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Abstract   

Supercapatteries combine the high-power density characteristic of supercapacitors with the 
high energy density typically found in batteries, offering a promising solution for advanced 
energy storage applications. We present an efficient two-step method to fabricate hierarchical, 
binder-free NiCo layered double hydroxide (LDH) nanosheet arrays supported on polyaniline 
layered nickel foam (NF). PANI@NiCo-LDH/NF nanocomposite serves as the anode in the 
supercapattery, leveraging the high capacitance and improved conductivity of the combined 
materials, yielding a significantly high specific capacity of 1481 C/g (3703.33 F/g). Coffee 
grounds derived reduced graphene oxide (rGO), providing a sustainable and environmentally 
friendly material with excellent electrical conductivity and high mechanical strength, serves as 
the cathode. The synergy between the PANI@NiCo-LDH/NF anode and the rGO cathode 
creates a novel and highly efficient supercapattery system. The fabricated supercapattery 
device offers an energy density of 54.44 Wh/kg at a power density of 0.702 kW/kg and exhibits 
good cyclability with capacitance retention of 84.88% and Coulombic efficiency of 77.68% 
over 5000 charging/discharging cycles. This innovative approach addresses the limitations of 
traditional energy storage devices, paving the way for more versatile and sustainable energy 
solutions. 
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1. Introduction 

The relentless increase in pollution levels driven by the widespread use of fossil fuels and the 
surge in industrial activities has intensified the need for sustainable and eco-friendly energy 
solutions [1]. The detrimental impact of conventional energy sources on the environment 
necessitates a shift towards renewable energy technologies such as solar, wind, and 
hydroelectric power. While promising, these renewable sources present a significant challenge: 
their intermittent nature requires efficient and reliable energy storage systems to ensure a stable 
and continuous power supply. Consequently, the advancement of sophisticated energy storage 
devices has become a pivotal area of research. Traditional batteries, such as lithium-ion 
batteries, have been the cornerstone of energy storage for decades. Because of their high energy 
density, they are apt for applications requiring long-term energy storage. However, batteries 
are often limited by their relatively shorter cycle life, slow charge and discharge rates, and 
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safety hazards [2]. These limitations hinder their ability to meet the growing demands of 
modern energy systems, particularly in applications requiring rapid energy delivery and 
frequent cycling. Whereas, supercapacitors outshine in delivering high power density with fast 
charging-discharging process, making them suitable for applications that demand quick bursts 
of energy [3]–[5]. Supercapacitors can be charged and discharged in a matter of seconds, and 
they boast a long cycle life, often exceeding hundreds of thousands of cycles. Despite these 
advantages, supercapacitors suffer a major drawback: their energy density is significantly lower 
than that of batteries, limiting their use in applications requiring sustained energy delivery. To 
address the limitations of both batteries and supercapacitors, hybrid energy storage devices 
known as supercapatteries have emerged. Supercapatteries are designed to combine high-
power density and remarkable cyclability of supercapacitors with high-energy density of 
batteries. With this hybrid approach aims to create an energy storage solution that can meet the 
demands of both high-power and high-energy applications, providing a more versatile and 
efficient alternative to traditional storage devices [6], [7]. 

The development of supercapatteries is focused on exploring advanced materials to enhance 
performance, with metal-organic frameworks (MOFs) receive significant attention as potential 
electrode materials. MOFs exhibit unique morphologies, high porosity, large surface areas 
(≈2000–8000 m²/g), structural uniformity, and tuneable functionality. These properties are 
achieved by combining metal ions (e.g., Zn²⁺, Cu²⁺, Ni²⁺) with multidentate organic linkers 
(e.g., carboxylic acids, bipyridine). MOFs offer several advantages for supercapattery 
applications, such as intrinsic redox-active sites and remarkable storage capacity due to their 
high surface area [8]. They also enhance gas storage [9], catalysis, sensors [10], drug delivery 
[11], and electrochemical energy storage performance [12], [13]. . In context of supercapattery, 
MOFs can also be derived into transition metal oxides/hydroxides/phosphides/sulphides, 
particularly those based on nickel (Ni) and cobalt (Co), have shown significant promise due to 
their excellent electrochemical properties. Nickel-cobalt MOFs (NiCo MOFs) and their 
derivatives, such as NiCo-LDH, have substantially improved capacitance and cycling stability, 
making them promising candidates for hybrid energy storage devices [14][15]. In this context, 
the 2-methylimidazole (2-MIM) linker is recognized as a promising candidate for LDH 
synthesis, functioning as a surfactant and weak base (pKa = 7.86) that gradually releases 
hydroxide ions during the reaction. This controlled release of metal cations from the initial 
MIM-metal complex, alongside hydroxide ions, facilitates the growth of ultrathin NiCo-LDH 
nanosheets, resulting in a 3D porous hierarchical nanostructure [16]–[19].  

The layered structure of NiCo-LDH allows for efficient ion intercalation and deintercalation, 
which is crucial for high-performance energy storage. Recent advancements have led to 
nanocomposites derived from MOFs, making them suitable as cathodes, anodes, matrices, and 
precursors in energy storage devices. LDH has a typical formula of [MIII

xMII
1-x(OH)2]x+[Nn-

x/n]x-. mH2O, where MIII and MII are trivalent and divalent metal cations and form octahedral 
host layers that resemble brucite. On the other hand, Nn- stands for charge-balancing anions 
found in the LDH interlayers, such as NO3

2−, CO3
2−, and water molecules. The properties of 

the laminar structure and flexible exchange of anions in LDH structure typically favour the ion 
transport throughout the charging/discharging process [19]–[21]. Furthermore, hydrophilic 
properties of LDH structures are extremely beneficial for ion transport in aqueous electrolyte. 
However, nanocomposites derived from MOFs face challenges such as relatively low electrical 
conductivity and stability under electrochemical conditions. Addressing these issues is 



essential for their practical applications in hybrid energy storage devices. To overcome this 
issue, researchers have explored the incorporation of conductive polymers, such as polyaniline 
(PANI), into the composite material. PANI is a conducting polymer known for its high 
conductivity, and ease of synthesis, and good environmental stability. When integrated into a 
NiCo-LDH matrix, PANI can enhance the overall conductivity of the composite, providing a 
more efficient pathway for electron transport. Additionally, PANI contributes to the 
pseudocapacitance of the composite, further boosting its energy storage capacity. By 
synergistically combining advanced materials, researchers can create supercapatteries that 
meet the growing demands of modern energy systems while contributing to environmental 
sustainability [22]. For instances, Hu et al. [23] synthesised NiCo LDH@PANI nanocomposite 
on carbon cloth (CC). The surface of carbon cloth (CC) is first electrodeposited with a PANI 
layer to cover it uniformly. Next, through a hydrothermal procedure, NiCo-LDH nano scrolls 
were synthesised. The specific capacity of NiCo-LDH@PANI@CC nanocomposite was found 
to be 901 C/g (1 A/g) [23]. Also, Pan et al. [24] synthesised NiCo2O4@PANI nanotubes 
anchored on carbon textiles via facile hydrothermal process and followed by electrodeposition 
method. The NiCo2O4@PANI composite electrodes show improved specific capacity of 720.4 
C/g (1 A/g) compared with NiCo2O4 (663.6 C/g) because of the benefits its hollow 
heterostructure and binder-free nature [24]. However, there is still a room for enhancement in 
performance and optimization of the structural properties. 

