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ABSTRACT

The aim of this work is to obtain different morphologies of the metal organic framework (MOF) derived NiFe304
(NFO) for supercapacitor application. The NFO samples were obtained by annealing solvothermaly synthesized
NiFe; MOF. The crystalline phase, morphology, particle size, and presence of functional groups of NFO were
investigated by X-ray diffractometry (XRD), Scanning electron microscopy (SEM), Transmission electron mi-
croscopy (TEM), and Fourier transform infrared spectroscopy (FTIR), respectively. Moreover, chemical states,
surface area, and pore size distribution of the optimized sample are evaluated by X-ray photoelectron spec-
troscopy (XPS) and surface area analyzer, respectively. The cubic spinel structured MOF derived NFO with
different morphologies like threads, mesh-like structure, and grains were obtained at annealing temperatures of
460 °C, 500 °C, and 550 °C, respectively. FTIR analysis revealed the organic ligands decomposes with increasing
annealing temperature. XPS analysis showed that MOF derived NFO prepared by annealing at 500 °C (NFO500)
has Ni2*, Fe?*, and Fe®* states with some NiO impurities. Sharp edged rhombus nanoplates with interconnected
mesh-like structure was observed for MOF derived NFO500. The synthesized MOF derived NFO500 electrode
showed a mesoporous nature with a specific surface area of 38.17 m> g'l, which can be favourable for efficient
charge transfer and high energy storage capability. The MOF derived NFO500 electrode exhibited a high specific
capacitance of 833 F g1 and specific energy of 42 Wh kg ™! at a specific power of 154 W kg~! in 1 M KOH. After
3000 continuous cycles, NFO500 retained 74% capacitance at 3 A g~ with 84% coulombic efficiency. The good
electrochemical performance of MOF derived NFO500 compared to other samples is attributed to the mesh-like
structure facilitating the diffusion of OH™ ions into the electrode and the low charge-transfer resistance (2.7 Q
cm™2) between electrode and electrolyte interface. This study highlights the utility of modifying the morphol-
ogies of MOF derived nanostructures for energy storage applications.

1. Introduction

at the electrode-electrolyte interface, while pseudocapacitors chemi-
cally store the charges by fast reversible faradic redox reactions on or

Electrochemical supercapacitors are energy storage devices that
bridge the gap between batteries and capacitors [1]. It has a vast market
in both portable devices and hybrid electric vehicles to improve energy
recovery by fast charge and fast discharge capability [2]. Super-
capacitors are classified as electrochemical double-layer capacitors
(EDLCs) and pseudocapacitors, depending on their charge storage
mechanism. EDLCs possess physical charge separation by ion adsorption
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near the electrode surface [3]. EDLCs type supercapacitors are based on
carbon and carbon derived materials. On the other hand, pseudocapa-
citors are generally made up of transition metal oxides (TMOs), hy-
droxides, sulfides, nitrides, and conductive polymers. While hybrid
supercapacitors (HSCs) contain one electrode of EDLC type and the
other is of battery or pseudocapacitive type [4]. Among the various
materials for energy storage systems, TMOs with spinel structure
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(denoted as AyB3.xO4 where A, B = Co, Zn, Ni, Fe, Cu, Mn, etc.) are
immerged as an attractive electrode material due to its low cost, easy
synthesis, high electrochemical activity, stability, and easy control of
morphologies [5]. Among all the TMOs, nickel-based materials have
been intensively investigated and considered as good potential electrode
materials for pseudocapacitors due to their high specific capacitance
[6], high chemical and thermal stability, and lower cost [7, 8]. Binary
TMOs, such as different ferrites, particularly MnFe,O4 [9], CoFe20y4 [3],
and NiFe;04 [10] exhibits higher capacitance. TMOs are attractive for
supercapacitor application because they provide multiple redox species
and exhibit higher electrical conductivity due to relatively low activa-
tion energy or electron transfer between the metal cations [11].
Although TMOs possess high capacitance, their utilization of multiple
redox sites results in a low cycle life [12]. TMOs with controlled nano-
porous architectures with a high surface area are essential to achieve the
desired electrochemical performance. Metal organic frameworks
(MOFs) are porous materials with metal ions coordinated to organic
linkers. The unique chemical constitution of MOFs allows the formation
of diverse microstructures and properties which are intensively utilized
for varity of application [11]. Liao et al. engineered a Au-Pd alloy
nanoparticles-doped cobalt oxide interface derived from metal organic
frameworks for selective oxidation of 5-hydroxymethylfurfural to 2,
5-furandicarboxylic acid [13]. They have also reviewed the utilization
of MOF derived materials as effective solid catalysts for the valorization
of biomass into platform chemicals [14]. Liu et al. achieved ultrahigh
selective and ultrafast osmotic transport in ion channel-mimetic MOF
based membranes explored advanced separation technologies and
energy-harvesting devices [15]. The MOFs and MOF derived materials
receive growing attention for fine chemical synthesis due to their ver-
satile tunability and high catalytic activity. Further, the MOF derived
materials allow high controllability in the design of catalyst systems for
organic reactions. Konnerth et al. reviewed design and synthesis con-
ditions to obtain highly active MOF derived catalysts [16].

