electron and ion flow throughout the charging and discharging process, not only at the surface
but also in the entire crystalline nanostructure of LDH, enabling it to act as a battery-like
electrode material. Despite advancements, low mechanical strength, poor electrical
conductivity, and severe agglomeration of LDH electrode materials preclude it from achieving

high theoretical efficiency [22], [23]. Hence, in order to achieve outstanding performance for
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supercapattery electrodes, a simple and effective self-template technique for synthesising

LDHs with adjustable morphology is required [23].

Metal-organic frameworks (MOFs) are ordered inorganic-organic hybrid porous crystalline
materials, that have garnered a lot of attention because of their large surface area, high porosity,
and structural with functional diversity, and have been thoroughly investigated in a variety of
domains due to their adjustable metal centre, and high ordered structure. MOFs, particularly
zeolitic imidazolate framework-67 (ZIF-67), a sub-member of MOF, are proven to be an
attractive template for the preparation of various nanostructured materials, including carbon
and metal (oxides, hydroxides, phosphides, and sulphides) derived materials for
electrochemical energy storage and conversion operations because of its high porosity,

tuneable shape, and exceptional chemical robustness [24]-[27].

In recent years, ZIF-derived LDHs have gained an immense interest in energy storage
operations. Furthermore, in-situ growth of these nanostructures over a flexible substrate such
as nickel foam, carbon cloth, etc. tends to avoid the agglomeration of LDH nanoarray that
extends their participation in the energy conversion and storage (ECS) system, significantly
improving the utilization of electroactive materials. Wang et al. [28] reported in-situ grown
NiCo-LDH on carbon cloth using a controlled hydrolysis technique and achieved a high
specific capacitance of 2242.9 Fg'! [28]. Tahir et al. [22] have obtained the bimetallic CoNi-
LDH nanosheets using ZIF precursor that exhibited specific capacitance (1877 Fg' at 1 Ag™)
[22]. Even though these bi-metallic layered hydroxides have improved electrochemical
performance, it remains a challenge to increase the active sites and interacting surfaces to
further improve the materials' electrochemical parameters. As a result, the template-directed

technique is effective and has garnered much interest among LDH synthesis techniques.
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In this study, instead of synthesizing bimetallic LDH by incorporating Co®" and Ni*"
simultaneously, we have grown ZIF-67 in situ on Ni foam (NF) and subsequently incorporated
Ni ions to synthesize NiCo LDH. By using appropriate characterisation techniques, the
morphological, structural, and electrochemical characteristics of NiCo-LDHs were examined.
The controlled concentration of Ni ion helped in growth of honeycomb-like layered sheets on
NF with robust adhesion. Moreover, LDH's synergistic properties lead to remarkable
electrochemical performance because of its rapid electrolyte diffusion kinetics, enhanced
electroactive sites, and abundant redox active sites in electrolyte solution of potassium
hydroxide(KOH) [29]. Furthermore, the surface of hollow NiCo-LDH has numerous tiny nano-
sized alleys, which maximises the percolation of ions to the electrode surface, significantly
reducing ion transportation resistance and thereby increasing the reaction Kkinetics.
Furthermore, a novel supercapattery device has been designed with ZIF-derived LDH as
battery-type electrode and bio-derived rGO as an EDLCs electrode with an electrolytic solution
of 1 M KOH. A green, eco-friendly approach has been used to synthesize rGO from coffee
grounds using microwave pyrolysis technique. As expected, the supercapattery device can
reach an energy density of 21 Whkg™! with power density of 0.307 kWkg', as well as good
cyclability with capacitance retention of 88.89 % along with coulombic efficiency of 90.58 %

over 1500 charge-discharge cycles.

2. Experimental Section

2.1. Materials
Ni Foam (NF) was purchased from Nanoshel, India. 2-methylimidazole (2-MIM) (CsHsN>2, AR
99%), cobalt nitrate hexahydrate (Co(NO;3)2.6H20, AR 99%), nickel nitrate hexahydrate
(Ni(NO3)2.6H20, AR 99 %), ethanol (CH3CH20OH, AR 99%), N-methyl-2-pyrrolidone (NMP
AR 99%), and other reagents were purchased from SRL. Potassium hydroxide (KOH, AR

99%), and polyvinylidene fluoride (PVDF, AR 99%) were purchased from Sigma-Aldrich. All
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the chemical reagents were of analytically pure grade and used without further purification.
2.2. Material Preparation and Methods
2.2.1. Preparation of Co-ZIF/NF

