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Abstract: The electrode fabrication stage is a crucial step in the design of supercapacitors. The latter
involves the binder generally for adhesive purposes. The binder is electrochemically dormant and
has weak interactions, leading to isolating the active material and conductive additive and then
compromising the electrochemical performance. Designing binder-free electrodes is a practical way to
improve the electrochemical performance of supercapacitors. However, most of the methods devel-
oped for the fabrication of binder-free LDH electrodes do not accommodate LDH materials prepared
via the co-precipitation or ions exchange routes. Herein, we developed a novel method to fabricate
binder-free LDH electrodes which accommodates LDH materials from other synthesis routes. The in-
duced impacts of various physical parameters such as the temperature and time applied during the
fabrication process on the crystalline domain and electrochemical performances of all the binder-free
LDH electrodes were studied. The electrochemical analysis showed that the electrode prepared at 200
°C-1 h exhibited the best electrochemical performance compared to its counterparts. A specific capac-
itance of 3050.95 Fg! at 10 mVs™ was achieved by it, while its Rct value was 0.68 Q. Moreover, it
retained 97% of capacitance after 5000 cycles at 120 mVs™. The XRD and FTIR studies demonstrated
that its excellent electrochemical performance was due to its crystalline domain which had held an
important amount of water than other electrodes. The as-developed method proved to be reliable and
advantageous due to its simplicity and cost-effectiveness.

Keywords: dimethyl sulfoxide; layered double hydroxides; binder-free LDH electrode;
supercapacitor

1. Introduction

The electrode fabrication stage is one of the major steps in the development of techno-
logical devices, such as supercapacitors and batteries [1,2]. It generally includes three main
steps, such as (1) the mixture of the active material, conductive additive and binder with
consideration to the ratio of each component into a solvent to make the slurry [3]; (2) the
coating/casting/dropping of the slurry onto a selected substrate; and (3) the drying of the
as-prepared electrode at a selected temperature and time [4,5]. Normally, binders are in-
volved during the fabrication of electrodes for adhesive purposes. However, binders are
generally dead mass and electrochemically inert. Consequently, they isolate the active ma-
terials as well as the conductive additives. As a result, they compromise the electrochemical
performance of energy storage devices [3]. To solve this issue, the development of binder-
free electrodes is highly encouraged [5-9]. The fabrication of binder-free electrodes is a prac-
tical way to improving the electrochemical performance of supercapacitors as well as
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batteries and reduce the production cost. Compared to traditional electrodes, binder-free
electrodes possess distinctive advantages for electrochemical energy storage applications
among which high mass loading of active materials, a good connection between the active
materials and current collectors since the binder is absent, full utilization of active materials,
and efficient diffusion of electrons and ions within the electrodes [3]. Currently, several
methods to fabricate binder-free electrodes have been developed such as chemical vapor
deposition [10], vacuum filtration [11], hydrothermal/solvothermal [12], aerogel production
[13], electrospinning [14], electrochemical deposition, and electrophoretic [3,15]. The fabri-
cation process of binder-free electrodes generally relies on the direct growth of the electrode
active material onto a specific conductive substrate such as carbon cloth [16], carbon paper
[17] and nickel foam [18]. However, compared to other conductive substrates, nickel foam
has been extensively used as a substrate to make binder-free electrodes due to its advantages
such as high electronic conductivity, high specific surface area, open-pore structure, good
mass transport, and micro-holes. More importantly, it is cheap compared to other conduc-
tive substrates [18].

Nickel foam is generally manufactured through the coating of Ni metal on a polymer
substrate via chemical vapor deposition (CVD) or electrochemical deposition techniques
[19,20]. Normally, the pore size of a nickel foam depends on the polymer’s arrangement
even though it is commonly ranged from 5 to 130 pores per inch [18]. More interestingly,
the nickel foam’s architecture which is usually 3D favors a high specific surface area on
which the electrochemical reactions take place. This makes nickel foam to be a desirable
conductive substrate for many applications. The hydrothermal or solvothermal tech-
niques were reported to be facile and promising routes for the direct growth of the active
material on the nickel foam. As a result, nickel foam has been the most extensively used
conductive substrate compared to others [18].

Layered double hydroxides (LDH) are lamellar inorganic solids considered as promising
electrode active materials for supercapacitors due to their excellent electrochemical property
which is the result of combined impacts of two or more metal cations involved during the
synthesis [21]. Adding to this, various advantages such as facile synthesis, unique structure,
unvarying distribution of diverse metal cations in the brucite layer, surface hydroxyl groups,
high tunability, intercalated are anions with interlamellar spaces, excellent chemical stability,
and the ability to intercalate diverse varieties of anions (inorganic, organic, biomolecules, and
even genes) make them a center of great research attraction [22]. Several LDH materials have
recently been directly synthesized on nickel foam and applied as binder-free electrodes for
supercapacitor applications. However, the majority of them were hydrothermally fabricated
[4,7,8,23-25]. This shows how the current fabrication process of nickel foam-based binder-free
LDH electrodes do not accommodate LDH materials synthesized through other methods such
as the co-precipitation and ion exchange; whereas the latter are the most used techniques to
prepare LDH materials [26,27].

We recently reported on the benefits of dimethyl sulfoxide (DMSO) used as a binder
solvent on the electrochemical performance of layered double hydroxides (LDH) [28].
During the experiment, it was noticed that DMSO prevents the LDH electrode crystalline
structure from great damage due to the electrode drying parameters. More importantly,
the adhesive property of the slurry prepared using DMSO on the nickel foam was remark-
ably high which could probably be due to both DMSO and the electrode drying tempera-
ture. Inspired by this observation and considering that W. Blake Hawley et al., had
demonstrated that the casting temperature can ameliorate the adhesive property of a
slurry, favoring a speed coating and a successful vacuum pressure [29]. We intended to
fabricate LDH electrodes without involving the binder while DMSO was used as a binder
solvent. Benefiting from the spectacular adhesive property of DMSO due to the electrode
drying temperature, several binder-free LDH electrodes deposited on nickel foam were
fabricated. Afterwards, the impacts of physical parameters such as the electrode drying
temperature and time on the crystalline domain and electrochemical performances of the
as-fabricated electrodes were investigated. More interestingly, we developed a novel cost-
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effective method for the growth of LDH materials on nickel foam without binders. More
importantly, this technique can accommodate LDH materials prepared via other synthesis
methods such as the co-precipitation, and exchange ions.

2. Results and Discussion

The crystalline structure is an important part for LDH materials. It was reported that
during the charging step, the surface of LDH materials is not the only part that partici-
pates, the entire crystalline structure is also involved via intercalation/de-intercalation of
electrolyte ions; promoting the excellent energy storage capabilities of LDH materials
[6,30-33]. Therefore, the LDH crystalline domain deserves attention. Figure 1 shows the
XRD patterns of the as-synthesized LDH used as the electrode active material. Even
though this result was discussed in detail in our previous work [28], however, all the dif-
fraction peaks depicted could be attributed to the planes of layered hydrotalcite-like ma-
terial [5,34].