MOFs are becoming popular as a precursor or template for the
preparation of TMOs with a high specific surface area, controllable
structure, and adjustable pore size [11, 17]. Such MOF derived TMOs
provide effective transportation paths for enhanced kinetics of electro-
active species and fast diffusion of electrolyte ions to achieve superior
electrochemical performance [5]. The iron-based MOF derived TMOs
exhibits higher electrical conductivity and significantly smaller charge
activation energies across MOF derived TMO families. It possesses the
Fe?* and the Fe3*/2* mixed valencies, which help to improve electrical
conductivity [18]. Metal oxide composites derived from MOFs with
diverse morphologies are excellent electrode materials due to their high
capacitance, superior rate performance [19]. Mahmood et al. reported a
symmetric supercapacitor based on nanostructured MOF derived
Fe304/Fe/C hybrid with a specific capacitance of 600 F g ! at a current
density of 1 A g’1 [20]. Chen et al. reported the novel nickel based MOF
as electrode material for supercapacitor. The MOF derived mixed TMOs
such as NiFe;04, ZnFe,04 and CoFe,04 have been reported with specific
capacities of 636, 449, and 380 mAh g~ *, respectively, at a high current
density of 8.0 A g*1 [21].

However, the wide applications of MOF derived materials as an
electrode are still limited due to their relatively low conductivity and
instability in electrolytes which can be partly compensated by structural
optimization [22]. To achieve an enhancement in electrochemical per-
formance, it is desirable to explore diverse MOF morphologies with the
deliberate control of structure, and therefore the properties and function
[23]. Many effective systems have been developed to investigate the
effect of surface properties like pore size and surface area of MOF on
their charge storage capacity [23]. Among all of them, varying anneal-
ing temperatures is more intensively followed [24]. The annealing
temperature has a strong impact on the surface area and porosity of the
material, which plays a vital role in the sensing [25] and electrochemical
devices [26]. Wu et al. reported MOF derived hollow double-shelled NiO
nanospheres with different calcination temperatures. The NiO
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calcinated at 400 °C owns a high surface area with abundant channels
for diffusion of OH™ ions. It showed the specific capacitance of 473 F g_1
at the current density of 0.5 A g~ with 94% capacitance retention after
3000 cycles [26]. Chen et al. reported ZnCo204 using mixed MOF
(Zn-Co-MOF) for supercapacitor via calcining in the air at 400 °C, 450
°C, and 500 °C. The specific capacitance of 457 F g~ at the current
density of 1 A g~! was obtained at 400 °C due to the large surface area.
After 1500 cycles, the specific capacitances remained at about 425 F g !
(97.9 %), at current density 2 A g~ [27].

We present a study on the structural and morphological evolution of
MOF derived nickel ferrite (NiFe304) through controlled annealing. By
varying the annealing temperature, three morphologies were obtained:
1) interwoven threads, 2) mesh-like morphology, and 3) grains
(spheres). The electrochemical performance of these materials as a
supercapacitor electrode was evaluated.

2. Materials and method
2.1. Materials

All the chemicals were of analytical grade, purchased from com-
mercial sources and used without further purification. Iron (III) chloride
hexahydrate (FeCl3e6H0) and terephthalic acid (H,BDC) were pro-
cured from Sigma-Aldrich. Nickel (II) nitrate hexahydrate (Ni
(NO3)206H50) and N, N-Dimethylformamide (DMF) were purchased
from SRL. Sodium hydroxide pellets (NaOH) were purchased from Loba
Chemie Pvt. Ltd.