Herein, encouraged by the ideas mentioned above, we report an effective two step approach to 
fabricate hierarchical binder-free NiCo LDH nanosheet arrays supported on polyaniline layer 
(PANI@NiCo LDH/NF). The fabrication process begins with the electrodeposition of PANI on 
a nickel foam substrate. This is followed by direct growth of NiCo-LDH on the PANI-coated 
nickel foam through a solvothermal process. This method ensures a strong adhesion between 
the NiCo-LDH and the conductive PANI matrix, resulting in a composite material with 
enhanced electrochemical properties. The PANI/NiCo-LDH nanocomposite serves as the 
anode in the supercapattery, leveraging the high capacitance and improved conductivity of the 
combined materials. As a result, specific capacity of the PANI@NiCo LDH/NF was found to 
be 1481 C/g (3703.33 F/g). 

On the cathode side, carbon-based materials, particularly graphene and its derivatives, have 
been extensively studied to improve the performance of supercapatteries. rGO offers excellent 
electrical conductivity, high mechanical strength with elevated surface area, making it a viable 
candidate for energy storage [7]. However, the production of graphene-based materials can be 
expensive and environmentally taxing. Researchers have explored using sustainable and cost-
effective sources for graphene production to address this. One such source is coffee grounds, a 
standard waste product from the coffee industry. Coffee grounds which are reduced to rGO, 
provide a sustainable and environmentally friendly material for energy storage devices. The 
synergy between PANI@NiCo-LDH/NF anode and rGO (derived from coffee grounds) 
cathode creates a novel and highly efficient supercapattery system. As a result, the 
supercapattery device comprising PANI@NiCo LDH and rGO demonstrates an energy density 
of 54.44 Wh/kg and a power density of 0.702 kW/kg. Moreover, the device shows excellent 
cyclability, maintaining a Coulombic efficiency of 77.68% and a capacitance retention of 
84.88% over 5000 charge-discharge cycles. The advantages of high capacitance, improved 
conductivity, and mechanical strength lead to a supercapattery that can deliver high 
electrochemical performance. This innovative approach addresses the limitations of traditional 



energy storage devices and paves the way for more versatile and sustainable energy solutions. 
Researchers continue to explore these materials to unlock their full potential, aiming to develop 
next-generation energy storage devices that meet the increasing demands of contemporary 
energy systems.  

2. Experimental section 
 

2.1.  Materials  

Raw products including potassium hydroxide (KOH, 98 %), sulfuric acid (H2SO4, 98%), 
methanol (CH3OH, AR 99 %), N-methyl-2-pyrrolidone (NMP, AR 98 %), ethanol 
(CH3CH2OH, AR 99 %), and deionised (DI) were supplied from SRL. 2-methylimidazole (2-
MIM, C4H6N2, AR 99 %), Aniline (C6H7N, 98%), nickel nitrate hexahydrate (Ni(NO3)2.6H2O), 
polyvinylidene fluoride (PVDF, 98 %), and cobalt nitrate hexahydrate (Co(NO3)2.6H2O) were 
received from Sigma-Aldrich. Nickel Foam (NF) was supplied by Nanoshel (India). All 
reagents were utilised as received from the manufacturer and were not further purified.  

2.2. Samples synthesis  
 

2.2.1. Synthesis of PANI Functionalized NF (PANI/NF) 

The preparation of PANI/NF is depicted in Figure 1 (step I). The polyaniline layer was 
electrodeposited onto the NF surface employing cyclic voltammetry (CV) technique in three-
electrode cell configuration utilising Ag/AgCl reference electrode (RE), NF (1 x 4 cm2) as 
working electrode (WE), and Platinum (Pt) mesh counter electrode (CE). Aqueous solution of 
1 M H2SO4 and 0.1 M aniline was utilised as electrolyte, and ten cycles were conducted within 
a voltage range of -0.2 to 0.8 V at 100 mV/sec. After that, PANI/NF was rinsed thoroughly with 
DI and dried at 60oC for 5 hrs. The mass of the PANI on NF was found to be 0.2 ± 0.1 mg. 

2.2.2. Synthesis of PANI-mediated NiCo LDH nanoarray on NF (PANI@NiCo 
LDH/NF) as anode 

The preparation of PANI@NiCo LDH/NF is demonstrated in Figure 1 (step II). 
Ni(NO3)2·6H2O (10 mmol), 2-MIM (40 mmol), and Co(NO3)2·6H2O (10 mmol) were 
dissolved into 50 mL methanol and stirred vigorously until reagents dissolved completely. 
Afterwards, the precursor mixture along with PANI/NF was transferred in autoclave and 
maintained at 120 °C for 15 hrs. Following cooling, the PANI@NiCo LDH/NF was taken out, 
washed repeatedly with methanol, and subsequently vacuum-dried at 60°C for 10 hours. The 
mass of PANI@NiCo LDH on NF was found to be 1.4 ± 0.2 mg. Additionally, for comparison, 
NiCo LDH/NF was synthesised directly under same condition without electrodeposition of 
PANI. The mass of NiCo LDH on NF was found to be 1.1 ± 0.2 mg. 



 
Figure 1. Systematic depiction of the preparation process of PANI@NiCo LDH/NF sample 

2.2.3. Preparation of rGO derived from coffee grounds as cathode 

The synthesis technique rGO was taken from the reference [7]. Coffee grounds were employed 
as raw material, microwave pyrolysis was employed as a thermal conversion method, and ferric 
chloride (FeCl3) was used as a chemical post-treatment. Initially, 10 g of coffee grounds was 
cleaned with DI and ethanol until it becomes free from contaminants.  Afterwards, it was dried 
for one hour at 110 °C and then pyrolyzed for thirty minutes at 1 kW with 4 m/L N2 flow. 
Following, resulted material was processed for 24 hours at room temperature using FeCl3 at a 
weight ratio of 1:1. The material was then repeatedly cleaned with DI and dried for an hour at 
110°C. The resulting material was again pyrolyzed for 30 minutes@1 kW. Afterwards, GO 
was reduced to rGO at 500◦C for 5 hours (in tubular furnace) with an Ar environment. Further, 
using NMP as the solvent, a mixed slurry of PVDF, and rGO powder in the ratio of 2:8 was 
prepared and drop cast onto the cleaned NF piece. At last, the electrodes were dried for ten 
hours at 60o C. The mass loading on rGO was found to be 1.7 ± 0.1 mg/cm2. 