120

(003) — NiCoAI-LDH

Intensity @.u)

20 (degree)
Figure 1. XRD patterns of the as-synthesized LDH used as electrode active material.

Subsequently, Figure 2a,b display the schematic illustration of the fabrication process
of binder-free LDH electrodes as well as the image of the as-fabricated binder-free LDH
electrode. Figure 2c shows the XRD patterns of the LDH-100-1h, LDH-100-1h30, LDH-100-
2h, LDH-150-1h, and LDH-200-1h electrodes. Compared to the XRD patterns of the as-syn-
thesized LDH, the XRD patterns of all the binder-free LDH electrodes displayed types of
disordered stacked structures which could be due to the effects of electrode drying param-
eters [28,35]. Nevertheless, some diffraction peaks corresponding to the plane of layered
hydrotalcite labelled with red starts were observed in the XRD patterns of all the binder-free
LDH indicating that the initial crystalline structures were of the planes of layered hy-
drotalcite-like material, thereafter, they got altered probably due to the applied physical pa-
rameters. The LDH diffraction peaks recorded from the XRD patterns of all the binder-free
LDH electrodes were positioned at 24°, 34°, and 39° indexed to (006), (012), and (015) [5,34].
Adding to this, a diffraction peak located at 11° indexed to (003) was noticed, but only for
the LDH-150-1h electrode. Furthermore, diffraction peaks depicted at 60° indexed to (110)
were also visible for the LDH-100-1h, LDH-100-1h30, and LDH-150-1h electrodes [5,34].
Apart from LDH diffraction peaks, two other diffraction peaks with high intensities were
depicted for all the as-fabricated binder-free LDH electrodes and assigned to nickel foam
[36-38]. In addition, the remaining diffraction peaks observed for all the electrodes beside
those highlighted above were considered as foreign peaks resulting from the electrode fab-
rication process. More interestingly, it was reported that the effects of structural disorder
can be very beneficial for an energy storage device since it can improve the electrochemical
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activity [39,40]. The difference noticed on the intensity or appearance of diffraction peaks
could be attributed to the applied physical parameters. It is known that the LDH crystalline
domain deserves an attention, unfortunately, in this work, the very low intensity of LDH
diffraction peaks recorded for all the binder-free LDH electrodes made the deep analysis of
XRD profiles difficult. As a result, the Fourier transform infrared (FTIR) measurements were
performed for all the binder-free LDH electrodes in order to understand the impacts of ap-
plied physical parameters on the interlamellar for all the binder-free LDH electrodes.
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Figure 2. (a) Schematic illustration of the fabrication process of binder-free LDH electrodes; (b) the
image of the as-fabricated binder-free LDH electrode; (¢) XRD patterns of the LDH-100-1h, LDH-
100-1h30, LDH-100-2h, LDH-150-1h, and LDH-200-1h electrodes; and (d) FTIR spectra of the LDH-
100-1h, LDH-100-1h30, LDH-100-2h, LDH-150-1h, and LDH-200-1h electrodes.

Figure 2d shows the FTIR spectra for the LDH-100-1h, LDH-100-1h30, LDH-100-2h,
LDH-150-1h, and LDH-200-1h electrodes. Generally, the nature of the LDH interlamellar
also determines the electrochemical performance [30,41]. Since it was difficult to under-
stand the nature of the interlamellar for all the as-fabricated binder-free LDH electrodes
using XRD, the FTIR measurements for all the binder-free LDH electrodes were carried
out. To understand the FTIR results, the focus was given to three major regions pointed
out by arrows with different colors. The arrows with the color red refer to the vibration
bands ranging from 3000 to 3600 cm™! that were attributed to the O-H stretch of physically
adsorbed water, water molecules within the interlamellar, and the hydroxyl group [41].
The blue colored arrows refer to the physically adsorbed water stretch; while the pink
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colored arrows refer to carbonate vibrations [42]. Enlargement of curves of vibration
bands assigned to the O-H stretch of physically adsorbed water, water molecules within
the interlamellar, and the hydroxyl group were noticed for the LDH-100-2h and LDH-200-
1h electrodes compared to the LDH-100-1h, LDH-100-1h30, LDH-150-1h electrodes (refer
to the red colored arrows). It must be noted that the width or intensity of an infrared band
is the consequence of the chemical environments within the materials. This reflects also
the strength of intermolecular interactions [43]. Nyongombe et al. have recently demon-
strated that the electrode drying temperature is one of the major factors that triggers
changes in the crystalline domain of LDH electrodes [28]. This leads to the state that due
to the electrode drying temperatures, the hydrogen bonds in molecules of water were dif-
ferently affected resulting in different strengths of interactions of intermolecular within
binder-free LDH electrodes that caused the curves of vibration bands ranging from 3000
to 3600 cm™ to differ in shape [41]. This can be confirmed by the difference in recorded
intensities of bands attributed to vibration of physically adsorbed waters (refer to the blue
colored arrows) [42]. After a deep analysis of bands attributed to the vibration of physi-
cally adsorbed waters, it was observed that the LDH-200-1h electrode possesses a band
with high intensity compared to its counterparts, followed by the LDH-100-2h, LDH-100-
1h, LDH-150-1h, LDH-100-1h30 electrodes, respectively. This reveals the difference in the
amount of physically adsorbed water within the interlamellar of all the electrodes [42]. It
was also recently proved that during the LDH electrode fabrication, the molecule from
the solvent used can easily be intercalated in the interlamellar due to the impact of the
electrode drying temperature and alter the crystalline domain [28]. Considering this and
the reagents used during the fabrication of all the electrodes, it can be assumed that sulfur
particles were released from DMSO due to the electrode drying temperatures according
to Equation (1) [44] and got encapsulated in carbon matrix from the conductive additive,
then both got intercalated into the interlamellar of all the electrodes [45,46]. Consequently,
the interlamellar environment was greatly altered compared to a pure LDH, causing the
diffraction peaks indexed to (003) to be invisible in the XRD patterns of all the electrodes.
This hypothesis can also be supported by the behaviors of carbonate anions in the interla-
mellar of all the electrodes (refer to the pink colored arrows). It is known that more than
one atomic species in the interlamellar of LDH possesses a carbonate anion (C03™) and
the corresponding bands are generally distinguished by a D3 h trigonal planar symmetry
that shows the vibrations V2, V3, V4 which can be located at 860, 1360, 774 cm™, respec-
tively [42,47]. In this work, the recorded bands attributed to carbonate vibrations ranged
from 1355 to 1365 cm™! for all the electrodes indicating the interactions between carbonate
groups and water molecules in the interlamellar. It also demonstrates the existence of frac-
tions of carbonates in the lower symmetry [42,48]. A careful analysis of bands attributed
to carbonate vibrations revealed a difference in their width and intensities. It was ob-
served that the LDH-200-1h electrode possesses a wide and intense band compared to its
counterparts, followed by the LDH-100-2h, LDH-150-1h, LDH-100-1h, LDH-100-1h30
electrodes, respectively. This reveals the interactions of different forms of carbonate anion.
It further informs about the amount of low symmetry carbonate anions in the interlamel-
lar for all the electrodes [42,47]. Therefore, it can be stated that the LDH-200-1h electrode
possesses a high amount of low symmetry carbonate anions in the interlamellar compared
to its counterparts. Followed by the LDH-100-2h, LDH-150-1h, LDH-100-1h, LDH-100-
1h30 electrodes, respectively. Moreover, shoulders at 1427 and 1469 cm™ were also de-
picted for the LDH-100-2h and LDH-100-1h30 electrodes, respectively. These could be at-
tributed to the characteristics of free low symmetry carbonate anion on the surface [47].