2.2. Synthesis of MOF derived NiFe204

Initially, NiFe; MOF was prepared by the solvothermal method. For
this, nickel nitrate hexahydrate (3.3 mM) and ferric chloride hexahy-
drate (6.7 mM) were dissolved in 10 ml DMF. The solution of tereph-
thalic acid (9.9 mM) in 10 ml of DMF was added to the above mixture
and stirred continuously to obtain a homogeneous solution. The pre-
cipitation was achieved by dropwise addition of NaOH (400 mM) in the
solution. The precipitate was then transferred into a 25 ml Teflon-lined
autoclave and kept at 100 °C for 15 h. Finally, the sample was washed
several times with DMF and distilled water and dried at 60 °C for 2 h.
The annealing of the prepared samples was carried out in two steps,
initially at 100 °C for 2 h. Then the samples were annealed at 460 °C,
500 °C, and 550 °C for 6 h and naturally cooled samples of MOF derived
NiFe;O4 powder were labelled as NFO460, NFO500, and NFO550,
respectively.

2.3. Preparation of working electrode

Stainless Steel (SS) substrates (1 x 3 cm?) were polished with polish
paper until the mirror shine surface was obtained and sonicated in
ethanol for 15 min. The working electrodes were prepared by mixing the
MOF derived NiFeyQy4, polyvinyl difluoride, and activated carbon in a
weight ratio of 80:10:10. The mixture was ground in an agate mortar to
form a homogenous slurry by adding adequate drops of N-Methyl-2-
pyrrolidone. The doctor blade technique was employed to deposit the
paste on the cleaned SS substrates. These films were then kept at 60 °C
for 12 h for drying.

2.4. Characterizations

The crystallinity and phase of the samples were studied by X-ray
diffractometry (XRD Ultima IV, Rigaku Corporation, Japan) with Cu K,
radiation (1=1.5406 A). To analyze the presence of functional groups,
Fourier transform infrared (FTIR, Jasco spectrometer) spectra were
recorded in the range 4000-400 cm!. To study the morphology of
synthesized materials, scanning electron microscopy (SEM, JEOL JSM-
IT 200) was employed. The contact angle of materials was measured
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using a contact angle meter (Holmarc optomechanics Pvt. Ltd). The
elemental and surface chemistry of elements were investigated by X-ray
photoelectron spectroscopy (XPS, Thermo VG Scientific, UK) with a
monochromatic Mg Ka (1253.6 eV) radiation source. Morphology and
particle size were investigated using a transmission electron microscopy
(TEM, Tecnai G2 S-Twin). The surface area and pore size distribution of
electrode material were evaluated using a Quantachrome Instruments
v10.0 surface area analyzer.

2.5. Electrochemical measurements

To study the supercapacitive performance, the conventional three-
electrode configuration was assembled using NiFe,O4 films as a work-
ing electrode, platinum (Pt) wire as a counter electrode, and Ag/AgCl as
a reference electrode. The 1 M KOH aqueous solution was used as an
electrolyte. Electrochemical measurements such as cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and galvanostatic
charge-discharge (GCD) were carried out using Metrohm Autolab
PGSTAT204 electrochemical workstation.

3. Results and discussion
3.1. Characterization of MOF derived NiFe;04

XRD analysis was carried out to investigate the phase and crystallite
size of the synthesized MOF derived NiFe;O4 samples. As shown in
Fig. 1A, for all the samples, the diffraction peaks are well indexed with
the JCPDS file No-00-010-0325. The peaks indexed at 26 values 18.4,
30.3, 35.7, 37.3, 43.3, 53.8, 57.3, and 63.0° correspond to lattice planes
of (111), (220), (311), (222), (400), (422), (511), and (440) of the cubic
spinel structure of the NiFe,Oy4. It is observed that the diffraction peaks
become narrower and sharper with the increase in annealing tempera-
ture, which suggests the enhanced crystallinity in NFO500 and NFO550
samples compared to NFO460. The average crystallite size of the
NFO0460 and NFO550 samples calculated using (311) peak is found to be
20 and 23 nm, respectively. Surprisingly, NFO500 displays a small
crystallite size of 16 nm. The increase in average crystallite size during
the annealing process is due to the minimization of the interfacial sur-
face energy [28]. Furthermore, the increase in temperature reduces
interparticle distance, resulting in larger grain size particles (Ostwald
ripening) [29]. However, the reduction in the crystallite size of NFO500
is due to the massive loss of organic contents and contraction during
annealing [30].

