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Abstract: Metal-organic frameworks (MOFs) are being investigated for their potential to develop
high-performance supercapacitors due to their porosity and well-defined topologies. This work
presents a new hybrid nanocomposite, developed through a solvothermal method, using bimetallic
(Fe/Ni) MOF and polyaniline. The morphology and structure of the electrode material were
evaluated using scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-
transform infrared spectroscopy (FTIR). Electrochemical performances were evaluated in 6 M KOH
using an electrochemical workstation. The specific capacitance of Bimetallic Fe/Ni MOF and
Bimetallic Fe/Ni MOF with PANI at 10 mVs™ are 104 Fg' and 90 Fg, respectively. The EIS spectra
show that the composite has lower series resistance and higher charge transfer resistance compared
to pristine Fe/Ni MOF.
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1. Introduction

An electrochemical device such as a supercapacitor can store a large number of electrical charges
by using electrodes with a large surface area. Supercapacitors, have attracted attention due to its high
energy and power density [1,2]. Supercapacitors can be categorized into three types: electrochemical
double layer supercapacitors, pseudocapacitors and hybrid supercapacitors based on their storage
concept [3]. Carbon based materials have been widely studied due to its high specific surface area,
tunable pores, and outstanding chemical stability [4]. Especially, graphene and its counterpart was
investigated as an electrode for supercapacitor [5] due to its tenability and conjugated network [6].
Even this material can be added with bionanocomposite to improve the conductivity in all possible
ways [7]. Metal-organic frameworks (MOFs) are crystalline porous organic-inorganic hybrid
materials that have a very high internal space due to their hollow nature [8]. Several metal ions are
used in the synthesis of MOFs. MOFs consist of two major components, metal ions and organic
linkers. MOFs are typically prepared by combining metal ions and organic linkers under mild
conditions using the solvothermal method to create a crystalline and porous network [9,10]. Similarly,
polyaniline shows promise in energy storage due to its light weight, high conductivity, mechanical
flexibility, and low cost, allowing it to work under pseudocapacitance [11-17]. Even widening of the
potential window can be accomplished by polymer based electrolyte [18].

Yanhong et al. [9] found that the manganese-based MOF maintained 105% capacitance even after
5000 cycles. MOF based materials used as an anode in a supercapacitor with rich porosity, and wide
surface area. Zhang et al. [19] proposed the use of Bimetallic Ni Mn-MOF nanosheets on NiC0204
Nanowire arrays to enhance electrochemical performance. Super capattery was developed using Co-
MOF/polyaniline-based electrode material by Igbal and co-authors [20]. The composite electrode of
MOF and PANI with an equal ration demonstrated a specific capacitance of 162.5 Cg' at 0.4 Ag' and
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a very low ESR in electrochemical impedance spectroscopy. Similarly, Co-MOF/PANI composite
electrode was proposed by Srinivasan et al. [21] using cobalt nitrate, benzene tricarboxylic acid, and
aniline through chemically in situ oxidative polymerization. The constructed electrode exhibited a
specific capacitance of 504 Fg at 1 Ag, and retained 90 % Capacity Retention Ratio (CRR) after 5000
cycles at 2 Ag.