2(CH3)2S0 — (CH3)2S0, + (CH3)2S 1)

Afterwards, the morphologies of all the as-fabricated binder-free LDH electrodes
were captured as depicted in Figure 3a—f. The latter compared the morphology of the as-
synthesized LDH used as electrode active material to those of the as-fabricated binder-
free LDH electrodes. The flower-like structures made of nanosheets were noticed as
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morphology for all the binder-free LDH electrodes which were comparable to the mor-
phology of the as-synthesized LDH used as electrode active material. However, it was
observed that the leaves of flowers were opened for the morphologies of all the as-fabri-
cated binder-free LDH electrodes compared to those of the as-synthesized LDH used as
electrode active material. Subsequently, Figure 4a—e display the morphologies of all the
as-fabricated binder-free LDH electrodes at a different magnification revealing the adhe-
sion of slurries on nickel foam. The mass-loading for the as-fabricated binder-free LDH
electrodes is displayed in Table 1. It was noticed that two sets of electrodes possess com-
parable masses. Understanding the casting step can allow the fabrication of electrodes
with constant mass. These results indicate that the applied physical parameters had more
effect on the structural domains than the morphologies.

Figure 3. FESEM images of (a) the as-synthesized LDH used as electrode active material; (b—f) the
LDH-100-1h, LDH-100-1h30, LDH-100-2h, LDH-150-1h, and LDH-200-1h electrodes.
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Figure 4. (a—e) FESEM images of the LDH-100-1h, LDH-100-1h30, LDH-100-2h, LDH-150-1h, and
LDH-200-1h electrodes at a different magnification.

Table 1. Mass-loading for all the electrodes.

Electrodes Mass Loading (g)
LDH-100-1h 0.028
LDH-100-1h30 0.026
LDH-100-2h 0.028
LDH-150-1h 0.026
LDH-200-1h 0.029

The electrochemical analyses were performed to track the effects of physical param-
eters applied during the electrode fabrication on the electrochemical performances of the
LDH-100-1h, LDH-100-1h30, LDH-100-2h, LDH-150-1h, and LDH-200-1h electrodes. The
cyclic voltammetry (CV) measurements were carried out in 1.0 M KOH electrolyte in a
three-electrode system. Figure 5a displays the comparative CV curves for the LDH-100-
1h, LDH-100-1h30, and LDH-100-2h electrodes at the scan rate of 10 mVs™ in a voltage
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window of 0.6 V (vs. Ag/AgCl). As it can be seen, typical Faradaic peaks were noticeable
for all the electrodes showing that their capacitances were the consequences of quasi-re-
versible faradaic redox reactions [30,49,50] due to the combined effects of nickel and cobalt
within the LDH electrodes [51]. Moreover, it was depicted that the CV absolute area of
the LDH-100-2h electrode was larger compared to those of the LDH-100-1h and LDH-100-
1h30 electrodes indicating that its charge storage performance is excellent compared to its
counterparts. Subsequently, the CV curve of the LDH-100-2h electrode was compared to
those of the LDH-150-1h and LDH-200-1h electrodes at 10 mVs as shown in Figure 5b. It
is obvious that the CV absolute area of the LDH-200-1h electrode is larger compared to those
of the LDH-100-2h and LDH-150-1h electrodes indicating that the LDH-200-1h electrode
possesses a high energy storage capacity compared to the LDH-100-2h and LDH-150-1h
electrodes. This was followed by the LDH-100-1h and LDH-150-1h electrodes, respectively.
Moreover, peaks related to the Faradaic redox reactions were also noticed in the CV curves
of the LDH-150-1h and LDH-200-1h electrodes.

25 25
| ——LDH-100-1h LDH-100-2h (b)

2.04 — LDH-100-1h30 (@) s 2.0 ——LDH-150-1h
P LDH-100-2h — —— LDH-200-1h
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g 1.5 | scan rates:10 mvs-T i 1.5 scan rates:10 mVs
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@ l 7]
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Figure 5. (a) Comparative CV curves for the LDH-100-1h, LDH-100-1h30, and LDH-100-2h elec-
trodes at a scan rate of 10 mVs™; (b) comparative CV curves for the LDH-100-2h, LDH-150-1h, and
LDH-200-1h electrodes at a scan rate of 10 mVs,

Afterwards, Figure 6a—e show the CV curves for all the electrodes at different scan
rates (10, 30, 50, 75, and 100 mVs") in the voltage window of 0.6 V. No misshaping was
observed for all the electrodes as the scan rate was increasing from 10 to 100 mVs~, indi-
cating a relatively high-current capability [22]. Studying electrode kinetics mechanisms is
crucial due to the interfacial nature of electrochemistry. Therefore Equations (2) and (3)
[28] were applied for this purpose.

i =icap + idiff = av® )

logi = loga+ blogv 3)
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Figure 6. CV curves for the (a) LDH-100-1h, (b) LDH-100-1h30, (c¢) LDH-100-2h, (d) LDH-150-1h,
and (e) LDH-200-1h electrodes, respectively at various scan rates.

Consequently, Figure 7a—e display the dependence of anodic peak current (ipa) on
the square root of the scan rate for all the electrodes revealing values of their R? which
were considered as their b values. The results demonstrate that the reaction mechanisms
for all the electrodes were governed by the surface capacitance and diffusion-controlled
processes. Thereafter, Equations (4) and (5) [28] were used to estimate the contribution of
each process in the overall kinetic mechanism for all the electrodes.
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Figure 7. Dependence of the anodic peak current (ipa) on the square root of the scan rate for the (a)
LDH-100-1h, (b) LDH-100-1h30, (c) LDH-100-2h, (d) LDH-150-1h, and (e) LDH-200-1h electrodes,

respectively.

