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Chronopotentiometry electrodeposition was used to synthesize manganese chromite metal organic framework
(MnCr-MOF- 1) on nickel foam (NF) where 1 represents, the duration of the electrodeposition time in minutes.
The same procedure was used to deposit cobalt nickel iron layered double hydroxide (CoNiFe-LDH) on MnCr-
MOF-20 min to form the MOF-20 min @ CoNiFe-LDH. The synergetic effect of the highly porous MOF with a
metal centre and branches with enhanced conductivity increases the performance of the composite. The high
reversible redox kinetics of the LDH endowed the composite electrode with high electrochemical performance.
The electrode yielded a specific capacity of 296 + 5 mAh g ! at a specific current of 0.5 A g~! in a 3-electrode
set-up with a high-capacity retention of 70.4 % after 5, 000 galvanostatic charge discharge (GCD) cycles in 2 M
KOH electrolyte. The composite was incorporated into a supercapacitor device with activated carbon from
Amarula husk (AMH) as the negative electrode. The fabricated MOF-20 min @ CoNiFe-LDH//AMH device
produced a high electrochemical performance in a 2-electrode set-up with a specific energy of
76.6 + 0.5 Wh kg1 at a specific power of 724.9 + 0.5 W kg~ 1. The device also showed great stability with a

capacity retention of 81.2 + 0.5 % after 10, 000 GCD cycles at 10 A g™ 1.

1. Introduction

There is an urgent need to revolutionise energy storage systems to
facilitate the shift from hazardous fossil fuels to renewable energy
sources [1-4]. Supercapacitors offer some favourable attributes that
lead them to be favoured in replacing or complementing lithium-ion
batteries (LIBs). These include a larger specific power, longer cycling
life, and faster charge-discharge compared to LIBs [5-8]. Among the
components of a supercapacitor, the electrode has a significant contri-
bution to the overall electrochemical performance of the supercapacitor
device [9,10].

Metal organic frameworks (MOF) which are crystalline materials
built from inorganic metal ions and organic linkers have been investi-
gated intensively for supercapacitor applications as positive electrodes
[11]. This is due to their high specific capacity which is attributed to
their porosity permitting ion access, large specific surface area, and huge
regions of transitional metal sites accessible to electrolyte ions which
become redox active sites for electrochemical reactions [12-14].

* Corresponding authors.

Bimetallic MOF are known to possess more favourable features
compared to monometallic MOF due to the enhanced electronic con-
ductivity and high redox activity introduced by the availing of a
different metal centre and collaborative benefits of two different metals
in the MOF nanostructures [15-18]. However, MOFs suffer from poor
electrical conductivity, poor rate performance and poor chemical sta-
bility which hinder their use as electrode material for supercapacitor
applications [19,20]. This can be alleviated by either using MOF de-
rivatives or MOF composites. The latter has advantages like better
electron conduction and mild synthesis which retains microstructure
such as the pore structure for ion diffusion [21,22]. Layered double
hydroxides (LDH) are favourable candidates for constructing MOF
composites due to their layered structure suitable for shorter diffusion
distances, the availability of metal cations with a range of oxidation
states and the availability of many redox active sites [23,24]. Fangqi Ye
et. al epitaxially deposited NiCo-LDH nanowrinkles onto Co-MOF, and
the synthesized Co-MOF@NiCo-LDH composite which yielded an
enormous areal capacitance of 44.1 F cm™2 at current density of
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5 mA cm 2 compared to 17.0 F cm 2 for the pristine Co-MOF [21].
Wenwen Zheng et. al used in-situ nucleation to grow Ni-MOEF/S on
NiAl-LDH, and the composite NiAl-LDH/ Ni-MOF/S produced a high
specific capacitance of 1670 Fg L at1 A g! compared to 1140 F g~* for
Ni-MOF [25].

The synthesis method is a principal factor to be considered when
fabricating an electrode as it affects features such as the dimensionality,
specific surface area and architecture of the electrode material which in
turn influence the charge-discharge process [26]. The electrodeposition
route benefits from excluding insulating polymeric binders which makes
it important to add conducting additives to compensate for the loss in
electric conductivities. Additionally, it is easy to regulate the desired
features of the electrode materials such as thickness and morphology by
adjusting parameters such as solution concentration, deposition time
duration, voltage and current [27-30]. For example, Hamed Soltani et.al
observed a significant variance in the specific capacitance of
g-C3N4/MnO; for three electrodes electrodeposited with a duration of 1,
2 and 3 min, yielding a specific capacitance of 87.6, 67.0 and 49.5 F g1
at 0.5 A g1, respectively. The drop in the specific capacitance with
deposition time was attributed to the rise in the MnOj thickness leading
to a decrease of the amount of active materials per unit area and the
specific area, this occurs since the majority of the electrochemical re-
actions take place on the surface [31].