A flexible and lightweight supercapacitor was designed by Zhao et al. [22] using a chemical fluid
method that employed bimetallic MOF (Co and Mn) on carbon cloth with specific capacitance of 2028
Fgtlat1l A g'. PANI/MIL-101 nanocomposites were created by growing PANI into the holes of MIL-
101 with the nanocomposites achieved specific capacitance of 1197 F g1 at 1 A g [23] and maintained
aCRR of 81 % after 10,000 cycles. Co30s /Ni-based MOFs on carbon cloth using a two-step
hydrothermal heating technology with the specific capacitance of 209 mAh g at 1 A g1[24]. Zhu et
al. [25] described the development of a ternary composite by means of MOF, metal oxide and
conducting polymer through electro deposition and hydrothermal methods. The composite delivered
specific capacitance of 340.7 F g at 1 A g and CRR of 82.5 % after 5000 cycles. Fe/Ni MOF was
prepared by solvothermal method. When compared to pristine Ni MOF, Fe/Ni MOF exhibited higher
conductivity [26,27]. Fe/Ni MOF prepared by solvothermally at temperature of 120°C for OER [28].
Fe/Ni MOF synthesized through solvothermal method directly used as OER electrocatalyst with high
electrochemical stability in strong basic solution [29]. Fe/Ni MOF exhibits superior electocatalytic
properties [30,31]. Fe/Ni MOF nanosheets expose more active metal sites and enhance the intrinsic
catalytic activity [32]. Fe/Ni MOF exhibited an overpotential of 251 mV @100 mA.cm2 [33]. Further,
this bimetallic MOF exhibited Tafel slope of 45.4 mV dec! which outperforms commercial ruthenium
oxide [34]. With controlled manner, placing Fe/Ni MOF composite vertically over carbon nanofibers
led to reduction in the ion diffusion path. Thus, increase the redox reaction along with the
enhancement of overall electrochemical performance [35]. Similarly, by introducing the proper
electrochemically active substance into the electrolyte causes the improvement in specific capacitance
[36]. Flexible electrodes contributed for several applications such as displays, wearable devices,
laptops etc. [37].

This work focuses on the development of bimetallic Ni-Fe MOF through a solvothermal method.
Subsequently, polyaniline is embedded onto the bimetallic MOF using an in situ polymerization
method. Finally, this composite was tested as electrode for supercapacitor. The bimetallic Fe/Ni MOF
with PANI exhibited the specific capacitance of 33.26 F.g' at1 A.g.

2. Experimental Section

Nickel nitrate hexahydrate, ferrous chloride tetrahydrate, terephthalic acid, polyaniline,
ammonium persulphate, sulphuric acid, ethanol, and potassium hydroxide were purchased from
Sisco Research Laboratories Pvt. Ltd and used to synthesize a novel hybrid nanocomposite of
bimetallic MOF and polyaniline for supercapacitor application. All chemicals used in this study were
analytical grade and were not purified further. The MOF was prepared using nickel nitrate
hexahydrate and ferrous chloride tetrahydrate which act as node and terephthalic acid act as a linker.
5 g of 0.35 M concentration nickel nitrate hexahydrate dissolved in 48 ml of DD water and stirred for
15 minutes in magnetic stirrer. Similarly, 5 g of 0.35 M concentration ferrous chloride tetrahydrate
dissolved in 71.4 ml of DD water and stirred for 15 minutes in magnetic stirrer. And then 5 g of 0.35
M terephthalic acid dissolved in 42 ml of DD water and stirred for 20 minutes in magnetic stirrer. The
final mixture was transferred to an autoclave instrument and left for 2 hours. The solvothermal
process was conducted using an autoclave instrument to precisely control the size, shape, and phase
of the sample. Subsequently, the sample was transferred to a centrifuge machine and treated for 5
min at 2500 rpm. Finally, the obtained sample was kept in a furnace at 90°C for 3 hours.

To synthesize MOF/PANI, the following procedure was proposed. Firstly, 0.25g of bimetallic
MOF was dispersed in 100 ml of distilled water and stirred for 30 minutes. Secondly, 2ml of aniline
was added to the solution and stirred for an hour. 1g of ammonium persulphate was mixed with
40ml of 1 M sulphuric acid on a magnetic stirrer, and kept in a place for 5-7 minutes. The final solution
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was added to the prepared solution and stirred for 4 hours. The mixture was then washed with
ethano], filtered and heated with hot air.

Electrode preparation

First, a slurry of materials was produced by mixing the binder (40%) with 60 weight percent of
active material. In order to use the obtained slurry as a working electrode in a three- electrode system,
it was coated on graphite lead and dried for a period. In this study, 6 M KOH is used as an electrolyte
for the analysis of CV, GCD, and EIS.

The specific capacitance values were calculated from the CV curves according the following
equation: C = [Idt/ m A V where I is the oxidation or reduction current, dt is time differential, m
indicates the mass of active material, and V represents the voltage range.