Using Equation (5), plots were drawn with i/V'2 against V122 for all the electrodes as
displayed in Figure 8a—e. Then after the linear fit of plots, the values of their slopes were
taken as their ki while the intercepts were their k2 [28]. Multiplying the values of their ki
and k2 by the scan rate of 10 mVs™, the contribution fractions of the surface capacitance
and diffusion-controlled processes and their percentage at the scan rate of 10 mVs for all
the electrodes were revealed in Figure 8f. From the results, it was noticed that the
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diffusion-controlled process contributed the most to the overall charge storage mecha-
nisms for all the electrodes showing that the dominant mechanisms were battery-like [28].
However, the percentage of the contribution of the diffusion-controlled process to the
overall charge storage mechanism was different from one electrode to the other, probably
due to the nature of their interlamellar domain.
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Figure 8. Linear relationship related to various potential levels of i/V1/2 against V1/2 for the (a)
LDH-100-1h, (b) LDH-100-1h30, (¢) LDH-100-2h, (d) LDH-150-1h, and (e) LDH-200-1h electrodes,
respectively; (f) contribution fractions of the surface capacitance and diffusion-controlled processes
for the LDH-100-1h, LDH-100-1h30, LDH-100-2h, LDH-150-1h, and LDH-200-1h electrodes, respec-
tively, at the scan rate of 10 mVs™.
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Thereafter, the specific capacitances for the LDH-100-1h, LDH-100-1h30, LDH-100-
2h, LDH-150-1h, and LDH-200-1h electrodes were calculated from CV curves at the scan
rate of 10 mVsusing Equation (6) [30], and the calculated values are presented in Table
2. Meanwhile, Table 3 compared the specific capacitance of the LDH-200-1h electrodes
with other reported NiCoAl-LDH electrodes.

1
VmAVif

Csp = T EYdE (6)

where Csp is the specific capacitance (Fg™), V is the scan rate (Vs), m is the mass of active
material on the substrate (g), AV is the potential window applied for the measurements
(Vi to Vf), and the integral term is the absolute area of the CV curve.

Table 2. Specific capacitances calculated from the CV curves at the scan rate of 10 mVs™.

Electrodes Specific Capacitances Scan Rate
LDH-100-1h 2467.70 Fg! 10 mVs!
LDH-100-1h30 2252.43 Fg! 10 mVs!
LDH-100-2h 2489.34 Fg 10 mVs!
LDH-150-1h 1110.16 Fg! 10 mVs!
LDH-200-1h 3050.95 Fg! 10 mVs!

The electrochemical impedance spectroscopy (EIS) measurements were also per-
formed for the LDH-100-1h, LDH-100-1h30, LDH-100-2h, LDH-150-1h, and LDH-200-1h
electrodes in a frequency ranging from 100 kHz to 100 mHz at open circuit potential. It is
known that Rs shows the resistance of the electrolyte, while the charge transfer impedance
on the interface electrode/electrolyte is represented by Rct [30,52]. Figure 9a exposes the
comparative Nyquist plots for the LDH-100-1h, LDH-100-1h30, LDH-100-2h electrodes.
All the electrodes displayed slight semicircles in the high-frequency region, whereas the
almost straight lines were observed in the low-frequency region. Generally, a slight sem-
icircle in the high-frequency region indicates the faradaic reaction [53]. While the almost
straight line in the low-frequency region informs about the diffusion of redox species and
their kinetics [30,54]. The insert in Figure 9a shows the zoomed comparative Nyquist plots
for the LDH-100-1h, LDH-100-1h30, LDH-100-2h electrodes. As it can be seen, the LDH-
100-2h electrode exhibited a low Rct compared to its counterparts, followed by the LDH-
100-1h electrode. Thereafter, the Nyquist plot of the LDH-100-2h electrode was compared
to those of the LDH-150-1h and LDH-200-1h electrodes as displayed in Figure 9b. How-
ever, it is noticeable from the zoomed comparative Nyquist plots shown in the insert in
Figure 9b that the LDH-200-1h electrode possesses a low Rct compared to the LDH-150-
1h and LDH-100-2h electrodes; the recorded Rct values for all the electrodes are displayed
in Table 4.
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Figure 9. (a) Nyquist plots for the LDH-100-1h, LDH-100-1h30, and LDH-100-2h electrodes; and (b)
Nyquist plots for the LDH-100-2h, LDH-150-1h, and LDH-200-1h electrodes.

Table 3. Capacitance performance of various NiCoAL-LDH-based electrode.

Electrodes Specific Capacitance Electrolyte References
NiCoS@SBA-C 1757 Fg'-1 A g! 6 M KOH [55]
CuC025:@NiCoAl-LDH/NF 1876 Fg-1 A g! 6 M KOH [56]
Cu2:10@NiCoAl-LDH 2932 Fg1-0.75 A g! 6 M KOH [57]
m-LDH/NRG NHs 1877.0Fg -1 A g 6 M KOH [58]
NiCo2Al-LDH/N-GO 1136.67Fg'-1 A g! 2 M KOH [51]
NiCoAIl-LDH 5691.25 mF cm2-1 mA cm? 3 M KOH [8]
NiCo0204@NiCoAl-LDH 1814.24 Fg'-1 A g 2 M KOH [7]

LDH-200-1h 3050.95 Fg-10 mVs! 1MKOH  This work

Table 4. Rct values for all the electrodes.

LDH-100-2h LDH-150-1h LDH-200-1h
0.76 4.01 0.68

LDH-100-1h LDH-100-1h30
0.78 0.98

Ret (QQ)

The electrochemical studies revealed that the LDH-200-1h electrode is the best com-
pared to its counterparts. Followed by the LDH-100-2h, LDH-100-1h, LDH-100-1h30, and
LDH-150-1h electrodes, respectively as shown in Figure 10a. This could be attributed to
the impacts of the physical parameters used during their fabrication. It is obvious that the
physical parameters applied for the LDH-200-1h electrode have favored its crystalline
structure to hold an important amount of water compared to other electrodes (refer to
Figure 2d). However, the hydrophilic nature of the crystalline structure of LDH improves
the ionic diffusion and contributes greatly to the electrochemical performance [6,30-33].
It was recently demonstrated that when the LDH crystalline structure hydrophilicity is
reduced, the basal spacing also decreases [41]. Adding to this, studies have proved that a
larger basal spacing is very important because it favors the electrolyte ions penetration
during the charging storage, which results in optimizing the electrochemical performance
[28,30,41]. That is the reason that favored the excellent electrochemical performance of the
LDH-200-1h electrode compared to other electrodes. Furthermore, Table 5 compares the
EIS results recorded in this work to those of the NiCoAl-NMP and NiCoAl-DMSO elec-
trodes recently reported [28], it is obvious that those recorded in this work exhibited very
low Rct compared to the NiCoAl-NMP and NiCoAl-DMSO electrodes [28], except from
the LDH-150-1h electrode. This could be attributed to high electrical conductivity that re-
sulted from the effect of carbon black used as a conductive additive and the absence of the
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binder. Moreover, it could also be assumed that the physical parameters have favored a
strong combination between sulfur and carbon within the LDH crystalline domain which
had a good impact on the electrochemical performance of some electrodes [45]. However,
the physical parameters applied for the LDH-150-1h electrode have greatly damaged the
crystalline structure which had compromised its electrochemical performance. Further-
more, an electrode is generally acknowledged promising if it exhibits excellent specific
capacitance and long-term cycling stability. Consequently, the electrochemical cycling sta-
bility of the LDH-200-1h electrode was studied by CV [59-61]. Figure 10b displays the plot
of capacitance retention against the cycle number. As it can be seen, the LDH-200-1h elec-
trode retained 97% of its capacitance after 5000 cycles. The insert in Figure 10b shows CV
curves of the LDH-200-1h electrode at the scan rate of 120 mVs™ from 1st to 5000th cycles
in a 1 M KOH solution. No change of position was noticed in peaks potential indicating
excellent electrochemical reversibility [60] which could be attributed to the nature of its
crystalline domain as well as to a good intimate contact between the assumed sulfur par-
ticles and carbon within its interlamellar [62].

