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Abstract: Supercapacitors (SCs) offer a potential replacement for traditional lithium-based batteries
in energy-storage devices thanks to the increased power density and stable charge—discharge cycles,
as well as negligible environmental impact. Given this, a vast array of materials has been explored
for SCs devices. Among the materials, iron oxyhydroxide (FeOOH) has gained significant attention
in SC devices, owing to its superior specific capacitance, stability, eco-friendliness, abundance, and
affordability. However, FFOOH has certain limitations that impact its energy storage capabilities and
thus implicate the need for optimizing its structural, crystal, electrical, and chemical properties. This
review delves into the latest advancements in FeOOH-based materials for SCs, exploring factors that
impact their electrochemical performance. To address the limitations of FeFOOH’s materials, several
strategies have been developed, which enhance the surface area and facilitate rapid electron transfer
and ion diffusion. In this review, composite materials are also examined for their synergistic effects
on supercapacitive performance. It investigates binary, ternary, and quaternary Fe-based hydroxides,
as well as layered double hydroxides (LDHs). Promising results have been achieved with binder-free
Fe-based binary LDH composites featuring unique architectures. Furthermore, the analysis of the
asymmetric cell performance of FefOOH-based materials is discussed, demonstrating their potential
exploitation for high energy-density SCs that could potentially provide an effective pathway in
fabricating efficient, cost-effective, and practical energy storage systems for future exploitations in
devices. This review provides up-to-date progress studies of novel FeFOOH’s based electrodes for
SCs applications.

Keywords: iron oxyhydroxide (FeOOH); capacitive performance; supercapacitors; hybrid supercapacitors;
energy storage

1. Introduction

Energy is a vital ingredient for human advancement. Hence, factors such as the source
of energy, production, storage, and transportation hold the key to fulfilling the growing
demand for energy and its management for stable development. Currently, there is an
energy crisis triggered primarily by the exhaustion of fossil fuels, environmental pollution,
and the increasing use of electric cars, portable electronics, and wireless devices [1,2]. Until
now, the fossil fuel-derived energy sector has been at the forefront of human development
due to its availability, cost, and ease of utilization in a wide range of applications. However,
the burning of fossil fuels releases approximately 34 billion tons of carbon dioxide (CO,)
into the atmosphere each year [3], implicating serious environmental concerns associated
with fossil fuels. To address this, governments around the world are introducing policies
to decrease the use of fossil fuels and encourage the use of renewable energy sources.
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Increasingly, countries are pledging to achieve net zero emissions over the next few decades.
For example, more than 70 countries, including the biggest polluters—China, the United
States, and the European Union—have set a net zero target, covering about 76% of global
emissions [4]. However, the commitments so far are far from what is needed to achieve net
zero CO, emissions by 2050 and ensure a 1.5 °C limit on the rise of global temperatures [5].
Even if all countries were to meet their current commitments, global emissions would
still be higher than what is necessary to achieve the objectives of the Paris Agreement [6].
Therefore, more ambitious commitments are essential to reach the goal of net zero emissions
by 2050. Hence, the development of clean and renewable energy systems is under intensive
research, with advanced energy storage being one of the key components [7-12]. Therefore,
a low-cost, energy-efficient, and eco-friendly energy storage system is essential [13-15].

Because of their simple structure, safety, and versatility, SCs are promising types of
energy storage systems that may revolutionize the mode of storage and harvesting of
renewable energy sources. In addition to having increased power density, high capacitance,
rapid charging/discharging rates, extended shelf life, and high cycling performance, they
have a minimal environmental impact and intrinsic safety [13,16-20]. SCs are composed of
non-toxic, recyclable materials and can operate in a variety of temperatures and environ-
mental conditions. They also require minimal maintenance and have an extremely long life,
indicating a prolonged life cycle with no degradation in performance [21-23]. Supercapaci-
tors are composed of a negative and positive electrode divided using a separator immersed
in the electrolyte medium for charge diffusion/transfer. As such, supercapacitors are ideal
for energy storage in a variety of devices including portable electronics and industrial
machinery. In supercapacitors, electrodes play a significant role in electrochemical proper-
ties because they are responsible for reversible adsorption/desorption or electrochemical
reactions [18,24,25]. Recently, supercapacitors have attracted much attention worldwide
because they have several benefits over conventional capacitors and batteries [26-28].
There is no doubt that batteries possess a high energy density. However, their charging
and discharge rates, as well as their service life, are severely restricted by cation diffusion
in the crystalline framework [29,30]. It is not uncommon for conventional capacitors to
possess a practically infinite life cycle, but their energy density, on the other hand, is quite
low [31-33]. According to the Ragone plot as presented in Figure 1a, SCs have a higher
energy and power density in comparison to standard capacitors and batteries/fuel cells,
respectively, and thus act as a bridge between these three common energy storage devices.
Consequently, supercapacitors are well suited to behave as advanced energy storage de-
vices, as they combine the advantages of conventional dielectric capacitors (electrostatic)
with the advantages of rechargeable batteries (electrochemical) [19,21,34,35].
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Figure 1. (a) Ragone plot showing different types of energy storage materials [36]. (b) Evolution of the
yearly number of publications on FeOOH-based materials for supercapacitors from 1999 to February
2023 (from CAS-SciFinder, access 27 February 2023). Search terms in the topic: “FeOOH-based
materials for supercapacitors”.

1.1. Types of Supercapacitors
Based on the mechanism of charge storage, the SCs are classified as shown below [13,16,19,21,37]:
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Electric double-layer capacitor (EDLC) or so-called non-faradaic EDLC;
Pseudo-capacitor (PC) or faradaic supercapacitor;
Hybrid capacitor of hybrid supercapacitor (HSC).

According to the type and configuration of employed electrodes, each type of super-
capacitor is subcategorized into different classes, as shown in Figure 2. The same figure
displays a schematic representation of the three types of supercapacitors and their working
mechanisms [38—40].

f
!7 Separator

i Electrolyte

~— E\ectrolytic iong

Figure 2. Schematic representation of the three types of supercapacitors with their taxonomy based
on the mechanism of storing energy and on the most common types of electrodes they incorporate.

There are several carbon-based electrode materials used in electric double-layer capaci-
tors, including activated carbon [41-46], carbon aerogels [47-52], carbon nanotubes [53-58],
and carbon nanofibers [59-63]. Electrodes and electrolytes do not exchange charges in
EDLCs, so the energy is stored electrostatically [19,38,64]. This means that non-faradaic
EDLCs store energy in an ionic double layer (Helmholtz layer) as a result of electrostatic
accumulation/adsorption of electrolytic ions at the electrode/electrolyte interface. Because
of the absence of charge transfer in the non-faradaic method, no structural or chemical
modification is required. EDLCs can therefore store charges highly reversibly, resulting in
very high cycling stability [18,19,39].

A pseudo-capacitor is a device whose electrode materials contain metal oxides [24,65-69]
and conductive polymers [35,63,70]. Through redox reactions, electrosorption, and inter-
calation on the surface and subsurface of the material, a PC works by transferring charge
between each electrode and the electrolyte [21,39,64]. This is completed using the Faradaic
approach. When compared to EDLCs, this increases capacitance and energy density. How-
ever, PCs are limited in their application due to their relatively low conductivity and poor
cycle life [19,64], which means there is a relatively small number of charging/discharging
cycles that an individual PC can complete before it starts to lose performance.

The newest and most advanced type of supercapacitor is the hybrid capacitor, which
combines both Faradaic and non-Faradaic approaches to store energy [21,64]. On the one
hand, the faradaic reaction occurs on the negative electrode, which is typically fabricated
from pseudocapacitance electrode material. As a result, HCs have a higher energy density.
On the other hand, charge carriers interact electrostatically with the electrode’s surface on
the positive electrode, which is typically made from carbon electrode material. Therefore,
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HCs can deliver higher power density. In addition, HCs have a longer cycle life and
improved stability compared to previous types of supercapacitors [21,35,40]. There are
three types of hybrid supercapacitors, according to the configuration of their electrodes:
composite, asymmetric, and battery type [38-40].

To compete with batteries in the future, hybrid supercapacitors will need significant
breakthroughs in research to have enhanced energy storage capabilities. Such advances
may come about through advancements in electrode materials [18,24,25], as pseudocapaci-
tance electrode materials, hydroxides, and transition-metal oxides have attracted extensive
research. This is because of the multiple valence states and unique crystal structures that
enable rapid faradaic redox intercalation [55,65].

1.2. Iron-Based Materials for Supercapacitors

Iron-based /hydroxides are among the transition metal oxides and hydroxides that of-
fer significant advantages as SC’s electrodes due to iron’s various valence states
(Fe?, Fe?*, Fe3*, etc.) and its rich oxidation-reduction reactions (Fe2*/Fe3*, FeV/Fe?*,
Fel /Fe3*, etc.); they are capable of exhibiting high specific capacitances [71-73]. In ad-
dition, most transition metal oxides and hydroxides are utilized for positive electrodes;
however, iron oxides/hydroxides have a wide and stable working window at a negative
potential which is ideal for asymmetric supercapacitor (ASC) devices [74-76]. Further-
more, iron oxides and hydroxides are non-toxic and more eco-friendly compared to other
transition metal oxides and hydroxides [77-79]. A final consideration is that iron oxides
and hydroxides are abundant on Earth and inexpensive (under $1/kg for ferric oxide),
making them suitable for pilot-scale production without affecting the supply chain [80-82].
During the past two decades, iron oxide-hydroxide-based supercapacitor materials have
been published in a greater number, as depicted in Figure 1b (The data were obtained from
the CAS-SciFinder database).

x-FeOOH, 3-FeOOH, and y-FeOOH (also known as Goethite, Akaganeite, and Lepi-
docrocite, respectively) are all polymorphs of iron oxyhydroxide (FeOOH) that have been
investigated as supercapacitor electrodes [70,83-88] and other energy-storage systems [89-95].
Each of these polymorphs (the crystallographic representation is shown in Figure 3) has a
unique crystalline structure and properties that make them promising candidates for SC’s
applications. To begin with, «-FeOOH appears to have a three-dimensional (3D) struc-
ture formed by FeO3(OH); octahedra that create large tunnels. Despite its wide range of
shapes, goethite generally has an acicular morphology [96]. Second, Akaganeite, 3-FeOOH,
has a large tunnel-shaped structure with strongly bonded iron atoms. Finally, showing
orthorhombic symmetry, y-FeOOH is composed of layers of iron octahedra stacked upon
each other, connected by hydrogen bonds. It is common to find lepidocrocites with a
tabular or lath-like morphology [96].