2.3. Sample Characterization 

The samples' structural morphology and surface characteristics were analysed using a Nova 
Nano field emission scanning electron microscope (FESEM 450 by FEI). The gold coating was 
done on samples, before performing the SEM analysis. Transmission Electron Microscopy 
(TEM, FEI, Electron Optics, Tecnai 200 kV) was utilized to inspect the internal and detailed 
structure of the synthesized samples. Further, for TEM analysis, sample were dispersed in 
ethanol, and ultrasonicated for 45 minutes. Afterwards, the sample was drop-casted over the 
carbon coated copper grids of 200 Mesh. Fourier-transform infrared (FT-IR) spectrometer 
(Shimadzu, Japan) was employed to determine the functional and chemical composition within 
the 500 to 4000 cm−1 range. Also, FTIR spectrum was recorded at a standard resolution of 4 
cm1, with 30 scans for better accuracy. The material's specific surface area and porosity were 
examined using the Brunauer-Emmett-Teller (BET) technique with a Nova Touch 
Quantachrome by LX2 (under N2 flow). Also, for BET,the samples were degassed at 200oC for 
6 hours. 
Additionally, X-ray photoelectron spectroscopy (XPS) investigations was carried out with a 
Thermo Fisher Scientific micro-focused X-ray system (72 W, 12000 V, 400 nm spot size) 
monochromatic Al-Kα source (hν = 1486.6 eV), with a hemispherical analyser, and a 128-



channel plate detector, with flood gun (Ar ions) to reduce to charge shift.  The calibration of 
the XPS was done through the carbon peak of the material. Cu Kα radiation Bruker D8 Advance 
X-ray diffractometer was used to collect X-ray diffraction (XRD) data. 

2.4. Electrochemical measurements 

Electrochemical properties were examined using Autolab Potentiostat (USA) electrochemical 
workstation in three-cell system with Pt mesh as RE, Ag/AgCl as CE, and samples on NF as 
WE in 1 M KOH electrolyte solution. CV was performed within the potential range of 0.5 V 
vs. Ag/AgCl at different sweep rates. Galvanostatic charge-discharge (GCD) measurements 
were investigated in a voltage window of 0.4 V, and electrochemical impedance spectroscopy 
(EIS) study was conducted in frequency ranges from 10 mHz to 0.1 MHz at open circuit 
voltage. 

Specific capacity (C, C/g) and capacitance (Cs, F/g) of the electrodes was estimated via 
measured GCD plots given as equation (1), and (2) respectively. 

                                                                                  C = ΔtxI
m

                                                         (1) 

                                                                                 Cs = ΔtxI
mxΔV

                                                       (2) 

Δt (sec) represents discharging time, I (A) denote applied current, m (g) stands for the active 
mass of the electrode, and ΔV (V) indicates the voltage window. 

2.5.  Assembly of PANI@NiCo LDH/NF//rGO supercapattery device 

Supercapattery device was designed by coupling two electrodes of distinct nature i.e., 
PANI@NiCo LDH/NF as battery grade and rGO as capacitive electrode. A sheet of Whatman 
filter paper dipped in 1 M KOH electrolyte was positioned between both electrodes in order to 
prevent short circuit while electrochemical process. In order to balance the charges on both 
electrodes, the mass ratio of the negative electrode (rGO) (-) to the positive electrode 
(PANI@NiCo LDH/NF) (+) was optimized using mass balancing equation (3) given below:  

                                                             m
−

m+ =  Cs
+xΔV+ 
Cs−xΔV−

                                                     (3) 

The value of specific capacitance (Cs, F/g) was determined using equation (4) 

  
                                                                     Cs = ΔtxI

MxΔV
                                                                    (4) 

Here, M denoted active mass of the electrodes  

The energy density (Wh/kg) and power density (kW/kg) were estimated using the following 
equations (5, and 6) respectively:                                                             

                                                              Es =  CsxΔ V2

2x3.6
                                                            (5) 

                                                                       Ps = Ex3600
Δt

                                                            (6) 

3. Reaction Mechanism  



The synthesis of PANI@NiCo LDH on NF was performed employing electrodeposition 
followed by solvothermal technique. Firstly, PANI layer was grown directly on the surface of 
NF via electrodeposition method that only required aniline monomer and protonic acids (here, 
H2SO4) as an electrolyte [25]–[27]. The electro-polarization of PANI in aqueous solution is 
accredited on redox reactions occur on the surface of the NF that acts as working electrode 
(WE) along with the counter and reference electrodes, are dipped in the electrolyte, and 
subjected to an applied potential. Electrochemical oxidation of the aniline facilitates 
polymerization at the electrode surface, leading to polyaniline film deposition in a process 
known as chemical oxidative polymerization, which can be explained in steps below: 

Initially, aniline monomers are oxidized at the anode in the presence of an acidic electrolyte 
and, this process generates radical cations (aniline radical cations) (equation (7)).  

                                                         C6H5NH2 →  C6H5NH2
•+                                         (7) 

These radical cations pair with other radical cations or monomers of aniline, leading to dimers 
and higher oligomers. The aniline radical cation carries a positive charge, making the para-
position (p-position) highly electronegative. As a result, coupling typically occurs at the p-
position relative to the amino group [28].  

                                               C6H5NH2
•+ +  C6H5NH2  → (C6H5NH2

•+)2                            (8) 

This process progresses, resulting in the formation of longer oligomers and eventually forming 
polyaniline chains. Finally, the growth of the polymer film is regulated or terminated by various 
factors, including the applied potential, availability of monomers, and the nature of the 
electrolyte used in the reaction [27][29]. Thereafter, PANI/NF along with solution containing 
Ni(NO3)2·6H2O, 2-MIM, and Co(NO3)2·6H2O, and solvothermal reaction was carried out, 
where both Co and Ni ions were coordinated with four imidazolates (organic linker) (C4H6N2) 
into a tetrahedral framework on the surface of the PANI/NF, resulting in a hierarchical 
composite structure (equation 9) [30], [31][19]. Reaction mechanism of the formation of NiCo 
LDH is as shown below: - 

                                            

                                    xNi2+ + (1 – x) Co2+ + 2OH− → (NixCo1− x) (OH)+2                                 (9) 

As, 2-MIM linker functions as a weak base and surfactant in this process, releasing hydroxide 
ions gradually over time [19].  
The nitrogen species from the PANI structural units serve as bridging points, offering a strong 
coupling effect that facilitates direct growth of the NiCo LDH.  