In this work, chronopotentiometry electrodeposition was performed
twice, first to electrodeposit MnCr-MOF-t, on nickel foam substrate
where 7 is the electrodeposition time whose values are 10, 20 and
30 min. The deposition time of 20 min yielded the best electrochemical
performance in 2 M KOH electrolyte and therefore CoNiFe-LDH was
electrodeposited on it to form the MOF-20 min @ CoNiFe-LDH com-
posite electrode. This electrode yielded a high specific capacity of 296
mAh g_l. A supercapacitor device, MOF-20 min @ CoNiFe-LDH//AMH
was then assembled with CoNiFe-LDH electrode as the positive electrode
and activated carbon from Amarula husk (AMH) as the negative elec-
trode in 2 M KOH. The device produced a great electrochemical per-
formance with a specific energy of 76.6 & 0.5 Wh kg ~! corresponding to
a specific power of 724.9 W + 0.5 kg ™! at 1 A g~!. The cycling stability
of the device was incredibly good with capacity retention of
81.0 + 0.5 % after 10,000 constant GCD cycles at 10 A g~1. The high
performance of the device can be credited to the synergetic effect of LDH
and the MOF with the enhanced electrical conductivity provided by the
introduction of the carbon material in the device resulting in a large
specific capacity aided by the electrodeposition synthesis which ensured
robust contact with the current collector.

2. Experimental section
2.1. Materials

The chemicals were without further purification. Deionised water
[DW] was purified using the DRAWELL purification machine, and NF
was purchased from Alantum (Munich, Germany). Manganese acetate
hexahydrate [Mn(CH3CO3)2-4H20] (purity > 99 %), chromium(III)
potassium sulphate dodecahydrate [KCry(SO4)-12H20] (purity >
99 %), sodium sulphate [NaySO4] (purity > 99 %), cobalt nitrate
hexahydrate [Co(NO3)206H20] (purity > 99 %), nickel nitrate hexa-
hydrate [Ni(NO3)206H20] (purity > 99 %) and iron III nitrate non-
ahydrate [Fe(NO3)309H,0] (purity > 99 %) were all purchased from
Merck (Johannesburg). Hydrochloric acid [HCl], ethanol [CH3CH;OH]
(purity99.9 %) (purity32 %), and acetone [(CH3)2CO] (purity >
99 %) were acquired from (Sigma Aldrich, Steinheim, Germany). 1-
Methylimidazole (1-MIM) and 2-Methylimidazole (2-MIM) were pur-
chased from LABCHEM (Johannesburg, South Africa).

2.2. Preparation of NF substrate

The chemical cleaning of NF followed the procedure covered in our
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previous work [23]. The purchased NF when exposed to damp humid
air, tends to form an inert hydroxide/oxide layer, this cleansing pro-
cedure is meant to remove this layer. Briefly, a 2 cmx 1 cm NF piece was
successively dipped for 20 min in 1 M HCI, followed by acetone, then
ethanol and finally DW. The cleaned piece was then dried for 12 h in an
oven at 60° C.

2.3. Preparation of MnCr-MOF-t on NF

Solution A was prepared by immersing 0.03 M of (1-MIM) and
0.06 M of (2-MIM) in 100 mL of DW. The solution was stirred for 45 min
at room temperature using a magnetic stirrer. Solution B was prepared
by adding 0.01 M Mn(CH3CO3),-4H20 and 0.01 M of KCry(SO4)2-12H50
into 100 mL of DW. This solution was then stirred for 45 min at room
temperature.

The two solutions were then mixed and stirred again for 30 min to
produce solution C. Room temperature chronopotentiometry electro-
deposition was used by applying a constant current density of
10 mA cm ™2 for 10 min in a three-electrode set-up using the Bio-Logic
workstation with chemically cleaned NF, platinum wire and Ag/AgCl
as the working electrode (WE), counter electrode (CE), and reference
electrode (RE), respectively in solution C. The electrode was then rinsed
in DW and dried in the oven at 60° C for 12 h. The procedure was
repeated for 20 and 30 min and the electrodes were labelled as MnCr-
MOF-10 min, MnCr-MOF-20 min, and MnCr-MOF-30 min with elec-
trode mass loadings of 0.6, 1.0 and 1.3 + 0.1 g cm ™2 respectively.

2.4. Synthesis of CoNiFe-LDH, MOF-20 min @ CoNiFe-LDH and AMH

CoNiFe-LDH was grown directly on NF following this procedure:
0.01 M of Co (NO3)206H50, 0.01 M of Ni (NO3),e6H20 and 0.01 M of Fe
(NO3)309H,0 were added into 500 mL of DW. The mixture was stirred
using a magnetic stirrer for 45 min before it was taken for the electro-
deposition using the procedure described in Section 2.3 but with the CE,
RE and WE dipped in this solution in place of solution C. The electrode
was labelled as CoNiFe-LDH.