Overall, FeOOH materials are considered exceptional anode materials for SCs due to
their tunnel structures that facilitate efficient ion diffusion of the electrolyte [86]. However,
when compared to other available materials, they exhibit numerous limitations and chal-
lenges that hinder their electrochemical properties. For example, the critical disadvantages
of FeOOH-based materials include poor electrical conductivity and low specific surface
area leading to restricted specific capacitance, rate capability, power density, and stabil-
ity [24,66,97]. Additionally, the application of «-FeOOH nanoparticles and graphene oxide
(GO) composites faces problems such as large particle size and broad size distribution in
GO coating structures [85]. Furthermore, 3-FeOOH has poor electrical conductivity, and its
synthesis, which is typically conducted in acidic solutions, results in extra protonation of
oxides within iron octahedra, causing structural destabilization [86]. Another issue is the
degradation in the gravimetric capacitance of y-FeOOH-based electrodes, which has been
observed due to poor utilization of electroactive species and reduced active surface area at
greater thicknesses [71]. Crystalline FeOOH materials also encounter difficulties in expand-
ing or contracting, which in turn limits ion permeation and diffusion [97]. Although mixing
FeOOH with a conducting polymer or graphene could potentially enhance its properties,
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it would simultaneously increase the resistance between the active material and current
collectors or raise costs. Preparing amorphous FeOOH directly on a substrate without a
binder remains a challenge [98]. Conclusively, FeOOH’s limitations have been addressed
through significant research, and efforts have been made to improve its electrochemical
properties [24,66-68,84,85,87,88,97-136].

Figure 3. Crystal structure schematic representation of (a) x-FeOOH, (b) 3-FeOOH, and (c) y-FeOOH
from three different views.

Herein, we summarize the recent advancements in the utilization of FeOOH in SC
systems, delving into essential rational design, synthesis, and capacitive performance of
various FeOOH-based electrodes (e.g., FeFOOH, Co-Fe Layered Double Hydroxide (LDH),
Ni-Fe LDH, Ni-Co-Fe LDH, Ternary and Quaternary LDH) as well as their composites
for SC application. The review investigates factors influencing the electrochemical perfor-
mance of FeOOH electrodes and provides an up-to-date overview of unique FeOOH-based
electrodes for SCs. In addressing the inherent limitations of FeFOOH materials, the review
explores strategies that include the synergistic effects of composite materials and the de-
velopment of Fe-based binary, ternary, and quaternary hydroxides and LDHs. Promising
results achieved with binder-free Fe-based binary LDH composites featuring unique ar-
chitectures are presented, and the enhancement of supercapacitive performance through
synergistic effects is discussed. Furthermore, this review provides a comprehensive analysis
of the asymmetric cell performance of FeFOOH-based materials, highlighting their potential
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for constructing next-generation, cost-effective, high energy density devices. Additionally,
FeOOH-based materials are discussed as potential electrode materials for SCs, offering
insight into their development and optimization in the future.

2. FeOOH
2.1. Low-Crystalline and Crystalline FFOOH

There is generally a higher mobility of charge carriers in crystalline materials compared
to amorphous materials. Despite this, amorphous materials have a variety of structural
defects, including vacancies, that help the diffusion of electrolyte ions [137,138]. In the
process of charging and discharging, amorphous materials present isotropic strain. The
electrochemical system’s long-term stability is thus enhanced. Therefore, many material
systems will perform better with amorphous or low-crystalline phases [68,88,97,98,101]
compared to the pure crystalline forms. This section highlights the advancements of
low-crystalline and crystalline FeOOH in SC applications.

As demonstrated by Liu et al., FeFOOH quantum dots could be elaborated by using a sim-
ple method [97]. The developed scheme successfully produces FefOOH QDs/functionalized
graphene sheets (FGS) and FeOOH quantum dots (QDs) of 2 nm, as shown in Figure 4a. The
synthesized FeOOH /FGS hybrid nanosheets display an unusual heterostructure (Figure 4b)
that consists of mesoporous FeOOH nanofilms tightly anchored to the surface of graphene
nanosheets. This study presents the first investigation of amorphous FeOOH-based elec-
trode materials for supercapacitors. It has been shown that the hybrid FeOOH/FGS
nanosheets have superior pseudocapacitive properties, which outperform the crystalline
iron oxide/hydroxide-based materials in terms of pseudocapacitive performance. Elec-
trodes made from amorphous FeOOH/FGS exhibit at 1 A g~ significant specific capaci-
tances of approximately 365 F g~! at a voltage ranging between —0.8 and 0 V vs. Ag/AgCl,
superb cycling stability (89.7% capacitance retention over 20,000 charge-discharge cycles),
and at a current density of 128 A g~! a superior rate capability of 189 F g~!. Furthermore,
the FeOOH/FGS hybrid nanosheets were conducted at broad voltage intervals ranging
from —1 to 0 V and from —1.25 to 0 V. It was found that the poor-rate and cycling per-
formances of FeOOH-based electrodes make them unsuitable for use in broad voltage
windows despite reaching the 1243 F g~! of enhanced specific capacitance.

Amorphous nanostructured fish-scale-like FeFOOH were produced using a one-step
electrodeposition method that is simple, cost-effective, scalable, and environmentally
friendly, as shown in Figure 4c [88]. The hydroxides” unique nanostructures provide am-
ple active sites, efficient electronic and ionic transport, and the ability to handle strain
and distortion effectively. The material’s amorphous nature allows for easy diffusion
of electrolyte ions and their reaction, allowing for the isotropic charging and discharg-
ing mechanism. FeOOH electrodes demonstrate a pseudocapacitance of 867 F g~! at
5mV s~ ! due to these advantages. In the same study, flower-like Co-Ni DH was elaborated
using the same method to serve as a cathode material. The Co-Ni DH electrode exhib-
ited a large pseudocapacitance (at 5 mV s~ 1) of 1201 F g’l. At an elevated scan rate of
50 mV s7!, both Co-Ni DH and FeOOH electrodes maintained increased capacitances of
0.595 and 0.702 F cm™2, respectively, indicating excellent rate capabilities. With FeOOH and
Co-Ni DH as an anode and a cathode, respectively, an ASC was engineered and displayed
a superior energy and power density of 86.4 W h kg~! and 11.6 kW kg~!, respectively.
Moreover, a stable charge/discharge cycle was absorbed that retained to 92.3% at the 200th
cycle, as well as low impedance with an upper limit of 30 Q) for both Z’ and -Z".

A one-pot hydrothermal route has also been used to produce amorphous FeOOH
without the need for a binder, which was directly deposited onto Ni foam (NF) [98]. The
amorphous FeOOH flakes formed on the surface of NF appear to have a 3D porous structure.
Such a unique structure offers facile penetration of liquid electrolytes, enabling rapid ion
diffusion and electron transfer. In addition, it mitigates the volume change of FeFOOH/NF
electrodes through the charge-discharge process. At2 A g~ current density, an optimized
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FeOOH/NF electrode was observed to have a large specific capacitance of 1300 F g1, with
an impressive capacity retention of 91% at a 4 A g~ ! current density.

It was reported by Owusu et al. [66] that a low-crystalline nanoparticle FeFOOH anode
displayed excellent electrochemical performance across a wide potential window. The
researchers employed a unique approach to produce low-crystalline FefOOH nanoparticles,
involving the hydrothermal synthesis of x-Fe;Os, followed by an electrochemical trans-
formation to FefOOH having low crystallinity on carbon fiber cloth (CFC). With 1.6 and
9.1 mg cm~2 mass loadings at a current density of 1 A g~!, the FeOOH nanoparticles
demonstrated capacitances of 1066 and 716 F g~!, respectively. It was found to be re-
tained at 74.6% (at 30 A g~! of current density) and maintained at 91% of capacitance after
10,000 cycles were demonstrated, indicating the superior stability of the electrodes. A pri-
mary capacitive charge storage mechanism is responsible for the impressive performance.
Furthermore, using the hydrothermal method, the researchers designed NiMoOy electrode
(cathode electrode for battery-type configuration) to construct a NiMoOy/ /FeOOH aque-
ous hybrid supercapacitor. The HSC demonstrated a 1.27 kW kg ! power density and an
energy density of 104.3 Wh kg~! in an extended potential range of 1.7 V,a 273 F g~ ! of
capacitance at 1.5 A g~ ! current density, and superior stability during the float voltage test
for 450 h.
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Figure 4. Schematic representation about (a) the fabrication of (i) amorphous FeOOH QDs and
(ii) amorphous FeOOH/FGS hybrid nanosheets, and about (b) The FeOOH /FGS hybrid nanosheet
heterostructure. Reprinted from Ref. [97], Copyright (2023), with permission from John Wiley and
Sons. (c) Graphical illustration about the fabrication of FeOOH and Co-Ni DH. Reprinted from
Ref. [88], Copyright (2023), with permission from Elsevier. (d) Scheme about the transition from
MnO,@D to FefOOH®@D and replicas after removing the template of diatomite: (i) Fe(OH)x layer
covering MnO;; (ii) FeZ* replacing MnO,; (iii) Fe(OH)x grown into nanorods. Reprinted from
Ref. [24], Copyright (2023), with permission from Elsevier.

Amorphous iron oxides/hydroxides tend to exhibit greater electrochemical activity
due to their disorganized structures; however, significant studies have focused on crys-
talline phases instead [24,84,85,87]. On the carbon nanofoam paper (CNFP), the fact that
the amorphous Ni-Mn hydroxide and y-FeOOH were electrodeposited to create negative
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and positive electrodes, respectively, has been reported by Nguyen et Montemor [87].
The y-FeOOH on CNFP demonstrated a porous morphology with fluffy nanoflakes and
ameliorated redox response in the —1.5-0 V vs. SCE negative working potential range,
achieving a storage capacity of 3.48 C cm 2 at 10 mA cm ™2 and a 71% rate of response
while current density rose to 50 from 10 mA cm~2. The amorphous Ni-Mn hydroxide
on CNFP exhibited fine nanoflakes with porous morphology and improved redox re-
sponse at 0-0.5 V. At a current density of 10 mA cm~?2, the storage capacity of SCE was
1.54 C cm ™2, and there was a 73% rate of response with the rise in current density to
50 from 10 mA cm~2. At 50 mA cm 2, FeFOOH-CNFP electrodes retained 92% of ca-
pacity after 3000 charge—discharge cycles. Ni-Mn hydroxide electrodes retained 94% of
capacity. The SC device attained 1515 mW h cm~?2 of energy density at a power density of
9 mW cm 2 with the 1.8 V working voltage and extended cycle life, maintaining capacitance
of 95% after 10,000 cycles of charge and discharge. It self-discharged from 1.8 Vto 1 V in
10 h. The negative FeFOOH-CNFP electrode primarily contributed to the cell’s self-discharge,
with self-discharge processes in this electrode being mainly activation-controlled. On the
other hand, the positive Ni-Mn hydroxide-CNFP electrode’s self-discharge processes were
controlled by both activation and diffusion.