The FTIR analysis of the NiFe, MOF and MOF derived NFO460,
NFO500, and NFO550 was carried out to study the presence of
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functional groups (Fig. 1B). The strong absorption band at 3425 cm™! in
all spectra is due to the stretching vibration of the O—H group of
adsorbed water molecules from solvent [31]. In the spectrum of NiFey
MOF (Fig. 1B(a)), the strong bands at 1578 and 1370 cm ! are ascribed
to the asymmetric and symmetric stretching modes of -COO groups,
respectively. The separation between these asymmetric and symmetric
stretching modes implies that the -COO group of HyBDC is coordinated
to Ni by a bidentate ligand with a polymeric structure (BDC)>—Ni [32].
Strong bands at 746 and 817 cm™! in the NiFe, MOF spectrum are
assigned to absorption peaks of H,BDC [33]. For NFO460, NFO500, and
NFO550 samples the bands corresponding to -COO and H;BDC are
vanishing due to the decomposition of the organic ligand with the
increasing annealing temperature. The absorption band around 400
em™! is corresponding to the Ni-O bond and the bands observed in the
range 600-560 cm ™! in all the samples are characteristic of the Fe-O
vibrations. These bands are attributed to NiFe;O4 [34]. It is observed
that with an increasing annealing temperature, O—H and Fe-O bands
linearly change their positions towards the higher wavenumbers. It may
be due to particle aggregation [35].

SEM images of MOF derived NFO460, NFO500, and NFO550 samples
at two magnifications are shown in Fig. 2. As can be seen in Fig. 2(A and
B), the NFO460 sample possesses indistinct interwoven thread-like
structures. For NFO500, it is observed that the thread diameter has
been increased as the temperature was raised and turned into well-
grown mesh-like morphology (Fig. 2(C and D)). The overall surface
of NFO500 is rougher than NFO460 due to the presence of randomly
aligned threads, which may create pores in the material [36]. NFO550
exhibits distinct, small, agglomerated grains (Fig. 2(E and F)). SEM
study suggests that annealing temperature has influenced the shape and
morphology of MOF derived NFO material. The smaller mesh-like
structure with porous surface morphology of NFO500 could offer
more electroactive sites in the electrochemical reactions compared to
the other two samples. The interconnected mesh-like structure is
favourable for charge storage as it provides fast charge transfer channels
on the surface as well as in the bulk of electroactive materials.

The surface wettability study of NFO460, NFO500, and NFO550
samples was carried out by contact angle measurement (Fig. 2(G-I)). For
the NFO460 sample, water makes an angle of 60° on the surface of the
film. Whereas the surface of NFO500 exhibits a decreased contact angle
of 34° indicating enhanced hydrophilic nature. Thus, the sample
annealed at 500 °C can provide a high affinity between electrode and
electrolyte ions. On the other hand, for NFO550, the water drop was
immediately soaked as soon as it comes in contact with the film surface
revealing its hydrophilic nature. Improved wettability of material in-
creases the electrochemical performance of the material due to the ease
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Fig. 1. (A) X-ray diffraction patterns of MOF derived NiFe;O4 (a) NFO460, (b) NFO500, and (c) NFO550. (B) FTIR spectra of (a) NiFe, MOF, (b) NFO460, (c)

NFO500, and (d) NFO550.
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Fig. 2. SEM images of (A and B) NFO460, (C and D) NFO500, and (E and F) NFO550 electrodes at magnifications of 5 kX and 15 kX, respectively, and (G-I) water
contact angles measurement photographs of NFO460, NFO500, and NFO550, respectively.

of electrode-electrolyte ion interaction [37].

The chemical states and surface chemistry of elements in the NFO500
were investigated by XPS and high-resolution peaks of Ni 2p, Fe 2p, C 1
s, and O 1 s are shown in Fig. 3. The Ni 2p peak could be deconvoluted
into two major binding energy peaks assigned to Ni 2p3,5 and Ni 2pj /2
and their corresponding satellites (Fig. 3A). The energy difference (5 eV)
between Ni 2p3/» and Ni 2p;,» peaks are 17.9 eV [38]. The Ni 2p3,»
peaks centered at 854.6 eV and 856.1 eV correspond to Ni?* (Oh) and
Ni%t (Td), respectively. Peaks at 872.1 eV and 873.5 eV resembles with
Ni%* (Oh) and Ni?* (Td) of Ni 2p1 5 [39, 40]. The two major peaks at
856.1 eV and 873.5 eV corresponding to Ni 2ps/» and Ni 2p;/, are
accompanied by two shake-up satellites whose bonding energies are
861.3 and 879.1 eV, respectively. These peaks indicate the presence of
Ni%* [41]. The Ni 2ps,2 spectral lines at 864.8 eV and 867.4 eV are the
satellite peaks of NiO [42]. The binding energy peak at 876.4 eV is
corresponding to the Ni 2p; 5 of Ni [43]. The shake-up satellite peak at
881.4 eV is of Ni 2p;/o which could be attributed to the oxidation
product of Ni on the surface [44]. It is well known that nickel ferrite
involves two oxidation states of iron, i.e., Fe?* and Fe3*. Furthermore,
both the oxidation states coordinate differently with the oxygen atom, i.
e., FeT is octahedrally coordinated, whereas Fe3*is tetrahedrally and
octahedrally coordinated. Both the binding energy peaks of Fe 2ps,» and
Fe 2p, /; are separated by energy difference (& eV) of 13.07 eV [38]. As
shown in Fig. 3B, the Fe 2p spectrum can be divided into three peaks:
one is attributed to Fe?*, while the other two are caused by two lattice
sites of Fe>' ions. The binding energy peak of Fe 2ps/» comprises of
FeTand Fe®" (Oh) states at 709.9 eV and 711.2 eV, respectively [39]
and the peak at 713.8 eV is assigned to Fe?' [45]. Moreover, the peaks of
Fe 2py /2 at 723.3 eV, 724.3 eV, and 726.5 eV are associated with Fe2+,
Fe3* (Oh), and Fe3t (Td), respectively [39]. The well resolved shake-up
satellite peak at 718.7 eV corresponds to Fe 2p3 /s [46].