To synthesise the composite electrode, MOF-20 min @ CoNiFe-LDH,
this procedure was repeated but with MnCr-MOF-20 min being used as
the WE instead of NF. The synthesis of MOF-20 min @ CoNiFe-LDH is
illustrated in Scheme 1. AMH was synthesized following our previous
work [32]. The mass loadings of CoNiFe-LDH, MOF-20 min @
CoNiFe-LDH and AMH 1.0, 1.9 and 6.0 & 0.1 cm ™2 respectively.

2.5. Material characterisation

The Zeiss ULTRA PLUS FEG-SEM (Akishima-Shi, Japan), which also
contains an energy-dispersive X-ray spectroscopy was employed to
obtain the morphology and elemental composition of MnCr-MOF-
20 min, CoNiFe-LDH and MOF-20 min @ CoNiFe-LDH electrodes. The
transition electron microscopy (TEM) images were acquired using the
JEOL JEM 2100 F operating at 1.0 kV. The device operates with an
accelerating voltage of 2.0 kV. The WITec alpha-300 RAS+ confocal
micro-Raman microscope (Focus Innovations, Ulm Germany) was used
to perform the Raman analysis of the electrodes. The measurements
were conducted using a 532 nm laser at a power of 5 + 0.3 mW, with a
spectral acquisition of 450 s using a 50X objective.

2.6. Electrochemical characterisation

The measurement of the electrochemical performance of the elec-
trodes was done using the Bio-Logic workstation potentiostat. In a 3-
electrode set-up, the RE and CE operated as stated in Section 2.3
while the WE were MnCr-MOF-t, CoNiFe-LDH, and MOF-20 min @
CoNiFe-LDH. GCD, cyclic voltammetry (CV) and Potentiostatic electro-
chemical impedance spectroscopy (EIS) were all performed in 2 M KOH
for both the half and full-cell configuration. This was performed using an



G. Rutavi et al.

Journal of Alloys and Compounds 1037 (2025) 182271

0.01 M of Mn(CH;CO,),*4 H,0
And 0.01 M KCr,(SO,).12H,0

MOF-20 min @ CoNiFe-LDH

0.03M of 1-MIM
and 0.06 M 2-MIM

= n- X

Chronopotentiometry electrodeposition

MnCr-MOF-20 min

0.01 M of Ni (NO3),*6H,0,0.01 M of
Co(NO;),*6H,0 and
0.01 M of Fe (NO;),*9H,0

Chronopotentiometry electrodeposition

CoNiFe-LDH

Scheme 1. Schematic illustration of the synthesis of MOF-20 min @ CoNiFe-LDH electrode.

alternating voltage of 10 mV, the frequency range was from 100 kHz to
10 mHz.

3. Results and analysis
3.1. Microstructural characterisation and analysis

Fig. 1 shows the SEM micrograms of MnCr-MOF-t, Fig. 1(a) shows
the sparsely grown octahedral crystals of MnCr-MOF-10 min with an
average diameter (d ~ 100 + 5nm), as the electrodeposition time in-
creases, the nanocrystals group together as shown in MnCr-MOF-20 min
in Fig. 1(b). This arrangement displays enhanced porosity and increased
pathways for ion transport. In Fig. 1(c), the nanocrystals have merged
with increased thickness, collapsing the octahedral arrangement.

Fig. 2 shows the SEM images of MnCr-MOF-20 min, CoNiFe-LDH,
and MOF-20 min @ CoNiFe-LDH. In Fig. 2(a) and (b), the MnCr-MOF-
20 min images at low and high-magnification show octahedral structure
with a distribution that can permit ion transport. This is consistent with
some reported morphology for MOFs [33]. In Fig. 2(c) and (d), the
CoNiFe-LDH images at low and high resolution show some nanosheets.
The structure provides channels for ion diffusion. Fig (e) and (f) show
the micrograms of MOF-20 min @ CoNiFe-LDH at low and high reso-
lution. The morphology shows the LDH nanosheets wrapped around the
MnCr-MOF-20 min nanostructures. The amalgamation of the nano-
sheets and octahedral nanostructure increases revealing more sites for
both adsorption and mobility of ions.

Fig. 2(g-n) EDS mapping of MOF-20 min@ CoNiFe-LDH, showing the

Fig. 1. SEM images of (a) MnCr-MOF-10 min, (b) MnCr-MOF-20 min and (c)
MnCr-MOF-30 min.

Cr (j) Mn
10 pum

Fig. 2. (a, b), (c, d) and (e, f) present low- and high-resolution micrographs of
MnCr-MOF-20 min, CoNiFe-LDH and MOF-20 min@ CoNiFe-LDH, respectively.
(g-n) EDS mapping of MOF-20 min@ CoNiFe-LDH.

elements of the MOF and LDH evenly distributed.