Ni foam was cleaned by acetone, ethanol and di-water under sonication for 10 minutes. In a
typical process, 40 mL aqueous Co(NO3)2.6H>O solution (25 mM) was added into a 40 mL
aqueous solution of 2-MIM (0.4 M). After stirring for 2-5 mins at 150 rpm, the cleaned nickel
foam (1 x 1.5 cm?) was immersed into the above solution and aged overnight under ambient
temperature. The prepared purple-coloured sample was taken out and washed in ethanol and
di-water several times and then dried at 60°C for 10 hours. The mass load on the sample was

about 3 £ 0.2 mg/cm?.
2.2.2. Preparation of Co-ZIF derived NiCo-LDH/NF

The as-obtained Co-ZIF/NF was immersed into a 50 ml Teflon liner autoclave containing 30
mL ethanol and 0.32 mM of Ni(NO3),.6H>O. The autoclave was sealed and heated at 90° C for
60 mins in a hot air oven. The as-prepared silvery white coloured sample was taken out and
washed in EtOH and DI water and then dried at 60° C overnight and the colour was found to
change to pastel green. For comparison, different concentrations of Ni(NO3)2.6H20 (0.16, 0.32,
and 0.48 mM) were used and considered as NiCo LDH-1, NiCoLDH-2 and NiCo LDH-3

respectively. The mass loading was about 1.6 = 0.2 mg/cm?.
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Scheme 1: Synthesis route for NiCo LDH electrode materials preparation.
2.2.3. Preparation of rGO negative electrode

Graphene oxide (GO) was obtained using coffee grounds as a precursor, iron chloride (FeCls)
as chemical post-treatment, and microwave pyrolysis as a thermal conversion process. 10g of
biomass was washed with ethanol and DI water until remove the impurities. The cleaned coffee
ground was dried at 110° C for one hour and then pyrolyzed at 1 kW for 30 minutes under 4
n/L nitrogen flow. The resulting biochar was chemically treated with FeCl; in a weight ratio
of 1:1 at room temperature for 24 hours. After this, the material was washed multiple times
with distilled water and dried in an oven at 110°C for one hour. The modified biochar was re-
pyrolyzed at 1 kW for 30 minutes. Afterwards, 2.8 g of GO powder was reduced in the tubular
furnace at 500°C for 5 hours at the rate of 10° C under an Argon atmosphere. The mass of rGO
was found about 2.4 g. Next, mixed slurry of rGO powder, acetylene black, and PVDF in the
ratio of 8:1:1 was prepared using N-Methyl-2-pyrrolidone (NMP) as the solvent and drop
casted on the piece of cleaned NF. Finally, the electrodes were dried at 60° C for 10 hours. The
mass loading was about 1.50 + 0.2 mg/cm?.

2.3.  Material characterization

The morphological structure of the synthesized materials was analysed by field emission

scanning electron microscopy (Nova Nano FESEM 450 by FEI). Further, inner structure
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morphological analysis was done by HR-TEM (EcnaiG20 at 200 kV). X-ray diffraction
analysis (XRD, Bruker, D8 Discover) using Cu Ka, 3 KW radiation was used to analyse the
crystal structure of the synthesized products. The surface area and porosity of the material were
analysed by Brunauer—Emmett—Teller (BET) (Nova Touch LX2 by Quantachrome). Fourier
transform infrared spectroscopy (FTIR, Shimadzu, Japan) was used to determine the fingerprint
of the vibrational modes of the material. X-ray photoelectron spectrum (XPS) of the as-
prepared sample was investigated using Thermo Fisher Scientific with micro-focused X-ray

(400nm spot size, 72 W, 12000V) to determine the surface properties.
2.4. Electrochemical measurements

Electrochemical performance of samples was estimated by electrochemical workstation
(Autolab Potentiostat, USA) in 1 M KOH electrolyte in a standard three-electrodes
configuration with Ag/AgCl as reference electrode (RE), platinum wire as counter electrode
(CE) and as prepared samples on NF as working electrode (WE) as shown in Schematic 1.
Cyclic voltammetry (CV) and galvanostaticcharge—discharge (GCD) measurements were
analysed within the potential windows of 0—0.5 V and 0-0.4 V respectively. The results of
electrochemical impedance spectroscopy (EIS) were obtained in the frequency range of 0.01—
10° Hz at open circuit potential. The specific capacity (C, Cg), and specific capacitance (Cs,