The specific capacitance (Cs, F g' ) was calculated from the GCD curves according to the
following equation: C=1x At/ m x AV where I (A) is the discharge current, At (s) is the discharge
time, AV (V) represents the voltage window, and m (g) is the total mass of active materials in the
working electrode [38].

Characterization

All the prepared samples were structurally characterized using FTIR and XRD measurements.
The IR spectra (4500-400 cm') were performed on powdered samples on functional carbon surface of
Model Perkin Elmer FT-IR spectrophotometer with the SOFTWARE-OPUS version 6.5. Scanning
electron microscopy (FESEM) JEOL MODEL JSM 6360 was used to examine the morphology of the
prepared functional carbon. The Diffraction patterns were analysed using XPERT PRO.For
electrochemical analysis, the 3-electrode system was applied, in which the as-synthesized composite
materials: bimetallic Fe/Ni MOF [BM]and bimetallic Fe/Ni MOF - polyaniline [BMP]were utilized as
a working electrode, platinum as counter electrode, and silver/silver chloride as reference electrode,
respectively. For the preparation of working electrode, 80% of active material (bimetallic Fe/Ni MOF
and bimetallic Fe/Ni MOF — polyaniline) was mixed with 10% of Super P Carbon and 10% of Styrene-
Butadine-Rubber (SBR) binder were mixed to make a homogenously dispersed slurry. Then 250 ug
slurry is coated on 2 mm graphite tip. The OrigaLys electrochemical workstation (France) was used
to conduct galvanostatic charge discharge (GCD), cyclic voltammetry (CV), and electrochemical
impedance spectroscopy (EIS) analyses under the 6M KOH electrolyte.

3. Results and Discussion

Figure 1 shows the FTIR analysis of the molecular structures and compositions of Fe/Ni MOF
and Fe/Ni MOF-polyaniline composite. The sample Fe/Ni MOF exhibits C=O stretching and bending
vibrations at 1504 cm™, COO stretching vibrations at 1365 cm!, and C-C vibrations at 856 cm™'. The
broad absorption peaks between 3300 — 3600 cm! can be assigned to the OH bonds. The sample Fe/Ni-
MOF with PANI also features C-H and —-NH* = stretching and bending vibrations at 810cm, and
1180cm, respectively. Figure 2 shows the XRD analysis of both samples, which revealed an
amorphous structure with a few crystalline lines at 27°, 31°, 32°, and 35° which corresponds to the
miller indices of (513), (060), (444) and (604). The amorphous samples had more defects on the surface,
which is necessary for storing a higher amount of energy than the crystalline materials [39].
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Figure 1. FTIR Spectra of Fe/Ni MOF and Fe/Ni MOF - Polyaniline composite.
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Figure 2. XRD Spectra of Fe/Ni MOF and Fe/Ni MOF - Polyaniline composite.

SEM was used to understand the morphology of the prepared samples. Figure 3a depicts that
the bimetallic Fe/Ni MOF displayed a flake-like morphology, agglomerated and irregular in shape.
Figure 3b indicates that polyaniline was grown on the surface of the bimetallic Fe/Ni MOF [40].
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Figure 3. SEM images of (a) Fe/Ni MOF, (b) Fe/Ni MOF - Polyaniline composite.

The CV curves were collected at different scan rates such as 10, 25, 50, and 100 mV.s"! in the
potential window of -0.3 to 0.2 V. Based on the CV analysis presented in Figures 4 a& b, the specific
capacitance of the samples was calculated. The CV curves of the bimetallic Fe/NI MOF, indicated the
quick mobility of ions toward the electrodes’ surface as the scan rate increased, the shape of CV
altered to a leaf-like shape. No redox peaks in the CV plot observed which indicates that the EDLC
is not subjected oxidation or reduction. Due to this condition, the EDLC can be regarded to have a
capacitive property since the electrodes are exposed to ion accumulation rather than ions undergoing
intercalation/deintercalation [41].
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Figure 4. CV curves of (a) Fe/Ni MOF, (b) Fe/Ni MOF - Polyaniline composite.