In Fig. 3(a) for MnCr-MOF-20 min, the oxygen (14.8 & 0.1 %) comes
from the metal-oxygen coordination, the high proportion suggest an
oxygen rich porous MOF while, Mn (4.9 &+ 0.1 %) and Cr (4.2 + 0.1 %)
are part of the metal nodes, the high proportion of nickel due to the
nickel substrate show that the deposited MOF film is thin. In Fig. 3(b) for
CoNiFe-LDH, Co (0.8 + 0.1 %), Ni (98.5 + 0.1 %), and Fe (0.6 + 0.1 %)
are from the metal centres while the high proportion of the nickel is due
to the Ni substrate. In Fig. 3(c) for MOF-20 min@ CoNiFe-LDH, all the
elements from MnCr-MOF-20 min and CoNiFe-LDH are present, the
drop in the Ni proportion to 75.8 % suggest better coverage of the
substrate.

Fig. 4 shows the TEM image MOF-20 min @ CoNiFe-LDH. The MOF
nanostructures show a dense array surrounded by sheets of LDH nano-
sheets. This arrangement is related to the amalgamated SEM image in
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Fig. 3. EDS spectra of (a) MnCr-MOF-20 min, (b) CoNiFe-LDH and (c) MOF-
20 min@ CoNiFe-LDH. The inserts show the proportions of the elements.

Fig. 4. TEM image of MOF-20 min@ CoNiFe-LDH.

Fig. 2(f).

Fig. 5(a) shows the Raman spectrum of MnCr-MOF-20 min, CoNiFe-
LDH and MOF-20 min @ CoNiFe-LDH in the Raman shift range of
100-3000 cm ™. 463 + 1 cm ™! is the bending of the metal-nitrogen or
metal-oxygen bond. 643 £ 1 cm™! corresponds to the stretching of the
meatal nitrogen bond and the C-N out-of-plane bending of the aromatic
ring contributes to the peak at 855 + 1 cm™'. The stretch of the C-N
bond and the N-H wag are responsible for the 1428 cm™! peak. The
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Fig. 5. The Raman spectra of MnCr-MOF-20 min, CoNiFe-LDH and MOF-
20 min @ CoNiFe-LDH.

stretching of the C=N and C=C bond causes the 1674 + 1 cm*
vibrational mode. Finally, the peak at 2926 + 1 cm ™" is due to the C-H
asymmetric stretch in the methyl group [34]. For CoNiFe-LDH, the
bending of the metal oxygen bond and the metal hydroxide bond cause
the peaks at 504 + 1 and 545 + 1 cm ™, respectively. In MOF-20 min @
CoNiFe-LDH, the main peaks for the MOF and the LDH are present,
signifying the successful synthesis of the composite [35,36]. The MOF
peaks shifted to right in the composite (blue-shift), this can be attributed
to the increased crystallinity as the MOF can undergo reorganisation in
composite formation causing a blue shift due to diminished vibrational
freedom [37].

3.2. Electrochemical performance of the as-synthesized electrode

3.2.1. Three-electrode evaluations

Fig. 6 shows the electrochemical of MnCr-MOF-20 min, CoNiFe-LDH
and MOF-20 min @ CoNiFe-LDH in a 3-electrode set-up using 3 M KOH
as an electrolyte. Fig. 6(a) shows the CV curves of these electrodes in a
potential difference range of 0-0.4 V vs Ag/AgCl. All the curves are
characterised by peaks this shows that the Faradaic redox reaction is the
most dominant energy storage in all the electrodes. The composite
electrode, MOF-20 min @ CoNiFe-LDH shows the largest current
response and the most prominent peak, this can be credited to the
presence of the additional LDH metal sites into the frameworks which
enhances redox reaction while the electrical conductivity is improved by
the formation of oxygen vacancies [38]. The peak of the composite is
shifted to the right meaning more electrical energy is required for
oxidation to occur, this is due to the metal centres (Co, Ni and Fe)
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specific current, (d) EIS Nyquist plot (the inset is magnified high frequency region), (e) Coulombic efficiency and (f) capacity retention.

experiencing stronger coordination with the MOF. Fig. 6(b) shows the
GCD curves of the three electrodes, the inclined plateaux are a further
testimony of the redox reactions [39]. The most prolonged discharge
time of MOF-20 min @ CoNiFe-LDH echoes the current response shown
in Fig. 6(a). Fig. 6(c) shows the plots of specific capacity as a function of
specific current. The specific capacity (Qs) was calculated using Eq. 1
[40]:

1
LAt

-1
[mAhg }73.6

Qs (€Y
where I is the specific current (Ag™!) and At is the discharge time (s).
The specific capacities at the specific current of 1 A g~* are 127, 139 and
296 + 5mAh g’1 for MnCr-MOF-20 min, CoNiFe-LDH and MOF-20 min
@ CoNiFe-LDH, respectively. The superior specific capacity of MOF-
20 min @ CoNiFe-LDH shows the benefit of combining the LDH and
MOF to take advantage of the individual attributes of the individual
electrodes. Fig. 6(d) is the EIS Nyquist plot of the three electrodes for a
frequency range of 10 mHz to 100 kHz. The complex impedance and its
magnitude are in terms of its real and imaginary impedance as shown in
Egs. (2) and (3):

Z() = Z'(0) +jZ"(o) 2

1Z(0) |* = Z/(w)* + 2/(w)? 3)
Where Z(0), |Z(w)|, Z(w) and Z"(®) are the complex impedances, the
magnitude of the complex impedance, the real and imaginary imped-
ance (Q), repectively, ® = 2xf is the angular frequency (rad s 1) and j =
/=1, is the imaginary number.