2.2. FeOOH Replica from MnO;

Diatomite is a mineral composed of bio-silica produced by single cell algae called di-
atoms. It is considered a highly desirable template for creating three-dimensional structures.
Because diatoms possess a distinctive 3D silica shell structure with micro- to nano-porous
walls, their hierarchical silica layers can offer intricate and orderly pore patterns and com-
plexity that cannot be achieved by current fabrication technologies [139]. Due to these
exceptional characteristics, researchers have invested significant efforts into exploring the
potential of diatoms for energy storage applications [24,140]. Li et al. have controlled
the elaboration of Mn-Fe-oxide hybrids (Mn-FeOx) through a customizable porous three-
dimensional structure containing diatoms for efficient SCs [24]. The process involved a
two-step hydrothermal method for transitioning from MnO, to FeOOH on diatomite, fol-
lowed by an etching process to obtain replicas with 3D diatom morphology. By varying the
dosages of FeSO,4-7H,O, the researchers were able to tune the MnFeOx replicas to different
forms with either MnO, nanosheets or FeOOH nanorods structures created on diatom
structures, as depicted in Figure 4d. All replicas were derived from the removal of diatom
silica while maintaining their unique 3D morphology and porosity. The MnFeOx replica
with MnO, nanosheets as anodes showed the best electrochemical properties, exhibiting
a superior stability of 94.3% over 4000 cycles, a rate capability of 74.6% retention at an
increased current density to 10 A g~!, a2 228.6 F g~ ! specific capacitance at 1 A g~! of current
density, and a coulombic efficiency of approximately 93.1% at 10 A g~!. MnFeOx-110, as
a cathode material containing completely transitioned FeEOOH nanorods, demonstrated
exceptional properties, including 224.6 F g~ ! specific capacitance at a current density of
1 A g1, a coulombic efficiency of about 80% at 10 A g, and a stable cathode retention
of 92.5% at the 4000th cycle. An ASC was fabricated using MnFeOx-0 and MnFeOx-110
as positive and negative electrodes, respectively, which delivered an extended potential
window (2 V) with a maximum energy density of 51.5 Wh kg~! and a power density of
9.1 kW kg~!. Figure 5a shows an illustration of the different components of the assem-
bled ASC. The unique nanostructure and removal of diatomite enlarged the active sites
and surface area that contacted the electrolyte, avoiding accumulation and making the
electrochemical properties outstanding. This facile transition process can prepare positive
and negative materials by a simple preparation process, and the replica has greater energy
storage properties, opening an opportunity for the rational design of diatomite morphology
electrode material for advanced supercapacitors.

Inspired by the process of conversion of MnO, to FeOOH, Wang et al. have recently
introduced a novel and uncomplicated approach to obtain FeOOH with retained morphol-
ogy by transforming MnO, into FeOOH (Figure 5b) [99]. This strategy produced a hollow
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parallel FeOOH, which can be employed as the negative electrode in ASCs. The key factors
for achieving the preserved morphology are low-temperature and dropwise strategies,
which were determined through a series of controlled experiments. At 0.5 A g~! the hollow
parallel FeOOH exhibited an exceptional specific capacitance of 186.8 F g~! as well as a
93.1% capacitance retention at the 4000th cycle. The electrochemical characterization of
the ASC with parallel MnO, and FeOOH (hollow parallel) as the positive electrode and
negative electrodes, respectively, outperformed those having FeOOH or activated graphene
as negative electrodes. The negative and positive electrodes have a high electrochemical
matching effect owing to the advantages of parallel nanostructures. At a power density of
0.5 kW kg~ !, the energy density was recorded as high as 46.8 Wh kg !, while it remained at
20.7 Wh kg ! at the maximum power density of 10 kW kg~ !. It is also highly versatile and
thus applied to all the MnO; research areas as a suitable negative electrode that are struc-
turally and electrochemically identical, resulting in improved electrochemical performance
of ASCs.

»
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Figure 5. (a) Illustration of FeFOOH and MnO; electrodes device assembly in 1M NaySOj. Reprinted
from Ref. [24], Copyright (2023), with permission from Elsevier. (b) Illustration of the transition
from parallel MnO, nanosheets to hollow parallel FeFOOH. Reprinted from Ref. [99], Copyright
(2023), with permission from Elsevier. (c) Schematic representation of the possible formation mech-
anism of x-FeOOH/GO composites. Reprinted from Ref. [85], Copyright (2023), with permission
from Elsevier.

2.3. FeOOH Composites

Graphene consists of a nanosheet of honeycomb pattern of carbon atoms, along with
its byproducts, reduced graphene oxide (rGO) and GO, which have piqued the interest
of researchers globally in both materials science and chemistry due to their impressive
thermal, mechanical, electronic, and optical characteristics, as well as their extensive surface
area [141]. Graphene’s unique properties offer optimal support for metal deposition, which
stabilizes metal nanoparticles and preserves the required structural, electrical, and chemical
characteristics [142]. Furthermore, GO, which contains various oxygen-containing groups,
can serve as an anchoring site for metal nanoparticles, preventing the formation of clusters
and particle growth. In particular, iron oxyhydroxide composites with graphene, such as



Batteries 2023, 9, 259

10 of 42

nanoparticles, nanorices, nanorods, and nanowires, have been extensively used in superca-
pacitors [85,97,99,102,103,105,108,110,114,125,134]. Wei et al. devised a facile approach to
obtain ultrathin a-FeOOH nanorods/GO composites [85]. The composites are produced
directly from iron acetate and GO in a water solution without any inorganic or organic
additives. The resulting composites” nanorods are single crystallites 6 nm in diameter and
75 nm in length, significantly smaller than those of x-FeOOH nanorods without GO, due to
GO'’s confinement effect and distinctive electronic influence. The influence of experimental
conditions, such as reactant concentration and reaction time, on nanorod size was explored,
revealing that the initial Fe>* concentration and reaction time were critical factors in the
synthesis method. Moreover, as illustrated in Figure 5c, a potential nucleation growth
mechanism was suggested. The proposed technique is more economical and eco-friendlier
than the reported methods that utilize iron acetate and GO aqueous solution as reactants,
leading to enhanced material purity. Furthermore, the method demonstrates the viability of
the scaling strategy. When employed as supercapacitor electrode materials, the x-FeOOH
nanorods/GO composite containing 20% Fe displayed a specific capacitance of 127 F g~ at
10 A g~ 1, accompanied by 2000 of cycling stability (at 85% retention), and exceptional rate
capability at 20 A g1 of 100 F g, outperforming a-FeOOH nanorods without GO. This
unique structure facilitates swift electron transport, rapid electrolyte ion diffusion, and a
high charge—discharge rate.

Sun et al. proposed a facile and scalable approach to fabricate the composites of amor-
phous FeOOH nanoflowers (NFs) and multiwalled carbon nanotubes (MWCNTs) (FeOOH
NFs@MWCNTs) [101]. The resultant hybrid structures display a unique heterostructure
made up of MWCNT and self-assembled amorphous FeOOH nanofilms. At pH 8, FeFOOH
NFs@MWCNTs low-crystalline composites show excellent performance, owing to their
favorable structural characteristics. When tested between —0.85and 0 V (vs. Ag/AgCl),
the fabricated electrode exhibited a 1 A g~ of current density a 345 F g~! specific capac-
itance, good cycling performance (76.4% capacitance retention at the 5000th cycle), and
a current density of 11.4 A g~ ! remarkable rate performance of 167 F g~!. The exhibited
electrochemical capabilities can be linked to these key factors: primarily, the capacitive
effect of amorphous FeOOH NFs, which led to a significantly increased specific capacitance;
additionally, the mesoporous arrangement and large effective electrode area contributed to
a greater number of storage sites; and finally, the direct connection between the MWCNTs
and FeOOH NFs ensures rapid ion/charge diffusion and straightforward exposure of
storage sites components to the electrolytes.

The limited capacitance of iron-based negative electrodes compared to advanced
positive electrodes presents a challenge in developing high-performance ASC devices with
a wide voltage range and improved power energy properties. To address this issue, Chen
et al. have created negative supercapacitor electrodes exhibiting large capacitance, which
can be on par with the capabilities of sophisticated positive electrodes. This performance
is maintained even at elevated loading of active material [84]. The proposed approach
involves the new extraction mechanism called particle extraction using a liquid-liquid
interface (PELLI) to prepare «a-FeOOH as well as 3-FeOOH electrode materials, that yielded
agglomerate-free powders which could be utilized for the effective mixing with MWCNTs
leading to the better electrolyte access at the particle surface. Results indicated the feasibility
as an effective negative electrode when composited with «-FeOOH-MWCNT with an
extractor; 16-phosphonohexadecanoic acid (PHDA) provided a low impedance and a high
capacitance. Additionally, PHDA can serve multiple purposes, including serving as a
capping agent in the process of synthesizing particles and functioning as an extractor
within the PELLI approach. The electrochemical performance of their asymmetric SC
device was shown to be promising for a high potential window (1.6 V), as confirmed
via cyclic voltammetry (CV), impedance spectroscopy, and galvanostatic charging and
discharging analysis.

Molybdenum diselenide composites are considered suitable materials for SC energy
storage systems owing to their enhanced dynamic contact area, conductivity properties,
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and variable oxidation states. A recent study [100] reported the formation of a composite
consisting of FeOOH nanorods and molybdenum diselenide (MoSe;) nanoflowers, utiliz-
ing a hydrothermal route assisted by a room temperature chemical blending technique.
The suggested procedure is found to be simple and cost effective and effectively reduces
the agglomeration of both nanoflowers and nanorods. When used as an electrode in a
specific capacitance
at1 A g~ ! for 1V voltage, with 100% capacitance retention for 3000 cycles and a coulom-
bic efficiency of 100% for 10,000 cycles. The cell produces, at 1 A g~ !, 18.3 Wh kg~ ! of
energy density and 1174 W kg ! of power density. Practical application of the symmet-
ric cell based on the composite electrode was demonstrated by illuminating a panel of
42 red LEDs for 10 min without interruption. Additionally, the study proposes a suitable
charge storage mechanism associated with the prepared symmetric supercapacitor, as

symmetric cell, the FeFOOH-MoSe; composite displayed a 132 F g~!

illustrated in Figure 6a.
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Figure 6. (a) The possible mechanism of charging—discharging process in the fabricated FeOOH-
MoSe; symmetric cell. Reprinted from Ref. [100], Copyright (2023), with permission from Elsevier.
(b) Schematic representation of the amorphous FeOOH/MnO, composites synthesis method and
fabrication procedures of all printed SC devices. Reprinted from Ref. [68], Copyright (2023), with

permission from Elsevier.
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2.4. FeOOH for Solid-State Supercapacitors (SSSs)

SCs and HCs typically consist of a liquid electrolyte enclosed by two electrodes and
a separator. However, their use in electronics viz., wearable optoelectronics, collapsible
displays, etc., is limited due to safety concerns related to electrolyte leakage and chal-
lenges associated with large-scale manufacturing [143]. To overcome these limitations,
flexible, solid-state, and transparent SCs have been developed. The main advantage of
flexible/transparent solid-state SCs (FTSSSs) is the use of flexible/transparent electrodes
and a solid-state gel electrolyte [143]. Carbon materials have been the focus of previ-
ous studies for the development of transparent electrode materials for FTSSSs [144-149];
however, their performance is often restricted by low mass loading and low theoretical
specific capacitance.