Fg!) were calculated according to the GCD plots using the following formula:

Where, I (A) shows current density, At (sec) show discharging time, m(g) show mass of

material deposited on substrate, and AU (V) show the potential window.
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Scheme 2: Three-electrode configuration

2.5. Assembly of supercapattery device
Supercapattery devices were fabricated using NiCo-LDH/NF as anode and coffee grounds-
derived rGO as cathode. The mass loading ratio of the material at each electrode was evaluated

using charge balancing rule using the following formula:

my Cs_AU_

T T e (2)

Here, m, AU, and Cs represent the mass, potential window, and specific capacitance
respectively. Where, subscript (+) (-) are for anode and cathode respectively. The specific
capacity, power density (P, Wkg!), and energy density (E, Whkg') of supercapattery were

determined using following formulas given below:

oo Int "
o cav )
= g e (4)
» _ EX3600 5
= e (5)

Here, maciive is the active mass of both electrodes given as
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3. Result and discussion
3.1. Synthesis and structural characterization of NiCo LDH

FE-SEM image of precleaned NF (Figure 1(a)) shows a compact and smooth surface. When
NF is dipped in the solution of Co(NO3)2.6H20 and 2-MIM for 7 hours, Co-ZIF is formed, seen
as a densely packed mesh-like structure formed with nanorods (Figure 1(b)). Co-ZIF acts as a
sacrificial template for the formation of NiCo-LDH using ion-exchange process, wherein
hydrolysis of Ni** occurs in the presence of ethanol. H*, a byproduct of hydrolysis intrudes the
Co-ZIF template breaking the coordination between Co’" and 2-MIM, setting Co*" free.
Further, Co*" gets partly oxidised into Co®" through dissolved NO*- and O». The Co*"/Co*"
coprecipitates with Ni** to produce NiCo hydroxide layers. In a nutshell, the nanocage structure
of LDH can be attained through ethanol etching and the Kirkendall effect. Ethanol facilitates
gradual dissolution of Co-ZIF template, preventing structural breakdown during hydrolysis of
nickel nitrate. As the Nickel nitrate solution hydrolyses in ethanol, the resulting proton
encourages the oxidizability of dissolved NO3- and O2 that etches the surface of Co-ZIF. This
leads to the oxidation of divalent cobalt to trivalent cobalt due to its low standard reduction
potential. Ultimately, LDH forms through the co-precipitation of the divalent nickel metal
source and trivalent cobalt ions. The NiCo-LDH nanosheets were evenly distributed on the
surface of Nickel foam to form a 3D interconnected hierarchal nanonetwork. This structure is
desirable for the accessibility of active sites and also in situ growth on NF eliminates the chance
of the “dead mass” making the process favourable for enhancement of capacitance with fast

redox reactions kinetics.
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Amount of Ni concentration is crucial for the desired porosity of the nanostructure with
prominent morphological changes seen in Figure 1(c-e) corresponding to NiCo LDH-(1, 2, 3)

showing an interconnected, porous, 3D networked surface with formation of fine alleys.

{ (©)

Figure 1: FE-SEM micrographs of (a) Precleaned bare Ni foam (b) Co-ZIF (c) NiCo LDH-1 (d,e)

NiCo LDH-2 (f) NiCo LDH-3 at 10pm

An increase in the Ni concentration (NiCo LDH-2) shows the alleys become deeper and wider
(Figure 1(d)). This is attributed to increase in the nucleation rate between organic ligands and
metal species resulting in well-defined, self-assembly of 3D hierarchical, honeycomb-like
nanostructures with initiation of star-like nanostructures [30]. These alleys deliver adequate
accessible active sites and diffusion pathways for fast redox reactions. The networked structure
provides high electroactive surface area, and wider interspacing for electrolytic ions to
penetrate improving the charge storage behaviour [31]. Further increase in Ni concentration
(NiCo LDH-3) (Figure 1(e)) shows wider cracks along with an increase in the density and size
of the star-like nanostructures, that cluster to constrict the pores limiting the chances of

electrochemical activity. The Ni: Co ratio of 1:3.6, 1:5.4, and 1:4.2 was estimated for NiCo-
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LDHs samples (1, 2 and 3 respectively) (Table S1). This confirms that Ni concentration plays
a significant role in the morphology change of the sample. At high concentration, the Co-ZIF
template dissolve too quickly to form enlarged alleys with lastly yield star like structure

(@) (b)

(d)