The equivalent series resistance (ESR) values are 1.4, 0.6 and 0.5Q
for MnCr-MOF-20 min, CoNiFe-LDH and MOF-20 min @ CoNiFe-LDH,
respectively. The values show that combined resistance at the
electrode-current collector and the electrode-electrolyte are all low, this
can be attributed to the electrodeposition synthesis route which ensures
a strong adhesion of the electrode material to the current collector which
also improves the electronic conductivity [27,41,42]. Furthermore,
MOF-20 min @ CoNiFe-LDH has the lowest ESR value and the shortest
diffusion length of the plot along the imaginary impedance (Z'(®)) axis,
this signifies a higher specific capacitance since capacitance is inversely
proportional to imaginary impedance [43]. Fig. 6(e) shows a compari-
son of the coulombic efficiency of samples for 5000 GCD cycles at
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The coulombic efficiency (1) was calculated using Eq. (4) [44,45]:

At
%] = ATD x 100 % 4)
C

where At; and Atp are charging and discharging times (s) respectively.
The coulombic efficiency values are 99.7, 99.9 and 99.8 + 0.1 % for
MnCr-MOF-20 min, CoNiFe-LDH and MOF-20 min @ CoNiFe-LDH,
respectively. The capacity retention of the electrodes was plotted in
Fig. 6(f). The capacity retention at the 5000th cycle was, 65.5, 68.9 and
70.4 £ 0.1 % for MnCr-MOF-20 min, CoNiFe-LDH and MOF-20 min @
CoNiFe-LDH, respectively. These extremely high stability values show
near-perfect reversibility of the redox reaction while performing GCD
[46].

These results show that the electrochemical performance of MOF-
20 min @ CoNiFe-LDH surpasses that of MnCr-MOF-20 min and CoNiFe-
LDH, which could be due to the composite electrode benefiting from the
synergetic effect of the individual electrode materials with the MOF
availing large surface area with adjustable pore sizes and the LDH
contributing to the increase in the rate capability and electrical con-
ductivity. For this reason, MOF-20 min @ CoNiFe-LDH was chosen for
further analysis.
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Fig. 7 shows the electrochemical analysis of MOF-20 min @ CoNiFe-
LDH in 2 M KOH, in a three-electrode configuration. Fig. 7(a) shows the
CV plot in a potential difference range of 0.0-0.4 (V vs Ag/AgCl). The
plots show redox peaks which diminish as the scan increases. This is the
effect of the diffusion of electrolyte ions into the electrode material
pores, and this occurs more efficiently at low scan rates. This is due to
the limited interaction time between electrode active species and the
electrolyte ions as the scan rate increases, the broadening of the peaks is
due to electrode resistance [47,48]. The shift of the reduction and
oxidation peaks towards higher potentials is caused by a build-up in
resistance as scan rate increase signifying a drop in reversibility[49].
The prevailing energy storage mechanisms taking place can best be
evaluated by expressing the specific current (I;) from the CV as a
function of the scan rate (v) using the power law shown in Eq. (5) [50]:

(V) =al (5)
where a and b are constants which can be obtained after linearization as
shown in Eq. (6):

logly(V) = a+ blogv (6)

After plotting a linear graph of logl; (V) vslogy, a and b will be the
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y-intercept and the gradient. The values of b are in the range of
0.5 <b < 1.0, with values approaching 0.5 being for the diffusion-
controlled mechanism and 1.0 for the surface-controlled mechanism
[51]. Fig. 7(b) shows such a plot; the plot is highly linear as the coeffi-
cient of determination, R? value of 0.999 =+ 0.005 is close to unity. The
values of b are 0.60 and 0.66 + 0.01 for the anodic and cathodic re-
actions, respectively, these values show that both processes are
participating but the diffusion-controlled process dominate the energy
storage mechanism of MOF-20 min @ CoNiFe-LDH since the values are
closer to 0.5 than to 1.0. For an in-depth analysis of the surface and
diffusion-controlled process for a range of scan rates, a model is used
which assumes that the current (I(V) partially varies with the scan rate
and the square-root of the scan as given by a version of the Dunn model
Eq. (7) [52,53]:

I(V) = Hyv + v/Hav @)