The development of transparent microstructure electrodes made of large specific ca-
pacity pseudocapacitive transition metal oxide/hydroxide materials presents a significant
challenge in enhancing the performance of FTSSSs. Improving the energy density by ex-
tending the operating voltage window is also crucial. Li et al. have successfully produced
transparent films of amorphous FeOOH nanowires and Co (OH); nanosheets using a
bioinspired approach that is scalable and easy to execute in air-solution interactions [102].
By coating the nanostructures with graphene shells (Gr), Fe@Gr-TF and Co@Gr-TF are
formed as transparent asymmetric pseudocapacitive negative and positive electrodes. The
encapsulation structure of these materials offers numerous advantages, such as provid-
ing pseudocapacitive electrode materials, extending the potential window of the FeOOH
cathode with minimal cycling stability degradation, forming three-dimensional pathways
for efficient ion and electron transport, and reducing active material dissolution in the
electrolyte. The Fe@Gr-TF//Co@Gr-TF-based asymmetric transparent and flexible super-
capacitor (ATFS), which operates at 1.8 V, possesses increased transparency of 50.5% at
550 nm, 1.04 mWh cm 3 of energy density and 25.5 mF cm 2 of specific capacitance (similar
to non-transparent devices), and a good cyclability of 83.5% over 10,000 cycles. Their study
was further extended to create microstructured transparent films employing amorphous
FeOOH nanowires and Ni(OH), nanosheets using a scalable gas-liquid diffusion technique
at the interface of air and solution [103]. Ni@Gr-TF and Fe@Gr-TF microstructures were
coated with graphene shells to improve the electron/ion diffusion pathways and prevent
the exfoliation and dissolution of active materials. As a result of such an approach, the volt-
age window of the FeOOH cathode could be prolonged to —1.25~0 V. Furthermore, ATFS
was constructed using Fe@Gr-TF/ /Ni@Gr-TF, which demonstrated excellent performance.
In addition to having a 52.3% transmittance at 550 nm, the ATFS also had a large specific
capacity of 17.42 mF cm 2 at 0.2 mA cm 2 (compared to the maximum value reported for
transparent graphene membranes, this value is one order higher), a high capacity retention
(85%) after 20,000 cycles, and an energy density of 0.67 mWh cm ™3 for the entire system.

In the case of solid-state flexible SCs (SSFSs), Lu et al. developed an amorphous
FeOOH/MnO; composite that can be screen-printed as an electrode material [68], as shown
in Figure 6b. Fabricated SSFSs with appealing designs were screen-printed on textile, paper,
and PET substrates. The amorphous FeOOH/MnO, composite demonstrated at 0.5 A g~!
a large specific capacitance of 350.2 F g1 and, at 20 A g~!, a rate capability of 159.5F g1,
and an impressive cyclability of 95.6% at 10,000th cycle. The SSFS device also displayed
a remarkable 5.7 mF cm~?2 of area-specific capacitance and capacitance retention of 80%
over 2000 cycles, along with excellent mechanical flexibility. The printed SCs were able
to power a 1.9 V yellow LED, when connected in series, despite subjecting to bending
and stretching tests. Furthermore, the printed SSFSs were revealed to be cost-effective,
eco-friendly, visually appealing, and mechanically flexible.

As a promising candidate for lightweight, portable SSSs, Al (OH)3/MnO,/FeOOH
(AMFO) binder-free composite electrodes have been fabricated on stainless steel (SS) sub-
strates through a simple, eco-friendly, and low-cost Layer-by-Layer technique at room
temperature [104]. The synthesized electrode exhibited a mesoporous morphology resem-
bling reindeer moss, with ample open cavities as observed by high-resolution SEM. The
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supercapacitive properties of the electrode were examined by electrochemical measurements
in Na,SOy solution (1 M) implicating 2557 C g~! of specific capacity at 5mV s~! of scan-rate
of over a broad voltage range from about —1.11 to 1.06 V. The long-term testing exhibited a
cycle stability of around 70%, and the electrochemical impedance spectroscopy displayed a
smaller charge transfer resistance of about 1.45 (). To realize the practical application of
energy storage devices, a solid-state symmetric supercapacitive device (S55D-AMFO) was
fabricated using the synthesized electrode in a planar configuration and sandwiched with
PVA /1 M NaySO; gel electrolyte. The SSD-AMFO device demonstrated supercapacitive
behavior having large specific capacitance of 511 F g~! across a wide potential range of
0.0-2.5 V. Additionally, the assembled device exhibited an ultra-high specific energy density
of 443.67 Wh kg ! at a specific power density of 13.53 kW kg ~!. The practical application
of SSD-AMFO was established by illuminating red, green, blue, and white LEDs.

3. Ni-Fe LDH

Two-dimensional (2D) layer double hydroxides (LDHs) are gaining popularity in
electrochemical energy conversion and storage because of their customizable composition
and morphology. LDHs have highly dispersed active species in layered arrays, making
them easily exfoliated into monolayer nanosheets that can be chemically modified for use
as active electrode materials in SCs. Efficient transport features, a high specific surface
area, and interesting physicochemical properties make these materials attractive [150]. The
structure of LDHs includes positively charged host layers and exchangeable hydrated
anions located in the interlayer gallery, which provide a charge balance [151]. Interest-
ingly, the host layer and interlayer negative ions can exchange without structural change,
giving LDHs a variable nanostructure. However, LDH electrodes are relatively large in
diameter (0.2-5 mm) and thickness (6—40 nm), with fewer surface atoms exposed, leading
to capacity fading and poor electrochemical performance [150]. Although LDH materials
with sheet-like morphology have been suggested for use in SCs [67,105-131], interparticle
agglomeration and ineffective ion diffusion between active electrode materials and the
current collector have hindered their practical application. Ultrathin NiFe-LDH nanosheet
arrays were synthesized by facile hydrothermal approach on 3D NF (Figure 7a), with
variations in Ni/Fe molar ratio and feeding contents of metal ions [106]. At a current
density of 5 A g~!, the nanosheets were vertically and homogeneously aligned on the
Ni foam surface and displayed a high specific capacitance of 2708 F g~! as a result of
systematically oriented single crystal geometry and well-defined porous nanostructure.
The study also investigated the impact of concentration and the molar ratio between Ni and
Fe on the electrochemical behavior of the nanosheets. Furthermore, as a positive electrode
in ASCs with negative active carbon electrode, the NiFe-LDH nanosheet film exhibited
50.2 Wh kg~! of energy density and 800 W kg~! of power density. In just one min, two
aqueous ASCs stacked in series were charged and powered two green light-emitting diodes
for over 5 min.

The hydrothermal procedures could also be extended to a two-step hydrothermal
method to yield sulfidized NiFe-LDHs as demonstrated by Xiao et al. The process involves
vulcanization of NiFe-LDHs followed by sulfidation. When used as a negative electrode for
asymmetric supercapacitors, such treatment improves electrochemical performance [109].
As a result of the sulfidation treatment, the electrode’s electrical conductivity is significantly
increased, while its diffusion resistance is significantly reduced. Compared to the pristine
NiFe-LDHs, the sulfidized NiFe-LDHs showed better electrochemical properties: 992 mF
cm~? of area-specific capacitance at 2 mA cm~2 and improved cycling performance, at
a current density of 4 mA cm ™2, of 64.5% at the 2000th cycle. When used as a negative
electrode in ASCs, a specific capacitance of 112.2 F g~! was obtained at 2.25 mA cm 2,
and an energy density of 39.9 Wh kg~! was achieved at a power density of 211.4 W kg !,
whereas with Ni(OH); as the positive electrode, a decreased power density of 13.5 Wh kg !
at 2114 W kg~ ! was obtained in the potential window of 0~1.6 V in an aqueous electrolyte
containing 1 M KOH.
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NiFe-LDH nanostructures could also be synthesized using ultrasound irradiation
with varying molar ratios and reaction times [107]. The sonochemical method produces
different NiFe-LDH nanostructure morphologies free of impurities or structural changes.
During the optimization process, it was discovered that the reagent concentration and
the sonication time at a fixed irradiation frequency were major factors influencing the
nanostructures’ size and morphology. Under ultrasound irradiation, non-aggregated and
uniform spherical particles were obtained at 45 W for 180 min with a molar ratio of 4:1
(Ni:Fe) under ultrasound irradiation. The use of morphologically controlled NiFe-LDH
samples led to the tuning of the pseudo-capacitive behavior of the nanostructures. When
optimized, NiFe-LDH spherical nanostructures with a 4:1 M ratio produced after 3 h of
ultrasonic irradiation showed the large value 168 F g~ in specific capacitance.

Wang et al. have described an environmentally friendly method that utilizes ultra-
sonication to fabricate NiFe-LDH nanosheets, which exhibit improved capacitive perfor-
mance [116]. In comparison, the bulky NiFe-LDHs were synthesized without ultrasonic
treatment. Interestingly, the interlayer spacing of NiFe-LDHs was increased with the help
of ultrasonic treatment during the synthesis process. Through a combination of experi-
mental outcomes and cutting-edge characterization techniques, it was revealed that the
ultrasonic treatments in the synthesis process exhibit a substantial influence on the thick-
ness and nanostructure of the resulting NiFe-LDHs, as well as the capacitive behavior.
NiFe-LDH nanosheets, produced with 2 h of ultrasonic treatment, displayed outstanding
capacitive capabilities ascribed to the synergistic effect of their excellent specific surface
area, extremely thin structure, and elevated mesoporous volume (0.080 cm?® g~1). However,
excessive ultrasonication could decrease the number of active energy storage sites. The
NiFe-LDH nanosheets, having a 7.39 nm thickness and a specific surface area of 77.16 m?
g~1, achieved a specific capacitance of 1923 F g~! at 3 A g~!, which is almost 1.4-fold
and 1.7-fold that of bulky NiFe-LDHs and NiFe-LDHs nanosheets prepared with 3 h of
ultrasonic treatment, respectively. The superior retention of the capacitance of 98% at 1000
cycles under the 10 A g~! was revealed. Moreover, the maximum energy density of the
assembled ASC, consisting of positive electrode NiFe-LDHs and an AC negative electrode
(NiFe-LDHs/ /AC), was 49.13 Wh kg ! at a power density of 400 W kg~!. A key finding of
the study is that it presents a green method for synthesizing LDH nanosheets, while also
providing insights into the relationship between LDH nanosheet morphology /structure
and capacitive properties, which could lead to the advancement of high-performance
electrodes containing LDH systems.