Table 5. Rct values for binder-free LDH electrodes, NiCoAI-NMP and NiCoAl-DMSO electrodes.

Electrodes Rct ()
LDH-100-1h 0.78
LDH-100-1h30 0.98
LDH-100-2h 0.76
LDH-150-1h 4.01
LDH-200-1h 0.68
NiCoAI-NMP 1.5
NiCoAl-DMSO 2
—w— LDH-200-1h Capacitance retention: 97 %
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Figure 10. (a) Specific capacitances of the LDH-100-1h, LDH-100-1h30, LDH-100-2h, LDH-150-1h,
and LDH-200-1h electrodes at various scan rates; (b) plot of capacitance retention against cycle num-
ber (insert: cyclic voltammogram of the LDH-200-1h electrode at 120 mVs™).

3. Materials and Methods
3.1. Binder-Free LDH Electrodes Preparation

Binder-free LDH electrodes were fabricated by mixing the LDH material and carbon
black in a ratio of (80:20) into DMSO solvents. The LDH material used as active material
in this study was taken from our recently reported work, whereby its synthesis procedure
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was explained in detail [28]. The slurry was obtained with the assistance of ultrasonication
for 15 min. Thereafter, five cleaned 1 cm x 1 cm pieces of nickel foam were immersed
inside the vial containing the slurry and aged for 48 h at room temperature. Afterwards,
three of them were selected and dried at 100 °C while the time was varying from 1 h, 1h
30 min to 2 h. The remaining two were then dried for 1h at different temperatures such as
150 °C and 200 °C. Subsequently, they were labelled according to the temperature and
time applied during their fabrication and their mass-loading as displayed in Table 1. The
binder-free LDH electrodes dried at 100 °C for different times were named as follows:
LDH-100-1h, LDH-100-1h30, and LDH-100-2h respectively. Whereas dried for 1h at dif-
ferent temperatures were labelled as LDH-150-1h and LDH-200-1h respectively.

3.2. Materials Characterization

The Rigaku Smartlab diffractometer with (A = 0.15405 nm) was used to collect XRD
patterns of the as-synthesized LDH as well as all the as-fabricated binder-free LDH elec-
trodes. While the FT-IR studies of the as-obtained LDH and all the as-fabricated binder-
free LDH electrodes were performed using the IR Tracer-100-SHIMADZU (3750-500
cm™). The morphologies of the as-prepared LDH and all the as-fabricated binder-free
LDH electrodes were captured using a scanning electron microscope (SEM-EDS JEOL
JSM-7800F) coupled with an EDS detector. In addition, the electrochemical data were col-
lected on an Autolab PGSTAT302N potentiostat using a three-electrode system. All the
binder-free LDH electrodes, platinum wire, and Ag/AgCl (3 M KCl-filled) were used as
working, counter, and reference electrodes, respectively. 1 M KOH solution was used as
an electrolyte. Finally, the electrochemical impedance spectroscopy (EIS) measurements
were conducted with an AC amplitude of 5 mV in the frequency range of 100 kHz-100
mHz.

4. Conclusions

This work revealed the benefits of DMSO in the fabrication of binder-free LDH elec-
trodes and it also demonstrated a novel technique to fabricate binder-free LDH electrodes
which accommodates LDH materials prepared via other synthesis routes such as the co-
precipitation and ions-exchange methods. A series of physical parameters was applied
during the fabrication of binder-free LDH electrodes such as 100 °C-1h, 100 °C-1h30, 100
°C-2h, 150 °C-1h, and 200 °C-1h. Thereafter, their impacts on the crystalline domains and
electrochemical performances of all the as-prepared binder-free electrodes were studied.
The electrochemical analysis demonstrated that the electrode prepared at 200 °C-1h was
the best compared to other electrodes. Maximum specific capacitances of 3050.95 Fg,
2489.34 Fg', 2467.70 Fg1, 2252.43 Fg1, and 1110.16 Fg'at 10 mVs were achieved for the
LDH-200-1h, LDH-100-2h, LDH-100-1h, LDH-100-1h30, and LDH-150-1h electrodes, re-
spectively. Afterwards, Rct values of 0.68 3, 0.76 3, 0.78 3, 0.98 ), and 4.01 Q) were rec-
orded for the LDH-200-1h, LDH-100-2h, LDH-100-1h, LDH-100-1h30, and LDH-150-1h
electrodes, respectively. Moreover, the LDH-200-1h electrode retained 97% of its capaci-
tance after 5000 cycles at 120 mVs. More importantly, the XRD and FTIR studies demon-
strated that the excellent electrochemical performance recorded for the LDH-200-1h elec-
trode was due to its crystalline domain which had held an important amount of water
compared to its counterparts. This favored its basal spacing to be larger than those of other
electrodes causing an improvement in the electrochemical performance. Furthermore,
compared to the Rct values of our previously reported work, it is obvious that the Rct
recorded in this study are lower, probably because of the high electrical conductivity re-
sulting from the conductive addictive and the absence of the binder. Furthermore, < 200
°C-1h > was noticed to be the best physical parameter to be applied for the fabrication of
binder-free LDH electrodes using DMSO as a binder solvent. Overall, this confirms the
reliability of the as-developed method and shows that it is a promising procedure for the
industrial arena because of its simplicity and cost-effectiveness.



Int. ]. Mol. Sci. 2022, 23, 10192 16 of 18

Author Contributions: G.N.: Conceptualization, Methodology, Investigation and Writing-Original
draft preparation. Kabongo, G.L.K.: Visualization, Reviewing and Editing; L.L.N.: Visualization,
Reviewing and Editing; M.S.D.: Supervision, Conceptualization, Visualization, Writing-Reviewing,
and Editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors are grateful to the University of South Africa (UNISA) for its gen-
erous financial support.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Schmidt, A.; Ramos, M.K,; Pinto, C.S.; Pereira, A.F.; Souza, V.H.R.; Zarbin, A.].G. Electrode fabrication at liquid interfaces:
Towards transparency and flexibility. Electrochem. Commun. 2022, 134, 107183. https://doi.org/10.1016/j.elecom.2021.107183.
Wehner, L.A.; Mittal, N.; Liu, T.; Niederberger, M. Multifunctional batteries: Flexible, transient, and transparent. ACS Cent. Sci.
2021, 7, 231-244. https://doi.org/10.1021/acscentsci.0c01318.