4. Results and discussion 

Figure 2 demonstrated SEM micrographs of nickel foam (NF), PANI/NF, and PANI@NiCo 
LDH/NF. The surface of the NF (Figure 2a) underwent a noticeable transformation following 
the electro-polymerization of PANI (Figure 2b). The NF surface becomes rough due to uniform 
distribution of well-coated conductive layer of PANI. Furthermore, the globular sponge-like 
structures of PANI dispersed evenly across the surface giving its coarse texture [22][32]. After 
the solvothermal process, homogeneous layer of NiCo LDH hierarchical porous structure 
completely covers the PANI/NF's surface (Figure 2c, d). The existence of imino groups in 
PANI/NF layer offer abundant active sites, increase the mass transfer, enhances the binding 



force between NF and LDH nanosheets. As can be seen in enlarged FESEM micrograph (Figure 
2c, d), NiCo LDH/NF nanosheets were distributed uniformly on PANI/NF’s surface to form 
3D hierarchal nanonetwork having size up to 400 nm (estimated from imagej software). These 
nanonetwork act as reservoirs for electrolyte ions, shorten their distance of transport to the 
surface's active sites, thereby facilitating rapid ions transport within the material matrix [33]. 
Furthermore, the PANI@NiCo LDH/NF nanostructure is favoured for active sites' 
accessibility, and direct growth on nickel foam prevents the risk of "dead mass" which makes 
the technique beneficial for improvements in specific capacitance with rapid kinetics for redox 
reactions.  

Also, the SEM micrographs of NiCo LDH self-assembled directly on the NF without 
undergoing the PANI electro-polymerization is illustrated in Figure S1 of supplementary file. 
It was found that the NiCo LDH have similar morphology to that of PANI@NiCo LDH, 
demonstrating presence of PANI could provide the conductive channel without altering the 
morphology of NiCo LDH structure. 

 
Figure 2. SEM micrographs (a). Bare NF (b). PANI electrodeposited NF (c, d). Solvothermal deposited NiCo 

LDH on PANI/NF 

TEM provided additional insight into the structural and compositional characteristics of 
PANI@NiCo LDH/NF sample. PANI@NiCo LDH form a 3D hollow and hierarchical 
wrinkled nanosheets (∼7 nm) interconnected to each other as illustrated in Figure 3 (a-c). The 
thin sheets and porous architecture of NiCo LDH (Figure 3d) facilitates the movement of 
electrolytic ions into the inner areas of the electrode material, thereby boosting the availability 
of electrochemically active sites and accelerating reaction kinetics. Additionally, it was noted 
that the NiCo LDH samples exhibit a densely stacked nanostructure with minimal aggregation. 
The selected area electron diffraction (SAED) pattern (inset in Figure 3d) reveals diffraction 



rings for NiCo-LDH, indicating the mixture of crystalline and amorphous nature of the LDH 
structure. Clearly, the lattice spacings of 0.24 and 0.15 nm correspond to the (015) and (110) 
planes of the PANI@NiCo LDH/NF sample [34][19]. This configuration creates substantial 
interlayer spacing, enabling efficient utilization of active sites and providing ample buffer 
space while phase transformations. 
 
 
 

 
Figure 3. TEM images of PANI@NiCo LDH/NF sample 

FTIR was used for finding the functional groups of the as-synthesised samples, as illustrated 
in Figure 4. The distinct peaks at 1289 cm-1 and 1572 cm-1 are ascribed to stretching vibrations 
of benzenoid ring (N–B–N), and quinoid ring (N = Q = N) respectively in the PANI/NF sample 
[22]. The FTIR spectrum of NiCo LDH/NF resembles PANI@ NiCo LDH/NF. The peak at 
3625 cm−1 is associated to the OH groups and H2O molecule present at the interlayer of LDH 
structure to counterbalance the positively charged Co and Ni. Furthermore, the existence of 
OH groups can effectively increase the electrode material's wettability and enhance the 
electrolyte ions' mobility. Furthermore, the peak1365 cm-1 is associated with asymmetric 
stretching of carbonate ions exist in LDH interlayers [19]. .. The peaks at 673 and 510 cm−1 are 
because of the vibration of M−O, and M−O−M (M= Co and Ni). The peak at 1097 cm-1 is 
accredited to the νC−O and νC−H vibration bands of methanol molecules. Usually, DI (water 
molecules) are utilised in the synthesis process that occupy the gap between the LDH 
interlayers. Here, methanol's more bigger molecule size (0.44 nm) in comparison to water's 



(0.28 nm) could increase the interlayer gap, which will facilitate electrolyte ion penetration 
during the electrical charge storage process [19][35]. 

 

 

 

Figure 4. Comparative FTIR curve for three samples 

Further, to achieve superior electrochemical performance, it is essential for the material to 
possess an optimal pore size distribution and a high specific surface area [36]. BET, an 
experimental method relies on gas physisorption into the surfaces of solid, helps to determine 
pore size distribution, pore volume, and specific surface area of the synthesised samples from 
the adsorbed monolayer gas volume. The comparative BET curve for PANI/NF, NiCo LDH/NF, 
and PANI@NiCo LDH/NF nanocomposites demonstrated a H2 hysteresis loop (Figure 5a) 
(Type IV isotherm), highlights the mesoporous characteristics of synthesised materials. The 
interaction between sorbent mesopore surface and gas molecules results into capillary 
condensation. Whereas, in mesopore-resulted capillary condensation, path of desorption and 
adsorption are diverse, that leads to the development of several kinds of hysteresis loops [12].  
It is noticeable that that the specific surface area (SSA) of PANI@ NiCo LDH/NF is lower than 
those of NiCo LDH/NF i.e., 37.551 m2/g and 47.633 m2/g respectively as shown in Figure 5a. 
This may be explained by PANI's partial occlusion of pores, which lowers the overall pore 
volume. PANI consists of ample quinone nitrogen atoms in the chains of polymer which chelate 
redox active metal ions (Ni2+ and Co2+ ions of NiCo LDH) that promotes adhesion between 
NiCo LDH and PANI layer. As a result, PANI accesses the surface of NiCo LDH thereby 
functionalizes the exterior as well as interior of the material, result in reduction in surface area 
of PANI@ NiCo LDH/NF sample [37]. Additionally, the synthesised samples' pore size 
distribution, as seen in Figure 5b, demonstrated that utmost of pore diameter centred around 
2.8 nm, indicating the presence of numerous mesopores that may serve as pathways for ion 
transport. 