The high-resolution XPS spectrum of O 1 s can be separated into two
peaks at 531.7 eV and 529.8 eV (Fig. 3C). The peak at a higher binding
energy of 531.7 eV is assigned to surface adsorbed hydroxyl (OH")
groups [47]. On the other hand, the presence of lattice oxygen (O jattice)
is confirmed by the peak at the low binding energy of 529.8 eV [48].
Deconvoluted XPS spectrum of C 1 s consists of three peaks at 284.7 eV,
286.1 eV, and 288.4 eV (Fig. 3D), which suggest the presence of carbon
or carbon derivatives that could be formed due to the incomplete
decomposition of the organic ligand or metal organic framework. The C
1 s spectra can be divided into three individual peaks, where binding
energies 284.7 eV, 286.1 eV, and 288.4 eV corresponds to the C = C
bond, C—O bond, and the carboxylate carbon (O = C—OH) of the
organic ligand terephthalic acid, respectively. [49, 50].

Understanding of the fundamental processes of crystal growth and
morphology evolution is important as many of the properties are highly
shape and size dependent. Therefore, the morphological study of MOF
derived NFO500 was conducted using TEM to gain further insight into
structural aspects (Fig. 4(A and B)). The TEM micrographs display
sharp edged rhombus shaped nanoplates with a smooth surface. The
nanoplates are randomly distributed in structures with an average par-
ticle size of 52 nm. The interconnected mesh-like structure can expose
the entire and continuous surface area to the electrolyte [51] and also
enables intimate contact between particles [52].

The specific surface area and pore size distribution were investigated
by N adsorption-desorption measurements. Fig. 5A depicts the Ng
adsorption-desorption isotherm, which demonstrates type IV with an
H3-type hysteresis loop, indicating the mesoporous nature of the syn-
thesized material [53, 54]. The Brunauer Emmett Teller (BET) surface
area of the NFO500 sample was 38.17 m? g 1. The mesoporous nature of
NFO500 sample with a diameter <15 nm and improved pore volume is
reflected in the pore size distribution findings obtained by the
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Fig. 3. Deconvoluted XPS spectra of (A) Ni 2p, (B) Fe 2p, (C) O 1 s, and (D) C 1 s of NFO500.

Fig. 4. TEM micrographs of NFO500 at magnifications of (A) 100 kX (B) 200 kX.

Barrett-Joyner-Halenda (BJH) method by applying the nitrogen
desorption branch in Fig. 5B. The calculated specific surface area and
available mesopores are quite favorable for charge transfer and high
energy storage. The synthesized NFO500 electrode possesses a sufficient
specific surface area and high porosity, which aids in shortening charge
transfer pathways and providing more active sites for surface redox re-
actions which assists to improve the energy storage capability [55].
Furthermore, the mesoporous structure of electrode material can facil-
itate access to electrolyte ions in the active site’s interfacial region,
reducing charge transfer paths [56].