Shen, K; Zhai, S.; Wang, S.; Ru, Q.; Hou, X.; San Hui, K;; Nam Hui, K.; Chen, F. Recent Progress in Binder-Free Electrodes Synthesis
for Electrochemical Energy Storage Application. Batter. Supercaps 2021, 4, 860-880. https://doi.org/10.1002/batt.202000271.

Gao, X.; Zhang, R.; Huang, X.; Shi, Y.; Wang, C.; Gao, Y.; Han, Z. One-step growth of NiCoAl layered double hydroxides
microspheres  toward high energy density supercapacitors. ]  Alloys Compd. 2021, 859, 157879.
https://doi.org/10.1016/j.jallcom.2020.157879.

Wang, X.; Li, H.; Li, H.; Lin, S.; Bai, J.; Dai, J.; Liang, C.; Zhu, X; Sun, Y.; Dou, S. Heterostructures of Ni-Co-Al layered double
hydroxide assembled on V 4 C 3 MXene for high-energy hybrid supercapacitors. J. Mater. Chem. A 2019, 7, 2291-2300.
https://doi.org/10.1039/c8tal124%.

Wang, T.; Zhang, S.; Yan, X.; Lyu, M.; Wang, L.; Bell, ].; Wang, H. 2-Methylimidazole-Derived Ni-Co Layered Double Hydroxide
Nanosheets as High Rate Capability and High Energy Density Storage Material in Hybrid Supercapacitors. ACS Appl. Mater.
Interfaces 2017, 9, 15510-15524. https://doi.org/10.1021/acsami.7b02987.

He, X,; Liu, Q.; Liu, J.; Li, R.; Zhang, H.; Chen, R.; Wang, ]. Hierarchical NiCo204@NiCoAl-layered double hydroxide core/shell
nanoforest arrays as advanced electrodes for high-performance asymmetric supercapacitors. J. Alloys Compd. 2017, 724, 130-138.
https://doi.org/10.1016/j.jallcom.2017.06.256.

Li, P; Jiao, Y.; Yao, S.; Wang, L.; Chen, G. Dual role of nickel foam in NiCoAl-LDH ensuring high-performance for asymmetric
supercapacitors. New ]. Chem. 2019, 43, 3139-3145. https://doi.org/10.1039/c8nj05447a.

Liu, Y.; Cao, X.; Zhong, Y.; Cui, L.; Wei, D.; Zheng, R.; Liu, J. Construction of hierarchical Cu2+10@NiCoAl-layered double
hydroxide nanorod arrays electrode for high-performance supercapacitor. | Alloys Compd. 2020, 835.
https://doi.org/10.1016/j.jallcom.2020.155321.

Wang, G.X.; Ahn, ].H.; Yao, J.; Lindsay, M.; Liu, H.K.; Dou, S.X. Preparation and characterization of carbon nanotubes for energy
storage. |. Power Source 2003, 119-121, 16-23. https://doi.org/10.1016/S0378-7753(03)00117-4.

Karthick, R.; Chen, F. Free-standing graphene paper for energy application: Progress and future scenarios. Carbon 2019, 150,
292-310. https://doi.org/10.1016/j.carbon.2019.05.017.

Zhai, S.; Wei, L.; Karahan, H.E.; Wang, Y.; Wang, C.; Montoya, A.; Shao, Q.; Wang, X.; Chen, Y. Ultrafast hydrothermal assembly
of nanocarbon microfibers in near-critical water for 3D microsupercapacitors. Carbon 2018, 132, 698-708.
https://doi.org/10.1016/j.carbon.2018.02.089.

Cai, B.; Eychmiiller, A. Promoting Electrocatalysis upon Aerogels. Adv. Mater. 2019, 31, 1804881.
https://doi.org/10.1002/adma.201804881.

Wang, L.; Yang, G.; Peng, S.; Wang, J.; Yan, W.; Ramakrishna, S. One-dimensional nanomaterials toward electrochemical sodium-ion
storage applications via electrospinning. Energy Storage Mater. 2020, 25, 443-476. https://doi.org/10.1016/j.ensm.2019.09.036.

Oakes, L.; Westover, A.; Mahjouri-Samani, M.; Chatterjee, S.; Puretzky, A.A.; Rouleau, C.; Geohegan, D.B.; Pint, C.L. Uniform,
homogenous coatings of carbon nanohorns on arbitrary substrates from common solvents. ACS Appl. Mater. Interfaces 2013, 5,
13153-13160. https://doi.org/10.1021/am404118z.

Fang, W.; Liu, D.; Lu, Q.; Sun, X.; Asiri, A.M. Nickel promoted cobalt disulfide nanowire array supported on carbon cloth: An
efficient and stable bifunctional electrocatalyst for full water splitting. Electrochem. Commun. 2016, 63, 60-64.
https://doi.org/10.1016/j.elecom.2015.10.010.

Wang, ].; Zhong, H.X,; Wang, Z.L.; Meng, F.L.; Zhang, X.B. Integrated Three-Dimensional Carbon Paper/Carbon Tubes/Cobalt-
Sulfide Sheets as an Efficient Electrode for Overall Water Splitting. ACS Nano 2016, 10, 2342-2348.
https://doi.org/10.1021/acsnano.5b07126.

Chaudhari, N.K;; Jin, H.; Kim, B.; Lee, K. Nanostructured materials on 3D nickel foam as electrocatalysts for water splitting.
Nanoscale 2017, 9, 12231-12247. https://doi.org/10.1039/c7nr04187j.

Poserin, V.; Marcuson, S.; Shu, J.; Wilkinson, D.S. CVD technique for Inco nickel foam production. Adv. Eng. Mater. 2004, 6, 454—
459. https://doi.org/10.1002/adem.200405142.



Int. ]. Mol. Sci. 2022, 23, 10192 17 of 18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Queheillalt, D.T.; Hass, D.D.; Sypeck, D.J.; Wadley, H.N.G. Synthesis of open-cell metal foams by templated directed vapor
deposition. ]. Mater. Res. 2001, 16, 1028-1036. https://doi.org/10.1557/JMR.2001.0143.

Nyongombe, G.; Kabongo, G.; Noto, L.; Dhlamini, S. Layered double hydroxides (LDHs) as promising electrode materials for
commercial supercapacitors. In Applications and Industrialisation of Nanotechnology; Maciel, D.M.A.M., Ed.; One Central Press:
Manchester, UK, 2022; pp. 71-90, ISBN 9781910086230.