5.00 1/nm =—

Figure 2: HR-TEM images of (a) Co-ZIF (b,c,d) NiCo LDH-2 at 100nm, 50nm and 5nm

respectively (e) SAED pattern of NiCo LDH-2

The inner structure and morphology of Co-ZIF and NiCo LDH-2 structures are meticulously
examined by TEM characterization. TEM images reveals that the original shape of 2D Co-ZIF
is preserved (Figure 2a) even after hydrothermal reaction with nickel nitrate (Figure 2b, c, d).
Furthermore, the surface morphology undergoes modification with small nanosheet-like
structures intertwining to form 3D stacked structure, indicating the formation of NiCo-LDH,
which aligns with the SEM results. The TEM pattern lacks distinct lattice fringes indicating
the amorphous nature of NiCo-LDH sample. Figure 2d depicts the hollow and porous structure
of NiCo-LDH, which promotes electrolyte transport and boosts the electrochemically active

sites, thereby enhancing the electrochemical activity. The selected area electron diffraction
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(SAED) pattern (Figure 2e) showcases diffused rings, a consequence of the sample’s
amorphous nature.

FTIR spectra of the samples are shown in Figure 3(a). The 2-MIM ligand's presence is
primarily responsible for the existence of Co-ZIF peaks. The peaks at 746, 1139, and 1417 cm™
!are ascribed to stretching and bending modes of the imidazole ring, while peak at 1635 cm™!
is associated with the stretching vibration of C-N bond in the 2-MIM ligand [32]. The LDH
samples are isostructural showing similar peaks. The absorbed peak at 3545 cm™! is associated
with the OH" stretching vibration [33]. It is observed that the band at 1332 cm™ appeared in
LDH samples after the addition of Ni ions, showing that incorporation of Ni ions in MOF alters
the environment around the -COO- group. Strong absorption bands at 1317 and 1634 cm™ were
ascribed to the symmetric and asymmetric stretching vibrations of the coordinated Co-COO-
Co and Ni-COO-Ni while the peaks at 627, 512, and 420 cm™! are for Ni-O and Co—O groups.
Compared to NiCo LDH-1, other LDH samples depict sharper peaks, which may be due to
abundance of NO* and H,O intercalations in LDH interlayers [34]. The XRD diffraction
patterns of prepared samples depicted in Figure 3(b) show three intense peaks at 44.4°, 51.8°,
and 76.4° corresponding to Ni foam. However, a few very weak diffraction peaks as shown in
the inset are found at 18°, 21.9°, 26.4°, and 29.6° assigned to the (222), (114), (134), and (044)
planes of Co-ZIF, and have been reported by other researchers [35]-[37]. However, these peaks
were absent in NiCo LDH which may be due to the following two factors, either the Ni foam
signal is too intense masking these peaks, or the low mass loading and poor crystallinity of
NiCo-LDH samples. The poor crystalline nature of NiCo LDH may be due to the partial
substitution of Co** by Ni**ions in the Co-ZIF that distort its initial crystal structure also well

agreed with the TEM results [33].
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Figure 3: (a) FTIR curve (b) XRD (c, d) BET of as prepared Co-ZIF and Co LDH samples

XPS analysis was used to evaluate the elemental composition and chemical valence states in
NiCo LDH-2 sample. The full scan as shown in Figure 4, confirms the existence of cobalt,
nickel, oxygen, carbon, and nitrogen elements in the prepared samples. The XPS scan for Co
2p (Figure 4 (b)) displays peaks at 780.9 eV classified for Co 2ps» (Co*" at 784.3 and Co*" at
781.3 eV) and 796.8 eV classified for Co 2pi2 (Co*" at 797.3 and Co*" at 795.9 eV) attributes
to the presence of both Co** and Co?", along with two satellites were present at 786.2 and 802.3
eV. Additionally, the spin-orbit gap of approximately 16.0 eV in the Co 2p graph affirms the
generation of the Co(OH), phase. Additionally, XPS scan for Ni 2p (Figure 4 (c)) displays a
set of spin—orbit peaks at 852.7 and 870.2 eV attributed to Ni*" and another set of peaks at
872.8 and 855 eV allocated to Ni** both sets classified for Ni 2pi2 and Ni 2ps/» respectively
[38]. Two shakeup excitation satellite peaks are also present at 861 and 881.36 eV respectively.