3.2. Electrochemical measurements of MOF derived NiFe;04

The electrochemical behavior of MOF derived NFO460, NFO500,
and NFO550 electrodes were studied using cyclic voltammetry in the
potential range of —0.1 to 0.5 V in 1 M KOH electrolyte. In Fig. 6A, all
the three CV curves of these samples have characteristic reduction-
oxidation peaks during charging discharging cycles at a scan rate of
50 mV s '. The redox peaks indicate that the capacitive property is
mainly controlled by the faradic redox reactions and hence the inves-
tigated MOF material can be considered as a pseudocapacitor [23]. MOF
derived NFO500 electrode shows a higher integral area in the CV curve
compared to the NFO460 and NFO550 electrodes. Compared to the
other two electrodes, the higher peak current and a higher integral area
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Fig. 6. (A) CV curves of MOF derived NFO460, NFO500, and NFO550 in 1 M KOH at a scan rate of 50 mV s~L. (B) CV curve of MOF derived NFO500 in 1 M KOH at
10-100 mV s~ ! scan rate. (C) cathodic and anodic current density versus scan rate plots of NFO500 electrode. (D) The plot of log (I,a) v/s log (v) for the

NFO500 sample.

of the MOF derived NFO500 electrode demonstrates that it has better
electrochemical reaction activity and higher capacitive performance
[57]. The CV measurements of MOF derived NFO500 are carried out in
the range of potential —0.1 to 0.5 V at a scan rate of 10-100 mV s ! (Fig.
6B). Redox peak pair in the anodic and cathodic sweeps found in all the
CV curves at different scan rates suggest a typical pseudocapacitive
nature [58]. However, cathodic sweeps of CV curves are not completely
symmetric to their corresponding anodic sweeps, which depict the
quasi-reversible rate kinetics of the redox reactions (Fig. 6C). Factors
like polarization during faradaic redox reaction and ohmic resistance
due to electrolyte diffusion into the porous electrode kinetically limit the
reversibility for the positive and negative sweeps. The change in CV
shape and shift in peak potential with an increase in the scan rate

indicates the low electrochemical polarization and high-power charac-
teristics of electrode material [59]. The electrochemical reaction
involved in the energy storage mechanism (Ni?*/Ni®* or Fe3*/Fe?") is
as follows [60].

NiFe304 + H3O + OH NiOOH + 2FeOOH + e~

Cyclic voltammetry is an effective method to elucidate the kinetics of
electrochemical reactions. The relationship between response current (I)
and the scan rate (v) is given as [61],

I = icapacitive + liiffusion = at/’ (@)
where “a” and “b” are adjustable parameters and measured current ‘I’ at
a fixed potential follows a power-law relationship with the scan rate (v).
A plot of the logarithm of (I,) v/s logarithm of (v) of CV curves for the
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MOF derived NFO500 electrode is shown in Fig. 6D. The b = 0.5 implies
diffusion reaction [62] whereas b = 1 suggests surface charge transfer
reaction between electrode and electrolyte [63]. For NFO500, the value
of “b” was found to be 0.89, which reveals the significant contribution
from capacitive behavior governed by the surface redox process.
Capacitive behaviours of MOF derived NFO460, NFO500, and NFO550
electrodes were studied using the GCD technique at a current density of
0.25A g’1 (Fig. 7A). All the GCD curves are nonlinear with well-defined
charge and discharge plateaus indicating the typical faradaic behavior
[64]. Noticeably, the discharge time for MOF derived NFO500 is higher
than that for NFO550 and NFO460, indicating potentially excellent
electrochemical performance [65].

Specific capacitance from the galvanostatic charge-discharge curve
is calculated using the equation,

I[Vadt

C=—31 =
m (V; = Vi)

(2)

where ‘I’ denotes current intensity, ¢ [ Vdt’ represents the area under the
charge-discharge curve, ‘m’ is mass, ‘(Vy - Vy? indicates potential win-
dow, and ‘At is discharge time. The specific energy (E) in Wh kg™! and
specific power (P) in W kg ! are calculated from the following equations
[66],

Spacific Power (W kg

GV —v)’
E=05 x 1 "V 3
736 3
3600 x E
- )
s
] =T T —— Wi
NEGE0E
% a5 '._ — N
%
- 04 H\x
< b !
ol
- fan \
_ 1
2. 0z Y
[ \
E .:|1
4 II,
[}
O an [
an ; " ; ' |
a4 500 {000 {500 2000 2500 3000
Time (5]
i}
= B0 "'H-H
™ e
i .
— -\""u:_ 3
E G600 o \
T
-
D oy
‘% a0+ "o
]
A
% a0
h
o
(v .50 Q.75 T, M)
Current Density (Ag’)