Nyongombe, G.E.; Kabongo, G.L.; Noto, L.L.; Dhlamini, M.S. Up-scalable synthesis of highly crystalline electroactive Ni-Co LDH
nanosheets for supercapacitor applications. Int. J. Electrochem. Sci. 2020, 15, 4494-4502. https://doi.org/10.20964/2020.05.33.

Polat, S.; Atun, G. Enhanced cycling stability performance for supercapacitor application of NiCoAl-LDH nanofoam on
modified graphite substrate. ]. Ind. Eng. Chem. 2021, 99, 107-116. https://doi.org/10.1016/j.jiec.2021.04.015.

Liu, L.; Guan, T.; Fang, L.; Wu, F.; Lu, Y.; Luo, H.; Song, X.; Zhou, M.; Hu, B.; Wei, D.; et al. Self-supported 3D NiCo-LDH/Gr
composite nanosheets array electrode for high-performance supercapacitor. |. Alloys Compd. 2018, 763, 926-934.
https://doi.org/10.1016/j.jallcom.2018.05.358.

Masikhwa, T.M.; Madito, M.].; Momodu, D.Y.; Dangbegnon, ].K.; Guellati, O.; Harat, A.; Guerioune, M.; Barzegar, F.; Manyala,
N. High performance asymmetric supercapacitor based on CoAl-LDH/GF and activated carbon from expanded graphite. RSC
Adv. 2016, 6, 46723-46732. https://doi.org/10.1039/c6ra07419g.

Mishra, G.; Dash, B.; Pandey, S. Layered double hydroxides: A brief review from fundamentals to application as evolving
biomaterials. Appl. Clay Sci. 2018, 153, 172-186. https://doi.org/10.1016/j.clay.2017.12.021.

Khan, A.L; O’'Hare, D. Intercalation chemistry of layered double hydroxides: Recent developments and applications. ]. Mater.
Chem. 2002, 12, 3191-3198. https://doi.org/10.1039/b204076;.

Nyongombe, G.; Bello, LT.; Otun, K.O.; Kabongo, G.L.; Mothudi, B.M.; Noto, L.; Dhlamini, M.S. Unveiling the benefits of
Dimethyl Sulfoxide as a binder solvent on the electrochemical performance of Layered Double Hydroxides. Electrochim. Acta
2022, 419, 140386. https://doi.org/10.1016/j.electacta.2022.140386.

Hawley, W.B.; Li, J. Beneficial rheological properties of lithium-ion battery cathode slurries from elevated mixing and coating
temperatures. ]. Energy Storage 2019, 26, 100994. https://doi.org/10.1016/j.est.2019.100994.

Nyongombe, G.; Kabongo, G.L.; Noto, L.L.; Dhlamini, M.S. Investigating the Impact of the Washing Steps of Layered Double
Hydroxides (LDH) on the Electrochemical Performance. Nanomaterials 2022, 12, 578. https://doi.org/10.3390/nano12030578.
Brousse, T.; Bélanger, D.; Long, ]JW. To Be or Not To Be Pseudocapacitive? . Electrochem. Soc. 2015, 162, A5185-A5189.
https://doi.org/10.1149/2.0201505jes.

Wang, Y.; Song, Y.; Xia, Y. Electrochemical capacitors: Mechanism, materials, systems, characterization and applications. Chem.
Soc. Rev. 2016, 45, 5925-5950. https://doi.org/10.1039/c5cs00580a.

Richetta, M.; Medaglia, P.; Mattoccia, A.; Varone, A.; Pizzoferrato, R. Layered Double Hydroxides: Tailoring Interlamellar
Nanospace for a Vast Field of Applications. ]. Mater. Sci. Eng. 2017, 6, 2169-0022. https://doi.org/10.4172/2169-0022.1000360.
Gamil, S.; E1 Rouby, W.M.A.; Antuch, M.; Zedan, I.T. Nanohybrid layered double hydroxide materials as efficient catalysts for
methanol electrooxidation. RSC Adv. 2019, 9, 13503-13514. https://doi.org/10.1039/c9ra01270b.

Zhang, L.; Wang, ].; Zhu, J.; Zhang, X.; San Hui, K.; Hui, K.N. 3D porous layered double hydroxides grown on graphene as
advanced electrochemical pseudocapacitor materials. J. Mater. Chem. A 2013, 1, 9046-9053. https://doi.org/10.1039/c3tal1755c.
Xiao, K; Xia, L.; Liu, G.; Wang, S.; Ding, L.X.; Wang, H. Honeycomb-like NiMoO4 ultrathin nanosheet arrays for high-
performance electrochemical energy storage. J. Mater. Chem. A 2015, 3, 6128-6135. https://doi.org/10.1039/c5ta00258c.

Hu, X,; Tian, X,; Lin, Y. W.; Wang, Z. Nickel foam and stainless steel mesh as electrocatalysts for hydrogen evolution reaction,
oxygen evolution reaction and overall water splitting in alkaline media. RSC Adv. 2019, 9, 31563-31571.
https://doi.org/10.1039/c9ra07258f.

Sun, S.; Diao, P.; Feng, C.; Ungureanu, EMM.; Tang, Y.; Hu, B.; Hu, Q. Nickel-foam-supported (3-Ni(OH)2 as a green anodic
catalyst for energy efficient electrooxidative degradation of azo-dye wastewater. RSC Adv. 2018, 8, 19776-19785.
https://doi.org/10.1039/c8ra03039%a.

Tessier, C.; Haumesser, P.H.; Bernard, P.; Delmas, C. The Structure of Ni (OH)2: From the Ideal Material to the Electrochemically
Active One. |. Electrochem. Soc. 1999, 146, 2059-2067. https://doi.org/10.1149/1.1391892.

Hall, D.S.; Lockwood, D.J.; Poirier, S.; Bock, C.; MacDougall, B.R. Raman and Infrared Spectroscopy of a and 3 Phases of Thin
Nickel. J. Phys. Chem. A 2012, 116, 6771-6784.

Nyongombe, G.; Kabongo, G.L.; Bello, L.T.; Noto, L.L.; Dhlamini, M.S. The impact of drying temperature on the crystalline domain
and the electrochemical performance of NiCoAl-LDH. Energy Rep. 2022, 8, 1151-1158. https://doi.org/10.1016/j.egyr.2021.12.042.
Pérez-Ramirez, J.; Mul, G.; Kapteijn, F.; Moulijn, J.A. A spectroscopic study of the effect of the trivalent cation on the thermal
decomposition behaviour of Co-based hydrotalcites. . Mater. Chem. 2001, 11, 2529-2536. https://doi.org/10.1039/b104989p.
Coates, J. Interpretation of infrared spectra, a practical approach. In Encyclopedia of Analytical Chemistry; John Wiley & Sons, Ltd.:
Hoboken, NJ, USA, 2006; pp. 1-23. https://doi.org/10.1002/9780470027318.a5606.