2D nanostructures derived from different materials possess exceptional electrical and
chemical properties and have demonstrated broader applicability in energy storage devices.
Among the materials, MXene is a type of conductive 2D material derived from carbonitrides,
transition metal carbides, and nitrides and includes TizC,, Ti,C, Nb,C, V,C, and TizCN.
MXene has excellent characteristics including flexibility, good charge conductivity, large
active storage sites, plentiful shallow functional groups, and good hydrophilicity, thereby
proving to be a suitable material for the manufacture of highly efficient SCs. The utilization
of MXene as a substrate for depositing NiFe-LDH nanosheets via a facile hydrothermal
approach is reported to yield a 3D porous NiFe-LDH/MXene electrode [112]. Such a
unique structure of NiFe-LDH/MXene was found to exhibit a higher specific capacitance
(720.2 F g 1) than that of NiFe-LDH (465 F g~ !) and a cycling performance of 86% capaci-
tance retention at 1000th cycle, indicating excellent cycle stability (only 24% for NiFe-LDH).
The enhanced electrochemical properties of the composites can be ascribed to the efficient
sheet-like morphology throughout charging and discharging, the conductive network cre-
ated by MXene, and the MXene's ability to improve the electrolyte ion transfer efficiency
of composites. Importantly, MXene stabilizes the nanostructure of LDH and prevents the
separation and aggregation of LDH, while the uniform anchoring of LDH nanosheets on
MXene allows the composite to have a larger specific surface area. Moreover, an ASC
utilizing a NiFe-LDH/MXene positive electrode demonstrated at 758.27 W kg~! power
density a 42.4 Wh Kg~! energy density.
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Despite the prevalent use of carbon materials as anodes in SCs, their reduced capac-
itance results in limited energy density for SC devices that use aqueous electrolytes. To
overcome this challenge, Shakir et al. proposed a flexible and binder-free electrode for
supercapacitor applications by directly decorating NiFe-LDH on carbon cloth (CC) [113].
The NiFe-LDH/CC electrode exhibited a large gravimetric capacitance of 984 F g~ ! at
1 A g~1, which can be attributed to the synergistic effect of the hybrid composition, porous
structure, higher surface area, and binder-free design. The electrode also demonstrated
good cyclic stability, with nearly 87.6% of capacity retention after 7000 consecutive gal-
vanostatic charging—discharging cycles. The flexible substrate, layered morphology, and
porous architecture of the fabricated electrode were found to protect from the expected
pulverization and expansion processes, resulting in excellent cyclic activity. Additionally,
the proposed electrode showed excellent rate performance, with only a 13.5% decrease in
gravimetric capacitance when the applied current density was increased from 1to 9 A g~ 1.
The numerous voids and pores in the NiFe-LDH sample acted as ion reservoirs, facilitating
mass transport even at higher current densities.
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Figure 7. (a) Schematic illustration of the NiFe-LDH/NF formation mechanism of the ASC device.
Reprinted from Ref. [106], Copyright (2023), with permission from Elsevier. (b) Preparation of
NiFe-LDHs/rGO/NF by electrochemical reduction of GO to rGO and deposition onto NF, then

electrodeposition of NiFe-LDHs. Reprinted from Ref. [110], Copyright (2023), with permission
from Elsevier.
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As previously mentioned, graphene is an ideal material for supporting metal de-
position as it can stabilize metal nanoparticles while retaining their electronic structure
and chemical properties [142]. In their study, Gao et al. created a 3D airgel by com-
bining 2D graphene layer with a 2D Ni-Fe LDH hybrid using a simple hydrothermal
method combined with freeze-drying [105]. The 3D hybrid aerogel has several benefits
over the 2D structure, such as a distinctive porous framework, superior electrical conduc-
tivity, and a multidimensional electron transport pathway. As an SC electrode, the Ni-Fe
LDH/ graphene hybrid aerogel (Ni-Fe LDH/GHA) exhibited an 1196 F g~! capacitance at
1 A g~ ! current density, as well as exceptional stability of 80% at the 2000th cycle, owing
to the mentioned features. Additionally, the ASC device having active carbon negative
electrode and the Ni-Fe LDH/GHA positive electrode reached 17.6 Wh kg~ ! of energy
density at 650 W kg~! of power density and exhibited excellent cycling performance of
87.2% capacitance retention at 3500th cycle with 91 F g~! specific capacitance at 1 A g~ 1.

An intertwined caterpillar-like NiFe-LDH bridged on rGO-modified NF (NiFe-LDH/
rGO/NF) electrode could be fabricated through a simple two-step electrodeposition pro-
cess to coat as shown in Figure 7b [110]. Initially, rGO is electrochemically coated on NF
at —1.2 V versus SCE for 600 s, followed by NiFe-LDH electrodeposition at —1.2 V for
10 s using Ni/Fe-LDHs with different Ni/Fe ratios. When optimized, the resulting NiFe-
LDHs/rGO/NF composites exhibited a 1462.5 F g~! specific capacitance at 5 A g~ and a
cyclic stability of approximately 64.7% over 2000 cycles. Moreover, a flexible ASC is devel-
oped with mesoporous carbon (MC) coating on NF as the anode and NiFe-LDHs/rGO/NF
as the cathode. This SC displayed a 17.71 Wh kg~! energy density and 348.49 W kg !
power density.

Hsiao et al. proposed an innovative method for synthesizing rGO-FeO-CNT-NiFeLDH
electrodes using oyster shell powder to obtain a hierarchical structure and growing CNTs
on the rGO surface [114], as displayed in Figure 8a. The elaboration method included
the combination of oyster shell powder with GO and iron sulfate solution, followed by a
hydrothermal reaction to reduce GO to rGO, forming rGO-FeOOH. Subsequently, CNTs
were grown on the rGO surface through a chemical vapor deposition process (CVD) while
using dried rGO-FeOOH as the framework. To prepare the rGO-FeO-CNT-NiFeLDH
electrodes, electrochemical deposition (ECD) is used to deposit NiFe-LDH onto the rGO
substrate. The deposition of FeO onto the rGO substrate provides both pseudocapacitance
and catalytic support for CNT growth. The CNTs grown between the rGO sheets enhance
conductivity and create a hierarchical structure that reduces the transport barriers for
electrolyte ions during operation, significantly improving the electrode’s electrochemical
properties. The deposition of the NiFeLDH layered structure on the CNT surface of the
rGO-FeO-CNT electrode offers a high surface area for redox reactions. These advantages
create a synergistic effect that enhances the electrode’s performance, which results in an
excellent capacitance of 411.9 F g ! tested at 5mV s ! for the rGO-FeO-CNT-700-NiFeLDH-
60 electrode. In 1.7-volt operation, the ASC exhibited a maximum energy density of
41.4 W h kg~ ! and a maximum power density of 5600 W kg ! when paired with AC-NiO
as the cathode. The capacitance decreased due to the collapse of the extruded petal-
like structure generated during the initial charge/discharge operation after 3200 cycles.
However, a good retention rate of 102.2% was attained after 5000 charge/discharge cycles.

Recently, nanostructured metal sulfides are emerging as a promising material for
energy storage thanks to their outstanding electrical and catalytic properties. In particular,
Cobalt sulfide (CoS;) has desirable electroconductibility and thermal stability, making it
an ideal candidate for supercapacitor devices [111,127]. Tian et al. developed a hydrother-
mal method of synthesizing CoS, nanosheet-coated flower-like NiFe-LDH nanospheres
directly on a 3D nickel foam substrate (NiFe-LDH@Co0S,@Ni) [111] for high-performance
supercapacitors, as displayed in Figure 8b,c. The opted hydrothermal process involves
the preparation of CoS,@Ni, followed by surface generation of flower-like NiFe-LDH
nanospheres through a subsequent hydrothermal process, producing a binder-free elec-
trode with an exceptional capacitance performance. The electrode displayed an impressive
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3880 F g~! specific capacitance at 1.17 A g~! and a stability of 81.9% over 10,000 elec-
trochemical cycles at 20 mA cm~2. Furthermore, the electrodes were exploited in an
all-solid-state ASC, utilizing the NiFe-LDH@Co0S,@Ni hybrid as the positive electrode and
AC covered NF as the negative electrode; consequently, 375.16 W kg ~! power density yields
15.84 Wh kg—1 energy density. The as-fabricated ASC also demonstrated the ability to
power a blue LED indicator for over 30 min (Figure 8e). The impressive electrochemical
performance is due to the flower-like structure of the ultrathin nanosheet, that provides a
large specific surface area and a high number of active sites, shortens the diffusion distance
between electrolyte ions and substrates, and accelerates electron transport (Figure 8d). Con-
sequently, the findings indicated that the NiFe-LDH@Co0S,@Ni hybrid is an ideal electrode
material for advanced supercapacitors.
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Figure 8. (a) The preparation process of the rGO-FeO-CNT-NiFeLDH electrode. Reprinted from
Ref. [114], Copyright (2023), with permission from Elsevier. (b) The preparation process of
(i) CoS,@Ni nanosheets and (ii) NiFe-LDH@CoS,@Ni. (c¢) High magnification SEM image of the
NiFe-LDH@CoS,@Ni flower-like nanospheres. (d) Schematic representation of electron transport in
NiFe LDH@CoS,@Ni. (e) Schematic configuration of the NiFe-LDH@CoS,@Ni//AC ASC device and
the corresponding images of the three ASC devices that connect in series that could illuminate the
LEDs. (b-e) are reprinted from Ref. [111], Copyright (2023), with permission from Elsevier.
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4. Co-Fe LDH

Among various LDHs, cobalt-iron LDHs (CoFe-LDHs) have triggered tremendous
interest in recent years thanks to their potential use in energy storage systems [67,117-123].
CoFe-LDH is a family of lamellar materials made up of positively charged brucite-like
host layers and interlayer regions. In this system, the metal cations occupy octahedral
vacancies between alternate pairs of OH™ planes of the brucite-like sheets, and the inter-
layer regions are filled with charge-compensating anions and solution molecules [152-154].
Recently, the use of CoFe-LDH electrode materials has also received increasing attention
because the co-existence of Co and Fe ions in the host layers can provide rich redox re-
actions due to their combined contributions during the electrochemical processes. Ma
et al. showcased an innovative method for creating CoFe-LDHs with varying Co/(Fe?*,
Fe3*) atomic proportions through precipitation and subsequent partial oxidation of I, [117].
Co/Fe ratios in the solution can be adjusted over a broad spectrum, significantly affect-
ing the resulting product’s phase and structure. A structural examination verified that
CoFe-LDHs with four distinct Co/Fe molar proportions exhibit a layered, plate-like mor-
phology and a characteristic hydrotalcite-like structure. Elevated Fe content disrupts the
hydrotalcite structure, resulting in the formation of magnetite particles. Electrochemical
analysis reveals a strong correlation between the Co/Fe ratio and the specific capacitance
of CoFe-LDHs. Among the samples, Co-Fe LDHs using a 2.35 Co/Fe ratio yield 728 F g~ !
capacitance at 1 A g~!. Combining it with AC as a negative material in an ASC can achieve
27.3 Wh kg~! energy density at 823.5 W kg~! power density. The results suggested that
iron inhibits -Co(OH), formation but also contributes to obtaining a large capacitance.
However, excessive iron content may compromise the layered structure of LDHs and result
in the deterioration of electrochemical performance. Consequently, to attain CoFe-LDHs
with a stable structure and high electrochemical efficiency, the amount of Fe should be
carefully regulated to maintain a relatively low value.