Journal of Energy Storage 40 (2021) 102821

Taking advantage of large discharge time, MOF derived NFO500
shows a specific capacitance of 833 F g_1 at a current density of 0.25 A
g~ L. The specific capacitance of NFO460 and NFO550 are 340 and 459 F
g 1 at0.25 A g1, respectively. The high specific capacitance of NFO500
compared to other electrodes may be attributed to a mesh-like structure
that allowed electrolyte OH™ ions to penetrate the electrode completely
[67]. The decreased specific capacitance for NFO550 can be ascribed to
the particle aggregation at the higher annealing temperature as
observed in the SEM image. While in the case of NFO460, underdevel-
oped agglomerated threads hinder the open space for electrolyte trans-
portation which may have resulted in low capacitance. The Fig. 7B
shows GCD curves of MOF derived NFO500 at various current densities
of 0.25, 0.50, 0.75, and 1 A g’l. The discharge curves of NFO500 de-
viates from linearity, indicating pseudocapacitive type charge storage
characteristics of electrodes [68]. There is no significant voltage drop
(IR drop) during the discharge process, indicating that the internal
resistance of the electrode is relatively small [69]. The specific capaci-
tances calculated from the GCD curves as a function of the current
density are shown in Fig. 7C. The specific capacitances of MOF derived
NFO500 are calculated as 833, 648, 642 and 386 F g’1 at 0.25, 0.50,
0.75and 1 A g’l, respectively. The specific capacitance decreases with
an increase in current densities due to the decrease in access to elec-
trolyte ions into the electrode material’s inner surface. The specific en-
ergy and the specific power of the NFO500 electrode are calculated
using Egs. (3) and 4 and are shown in the Ragone plot (Fig. 7D). The
calculated specific capacitance, specific energy, and specific power at
different current densities are presented in Table 1. The calculated
electrochemical results of the NFO500 electrode are compared with
previous reports (Table 2).
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Fig. 7. (A) Galvanostatic charge-discharge (GCD) curves of MOF derived NFO460, NFO500, and NFO550 at 0.25 A g’l. (B) Galvanostatic charge-discharge (GCD)
curves of MOF derived NFO500 at 0.25, 0.50, 0.75, and 1 A g’1 current densities. (C) The specific capacitance of NFO500 against different current densities. (D)

Ragone plot of MOF derived NFO500.
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Table 1

Specific capacitance, specific energy, and specific power at different current
densities calculated from the charge-discharge profile of MOF derived NFO500
electrode.

Current Density Specific Capacitance Specific Energy Specific Power
Ag™h Fg™ (Whkg™h) (Wkg™h)

0.25 833 42 154

0.50 648 32 259

0.75 642 32 352

1 386 19 377

Electrochemical impedance spectroscopy (EIS) measurements can be
used to quantify electrical resistance, which is an important parameter
of a supercapacitor electrode. The Nyquist plot of MOF derived NFO500
electrode in a frequency range from 0.01 Hz to 600 kHz is presented in
Fig. 8A. It is showing resistive behavior (blocking) at higher frequencies
[83] and an almost vertical line (ideal capacitive behavior) at lower
frequencies [84]. The charge transfer resistance (R¢) in the electro-
chemical reaction process is represented by the diameter of the semi-
circle at high frequencies. For the NFO500 electrode, R is determined
to be 2.7 Q@ em 2. The electrode possesses low charge transfer resistance
indicating excellent ionic conductivity. The straight line at lower fre-
quencies represents low Warburg resistance (W), i.e., low ion diffusion
resistance of the electrolyte in the electrode. It may be a result in faster
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faradaic charge transfer during the electrochemical process [65]. Inset
shows the Randles circuit used for fitting the experimental impedance
data for MOF derived NFO500 in the corresponding electrolyte solution.
The equivalent circuit consists of solution resistance R, faradaic charge
transfer resistance R, Warburg impedance W, and constant phase
element CPE. W represents the resistance in the diffusion process and
access of electrolyte ions within the electrode [85]. CPE is responsible
for the electric double-layer capacitance at the electrode-electrolyte
interface (Pseudocapacitance often occurs alongside double-layer
capacitance) [57]. From Randle’s equivalent circuit model, the R¢; of
NFO500 was found to be approximately 2 Q cm™? demonstrating the
small charge transfer resistance. The specific capacitance of the super-
capacitor is strongly reliant on the efficiency of ion diffusion and charge
transport in the reaction [26].

The cycling performance is an important parameter for the applica-
tion of a supercapacitor. GCD measurements were repeated for 3000
consecutive cycles at a current density of 3 A g~! in 1 M KOH to
investigate the cyclic stability of MOF derived NFO500 electrode (Fig.
8B). NFO500 electrode retains 74% of its initial capacity after 3000
charge-discharge cycles with 84% coulombic efficiency. The symmetry
of charge-discharge curves was consistent even after 3000 cycles
without any IR drop, indicating good cycling stability.