Chernysh, O.; Khomenko, V.; Makyeyeva, I.; Barsukov, V. Effect of binder’s solvent on the electrochemical performance of
electrodes  for  lithium-ion  batteries and  supercapacitors. ~ Mater.  Today  Proc. 2019, 6,  42-47.
https://doi.org/10.1016/j.matpr.2018.10.073.

Li, K;; Wang, B.; Su, D.; Park, J.; Ahn, H.; Wang, G. Enhance electrochemical performance of lithium sulfur battery through a
solution-based processing technique. J. Power Source 2012, 202, 389-393. https://doi.org/10.1016/j.jpowsour.2011.11.073.



Int. ]. Mol. Sci. 2022, 23, 10192 18 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Pang, Q.; Liang, X.; Kwok, C.Y.; Nazar, L.F. Review —The Importance of Chemical Interactions between Sulfur Host Materials
and Lithium Polysulfides for Advanced Lithium-Sulfur Batteries. ]. Electrochem. Soc. 2015, 162, A2567-A2576.
https://doi.org/10.1149/2.0171514jes.

Silva Neto, L.D.; Anchieta, C.G.; Duarte, ].L.S.; Meili, L.; Freire, ].T. Effect of Drying on the Fabrication of MgAl Layered Double
Hydroxides. ACS Omega 2021, 6, 21819-21829. https://doi.org/10.1021/acsomega.1c03581.

Kooli, F.; Depege, C.; Ennaqadi, A.; De Roy, A.; Besse, ].P. Rehydration of Zn-Al layered double hydroxides. Clays Clay Miner.
1997, 45, 92-98. https://doi.org/10.1346/CCMN.1997.0450111.

Yang, J.; Yu, C; Fan, X;; Ling, Z.; Qiu, J.; Gogotsi, Y. Facile fabrication of MWCNT-doped NiCoAl-layered double hydroxide
nanosheets with enhanced electrochemical performances. J. Mater. Chem. A 2013, 1, 1963-1968. https://doi.org/10.1039/c2ta00832g.
Liu, Y.; Xiang, C.; Chu, H.; Qiu, S.; McLeod, J.; She, Z,; Xu, F.; Sun, L.; Zou, Y. Binary Co-Ni oxide nanoparticle-loaded
hierarchical graphitic porous carbon for high-performance supercapacitors. . Mater. Sci. Technol. 2020, 37, 135-142.
https://doi.org/10.1016/j.jmst.2019.08.015.

Wang, X.; Li, X.; Huang, C.; Hao, C.; Ge, C.; Guo, Y. Fabrication of NiCoAl-layered double hydroxide/N-GO for high energy
all-solid-state asymmetric supercapacitors. Appl. Surf. Sci. 2020, 527, 146891. https://doi.org/10.1016/j.apsusc.2020.146891.
Wang, S.; Zou, Y.; Xu, F.; Xiang, C.; Peng, H.; Zhang, J.; Sun, L. Morphological control and electrochemical performance of
NiCo204@NiCo layered double hydroxide as an electrode for supercapacitors. |. Energy Storage 2021, 41, 102862.
https://doi.org/10.1016/j.est.2021.102862.

Wang, X.L.; Jin, E.M.; Chen, ].; Bandyopadhyay, P.; Jin, B.; Jeong, S.M. Facile in situ synthesis of Co(OH)2-Ni352 nanowires on
Ni foam for use in high-energy-density supercapacitors. Nanomaterials 2022, 12, 34. https://doi.org/10.3390/nan012010034.
Tiwari, A.P.; Chhetri, K.; Kim, H.; Ji, S.; Chae, S.H.; Kim, T.; Kim, H.Y. Self-assembled polypyrrole hierarchical porous networks
as the cathode and porous three dimensional carbonaceous networks as the anode materials for asymmetric supercapacitor. J.
Energy Storage 2021, 33, 102080. https://doi.org/10.1016/j.est.2020.102080.

Chen, Y,; Jing, C.; Fu, X,; Shen, M.; Li, K; Liu, X.; Yao, H.C.; Zhang, Y.; Yao, K.X. Synthesis of porous NiCoS nanosheets with
Al leaching on ordered mesoporous carbon for high-performance supercapacitors. Chem. Eng. ]. 2020, 384, 123367.
https://doi.org/10.1016/j.cej.2019.123367.

Cao, X.J.; Zeng, H.Y.; Cao, X;; Xu, S.; Alain, G.B.F.C,; Zou, KM,; Liu, L. 3D-hierarchical mesoporous CuCo254@NiCoAl
hydrotalcite/Ni ~ foam  material for  high-performance  supercapacitors.  Appl.  Clay  Sci. 2020,  199.
https://doi.org/10.1016/j.clay.2020.105864.

Liu, L.; Fang, L.; Wu, F.; Hu, J.; Zhang, S.; Luo, H.; Hu, B.; Zhou, M. Self-supported core-shell heterostructure MnO2/NiCo-LDH
composite  for  flexible  high-performance  supercapacitor. J.  Alloys  Compd. 2020, 824,  153929.
https://doi.org/10.1016/j.jallcom.2020.153929.

Liu, F.; Chen, Y.; Liu, Y.; Bao, J.; Han, M,; Dai, Z. Integrating ultrathin and modified NiCoAl-layered double-hydroxide
nanosheets with N-doped reduced graphene oxide for high-performance all-solid-state supercapacitors. Nanoscale 2019, 11,
9896-9905. https://doi.org/10.1039/c9nr02357g.

Wang, X,; Liu, D.; Deng, J.; Duan, X.; Guo, J.; Liu, P. Improving cyclic stability of polyaniline by thermal crosslinking as electrode
material for supercapacitors. RSC Adv. 2015, 5, 78545-78552. https://doi.org/10.1039/c5ral17327b.

Bhise, 5.C.; Awale, D.V.; Vadiyar, M.M,; Patil, S.K.; Kokare, B.N.; Kolekar, S.S. Facile synthesis of CuO nanosheets as electrode
for supercapacitor with long cyclic stability in novel methyl imidazole-based ionic liquid electrolyte. . Solid State Electrochem.
2017, 21, 2585-2591. https://doi.org/10.1007/s10008-016-3490-2.

Lu, X; Liu, T;; Zhai, T.; Wang, G.; Yu, M;; Xie, S,; Ling, Y.; Liang, C.; Tong, Y.; Li, Y. Improving the cycling stability of metal-nitride
supercapacitor electrodes with a thin carbon shell. Adv. Energy Mater. 2014, 4, 1300994. https://doi.org/10.1002/aenm.201300994.

Ji, X; Lee, K.T.; Nazar, L.F. A highly ordered nanostructured carbon-sulphur cathode for lithium-sulphur batteries. Nat. Mater.
2009, 8, 500-506. https://doi.org/10.1038/nmat2460.