The formation of CoFe-LDHs was also demonstrated using a chemical co-precipitation
method, applied as electrodes for supercapacitors [118]. Co/Fe molar ratio had a signif-
icant effect on electrochemical activity in this process. The results showed that the loose
packed Cog 74Fe( 26-LDH nanoplatelets could expand the electroactive area for pseudoca-
pacitive reactions and provide effective electrolyte-accessible channels for ion transport. In
Cop.74Feg 26-LDH, the total pore volume was 0.6 cm’ g’l, and the specific surface area was
202.9 m? g’l. As a result, the interfacial area between liquid and solid is high, which results
in improving the active materials’ efficiency. The electrochemical measurement demon-
strated that the CoFe-LDHs had an excellent capacitive performance that was relative to their
composition. The largest specific capacitance of 869 F g’1 was accomplished by Cog 74Feq 26-
LDH in 1 M KOH electrolyte. At1 A g_l, over 1000 consecutive cycles, the Cog 74Feq 26-LDH
electrode was also shown to possess superior electrochemical stability further on than 99.5%
of the initial capacitance due to its special molar ratio of Coll/Fell. Therefore, a low-cost,
environmentally friendly, and high-performance Cog74Fe 24-LDH, fabricated by a simple
preparation process, is a potential electrode material for supercapacitors.

Considering the impact of the Co to Fe molar ratio on the electrochemical activity,
Jo et al. have successfully designed CoFe-LDH nanosheets on nickel fabric (NFa) through
a simple ECD technique with a constant potential of —1.0 V for 100 s [121], as depicted
in Figure 9a. The composites with different ratios of Co-Fe precursors were synthesized
by varying the mole ratio of Co and Fe. In addition, the distinct structure created during
fabrication, which is a result of an adjustable chemical composition and a broad range of
material properties, was effective in improving the efficiency of electrochemical energy
storage devices. CoFe-LDH with a Cog sFeg 5 electrode was optimized with a well-designed
LDH structure and exhibited outstanding electrochemical performance. In particular, the
synthesized LDH morphology enhances the electronic structure as well as the electrical
conductivity, offering a huge number of active sites and a rapid electron transfer process.
Through the combination of a CoFe-LDH battery-type electrode and an AC capacitive-type
electrode, a hybrid supercapacitor device was fabricated (Figure 9b). The as-fabricated HSC



Batteries 2023, 9, 259

19 of 42

Counter
electrode

-1.0V for 100 s
Working
electrode
(Nickehfabric)

based on conductive fabric exhibits superior energy storage performance with 70 pF cm 2

areal capacitance at 2.0 mA cm~2. In addition, the device displayed an energy density of
1.6 mW h cm~2 at 0.09 mW cm~2 power density and excellent stability of 91% over
2000 cycles of GCD measurements. Flexible devices are also suitable for use as power
sources in flexible electronic devices due to their high degree of flexibility. In addition
to providing a promising electrode for supercapacitors, this study also developed an
electroactive material with a unique composition and structure.

By using a one-step electron capture device, Jiang et al. synthesized CoFe hydroxides
grown on nickel foams with different CoFe atomic ratios [119]. Crystallinity and electro-
chemical characterization of the CoFe hydroxides are significantly affected by the initial
Co/Fe ratios in the precursor solutions. Particles of Fe (OH)3 have an average diameter of
200 nm. Adding Co ions improves crystallinity of CoFe hydroxide by forming a frame-like
structure consisting of smaller particles. According to its morphology, Co(OH); can be used
as a network former to construct tridimensional frame networks. Two types of structure
are observed in CoFe hydroxide with a Co/Fe ratio of 1:1 nanoflake-like network struc-
ture overall and nanoparticle with several mesopores. The as-prepared CoFe hydroxides
have been applied for SC electrodes, showing superior electrochemical performance. The
CoFe DH electrode, having a 1:1 CoFe ratio, achieved 2255.6 F g~ ! specific capacitance at
1 A g~! and 73.5% capacity retention after 2000 cycles at 10 A g~ 1. Because of its particular
structure and the synergistic effect between Co (OH), network and Fe(OH); particles, it has
excellent electrochemical performance. The simple synthesis technique and high perfor-
mance of CoFe hydroxide electrode materials make them a potential high-performance SC
electrode material.

Layered-double hydroxide
(LDH) structure

Separator
(with KOH
electrolyte)

Carbon Nickel
fabric fabric

Figure 9. (a) Schematic illustration of (i) Preparation procedure of mono- and mixed-metal hydroxide
via ECD method and fabricated electrodes of (ii) Fe(OH),, (iii) CoFe-LDH, and (iv) Co(OH), [121].
(b) Fabrication process of HSC device. (a,b) are reprinted from Ref. [121], Copyright (2023), with
permission from Elsevier.

Using a one-step liquid-phase reflux method, CoFe hydroxides with a ratio of Co/Fe
of about 3:1 were synthesized [120]. The material consists of numerous well-defined
platelets with uniform hexagonal shapes and a lateral dimension of 1.3 um. For the
CoFe hydroxide nanosheet electrode, a Csp value of 2358.4 F g~ was obtained at a cur-
rent density of 0.5 A g1, and excellent capacitance retention of 83% was observed after
1400 cyclic voltammetry cycles, indicating good electrochemical stability. This can be
assigned to the presence of metallic cobalt and iron, which effectively ameliorate the electri-
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cal conductivity, consequently promoting charge/ion transport and leading to increased
charge storage capacity. Notably, the cobalt element contributes to the electrode’s higher
specific capacity. Additionally, the distinctive nanostructures of these hydroxides offer a
vast number of surface-active sites, thereby increasing the electrode’s efficiency. Simul-
taneously, the amorphous nature of these material systems promotes the diffusion and
reaction of electrolyte ions, enabling a uniform charging/discharging process throughout
the electrode. These combined factors work together to provide an advanced electrochemi-
cal performance for the CoFe hydroxide nanosheet electrode. Furthermore, the fabricated
solid device displayed 512 W kg~! power density and 28.3 Wh kg~! energy density. It
may be used for flexible electronics and energy storage in the future due to its low cost
and simplicity.

Regulating the intrinsic properties of the transition metal LDH material is a promising
strategy to ameliorate the performance of supercapacitors. Li et al. have reported the
CoFe-LDH array in a suit grown on NF substrate by a simple hydrothermal method and
subsequently activated by electrochemical cyclic voltammetry [123], as shown in Figure 10a.
The report demonstrates that the electrochemical activation can not only regulate the mor-
phology and electronic structure of the CoFe-LDH but can also transform the original single
crystal structure into the polycrystalline structure. The unique morphology (microflowers)
of optimal CoFe-LDH-X (Figure 10b) is found to expose more active sites. Moreover, the
existence of oxygen vacancies offers enhanced electrical conductivity with a large number
of grain boundaries, which are beneficial for the improved electrochemical reaction process.
Interestingly, after 200 cycles of CV activation of CoFe-LDH (CoFe-LDH-200), a significant
enhancement in the specific capacitance of 4662.2 mF cm 2 and great cycle stability (133.8%
after 10,000 cycles) was achieved. Using the proposed strategy, high-performance tran-
sition metal LDH electrode materials can be designed for future energy conversion and
storage devices.

The creation of nanosized pores in layered materials can increase their active surface
area and boost energy storage applications, according to Mahmood et al. [122]. Using this
strategy, a unique synthetic strategy based on polyaniline (PANI)-doped 2D CoFe-LDH
(CoFe-LDH/P) nanomaterials was developed through a hydrothermal method that causes
the formation of pores at low temperature (80 °C), as shown in Figure 11a. It was found that,
unlike all other polymers, PANI-optimized concentration creates nanopores on CoFe-LDH
nanosheets. Ion diffusion is effective in CoFe-LDH /P because of its well-ordered pores
that promote high accessibility of redox-active sites. In supercapacitor applications, the
optimized CoFe-LDH /P2 cathode shows a specific capacitance of 1686 F g~ and 1200 F g !
at1and 30 A g1, as well as a high rate capability of 71.2% and a great cyclability of 98%
over 10,000 cycles. Analysis of charge storage suggests a capacitive-type storage mechanism
(69% capacitive at 1 mV s~ 1) for the CoFe-LDH/P2 electrode. Moreover, Figure 11b shows
an asymmetric aqueous supercapacitor made of CoFe-LDH/P2//AC that has an impressive
energy density (75.9 Wh kg~ !) and outstanding stability (97.5%) at 10,000th cycle as can be
observed from Figure 11c. The observations made and the chemical principles unveiled in
the reported study by Mahmood et al. indicate that creating nanosized pores in transition
metal-based 2D materials can increase the edge sites and surface area and improve the
mass transfer. This opens up a new avenue for the development of porous 2D materials at
low temperatures for use in aqueous energy storage systems.
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CoFe-LDH CoFe-LDH-X
hydrothermal ~§ 55 Cyclic Voltammetry (CV)
120°C 6 h activation

Figure 10. (a) The elaboration procedure of CoFe-LDH-X. (b) SEM images of (i,ii) CoFe-LDH and
(iii) CoFe-LDH-200. (a,b) are reprinted from Ref. [123], Copyright (2023), with permission from Elsevier.

In supercapacitor devices, high energy and power densities are crucial because of
their potential practical applications in different kinds of electronic devices. To achieve
balanced properties, CoFe-LDH can be used to fabricate other composite electrode mate-
rials. An ASC with high capacitive performance has been developed by Gao et al. using
electrodeposition coating method and the facile acid corrosion route, in which the positive
and negative electrodes were made from NiO@CoFe-LDH and commercially available
pen ink/graphene/carbon nanotubes (PGC), respectively [67]. It resulted in higher ca-
pacity and ultrastable rate capability because of the synergy that occurred between NiO
ravines with high capacitance and wrinkled porous CoFe-LDH. Interestingly, CoFe-LDHs
have been shown to have ultra-stable rates (retaining 94% from 4 to 25 mA cm~2) and
can be used to balance transition metal oxides and hydroxides. It was found that the
ASC constructed in this study exhibited a large specific capacitance of about 205 F g~! at
1 A g~ ! and retained 60% of the capacitance at 20 A g~!. It is also notable that it displays
an extremely high energy density of 64.1 Wh kg~! and a power density of 15 kW kg~!
in addition to a high degree of cyclability after 3000 cycles (90% capacitance retention).
Additionally, as a demonstration of its potential application in micro- and nano-energy
storage devices, the ASC drives LEDs, motor propellers, and even a toy car.
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Figure 11. (a) Synthesis process and structure transformation of pristine and PANI doped CoFe-LDH.
The pores and green sparks on the final product indicate the active sites. (b) Schematic representation
of CoFe-LDH/P2// AC working principle. (c¢) Cycling stability performance for 10,000 cycles (inset
exhibits the first and the last four cycles). (a—c) are reprinted from Ref. [122], Copyright (2023), with
permission from John Wiley and Sons.