 
Figure 5. Comparative (a). N2 adsorption-desorption isotherms (b). Pore size distribution curve for PANI/NF, 

NiCo LDH/NF, and PANI@NiCo LDH samples 

The crystal structure of the synthesized LDH samples was determined using XRD, as depicted 
in Figure S2 of the supplementary datasheet. The prominent peaks at 44.3◦, 51◦, and 76◦ are 
attributed to the nickel foam. However, no additional signals are detected in the PANI/NF, NiCo 
LDH/NF, and PANI@NiCo LDH/NF samples, likely because the strong intensity of the NF 
peaks obscures the other peaks [26], [38], [39]. 

XPS investigations were performed to investigate the element valence states and surface 
chemical states of NiCo LDH and PANI@NiCo LDH samples. In the survey spectrum of NiCo 
LDH (Figure 6a), presence of Co 2p, Ni 2p, C 1s (Carbon), O 1s (Oxygen), and N 1s (Nitrogen). 
For the PANI@NiCo LDH sample, supplementary peak sulphur is detected instigating the 
presence of PANI [40]. In addition, compared to NiCo LDH/NF, the Co 2p3/2 and Ni 2p3/2 peak 
shifted to higher binding energies from 780.83 to 781.38 eV for Co 2p3/2 and from 855.60 to 
856 eV for Ni 2p1/2 and are slightly wider for PANI@NiCo LDH/NF, suggesting the 
introduction of PANI (Figure 6b, c). It is probable that PANI's quinone nitrogen atoms partially 
transmetalate with the Ni and Co nodes in NiCo LDH to coordinate with Ni and Co [38]. 
Because metals and metal ions can donate or accept electrons, coordination to them generally 
changes the binding energy [38]. Therefore, it can be concluded that electrodeposition of the 
PANI layer on NF influenced the formation of LDH samples. 

In Ni 2p spectrum of PANI@NiCo LDH/NF (Figure 6d), two major peaks positioned at 874.12 
and 856.23 eV corresponds to Ni2+ and other peaks at 878.10 and 860.083 eV attributed to Ni3+, 
both sets allocated for Ni 2p1/2 and Ni 2p3/2 respectively. Two excitation shake-up satellite peaks 
(labelled sat.) are positioned at 881 and 863.70 eV [41]. For the Co 2p core-level spectrum 
(Figure 6e), the peaks at 798.42 eV and 796.60 eV are attributed to 2p1/2 ascribed to Co2+ and 
Co3+ respectively. Whereas, other fitted peaks at 782.94 eV and 780.92 eV correspond to Co 
2p1/2 for Co2+ and Co3+ respectively. Additionally, pair of shakeup excitation shake-up satellite 
peaks positioned at 803.19 and 787.29 eV respectively [41][42]. As is shown in Figure 6f, in 
N 1s spectrum, peaks at 400.82, 399.2, and 407.06 eV are corresponding to nitrogen, benzenoid 
amine (-NH-), quinonoid amine (=N-), cationic amine (-N+-) respectively, conforming the 
interaction of NiCo LDH and PANI layer, helpful in providing significant enhance performance 
due to the rapid transfer of electron [43]. The deconvolution peak of O 1s as shown in Figure 
6g is located at 533.60, 531.74 and 530.55 eV correspond to the M-O-M, M-O (M=Ni, Co), 
and O-H respectively. The core-level spectrum for C 1s as demonstrated in Figure 6h, display 



peaks at 287.10, 286.11, and 284.86 eV attributed to carbonyl group C=O, C–N, and C=C 
groups respectively [37]. The XPS analysis revealed the presence of LDH and PANI layers in 
the PANI@NiCo LDH/NF sample, which provided numerous electroactive sites for redox 
processes and enhanced the material's energy storage capacity. 

 

 



 



Figure 6. XPS curves (a-c). Comparative full scan survey, Comparative Ni 2p, Comparative Co 2p for NiCo 
LDH/NF and PANI@NiCo LDH/ NF respectively, (d-h). Ni 2p, Co 2p, N 1s, O 1s, and C 1s for sample 

PANI@NiCo LDH/NF 

5. Electrochemical Investigations in Three-electrode configurations 

The electrochemical properties of PANI@NiCo LDH electrode was evaluated in standard 
three-cell setup in a 1.0 M KOH electrolyte, with all tests conducted at room temperature. For 
comparison, the energy storage performance of NiCo LDH/NF, PANI/NF, and NF were also 
investigated using similar three-electrode cell. The comparative CV curve of aforementioned 
samples within the voltage window of 0-0.5 V, at a sweep rate of 2 mV/sec is demonstrated in 
Figure 7a. As can be observed, NF substrate have minimal specific area, implying much lower 
specific capacitance as compare to other capacitive material. Apparently, PANI@NiCo 
LDH/NF exhibits much larger CV area compared with that of NiCo-LDH/NF and PANI/NF 
which indicates its superior capacitance. Inevitably, after the appropriate amount of PANI layer 
was deposited, the NF surface turns rough. When compared to NiCo LDH, rough surfaces offer 
more chemical active sites, which is advantageous for enhancing electrochemical performance. 
Furthermore, PANI layer serves as a conductive channel for ion transport, and 
promotes electrolyte penetration [44]. Whereas, NiCo LDH porous and interconnected 
nanosheets provide narrow channels for the rapid diffusion of electrolytic ions. As a result, 
synergy between PANI and NiCo LDH improves the Faraday redox reaction kinetics that 
proves beneficial for boosting electrochemical parameters. Additionally, as seen in SEM 
(Figures 2(c, d), the loose 3D nanosheet topology offers increased electroactive surface area, 
provides more redox active sites, and an electron highway to lower interfacial resistance, all of 
which contribute to better energy storage performance [45].  

Additionally, the CV curve of LDH samples shows a prominent, distinct peak at about 0.17 
and 0.36 V, suggesting LDH's battery like behaviour and is controlled by reversible Faradic 
redox processes between Ni2+ /Ni3+, Co2+/Co3+ with OH−, as given in equation (10)-(12) 

                 Co(OH)2  (Cobalt(II) hydroxide) + OH−(ion) → CoOOH + H2O + e−                   (10) 

                                            CoOOH + OH− (ion)→ CoO2 + H2O + e-                                     (11) 

                 Ni(OH)2 (Nickel(II) hydroxide) + OH− (ion)→ NiOOH + H2O + e−                      (12) 

The electrochemically active surface area (ECSA) is one of the most significant factors that 
indicates the area of the electrode material that is available to the electrolyte in the charge 
storage/transfer mechanism. The ECSA value is found to be proportional to slope of sweep rate 
vs. Δj(jc-ja) curve, where jc and ja stands for cathodic and anodic peak current densities at 
corresponding scan rate. The value of slope (Figure 7b) for PANI/NF, LDH/NF, and 
PANI@NiCo LDH/NF was found to be 0.6, 0.29, and 1.0 mF/cm2 respectively. The 
PANI@NiCo LDH/NF possess higher ECSA, further validates its higher electrochemical 
activity, resulting in abundant active sites needed for high electrochemical performance [46], 
[47].  