Table 2
Comparison of the capacitance, cyclic stability, specific energy, and specific power of MOF derived NFO500 electrode with the relevant literature.
Sr. Material Morphology Specific Capacitance Cyclic Stability Specific Specific Ref.
No. Energy Power
1 CuFeS, Nanoflakes 219Fglat1Ag! 94% over 6000 cycles 16 Wh kg ! 1146 W kg ! [70]
2 MnOx/N-doped carbon/ Rods 2849 F g ' at0.125 A 89.5% after 5000 cycles  16.8 Whkg™' 499 W kg~! [71]
MnO, g’1
3 NiCoS/CC Nanosheet arrays 1653Fg lat1Ag? 84% after 3000 cycles 40 Wh kg™? 379 Wkg! [72]
4 Ni-Co-MOF/GO Chestnut-like structure 4472Fglat1Ag! 99.6% after 300 cycles - - [73]
5 [Ags(BTC)(IM)]eH,0 3D Spongy network 817.1Fg lat1Ag! 75.01% after 5000 113.5Whkg™' - [74]
structure cycles
6 NCS/PIn composites Hemisphere 397Fglatl1Ag! - 13.7Whkg ! 254 Wkg ! [75]
7 NiFe,0, Sheet-like structure 240.9F g lat1Ag! 128% after 2000 cycles ~ 10.15Whkg™! 140 Wkg™! [76]
8 NiFe,0,4 Nanoflakes 342Fg'at0.833Ag! - - - [771
9 NiFe;04 Octahedral Nanocrystals 562.1Fg lat4Ag! 80.3% after 1500 cycles 3491 Whkg™' 1100 W kg™! [78]
10 NiFe;04/MoS; Nanoparticle on nanosheets 506 Fg~'at1Ag™" 90.7% after 3000 cycles  — - [79]
11 PEDOT-NiFe,04 Nanoparticles 251Fg lat+ImAcm 2 - 34.86 Whkg™! - [10]
12 NiFe,04/Graphene Nanosheets 4641Fg lat1Ag! 140% after 5000 cycles ~ 7.39 Whkg™! 7000 W kg~? [80]
13 rGO—NiFe,0, - 345.0Fg lat1Ag™! - - - [81]
14 rGO—NiFe,0, Nanoparticles 215.7Fglat0.5A g 89.4% after 10,000 - - [82]
cycles
15 MOF derived NiFe;04 Mesh-like structure 833Fg 'at0.25A g’ 73% after 700 cycles 42 Whkg™* 154 Wkg! This
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Fig. 8. (A) Nyquist plot (inset show equivalent fitted circuit), and (B) Plot of capacitance retention versus cycle number of NFO500 electrode.
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4. Conclusions

MOF derived NiFey04 (NFO) of different morphologies were syn-
thesized by the solvothermal method and subsequent annealing.
Annealing temperature played a crucial role in determining the
morphology of the samples. Different morphologies such as threads,
mesh-like structures, and grains were achieved at annealing tempera-
tures of 460 °C, 500 °C, and 550 °C, respectively. The MOF derived NFO
obtained by annealing at 500 °C (NFO500) contains Ni**, Fe?", and Fe3*
states with NiO impurities and some carbon derivatives due to the
incomplete decomposition of the organic ligand. NFO500 rhombus
nanoplates with interconnected mesh-like structure significantly
improved the electrochemical performance of the supercapacitor. Mes-
oporous nature of NFO500 with a surface area of 38.17 m? g™ aids in
shortening charge transfer pathways and improving the active sites for
reversible surface redox reactions. MOF derived NFO500 exhibited a
high specific capacitance of 833 F g~ at 0.25 A g~! compared to that of
NFO460 and NFO550 in 1 M KOH electrolyte solution. NFO500 elec-
trode also displayed excellent electrochemical performances in terms of
specific energy and specific power (42 Wh kg™! at 154 W kg™1). Cyclic
stability study of NFO500 electrode revealed 74% capacitance retention
with 84% coulombic efficiency after 3000 cycles at 3 A g~ *. The superior
supercapacitive performance of NFO500 compared to other electrodes is
attributed to better charge transfer ability and the mesh-like structure,
which allowed electrolyte ions to penetrate the electrode completely.
This study may pave the way to tailor the morphologies of MOF derived
nanostructures for supercapacitor applications.
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