Table 1 shows that at 10 mVs scan rate, the specific capacitance of the bimetallic Fe/Ni MOF
was higher (104 Fg') than that of the composite of bimetallic Fe/Ni MOF and PANI (90 Fg) due to
the presence of the conducting polymer. The pores in the Fe/Ni metal organic framework may be
hindered by PANI. Additionally, SEM images in Figure 3b support this observation. Figure 5a and b
show the

Table 1. Specific capacitance values obtained from CV and GCD analysis.

Specific Capacitance at Different Scan Rates, F.g'/ at
different current densities, A.g

S-No Sample Name 10mV.s'/1 25mV.s'/2 50mV.s'/4 100 mV.s'/10
A.g!? A.g!? A.g!? A.g!?
1 Fe/Ni MOF 104/22888 68.64/162.48 5592/12983 4832/99.79
Fe/Ni MOF-PANI
2 ¢/Ni MOF-PAN 90/3326  4544/335 33.44/33.01 30.68/27.83

composite
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Galvanostatic Charge-Discharge curves for the prepared samples at current densities of 1, 2, 4,
and 10 Ag, respectively. At 1 Ag' current density, the bimetallic Fe/Ni MOF had an outstanding
specific capacitance (228.88 Fg') than the bimetallic Fe/Ni MOF-PANI (33.26 Fg1). Both the CV and
GCD analyses led to the conclusion that the incorporation of a conducting polymer into an iron and
nickel based metal organic framework reduces the specific capacitance and affects its stability.

From the overall results, the capacitance values from GCD results are much lower than that of
CV results. One of the reasons is that the applied voltage or potential during the GCD was set to only
0.8 V and it was 0.5 V during the CV analysis. This applied to the different measurement techniques
which mean the variation of voltage per time scan rate for CV, whilst varying the current for the
charge/discharge technique. Figure 5 plots the Csp as a function of current density for electrodes
during GCD analysis. It was found that Fe/Ni MOF showed the highest calculated capacitance value.
Unfortunately, this is contra to that of CV analysis results. It can be suggested that this could be due
to the inconsistency preparation of the active materials which may affected the quality of the
fabricated electrode during the coating process [42].
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Figure 5. GCD curves of (a) Fe/Ni MOF, (b) Fe/Ni MOF — Polyaniline composite.

From the Figure 6 a and b, the sample was tested for 717 cycles and capacity retention ratio of
75 %. The degradation is due to the polymer. EIS spectra of the samples are shown in Figure 7 a and
b. The bimetallic Fe/Ni-MOF exhibited a lower charge transfer resistance (Rct) but solution resistance
(Rs) based on the EIS spectra (see, Fig. 7a). Conversely, the composite showed lower Rs but higher Ret.
Higher resistance is observed for BMP samples due to persistent problems with content of polymers.
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Figure 7. EIS spectra of (a) Fe/Ni MOF, (b) Fe/Ni MOF - Polyaniline composite.

4. Conclusions

In this study, a Fe/Ni-MOF PANI composite electrode material was developed for
electrochemical energy storage. Fe/Ni-MOF and Fe/Ni-MOF PANI composite were synthesized using
simple chemical methods followed by a solvothermal procedure. The material was synthesized using
a MOF-template due to its porosity and well-defined topologies. The morphology and structure of
the electrode material were evaluated using SEM, XRD, and FTIR. The electrochemical performances
were evaluated in 6 M KOH using the OrigaLys electrochemical workstation. The bimetallic MOF
exhibited a flake-like morphology. The CV analysis showed that, within the potential window of -0.3
to 0.2V, the specific capacitance of the bimetallic Fe/Ni MOF was higher (104 F.g-1) than that of the
composite (90 F.g-1) at 10 mV.s-1. The GCD also showed a higher capacitance for the bimetallic Fe/Ni
MOF at all current densities. The electrochemical measurements indicate that the incorporation of
conducting polymer in the metal organic framework resulted in a reduction in specific capacitance
and stability.
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