The CV graph for PANI@NiCo LDH/NF from 2 to 15 mV/sec is depicted in Figure 7c (device 
safety). The shape of the CV curves is similar at varied sweep rates, indicating both fast ion 
mass transfer as well as high reversibility of the electrode. But, with rising sweep rate, reduction 
peak shifts to the lower potential values whereas oxidation peak shifts to higher potential 
values, because of electric polarisation and kinetic irreversibility of electrolytic ions at the 



electrode's surface. Also, at low scan rates, distinct redox peaks can be observed as all the active 
sites participated in redox reaction. On the other hand, at high rates, the oxidation peaks 
gradually disappear because the active sites don't get much time to fully participate in Faradaic 
redox reaction [48].  

The CV graph is also utilised to examined the electrochemical kinetics of samples via Dunn’s 
power equations ((13), and (14)) 

                                                              i = kvb                                                        (13) 

                                                  ln(i) = b ln(v) + ln (k)                                            (14) 

Where, v (mV/sec) is the scan speed, i is the current density (A/g), and b and k are adjustable 
parameters. Among them, b is a crucial parameter associated with charge storage process. For 
capacitor and EDLC supercapacitor, charge storage is primarily accomplished by electrostatic 
process, b is ideally found to be 1. Given that batteries store charge through a Faradic oxidation-
reduction mechanism, the value of b in this instance is determined to be 0.5. A linear 
relationship between ln v and ln ip is depicted in Figure 7d. For the cathodic and anodic peaks, 
the b values are 0.56 and 0.55 respectively, values are smaller to 1 and near to 0.5, signifying 
both diffusion-controlled and surface-controlled mechanism function concurrently on 
PANI@NiCo LDH/NF electrode, with diffusion-controlled technique dominating during the 
charge storage processes, indicating the battery-like behaviour of PANI@NiCo LDH/NF. 
Furthermore, the curve between peak current and scan rate is shown in Figure 7e displays 
remarkable linearity (R2 = 0.99), indicating significant penetration of OH− ions at PANI@NiCo 
LDH/NF electrode [49]–[51]. 
More explicitly, the performance of the electrode was quantitatively explained by assessing the 
contribution from the diffusion-controlled and surface capacitive mechanism using the power 
equation (15): 

                                                        i (v) = k1v + k2v1⁄2                                                 (15) 

where k2v1/2 for the diffusion-controlled current and k1v stands for the surface capacitive 
current, i describes peak current density (A/g) at that particular scan rate v (mV/sec). Therefore, 
equation (15) was used to compute the portion of diffusion-controlled and capacitive charge 
storage contributions, and the resulting data are presented in Fig. 7f. The contribution ratios of 
battery-type current were 92, 87, 85, 83, and 78% at the scan rates of 2, 5, 7, 10, and 15 mV/sec, 
respectively, further validating the battery-type behaviour of the PANI@NiCo LDH/NF 
electrode [52].  



 
Figure 7 (a). Comparative CV curve for NF, PANI/NF, NiCo LDH@NF, and PANI@NiCo LDH/NF sample (b). 

Δ J vs. scan rate curve (c) CV curve at different scan rates (d). log ip vs. log v (e). Current vs. scan rate1/2 (f). 
current distribution curve for sample PANI@NiCo LDH/NF 

The comparative GCD curve for NF, PANI/NF, NiCo LDH/NF, and PANI@ NiCo LDH/NF 
electrode is demonstrated in Figure 8a. Particularly, PANI@ NiCo LDH/NF show the longest 
discharge time among all electrodes, indicating its excellent storage capacity, well-aligned with 
the CV results. As calculated from equation (2), specific capacity for PANI@NiCo LDH/NF 
was estimated to be 1481 C/g (3703.33 F/g) which is much higher than that of NiCo LDH/NF, 
PANI/NF, and NF i.e., 847 C/g (2117.5 F/g), 539 C/g (1347 F/g), and 7 C/g (17.5 F/g) 
respectively. This is primarily attributable to nanonetwork of NiCo LDH supported on PANI, 
which enhances the electrode material's electrical conductivity, facilitates the passage of 



electrolytic ions and electrons, and enhances the oxidation/reduction sites at electrode 
electrolyte interface. Also, the unique nanonetworks structure of LDH enhances the 
intercalation of ions within LDH’s interlayer, leading to a enhance specific capacitance. Table 
1 compares the specific capacitance of PANI@NiCo LDH/NF with previous published work, 
and it is either greater or comparable to the majority of the recent reported materials. 

Table 1: Comparative specific capacity of PANI@NiCo LDH/NF with reported literature 

Sample Materials  Specific capacity 
(C/g) (1 A/g)  

Electrolyte 
(KOH) 

Voltage Window Reference 

NiCo2O4@PANI 1243.2  6 M  0.40 [53] 
PANI/NiCo-
LDH/CC (carbon 
cloth) 

830  2 M  0.45 [54] 

NiCo-
LDH@PANI/CC 

901  2 M  0.45 [23] 

ZnCoOx/C@PANI 422  6 M  0.40 [55] 
NiCo-
LDH/G/PANI 

88.15 mF/cm2 (0.075 
mA/cm2) 

3 M  0.45 [37] 

PANI@NiCo2O4 720.8  0.5 M 
H2SO4 

0.80 [24] 

PANI@NiCo 
LDH/NF 

1481  1 M  0.40 This work 

 

The rate capability curve i.e., specific capacity vs. current density curve for different samples 
is as shown in Figure 8b. It can be noted that, PANI@NiCo LDH/NF retains its specific 
capacitance upto 50%, even at the high current density of 30 A/g, demonstrating the electrode's 
quick electron transport kinetics. However, as the current density increases, there is decrease 
in specific capacity, might be because of the gradual shift of redox mechanism to a surface-
controlled one, that ultimately causes the specific capacity to attenuate [56]. Figure 8(c, d) 
displays the extensive GCD graph for PANI@NiCo LDH/NF electrode, from 1 to 30 A/g 
current density. The symmetry and clear redox plateaus are maintained at higher current 
densities, that suggests high degree of redox reversibility and rapid ion transfer kinetics in 
PANI@NiCo LDH/NF electrode.  