The XPS scan for the O 1s (Figure 4 (d)) displays three sharp peaks at 529.7, 531.4, and 532.6
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eV classified for hydroxide group (OH"), metal (Co, Ni)-oxide bonding, and a hydroxyl group
(H-O-H) confirming the LDH formation[39]. The XPS spectrum for core-level C 1s is
displayed in Figure 4(e). The spectrum shows peaks at 287.0, 285.4, and 284.6 eV classified
for O—C-0, C-O, and C=C groups respectively. They might originate from CO3*>" in the LDH
interlayers. The N Is peak in Figure 4f) at 398.6 eV classifies the existence of nitrate in

interlayers or at the surface of LDH material [33][39].
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Figure 4: XPS curve (a) Full survey (b) cobalt (c) Nickel (d) Oxygen (e) Carbon (f) Nitrogen for

NiCo LDH-2 sample

Further, high specific surface area and optimal pore distribution are essential for the fabrication
of efficient charge storage material, BET of Co ZIF and LDH samples were analysed using N2
adsorption—desorption isotherms [19]. Figure 3(c) illustrates typical IV-type N> adsorption-
desorption isotherms with hysteresis loop for NiCo-LDHs where a narrow area in the low-
pressure region shows an open porous structure whereas, high-pressure region's hysteresis loop
suggests the existence of macropores. The BJH curves as illustrated in Figure 3(d), depict a

peak centred at around 3 nm that further affirms the mesoporous characteristic of the samples.
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In comparison to other LDH samples and the precursor Co-ZIF, NiCo LDH-2 demonstrated
the highest specific surface area of 46.60 m’g! with a total pore volume of 0.0473 ccg!. The
limited specific surface area of LDH materials is generally due to their distinctive structure.
The interlayer spacing of the LDH was partly filled with anions (NO3", CO3", and OH"), ethanol,
and H>O molecules, making it challenging to capture the N> molecule utilized for the
adsorption-desorption investigation [28]. Yet, during charge/discharge mechanism, the

electrolytic ions can readily penetrate into these interlayer spaces [39]-[41].
3.2. Electrochemical analysis

Electrochemical properties of binder-free NiCo-LDH electrodes prepared with different Ni
concentrations were analysed using a three-electrode configuration (Scheme 2) through CV,
GCD, and EIS measurements in 1 M KOH electrolytic solution. Figure 5(a) compares the CV
of different samples in a potential window of 0.5 V at a scan rate of 5 mVsec™'. The hydroxides
ions (OH) in the electrolyte promotes the pair of redox peaks visible in the CV curves of LDH
samples, implying battery-like behaviour of LDH materials and the specific capacity is given
by the reversible redox reactions. However, the specific capacitance LDHs samples initially
rises in LDH 1 and 2 and then fall with increasing Ni concentrations. The NiCo LDH-1 offers
narrow pathways for electrolyte diffusion due to the porous and interconnected nanosheets.
But, because of the low concentration of nickel ions, the electrode was unable to demonstrate
improved redox chemistry. Whereas, the dual-layered NiCo LDH-2 sample whose SEM
showed slightly widened pathways and firmly adhered star-like nanoarchitectures, boosts
redox active sites and serves as an electron highway to reduce the interfacial resistance.
Furthermore, the 3D nanostar architecture offers supplemental redox active sites and high
electroactive surface area for better energy storage. On the contrary, the NiCo LDH-3 displayed

lesser capacity than NiCo LDH-2, which may have been caused by the agglomerated
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nanostructure clusters blocking the ion pathway and also appearance of wider cracks that are

suboptimal for electrolytic diffusion.
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Figure 5: Electrochemical analysis (a) comparative CV (b) GCD curve for Co-ZIF and LDH samples

(c) CV (d) GCD for NiCo LDH-2 sample (e) In i, vs In v (f) i, vs V curve for NiCo LDH-2 sample

Higher concentration of Ni may result in extreme etching of the precursor that results in a
destructive layered structure in NiCo-LDH-3 sample with wider surface cracks as confirmed
by FESEM images in Figure 1(e). This demonstrates that adding an appropriate quantity of Ni
can enhance the material's performance, while adding too much negates the effect. The CV
curve NiCo LDH-2 shows the largest area offering higher capacitance than other samples
which may be attributable to the synergistic effect of Ni and Co and the sample’s distinctive
structure. Further, the detailed CV curves of sample NiCo LDH-2 from 2 to 30 mVsec™ to
examine the electrochemical properties are plotted in Figure 5(c). The comparative
electrochemical performance with other reported work is compared in Table 1. The redox peaks
are derived from the redox reactions of Co?"/Co®" and Ni**/Ni® related to following redox
reactions.