5. Ni-Co-Fe LDH

Supercapacitor electrodes made from mixed-metal hydroxide (MMH) exhibit supe-
rior performance as a result of the synergistic effect caused by mixed-metal elements, as
compared to electrodes made from single-metal hydroxide (SMH). A number of energy
storage devices have been developed using MMH electroactive materials. Due to their
unique structural and chemical composition, they have strong electrochemical properties.
Using a rational microstructure construction and combining multiple components, elec-
trode materials can be displayed in ASCs in an extensible manner. Recently, ternary metal
compounds have received considerable attention due to their high electrochemical activity
and multiple valence states. Based on the excellent characteristics of Ni (which can offer
a large specific capacity), Co (which can possess strong electrical conductivity), and Fe
(which can stabilize the structure and provide more active sites) elements, the Ni-Co-Fe
codoping approach is not only conducive to stabilizing the electronic structure of LDHs
but can also improve the stability of the electrode materials to obtain better electrochemical
performance than single Ni-, Co-, or Fe-doped LDH materials [124-131]. Cobalt-doped
NiFe-LDH (Fe-Ni3Co, LDH) assembled from one-dimensional (1D) nanoneedle subunits
and FeSe, /C is synthesized via a facile, one-pot self-template method [115], as illustrated
in Figure 12a. The morphology of Fe-NizCo; LDH nanospheres is shown in Figure 12b—d.
The Fe-NizCo, LDH electrode showed outstanding capacitance retention of 116.6% over
5000 cycles. Significantly, the fabricated all-solid-state ASC (Figure 12e), based on the Fe-NizCo,
LDH positive electrode and the FeSe; /C negative electrode, (Fe-NisCo, LDH/ /FeSe, /C) de-
livers 83.9 mF cm ™~ areal capacity at 0.3 mA, 22.3 uWh cm 2 energy density at a power density
of 2076 pW cm ™2, and a stability 84.8% over 5000 cycles at 0.3 mA (Figure 12f). In addition,
the device has good mechanical flexibility after bending from 0° to 180°. Based on the density
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functional theory (DFT) calculations, the high electrochemical activity of Fe-Ni3Co, LDH is
mainly attributed to cobalt doping, which can modify the electronic structure and narrow
the bandgap, thereby bringing enhanced conductivity, facile electron transfer, and abundant
active sites.

As part of a supercapacitive energy storage application, Pourfarzad et al. synthesized
Fe;O3/Graphene as a negative electrode and NiCoFe-LDH on NF as a positive elec-
trode [125]. By using cyclic voltammetric methods to change the Ni, Co, and Fe amounts in
NiCoFe-LDHs, the electrochemical efficiency has been explored and optimized. It has been
determined that the NiCoFe-LDH electrode material, having a 2:1:1 Ni:Co:Fe ratio, has
the highest specific capacitance because of the synergistic effect of Fe, Co, and Ni, which
increases the conductivity, and the insulators oxidation rate (such as Ni(OH),), which
facilitates the penetration of OH™ and thereby accelerates the kinetics of the process by
facilitating Co'V active site formation. At a density of current of 1 A g~!, NiCoFe-LDH
nanocomposite exhibits a specific capacitance of 3130 F g~!. This research has focused
also on designing and constructing a SC with great power and energy density. There is
a power density of 91.5 kW kg~! and a total energy density of 101 Wh kg~! in the de-
signed supercapacitor. Additionally, this device’s specific capacity was only 17.5% lost after
5000 cycles, indicating 82.5% stability.

Developing stable and efficient thin films that store and convert energy effectively
has gained considerable attention for SCs. Rohit et al. developed hierarchical nanosheet-
based ternary NiCoFe-LDH thin films using an inexpensive and facile electrodeposition
process [128]. The NiCoFe-LDH exhibited, at 0.4 A g~! current density, a specific capacity
of 360 A g1, a 51% capacity retention at 10 A g~!, and 84% stability performance after
2000 cycle tests.

Wang et al. devised a distinctive NiCoFe-LDH/carbon nanofiber (NiCoFe-LDH/CNFs-
0.5) composite using a straightforward in situ growth method for supercapacitors [124]. Em-
ploying the two resulting materials as SC electrodes, the NiCoFe-LDH/CNFs-0.5 composite
exhibited an elevated 114.2 m? g~! specific surface area, a 1203 F g~! specific capacitance at
1A g_l, and a 77.1% rate capability from 1 A g_l to10 A g_l, all of which were significantly
greater than the values for pure NiCoFe-LDH. Additionally, the NiCoFe-LDH/CNFs-0.5
composite showcased over 1000 cycles a remarkable long-term cyclic stability of 94.4% at
20 A g~1. The ASC constructed using activated carbon (AC) as the negative electrode and
NiCoFe-LDH/CNFs-0.5 as the positive electrode demonstrated an 84.9 F g~ specific capac-
itance at 1 A g~1, along with a high energy density of 30.2 Wh kg~ ! at 800.1 W kg~! power
density. Most notably, this device maintained its cycling performance, retaining 82.7%
capacity at a current density of 10 A g~ over 2000 cycles. The excellent electrochemical
performance of the NiCoFe-LDH/CNFs-0.5 composite suggests its considerable potential
for use in high-power and energy storage devices.

To examine the metal ratios effect on the electrochemical performance of LDHs,
Liao et al. elaborated porous NixCo;_xFe-LDHS 2D nanosheets utilizing a concise hy-
drothermal technique [129]. The team optimized the molar ratios of NiCoFe-LDH samples,
examining the variations in structural, morphological, and electrochemical properties
and comparing them with their binary analogs. Their findings revealed that the increase
in nickel content causes an increase in the LDH’s specific capacity. Consequently, the
NiCoFe-LDH material exhibited a substantial 425.56 mAh g~! capacitance at 1 A g™},
maintaining 94.52% capacitance at 8000 cycles at 10 A g~!. Furthermore, the asymmetric
NiCoFe-LDH//AC HSC device exhibited, at 1 A g1, 1.26 Wh kg ! of power density and
51.81 Wh kg ! of energy density. Conductivity of electrode material remained excellent
after 10,000 CV cycles. As a consequence, NiCoFe-LDH is a potential candidate for SC ap-
plications because it has superior stability. This study offers guidance for the development
of ternary LDH materials that can be used in electrochemical energy storage devices. Con-
sequently, the ternary NiCoFe-LDH holds promise as a more effective electrode material
compared to binary LDH in the realm of supercapacitors.
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Figure 12. (a) Schematic representation of the formation of MIL-88A, Fe-NizMy LDH (M = Co, V,
Mo, and Mn), and FeSe, /C derived from MIL-88A [115]. (b,c) SEM images of Fe-NizCop, LDH [115].
(d) TEM and the corresponding elemental mapping images of Fe, Ni, and Co of Fe-NizCo, LDH [115].
(e) Components of an ASC based on Fe-Ni3Co, LDH and FeSe, /C as positive and negative electrodes,
respectively [115]. (f) Cycling stability performance of ASC device at 0.3 mA for 5000 cycles [115].

Lee et al. also validated that NiCoFe hydroxide can be used in hybrid supercapac-
itors with high energy density [126]. Using a controlled molar ratio of Ni and Co, they
successfully prepared ternary NiCoFe hydroxide by facile electrodeposition in Figure 13a.
Optimum Ni/Co/Fe (3:1:1) molar ratios led to high energy and power densities for the
hybrid supercapacitor, as represented in Figure 13d,e. When the nickel ratio is high, the
metal hydroxide exhibits increased specific capacitance, and when cobalt is high, it dis-
plays a higher rate capacity. Upon adding inexpensive iron with a minimal cobalt ratio,
the proposed material can be used as a low-cost, high-performance SC electrode. Based
on AC and NiCoFe hydroxide, an aqueous HSC device has been fabricated (Figure 13b).
The device displays, at 1 A g~!, a high 1321 F g~! capacitance of current density with
high capacitance retention, over 10,000 continuous cycles, of 88.57% with good coulombic
efficiency at 10 A g~!. The as-prepared NiCoFe/AC HSC as well presents a greatest of
73.07 Wh kg ! energy density at 1.07 kW kg~! power density and an energy density of
14.02 Wh kg~ ! at a maximum power density of 6.97 kW kg~! over a large voltage window
(1.6 V). Additionally, it displays after 50,000 cycles a satisfactory capacitance retention
of 75.5% with a high coulombic efficiency, as shown in Figure 13c. As a guideline, this
approach is useful in preparing electrochemical energy storage devices using ternary metal
hydroxide electrodes.

As previously noted, LDHs have attracted significant interest within the energy stor-
age domain due to their exceptional 2D hydrotalcite-like architecture, highly reversible
redox dynamics, and tunable composition. At the same time, nanomaterials constructed by
ultrathin nanosheets have enhanced conductivity, rich electrochemical active sites, and fast
charge transfer channels, showing better electrochemical properties. Wang et al. designed
three-dimensional NiCoFe-LDH vertical nanosheet arrays (denoted NiFeCo-LDH Na)
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assembled by the tight interconnection of 2D nanosheets using a Ni-coordinated zeolitic im-
idazolate framework (Ni-ZIF-L) as a sacrificial template via facile ion exchange and etching
reaction processes under hydrothermal conditions [131], as illustrated in Figure 14a. The
as-prepared NiFeCo-LDH NA exhibits a characteristic 2D /3D porous structure, providing
a substantial surface area that enhances active site exposure to electrolytes and promotes
ion diffusion channels for redox reactions. Continuous charge-discharge processes are
effectively limited by the hierarchical mesoporous structure. Therefore, this design im-
proves the electrochemical utilization, accelerates reaction kinetics, and achieves superior
electrochemical properties. Electrochemical tests show that the NiFeCo-LDH NA based
electrode shows a superior specific capacity of 1495 C g~! at 1 A g~ ! and has great cycling
stability (89% capacitance retention over 10,000 cycles at 10 A g~ !). The constructed HSC
(NiFeCo-LDH NA//AC), shown in Figure 14b, attains an impressive 34.4 Wh kg_1 energy
density at 935.5 W kg ! power density while maintaining excellent cycling performance,
maintaining over 96% of the initial capacitance (Figure 14c), and demonstrating nearly
99% coulombic efficiency after 15,000 cycles. This work not only proves that ternary LDHs
can be used as good energy storage materials but also provides a new way to prepare
nanomaterials with specific morphology.
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Figure 13. (a) Preparation procedure of Ni-Co-Fe hydroxide. (b) Schematic illustration of
NCF311/AC HSC configuration. (c) Cycling stability performance and coulombic efficiency of
HSC device at 10 A g~ for 50,000 cycles. (d) Evolution of specific capacitance and capacitance
retention at various current densities (from 1 to 20 A g~!) versus Ni content. (e) Ternary diagram
of the specific capacitance as a function of the Ni/Co/Fe ratio. (a—e) are reprinted from Ref. [126],
Copyright (2023), with permission from Elsevier.
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Intelligently developing self-supporting heterogeneous nanostructured electrode ma-
terials is a potent approach to enhance the electrochemical performance and mechanical
strength of ASCs. Ren et al. presented a straightforward method to synthesize self-
supporting petal-like NiFeCo-S (Sulfides) @NiFeCo-TH (Ternary Hydroxide) heterogeneous
ultrathin nanosheets on nickel-iron foam (NIF) through an inventive electro-oxidation,
sulfuration, and adjustable Co?* exchange process [127], as illustrated in Figure 15a. The
multicomponent ultrathin nanosheets offer numerous electrochemical interfaces/active
sites, a brief ion/electron transport path, and exceptional structural stability, making
them excellent supercapacitor electrode materials. The uniquely nanostructured NiFeCo-
S@NiFeCo-TH lamellar hybrid (Figure 15b) yields a high 174 mAh g~ specific capacitance
at 10 mA cm 2 and a remarkable 68.3% rate capability at 100 mA cm ™2 current density.
The possible mechanism behind NiFeCo-S@NiFeCo-TH/ /NIF performance is represented
in Figure 15c¢. Crucially, the assembled NiFeCo-S@NiFeCo-TH/NIF//AC all-solid-state
ASC device demonstrates 56.3 Wh kg ! energy density at 543 W kg~! power density and
outstanding cycling performance of 90.1% at the 4000th cycle. In addition to creating
self-supporting transition metal nanostructured electrodes that can be used to store and
convert energy, this fabrication strategy displays broad application potential.
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Figure 14. (a) Elaboration procedure of NiFeCo-LDH nanoplate arrays. (b) Schematic illustration of
NiFeCo-LDH NA//AC HSC. (c) Cycling stability performance of NiFeCo-LDH NA//AC HSC at
10 A g‘1 for 12,000 cycles. (a—c) are reprinted from Ref. [131], Copyright (2023), with permission
from Elsevier.