Where H;v and Hyv are the proportions of the specific current
contributed by the surface and diffusion-controlled processes, respec-
tively. H;(F) and Hy (AF or CS) are the constants obtained by rear-

ranging Eq. (5) and plotting I%) vs 1/v. The values of H; and H, are the

gradient and the square of the y-intercept, respectively. When these
values were substituted back into Eq. (5), the surface and diffusion-
controlled contribution were calculated and displayed in the bar chart
graph in Fig. 7(c). Diffusion-controlled processes dominate all the scan
rates while the surface-controlled process increases gradually with the
scan rate to reach a maximum of 35 % at a scan rate of 100 mV s~ .
Fig. 7(d) shows the GCD for a range of I; from 1 to 10 A g~1. All the
traces show symmetric curves with tilted plateaux, showing high
reversible Faradaic reactions characterising the energy storage mecha-
nism of the composite electrode [54]. Fig. 7(e) shows the coulombic
efficiency and capacity retention of the electrode for 5000 GCD cycles.
The Coulombic efficiency (CE y) and the (CRy) of the Nth cycle were
calculated using Eqs. (8) and (9):

Atpy
%] =
el = 52 ®
Atpy
CRy[%] = 9
N[ 0] Atp )

Where Atpy and Aty are the discharging and charging times (s) for the
nth cycle respectively and Atp; and Atpy are the discharge times (s) for
the first and N™ cycle, respectively. The coulombic efficiency and the
capacity retention were 99.8 + 0.1 % and 87.0 & 0.1 %, respectively
after 5, 000 cycles. This shows great electrochemical stability which can
be credited to the electrodeposition method which ensures robust
bonding of the electrode material to the current-collector and the syn-
ergetic effect of the LDH and the MOF.A comparison of the MOF-20 min
@ CoNiFe-LDH with some bimetallic MOFs composite electrodes re-
ported in literature is summarised in Table 1. The specific capacity for
this electrode is significantly higher than those of some electrode re-
ported in literature as shown in the table. The capacity retention is
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comparable with some of the electrodes. This makes the electrode
suitable for incorporation into a supercapacitor device.

3.2.2. Electrochemical performance of the supercapacitor device

To evaluate its performance when integrated into a supercapacitor
device, MOF-20 min @ CoNiFe-LDH was incorporated in a coin-cell
asymmetric supercapacitor MOF-20 min @ CoNiFe-LDH//AMH device
as a positive electrode while activated carbon from Amarula husk
(AMH) served as the negative electrode in 2 M KOH electrolyte. Mass
balance was employed to ensure that electrodes do not end up charging
each other, this was done according to Eq. (10)

m_ 3.6 Qg
m.o oV 10)
Where m_/m_ is the mass ratio of the negative to the positive electrode
materials, Qs is the specific capacity of the positive electrode while C_
and V_ are the specific capacitance (Fg~!) of the electrode and the
electrode potential (V) respectively, of the negative electrode. The
calculated mass ratio m_ : m; was approximately 6:1 hence the mass
loading on the negative and positive mass ratios were 6.0 mg +
0.1 cm 2 and 1.0 + 0.1 mg cm 2, respectively. This gives electrode
mass of 7.0 mg + 0.2 cm ™2 for the coin cell device.

Fig. 8(a) shows the CV curves of the MOF-20 min @ CoNiFe-LDH and
AMH at a scan rate of 20 mV s~ '. The trace of AMH lacks peaks due to
electric double-layer capacitance (EDLC) which is a characteristic of
carbon materials like activated carbon, this is in contract with the curve
of MOF-20 min @ CoNiFe-LDH which shows prominent Faradaic peaks.
Fig. 8(b) to (f) shows the electrochemical performance of MOF-20 min
@ CoNiFe-LDH//AMH. The CV in Fig. 8(b) shows EDLC tendencies at
lower potentials while the higher potential windows resemble to the
Faradaic charge storage mechanism with the high current response. The
device is able to reach a potential of 1.5 V even though the individual
negative and positive reached —0.8 V and 0.4 V vs Ag/AgCl in the half-
cell set-up respectively, this is because in the 3-electrode set-up, the
potential difference is measured between the WE and the RE and the
—0.8 V and 0.4 V may not be the maximum voltage that is attainable by
then negative and positive electrodes respectively. However, in the de-
vice, the potential in a 2-electrode set-up are between the negative and
positive electrodes and careful mass balance can enable the individual
electrodes to achieve their maximum potential [61]. The maximum of
1.5 V for our asymmetric device instead of just 1.2 V cell potential due to
the careful mass balancing for the asymmetric device. An activated
carbon and a MOF based electrode can separately reach —1.0 and 0.5 V
vs Ag/Ag respectively in aqueous electrolyte. This makes it possible to
attain a maximum cell voltage of 1.5 V in a device since cell voltage will
be AV = V; - (-V2) and can even reach much higher than this due to the
mass balancing in a case of asymmetric device, which is the case for our
asymmetric device.[62,63]. Fig. 8(c) shows the GCD at a range of spe-
cific currents from 1 to 10 A g_l. The curves possess no visible plateaux,
yet they are semi-linear, this shows the existence of both Faradaic and
EDLC charge storage mechanisms in the asymmetric device which can
be characterized as pseudocapacitive. From the GCD, the specific