Co(OH)2 + OH— COOOH + HaO + € ..o, (7)
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Ni(OH)2 + OH — NiOOH + HoO + € ..., (8)

CoOOH + OH™ — C002 + HaO + € .vveeeeeeee e (9)

Table 1: Comparative table for specific capacity of NiCo LDH-2 with other reported work

Electrode Specific Current Electrolyte  Potential Reference

capacity density (Ag") (M KOH) range (V)

(Cg™h
CNT@NiCo 579.6 1 6 0-0.5 [29]
LDH
CoSx/Ni-Co 702.9 1 2 0-0.45 [42]
LDH
NiCo-LDH/10 1272 2 3 0-0.38 [31]
NiCo- 1243.2 1 2 0-0.45 [28]
LDH/CFC
NiCo LDH-8  656.95 1 1 0-0.35 [22]
NiCo LDH 808.4 1 0-0.55 [43]
NiCoMn-OH 1153.9 1 1 0-0.55 [38]
NiCo LDH 695.75 1 3 0-0.55 [44]
NiCo LDH-2 1026 1 1 0-0.4 This work

An increase in scan rate shifts the redox peaks steadily towards higher potential increases the
peak current height owing to high polarization, OH" diffusion and internal resistance. However,
there is no discernible change in the shape of the curves, demonstrating good reversibility and
also rapid ion mass transfer of the electrode. Furthermore, the CV curves are also investigated
to analyse the electrochemical reaction kinetics of the electrode using Dunn’s power law

formula given below:
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Where i defines current density (Ag™'), v (mVsec™) is scan speed, and k and b are adjustable
parameters, where b is an important parameter related to the charge storage mechanism.
Ideally, b is found to be 1 for EDLC supercapacitors and capacitors, where charge storage is
mainly through the electrostatic mechanism. In the case of batteries value of b is found to be
0.5, as charge storage is through a faradic mechanism (oxidation-reduction). Figure 5(e) shows
a linear relation between In i, and In v. The b values are 0.50 and 0.56 for anodic and cathodic
peaks respectively that is less than 1 and near 0.5. As a result, both the surface-controlled and
diffusion-controlled processes operate simultaneously on NiCo LDH-2, with the diffusion-
controlled process predominating during the charge storage mechanism. Further, the plot of
peak current with scan rate illustrated in Figure 5(f), demonstrates excellent linearity (R? =
0.99) signifying deep OH™ ion penetration in NiCo LDH-2, through superior diffusion-

controlled charge storage technique.

GCD tests are also performed to analyse the electrochemical behaviour of samples with the
potential window of 0.0-0.4 V. Figure 5(b) shows the comparative curve for different samples
at a current density of 1 Ag”'. All of LDH electrodes demonstrate longer discharge time as
compared to Co-ZIF electrode. Particularly, the NiCo LDH-2 showed the highest discharge
time amongst all electrodes in concurrence with the CV results. NiCo LDH-2 has adequate
amount of oxidation/reduction sites and a distinct network-like structure, which promotes the
intercalation of ions in interlayers of LDH, resulting in remarkable specific capacitance which
makes it a promising positive electrode for the fabrication of supercapattery device. The
specific capacity for sample NiCo LDH-2 is found to be 1026 Cg™! (2567 Fg'!) which is higher
than that of NiCo LDH-1, NiCo LDH-3, and Co-ZIF that is 760.4 Cg!, 907.2 Cg’!, and 54.4
Cg ! respectively at a current density of 1 Ag™'. The detailed GCD curve for sample NiCo LDH-
2 from 1 to 10 Ag"! as shown in Figure 5(d) shows a drop-off in the specific capacity with

increasing current density. This may be due to a gradual transition of redox mechanism to
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surface-controlled, which eventually results in attenuation of the specific capacity [39]. The
obvious redox plateaus are maintained in the discharge curve even at high current density, the
sample NiCo LDH-2 could reach a level of 637.2 Cg™! even at the current density of 10 Ag™,

indicating fast electron transfer kinetics in the electrode.