EIS was carried within the frequency range of 0.01 Hz to 0.1 MHz access the information 
related to electron transfer kinetics and ion diffusion at electrode-electrolyte interface. 
Comparative Nyquist curve for NF, PANI/NF, NiCo LDH/NF, and PANI@NiCo LDH/NF is 
depicted in Figure 8e. The equivalent circuit of the Nyquist plot is demonstrated in Figure 8(e). 
Nyquist plot usually features two distinct areas: a straight line in the low-frequency range and 
a semicircular arc in the high-frequency range. Series resistance (Rs), determined by finding 
the intercept of the semi-circle arc with real impedance axis (Z'), attributed to the interfacial, 
intrinsic, electronic and diffusive resistance between the electrode-electrolyte along with the 
individual resistance caused by electrolyte, electrode and current collectors. The Rs value for 
NF, PANI/NF, NiCo LDH/NF, and PANI@NiCo LDH/NF was determined as 1.4, 1.7, 2.3, and 
1.8 Ohm respectively. The lower value of Rs for PANI@NiCo LDH/NF electrode demonstrates 
that PANI layer considerably improves the conductivity, enhances electrochemical activity, and 
electron transfer kinetics of composite sample, well aligned with CV and GCD results. Besides, 
nearly vertical line (shown as “C” in equivalent circuit diagram) at low-frequency indicates the 
high capacitive performance with unhindered ion diffusion. Also, PANI@NiCo LDH/NF 
possess nearly straight vertical line compare to LDH sample, demonstrates superior capacitive 



nature and rapid ion diffusion. Consequently, from three-electrode cell analysis, it can be 
inferred that highly conductive and porous PANI@NiCo LDH/NF electrode offers numerous 
active sites, enhancing its electrochemical performance, which makes it a viable candidate for 
supercapattery devices [57]. 
To assess the cycling stability of the PANI@NiCo LDH/NF electrode, a cyclability test was 
performed for 3000 cycles at 30 A/g. Interestingly, the electrode PANI@NiCo LDH/NF retains 
98.36 % of its initial capacitance value as depicted in Figure 8f. Additionally, the coulombic 
efficiency (η) can be calculated using equation (16) by dividing the discharge time (Td) by the 
charge time (Tc) in GCD tests. 
                                                                                    η = 𝑇𝑇𝑑𝑑

𝑇𝑇𝑐𝑐
𝑋𝑋100                                            (16) 

The coulombic efficiency was found to be 98.88% over 3000 cycles, indicating the excellent 
cyclic stability of the PANI@NiCo LDH/NF electrode [57]. 

 

 



 

Figure 8: Comparative (a, b). GCD curve (b). Specific capacity vs. current density for PANI/NF, NiCo LDH/NF, 
and PANI@NiCo LDH/NF sample (c-d). GCD curve at different current density for sample PANI@NiCo 

LDH/NF (e.) Nyquist curve for PANI/NF, NiCo LDH/NF, and PANI@NiCo LDH/NF sample (f) Cyclic stability 
curve for PANI@NiCo LDH/NF sample 

Thus, high electrochemical performance depicted by PANI@NiCo LDH/NF can be attributed 
to the following reasons: (i). the NF improves the number of active sites by acting as a highly 
conductive substrate while improving the electrode mechanical strength (ii). PANI layer's 
delocalized conjugated structure act as an intermediary for the storage and transfer of electrons. 
Moreover, it enhances the interaction between substrate and LDH, boosting specific capacity 
and offering exceptional rate capability (iii). the interlayer network of the LDH facilitates the 
electrolyte ions' quick insertion and extraction from the material surface, providing abundant 
active sites for redox process, enhancing electrochemical properties (iv). the fabrication of 



LDH directly on PANI effectively decrease the interfacial resistance between the substrate and 
active material. As a result, this study may provide an innovative method for developing 
additional highly porous LDH materials based on transition metals directly on PANI that could 
be utilised in upcoming high-performance energy storage initiatives.  

6. Electrochemical characterization of assembled supercapattery device: PANI@NiCo 
LDH//1 M KOH//rGO  

 
A study of PANI@NiCo LDH/NF as a battery-type electrode, combined with coffee grounds 
derived rGO as a capacitive electrode, results in an intriguing hybrid supercappattery paradigm. 
This approach has immense potential to enhance the performance of energy storage devices. 
The two electrodes in the supercapattery device were separated by a Whatman filter paper, as 
illustrated in the schematic diagram of the assembled supercapattery device (Figure 9a). The 
movement of ions between the electrolyte and the electrode resulted in the storage of ions or 
charges during the conduction process. Before assembly, the electrochemical performance of 
rGO was evaluated in a three-cell system. Figure S3(a, b) displays the CV and GCD plot of 
rGO at different scan rates and current densities within the voltage range of 0-1 V. rGO exhibits 
a linear GCD curve and a quasi-rectangular CV curve, reflecting typical double-layer 
capacitive behaviour. Also, Figure S3c illustrates the Nyquist plot of rGO. The measured Rs 
and charge transfer resistance (Rct) were found to be 1.62 Ohm and 25.38 Ohm, respectively, 
indicating excellent electrical conductivity. This makes it a promising choice for the anode in 
supercapattery devices. 
The CV graph of PANI@ NiCo LDH/NF and rGO at a sweep rate of 10 mV/sec is illustrated 
in Figure 9b. The optimum mass ratio of PANI@ NiCo LDH/NF as anode to rGO as cathode 
was found to be 1:13.55, employing the mass balancing equation (3). Furthermore, the stable 
potential window for the rGO and PANI@ NiCo LDH/NF electrodes was determined to be −1 
to 0 V and 0 to 0.5 V against Ag/AgCl, respectively. Thus, the operating voltage range of 
supercapattery device could be stretched near to 1.5 V. For the safety concerns, the potential 
range was set to 1.4 V, that ensures the two electrodes' safe operation. To better investigate the 
suitable operating potential range, the assembled supercapattery device was analysed with 
different potential range employing CV analyses (Figure S4). It is noteworthy that the 
supercapattery CV curves, even at high cell potential ranges (0–1.4 V), did not exhibit any 
obvious polarisation. Instead, they primarily demonstrated the mixed energy storage 
mechanisms of the assembled device, which are battery-type (caused by redox active sites that 
decipher PANI@ NiCo LDH/NF nanostructures) and capacitive-type (caused by surface 
absorption of ions rGO). As can be seen in Figure 9c, CV curves of the PANI@ NiCo 
LDH/NF//rGO supercapattery device at the scan rates of 5-100 mV/sec. It is important to 
notethat, even at higher sweep rate, shape of the CV curve remains steady along with the 
capacitive characteristics, demonstrates device's good reversibility and remarkable 
electrochemical kinetics. Additionally, the CV curve's flawed rectangular or humpy shape 
demonstrated PANI@NiCo LDH/NF and biomass-derived rGO, capacitive and 
pseudocapacitive contributions, respectively [48][58].   