Table 1
Electrochemical performance of recently reported bimetallic MOF composites in three-electrode systems.
Material Synthesis Capacity Capacity retention/ Ref.
method (mAh g’l) (cycles)
NiCo0204/p-NixCo3x(OH), Hydrolysis and selective oxidation 164 (5A g’l) 90.7 % (10000) [55]
/a-NixCo1.x(OH);
Ni/Co-MOF Hydrothermal 158 (1 A g’l) 75.5 % (3000) [56]
Ni-Fe-O/NPC Calcination 197 (1 A g’l) 88.5 % (10000) [57]
(Ni-Fe)-P-C@HCNFs Electrospinning 193 (1 Ag™H 89 % (10000) [58]
and carbonization
CuCe-MOF@PANI-1 Hydrothermal and electrodeposition 193 (1 Ag™hH) 90 % (10000) [59]
NiCo MOF/VGN Solvothermal 132(1Ag™hH 92.3 % (10000) [60]

MOF—20 min @ CoNiFe-LDH Electrodeposition

296 (0.5A¢g™") 70.4 £0.1 % (5000) This work
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AMH compared to similar devices in the literature.

capacitances were plotted for the range of specific current as shown in
Fig. 8. (d). The specific capacitance is calculated from the GCD using Eq.
(1n.

IsAtD

Clrg 1] = =5

an

The rate capability of at 10 A g™ is 48 £ 1 % which is less than that
of MOF-20 min @ CoNiFe-LDH is due to the increased thickness of the
negative electrode causing extended diffusion routes and diminished
porosity[64]. The high thickness was prompted by the need to attain the
high mass balance ratio in the device m_/m,.

The highest specific capacitance of 254 F g~ was obtained at a
specific current of 1 A g~1. GCD stability at a specific current of 10 A g1
was performed to determine the stability of the device. The coulombic
efficiency and the capacity retention only dropped to 99.9 and 81.2
+ 0.1 % after 10, 000 GCD cycles, respectively.

This high stability is caused by the synergetic effect of the carbon
electrode material and metal oxide. The specific energy (Eg) and specific
power (Pg) for the given range of specific currents were calculated using
the area under the GCD in Fig. 8(c) using Egs. (12) and (13):

V
E. [Whkg] :31%6 /o V(t)dt a12)

~-17 __ E
P, [W kg }73600><AtD

13)

where Ig represents the specific current (A g~!), the integral

fg’ V(t)dt isan area under the GCD (Vs) during discharge and At is the
discharge time (s). The highest specific energy of the device was 76.6

+0.1 Whkg ' with corresponding specific power of 724.9

+0.1W kg_1 at a specific current of 1 A g_l.

To make a comparison of the power and energy performance of the
MOF-20 min @ CoNiFe-LDH//AMH device (this work) with other
related devices in literature which incorporate MOF and LDH compos-
ites electrodes, the Ragone plot Fig. 8. (f) was constructed [65-70]. The
specific energy and specific power obtained compares favourably with
the other related devices in the literature if not more.

Fig. 9(a) shows the Nyquist plot of EIS experiment data of the device
MOF-20 min @ CoNiFe-LDH//AMH, the inset shows the equivalent
circuit used for fitting the data. Fig. 9(b) shows the Nyquist plot of the
device before and after 10 000 GCD cycles. The intercept of the curve
with the real impedance axis at the high-frequency region is represented
on the circuit as Rg corresponding to ESR. It is observed from the table
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Fig. 9. (a) Nyquist plot for the experimental data with the fitting curve using the equivalent circuit as the inset, (b) Nyquist plot before and after 10, 000 GCD cycles
the inset is the enlargement of the higher frequency region, (c) the Bode plot and (d) Real and imaginary capacitance vs frequency of the device.

that Rg drops from 4.9 to 3.8 Q after cycling proving that MOF-20 min @
CoNiFe-LDH//AMH has high electric conductivity and good stability
[71].