To evaluate the information regarding the ion diffusion and electron transfer kinetics at the
electrode-electrolyte interface, EIS analysis was carried out in 100 kHz to 0.01 Hz frequency
range. Figure 6a) illustrates the comparative Nyquist curve. The Nyquist plot typically consists
of two regions: a straight line at the low frequency and a semicircle arc at the high-frequency
region. Series resistance (Rs), consists of the interfacial resistance between the electrode and
the current collector as well as the series resistance of the electrode materials, electrolyte, and
current collectors determined by calculating the intercept of the origin of the semi-circle arc
with real impedance (Z') axis. It was observed that lower Rs (1.45 Ohm) was found in NiCo
LDH-2 than NiCo LDH-1 (1.84 Ohm) and NiCo LDH-3 (2.13 Ohm), indicating faster electron
transport, improved conductivity, improved electron transfer kinetics, and electrochemical
activity in NiCo LDH-2 samples, well supported the CV and GCD results. The semicircle at
high frequency corresponds to the charge transfer resistance (R¢) resulted from the faradic
reactions at the electrode interface. Rt is strongly influenced by the conductivity of the
electrode materials. The Ret value for Co-ZIF, NiCo LDH-1, 2, 3 was found to be 0.2999, 0.91,
0.1 and 0.99 Ohm respectively. A notably straight line at the low-frequency region refers to
enhanced capacitive performance with unrestricted ion diffusion. Nyquist plot of NiCo LDH-
2 indicates a notably vertical line, demonstrating high capacitive nature, and faster ion diffusion

speed compared to Co-ZIF and other LDH electrodes [39][45].
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Figure 6: Electrochemical analysis (a) comparative Nyquist (b) Bode plot for Co-ZIF and other

NiCo LDH sample

Bode plots were used to explore the ion diffusion kinetics as shown in Figure 6(b) and can be
evaluated by the equation t, = 1/f,, where 1, is the relaxation constant and f, is the frequency
at the phase angle of — 45° [46]. The relaxation constant of Co-ZIF, NiCo LDH-1, 2, 3
electrodes was found to be 200 msec, 9.6 msec, 8.4 msec, and 14 msec. Lower relaxation
constant of the NiCo LDH-2 electrode indicates a fast ion diffusion process and high power of
the electrode [45]. Based on the aforementioned analyses, it can be concluded that distinctive
porous structure of NiCo-LDH-2 with good intrinsic conductivity accelerates ion transfer
during redox reactions, leading to remarkable electrochemical performance.

The value obtained for NiCo LDH-2 electrode demonstrates that the material is capable of
delivering its stored energy in faster time scale with high power. In addition, the porous
network surface of NiCo LDH-2 provides ample active sites that boosts specific capacitance
and other electrochemical parameters, making it a potential electrode material for highly
efficient supercapattery.

4. Electrochemical properties of the supercapattery device assembled by sample NiCo

LDH-2 and coffee grounds derived rGO
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For practical applications, a supercapattery device was fabricated using NiCo LDH-2 as an
anode and rGO as cathode in 1 M KOH electrolytic solution. The as-prepared rGO shows
nearly rectangular-shaped CV curves (Figure 7(a)) and symmetrical GCD curves (Figure 7(b))

suggesting that rGO is a typical electric double-layer capacitive material.

e
=

=10 mVisec
— 15 mV/sec
—— 20 mV/sec
— 30 mV/sec

40 mV/sec

Current (A/g)
&
h
Voltage (V)

-
=

-
n

— 100 mV/sec 0.8

N
=

08 06 04 02 00 "0 20 40 60 B0 100 120 140 160 0 20 40 60 80 100 120 140 160
Voltage (V) Time (sec) Z'(ohm)

Figure 7: Electrochemical analysis for coffee grounds derived rGO (a) CV (b) GCD (c) EIS

The CV curves of NiCo LDH-2 and rGO at a scan rate of 15 mVsec™! are shown in Figure 8(b).
The curve shows that the potential range of the rGO electrode is stable from -0.8 to 0 V, while
the potential range of NiCo LDH-2 is stable from 0 to 0.4 V. Therefore, the operating voltage
of NiCo LDH-2//rGO can be extended to 1.2 V [47]. The optimum mass ratio of anode to
cathode was found to be 1:9.66, using the mass balancing equation (6). The quasi-rectangular-
shaped CV curves show that the total capacitance of the supercapattery device collectively
accounts for the electric double layer capacitance (EDLC) and the pseudocapacitance (Figure
8(c)). Furthermore, as the scan rate increases, no discernible curve shape deformation was
observed in the CV, indicating the device's high reversibility and great functioning, which is