The GCD curves of the supercapattery device in the potential range of 0–1.4 V are 
demonstrated in Figure 9d. As estimated from equation (4), the specific capacitance of the 
device was found as 200 F/g at 1 A/g, and still retains 92 F/g at 10 A/g, suggesting its good rate 
capability. Furthermore, columbic efficiency remains nearly unaltered even at higher current 
density, demonstrating remarkable electrochemical reversibility of the assembled PANI@NiCo 
LDH/NF//rGO supercapattery device. Moreover, as estimated from the Nyquist plot (Figure 



9f), the value of Rs was found to be 2.7 Ohm, and nearly straight line at low frequency depicted 
high capacitive nature of the assembled supercapattery device.  

 
Figure 9: (a). Systemic illustration of assembled PANI@NiCo LDH/NF//rGO (b). CV curve for rGO and 

PANI@NiCo LDH/NF at 10 mV/sec (c, e) CV and GCD, and cyclic stability curve for PANI@NiCo 
LDH/NF//rGO supercapattery device (d). Nyquist curve before and after cycling of PANI@NiCo 

LDH/NF//rGO supercapattery device. 

Further, energy density, and power density of PANI@NiCo LDH/NF//rGO supercapattery 
device was determined employing equation (5), and (6), which is 54.44 Wh/kg and 0.702 
kW/Kg, respectively. The values are on par with or greater than the majority of other devices 
that have been reported, such as PANI/Ni3S2/NF-100//activated carbon (AC) (48 Wh/kg, 799 
W/kg) [44],  PANI/NiCo-LDH//AC (46 Wh/kg, 351 W/kg) [54], NiO-PANI// NiO-PANI (21 
Wh/kg, 481 W/kg) [59], Co-Ni LDH@Co3O4@CC//carbon nanosheets (33.4 Wh/kg, 1600 
W/kg) [60], NiCo-LDH@PANI@CC//AC (26 Wh/kg, 728 W/kg) [23], 
NiCo2S4@polyaniline//Activated carbon (32 Wh/kg, 129 W/kg) [32], ZnCoOx/C-PANI-3//AC 
(42 Wh/kg, 705 W/kg) [55], ZnCe-MOF@PANI//AC (58 Wh/kg, 850 W/kg) [61], also 
demonstrated in Ragone plot (Figure 10). Furthermore, nearly 5000 charge-discharge tests at 
8 A/g (Figure 9e). It's interesting to note that the estimated values for capacitance retention and 
Columbic efficiency are 84.88% and 77.68%, respectively over 5000 charging discharging 
cycles, while the value of series resistance change by small amount of ~ 0.2. 

 

 



 

Figure 10: Ragone plot 

Following cyclability testing, PANI@NiCo LDH/NF sample underwent SEM investigation, as 
depicted in Figure 11a. The sample's porous structure is comparable to that of the sample before 
cycling (Figure 2c, d), with some mild morphological changes suggesting a minor degradation 
in the 3D LDH morphology. Figure 11(b, c) presents the EDX patterns before and after the 
cyclability test, revealing a new peak of potassium, which indicates partial absorption of 
electrolyte on the PANI@NiCo LDH/NF electrode. The supercapattery device, with its 
outstanding electrochemical performance, shows significant promise as a future energy storage 
system. Our research notably leverages a simple method for forming well-defined internal 
voids in metal hydroxide frameworks on conductive network of PANI layer coupled with 
biomass derived rGO, so enabling their application in electrochemical processes.  In addition 
to creating a PANI@NiCo LDH/NF electrode that is extremely efficient for use in 
supercapattery applications, this work highlights important sustainability benefits such using 
bioresources Coffee grounds, that are acquired via microwave pyrolysis and related processes. 
The promising findings observed in the PANI@NiCo LDH/NF//1 M KOH//rGO 
supercapattery, combined with material engineering and current industrious research offer 
possibilities for developing advanced functionalities suited for advanced handheld electronic 
devices. 



 
Figure 11: SEM image of PANI@NiCo LDH/NF sample after cycling test (b, c) before and after EDAX pattern 

of PANI@NiCo LDH/NF before and after cycling test 

Conclusion and Future Perspectives   

When the aforementioned findings are combined together, it becomes evident that the 
PANI@NiCo LDH/NF device delivers remarkable performance. The findings can be 
explained based on the morphological, structural, and electrochemical variations demonstrated 
by the PANI/NF, LDH/NF, and PANI@NiCo LDH/NF sample.  PANI@NiCo LDH/NF has 
been successfully synthesised on Nickel foam by a simple, two-step, electrodeposition and then 
followed with solvothermal method. The electrode's specific surface area is significantly 
increased by the nanosheet structure, which also offers channels for charge transit and electron 
storage since it contains incredibly abundant mesopores. The conductivity of NiCo LDH was 
enhanced by in-situ coated PANI, and the synergistic interaction between MOFs and PANI 
speed up the transfer of ions during charging and discharging.  PANI layer serves a significant 
role in the composite. It promotes the growth of NiCo LDH structure, resulting in a higher mass 
loading on the NF substrate. As a result, specific capacitance of the PANI@NiCo LDH/NF was 
increased significantly to 1481 C/g (3703.33 F/g) which is much higher than that of NiCo 
LDH/NF, PANI/NF, and NF i.e., 847 C/g (2117.5 F/g), 539 C/g (1347 F/g), and 7 C/g (17.5 
F/g) respectively. Additionally, as fabricated supercapattery device PANI@NiCo LDH/NF and 
rGO offer energy density of 54.44 Wh/kg at a power density of 0.702 kW/kg. Whereas, the 
device exhibits good cyclability with the capacitance retention and Columbic efficiency of 
84.88% and 77.68%, respectively over 5000 charging discharging cycles. In order to further 
improve the electrochemical activity of the PANI@LDH based supercapattery device, more 
research is needed for the precise studies of the PANI and LDH active compounds. We believe 
that our work will contribute significantly to the understanding of conducting polymer hybrids 
and LDHs. The innovative design approach that has been provided here may also be used to 
directly design and fabricate different hydroxides/oxides and hybrid films of conductive 
polymers in order to fabricate supercapattery material with excellent electrochemical 
performance. 
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