This Rg is in series with a branch which contains Rgr, the charge
transfer resistance, which is the impedance caused by Faradaic reactions
[72,73], and correspond to diameter of the semicircle on the experi-
mental curve [74]. Rer increases slightly from 0.3 to 0.4 Q after GCD
stability test. This slight increase can be attributed to the distortions of
the pathways due to ion movement during cycling. This also leads to the
curve at the lower frequency region getting less steep after cycling and
this is caused by the ion diffusion getting less rapid resulting in the drop
of Cpy, from 2.0 to 1.3 £ 0.1 mF. Cp, in the parallel branch is the
double-layer capacitor which manifests in the low-frequency regime,
this is responsible for the curve aligning towards the imaginary
impedance. These EDLC tendencies emanate from the AMH in the de-
vice. The semicircle is depressed due to the existence of the constant
phase element (CPE) represented in the circuit as Rcr [75]. CPE is due to
the imperfections in the supercapacitor which can be caused by charged
impurities in the substrate and/or defects in the electrode material [76].
The CPE impedance is given by Eq. (14) [77]:

1

2ol =gy o

(14)

Where « is the dimensionless exponent (0 < « < 1). When o = 0, the
element is a conductor and when a = 1, it is a capacitor. Qyis modelled
by a circuit element which on one extreme is a capacitor and on the
other extreme it is an electrical conductor (Fs*!). The value of « reduces
slightly from 0.9 to 0.8 after cycling. It remains close to unity denoting
the close resemblance of the CPE to capacitor rather than a conductor/
resistor. The Qo value changes from 0.5F s%! to 0.3Fs %2 This
pseudocapacitance drop is due to the diffusion becoming less rapid. Ry,
in parallel with the CPE is the impedance due to the leakage currents or
self-discharge. The increase of Ry, form 5.3-12.1 + 0.1 GQ is due to the
increase in the movement and redistribution of charge carriers as they
penetrate the depth of the pores, due to cycling [78].

The parameters for the fitting of the Nyquist plot of the MOF-20 min
@ CoNiFe-LDH//AMH before and after cycling for 10, 000 cycles are

shown in Table 2.

Fig. 9(c) displays the Bode plot to show the variation of the phase
angle with the frequency. The phase angle obtained at 10 mHz is —70°,
which is closer to —90° which is the ideal value for a capacitive device.
Fig. 9(d) shows the plot of the variation of the real (C'(»)) and imaginary
capacitance (C(0)) with frequency.

The complex capacitance C(w) is expressed as the complex imped-
ance as shown in Eq. (15):

1
Z(0)[Q] :m (15)
After rearranging, Eq. (16) is obtained:
1 7)) (ZW) 16

C(w)[F] = j

jo(Z(0) +jZ/w) oZ) ] °ozo)]

The complex capacitance can be resolved into the real and imaginary

capacitance components as shown in Eq. 17:

C(0) = C(w) —jC"(w) 17)

Where the real and imaginary capacitance are shown in Egs. (18) and
(19):
Z'(w)

M= gy

18

Table 2
Nyquist plot fitting parameters before and after 10, 000 GCD cycles of MOF-
20 min @ CoNiFe-LDH//AMH.

Parameter Before 10, 000 GCD cycles After 10, 000 GCD cycles
Rs 49+0.1Q 3.8+01Q

Cpr, 2.0 £ 0.1 mF 1.3+ 0.1 mF

Rer 0.3+01Q 04+01Q

Q 0.5+ 0.1 F ! 0.3+ 0.1Fs*!

o 09+0.1 0.8+0.1

Ry 53+£01GQ 121 +0.1GQ
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Cl)E =2, (19)

where = 2xf is the angular frequency (rad s 1). C'() is the accessible
capacitance of the cell that is deliverable, it decreases with frequency
since the penetration of the ions into the pores is impeded at elevated
frequencies, where it approaches zero and the capacitor behaves like a
resistor. C’(w) corresponds to energy lost through irreversible processes
such as the rotation of the electrolyte ions. Its peak value occurs at the
characteristic frequency (fy), where the transformation from resistive to
capacitive behaviour of the capacitor is considered to occur. This leads
to the determination of the relaxation time, T = % This is the minimum
time (s) taken to deliver the stored energy with an efficiency which
exceeds half of its maximum value. The obtained value of 4.9 + 0.1 s is
small, and this denotes the good charge-discharge rate performance of
the device. At fy, the resistive and capacitive reactance are balanced.
[79-82].

4. Conclusion

MnCr-MOF was electrodeposited on NF using chronopotentiometry
electrodeposition. The electrode was labelled MOF-20 min, with an
electrodeposition time of 20 min. The same procedure was used to
electrodeposit CoNiFe-LDH on MnCr-MOF-20 min. The successful syn-
thesis of an LDH and MOF composite was verified through morpholog-
ical and structural characterisation. The electrode yielded a high specific
capacity of 296 =5 mAh g~! at a specific current of 0.5 A g~1. The
composite electrode, MOF-20 min @ CoNiFe-LDH was then set as the
positive electrode in the asymmetric device MOF-20 min @ CoNiFe-
LDH//AMH. The device yielded a remarkable specific energy of 76.6
+0.1 Whkg! at a specific power of 724.9 + 0.1 W kg™!. Stability
measurements of the device resulted in a high capacitance retention of
81.2+ 0.1 % at 10, 000 cycles at 10 A g~'. With this high electro-
chemical performance, the device can contribute to energy storage ap-
plications successfully.
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