further validated by the GCD curve (Figure 8(d)).
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performance
The EIS spectrum (Figure 8) of the device displays R of 12 Q and Re: of 38 Q, demonstrating
efficient charge transfer and good conductivity. Further, the specific capacitance, energy
density, and power density of the supercapattery device can be calculated using equations (3-
5). The specific capacitance of the supercapattery device is found to be 102.5 Fg'! at the current
density of 0.5 Ag™' [29]. The NiCo-LDH//rGO device reveals a higher energy density of 21
Whkg! at a power density of 0.307 kWkg™! at an operating voltage of 1.2 V, surpassing some
of the previously reported supercapattery devices Zn-NiHCF//solar carbon (9.1 Whkg™!, 0.153
kWkg') [48], Mn-CoS-3//AC (17.94 Whkg' at 806 Wkg™') [49], Bi,Os//graphite (8 Whkg',
2040 Wkg™) [50], NiS2@NiV2Ss//AC (19.4 Whkg!, 140 Wkg™) [50], MXene/NiS//AC (17.68
Whkg!, 750 Wkg') [51], AC//Li,MnSiO4+/ALLO3 (17.688 Whkg™', 407.2 Wkg™') [52]. The

cycling performance (Figure 8(f)) of the NiCo-LDH-2//rGO device at 3 Ag™! is shown in Figure

|80

60

20
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8(f) after 1500 repeated charge-discharge cycles, the device exhibits high capacitance retention
of 88.89 % with coulombic efficiency of 90.58 %. Further, SEM and XRD studies on NiCo
LDH-2 after 1500 cycles were done to investigate the change in morphology and crystallinity
of the sample. The XRD pattern of the LDH electrode post cyclability test (Figure S4) showed
no additional peaks apart from peaks corresponding to Ni foam substrate. The SEM image of
the post cyclability test sample (Figure 9) shows a similar porous structure as the pristine
sample (Figure 1d) with moderate changes in the morphology showing a marginal breakdown
in the 3D structure of LDH during extended cycling. Further, the EDX pattern of pre and post
cyclability test sample have been depicted in Figure S5 (a, b), showing emergence of a new
peak corresponding to potassium due to partial electrolyte absorption on the NiCo LDH
electrode. Given its remarkable electrochemical performance, the hybrid supercapattery system

holds significant promise as a prospective device in the realm of energy storage systems.

Figure 9: SEM image of NiCo LDH-2 after cyclability test
This study presents an easy design strategy to architect multifaceted metal hydroxide with well-

defined inner voids composed of biomass precursor for highly efficient electrochemical
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applications. It is important to note that by tailoring the experimental parameters, such as
improving the contact between the electrolyte and electrodes and optimising the loading of
rGO to match the capacitance of the NiCo LDH material, the performance of the supercapattery
device may be further enhanced. Not only does the current work involves formation of highly
efficient NiCo LDH electrode suitable for supercapattery applications, but also key
sustainability benefits. This approach leverages recovery of bio resources to produce reduced
graphene oxide (rGO) from coffee grounds through microwave pyrolysis and subsequent
treatments. The promising results demonstrated by NiCo LDH//rGO based supercapattery
device and further innovative research along with material engineering may lead to
development of advanced strategic functionality suitable for high performance handheld
electronic devices.

5. Conclusion

In summary, we have adopted a novel technique to synthesized NiCo-LDH derived from Co-
ZIF as a precursor directly on Ni foam via ion exchange method. In the process, concentration
of Ni is optimised to maintain sturdiness of the porous structure and allowing greatest possible
interaction between transition metals that offer strong synergy and rapid redox reactions with
notable electrical conductivity. We identified that NiCo LDH material has excellent potential
for the preparation of binder-free supercapattery electrodes. Benefiting from the distinctive
structure, the prepared NiCo LDH electrode exhibits a remarkable specific capacitance of 2567
Fg' (1026 Cg') at 1 Ag! which is much higher than the Co-ZIF precursor. Further, for the
practical applications, coffee grounds-derived rGO was used as cathode. The NiCo LDH-
2//rtGO supercapattery device delivers specific capacitance (102.5 Fg! at 0.5 Ag™!), energy
density (21 Whkg' at 0.307 kWkg™") and good cycling life (maintaining capacitance retention

of 88.89 % with coulombic efficiency of 90.58 % over 1500 cycles). Further, this work may



10

11
12
13

14
15
16

17
18
19

20
21
22
23
24

25
26
27

28
29
30

31
32
33

34
35

offer an innovative approach for designing and fabricating new porous LDH materials, which
could be used for prospective high-performance energy storage applications.
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