Batteries 2023, 9, 259

27 of 42

(@)

& .
FRCD ~Sulfuration Co*
: \ électrooxidatiN exchange
l Nickel iron foam NiOOH@FeOOH//NIF Ni,S,@FeS@NiFe-DH//NIF NiFeCo-S@NiFeCo-TH//NIF

Figure 15. (a) Elaboration procedure of NiFeCo-S@NiFeCo-TH/ /NIF. (b) SEM images of NiFeCo-
S@NiFeCo-TH/ /NIF at different magnifications (i-iii). (c) Schematic representation of the possible
mechanism behind NiFeCo-S@NiFeCo-TH/ /NIF performance. (a—c) are reprinted from Ref. [127],
Copyright (2023), with permission from Elsevier.

Zhao and colleagues prepared a nanocomposite consisting of ternary NiCo,Fex LDH
anchored to graphitic carbon nitride (g-C3Ny4) via a hydrothermal route [130], as illustrated
in Figure 16a. In this distinct material, Fe played a crucial role in boosting the energy storage
performance of NiCo,Fex-LDH. Notably, the substantial improvement in electrochemical
performance following the incorporation of Fe into the NiCo,-LDH structure was studied
through theoretical calculations as shown in Figure 16b. The results revealed that the NiCo,-
LDH has a smaller band gap after Fe is added, facilitating rapid electron and ion transport.
The electrochemical tests for this material indicated that the NiCo,Fe; o-LDH@g-C3Ny
electrode achieved a high 1550 F g~ ! specific capacitance at 1 A g~! current density, far
exceeding that of the NiCo,-LDH@g-C3Ny electrode. The assembled NiCo,Fe; o-LDH@g-
C3Ny4//AC asymmetric supercapacitor device (Figure 16¢) exhibited an impressive specific
capacitance of 129.64 F g~ 1. Moreover, the device produced 35 Wh kg ™! energy density
corresponding to 701 W kg~! of power density, while maintaining excellent stability
performance (92.7% capacitance retention after 5000 cycles), as shown in (Figure 16d).
The NiCo,Fe; o-LDH@g-C3Ny//AC ASC was able to power a blue LED effortlessly. The
experimental results in this study offer valuable insights for designing and comprehending
novel LDH structure electrode materials for energy storage applications.
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Figure 16. (a) The preparation procedure of NiCo,Fey,-LDH@g-C3Njy. (b) Atomic structure models
and the differential charge density (i,ii), total density of state (DOS), and band structures (iii,iv)
of NiCoy-LDH with and without the incorporation of Fe. (c) Graphical illustration of NiCo,Fe; o-
LDH@g-C3N,//AC ASC device. (d) Cycling stability performance for 5000 cycles (inset shows a pair
of ASC devices in series that could illuminate a LED). (a—d) are reprinted from Ref. [130], Copyright
(2023), with permission from Elsevier.

6. Ternary and Quaternary LDH

Binary LDHs are commonly used in supercapacitor applications [67,105-114,116-123].
However, their lower electrical conductivity and limited active sites restrict their potential
for various energy-related applications. To overcome these limitations, ternary LDHs and
quaternary LDHs can be formed by incorporating a third and fourth metal cation, respec-
tively, which results in increased conductivity and a higher number of electrochemically
active sites [132-136,155]. Elgendy et al. successfully fabricated a binder-free nickel-zinc-
iron LDH (Ni-Zn-Fe LDH) through a one-step successive ionic layer adsorption and reaction
(SILAR) technique [133]. The Ni-Zn-Fe LDH exhibited at 5 mV s~! a high 14523 F g~
specific capacitance and an outstanding cycling performance of 112.5% over 1000 cycles.
The reason for this is the large specific surface area of 119.789 m? g~! and mesoporous
structure with pores sized around 3.69 nm, allowing electrolyte ions to extensively interact
with the electroactive material surface. The assembled ASC (AC//Ni-Zn-Fe LDH) attained
14.9 Wh kg~ ! energy density, 1077.6 W kg ~! power density, and at 1.5 A g~ ! current density
95% cycling performance over 1000 cycles.
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Metal hydroxides are versatile and appealing electrode materials owing to their merits
such as easy room-temperature synthesis, nanostructure formation, higher conductivity,
crystallite or non-crystallite formation, porous structures, etc. Nanostructured ternary
transition metal (M = Mo, Co, Fe) hydroxides (TTMHs) were successfully grown on NF
via template-free single-step electrodeposition for supercapacitor applications [135], as
illustrated in Figure 17a. Interestingly, numerous element ratios of Mo>*, Co?*, and Fe®* in
the electrode position precursor solutions manifested novel nanostructures; viz. nanosheets,
nanoflakes, nanoparticles, and nanograss-like structures evolved for different precursor
solutions. A working electrode with composition Mo:Co:Fe = 6.0:2.0:2.0 (MgC,F;) showed
a high 3354.7 mF cm~?2 areal capacitance at 1.0 mA cm~2 with superior stability of 91%
over 3000 cycles. The possible mechanism of the electrode—electrolyte interface behavior in
My C,yF; is represented in Figure 17b. An ASC device was made by MoCoFe hydroxide and
AC as positive and negative electrodes, respectively, (Figure 18a) and exhibited an enor-
mous energy and power density of 1.27 x 1073 Wh cm 2 and 3.75 W cm 3, respectively; it
also intimated good stability of 80.5% after 2000 cycles. The superior performance of the
ASC device is due to the unique composition of the hybrid electrodes (with nanostructured
morphology) and synergistic effects. The present investigation demonstrates a simple strat-
egy for preparing potential TTMHSs composite electrodes with the evolution of different
morphologies for supercapacitor application.

Electrodeposition

RIE WE ({:E

()
%0 g0
J L > ¢ ¢
& N . MoCoFe
® o, TTMHs @'-- jon penetration
= = “Fe e _-electron transfer

Figure 17. (a) Synthesis procedure of MoCoFe TTMHs. (b) Mechanism of the electrode—electrolyte
interface behavior in MgCyF;. (a,b) are reprinted from Ref. [135], Copyright (2023), with permission
from Elsevier.

By aligning interconnected garland-like NiFeMn hydroxide on rGO membranes coated
with NF (NiFeMn hydroxide/rGO/NF), a hierarchical web-like microstructure was elabo-
rated through a one-pot two-step hydrothermal approach [134]. As a result of the redox
reaction between GO and NEF the rGO membrane forms on NF through the first step
at 50 °C. Then, urea decomposed and generated NH3-H,O at 135 °C, which reacted
with metal cations to obtain an amorphous NiFeMn ternary hydroxide. The unique
microporous structure of NiFeMn hydroxide/rGO/Ni foam endows its larger surface
area, more nanochannels for charge/mass transportation, and more electroactive sites
exposed at the electrode/electrolyte interfaces. The NiFeMn hydroxide/rGO/NF demon-
strates a remarkable capacitance of 2121 F g1 at 0.61 A g~1, 81.1% capacity retention over
5000 cycles at 0.91 A g~!, and outstanding rate capability. The assembled ASC with
AC and NiFeMn hydroxide/rGO/NF exhibits an extremely high 40.73 Wh m? of en-
ergy density at 79.38 W m? power density, indicating its promising potential for energy
storage applications.

Although LDH materials have delivered numerous merits, such as high theoretical spe-
cific capacity, environmental friendliness, low cost, and ease of synthesis, the shortcomings
of poor stability performance and unsatisfactory rate capability limit their practical applica-
tions. Controllable preparation of electrode materials possessing exquisite microstructure
is considered as one of the most efficient strategies to enhance electrochemical performance.
A gold-supported nanostructured NiFeCoPr hydroxide was synthesized by directly elec-
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trodepositing praseodymium-doped nickel —cobalt—iron hydroxide onto a gold-deposited
nickel foam (NF) substrate by Zhang et al. [132]. The active material NiFeCoPrO has an
ultrathin nanostructure with an amorphous nature. The resultant monolithic NiFeCoPrO-
Au/NF electrode displays a high 1792 F g1 specific capacitance at 10 A g~ ! current density,
excellent rate capability (1445 F g~! at 70 A g~!), and eminent capacitance retention (99.5%
after 30,000 cycles). This study provides an example of high-performance materials for use
as supercapacitor electrodes and a general consideration of their chemical composition,
dopants, support, and morphology to provoke further studies with improved performance.
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Figure 18. (a) Components of ASC device based on the MoCoFe TTMH positive electrode and the
AC negative electrode. Reprinted from Ref. [135], Copyright (2023), with permission from Elsevier.
(b) Growth pattern of the NiCoMn-LDH and NiCoMnFe-LDH materials grown on carbon cloth.
(¢) Cycling stability performance for 5000 cycles at 200 mV s~ (inset shows a schematic illustration
of the NiCoMnFe-LDH/ /AC AHSC configuration). (b,c) are reprinted from Ref. [136], Copyright
(2023), with permission from Elsevier.

A unique quaternary nickel-cobalt-manganese-iron LDH (NiCoMnFe-LDH) material
with a delicate microstructure design of combining dense nanosheets grown on NiCoMnFe-
LDH thin films and outspread nanospheres assembled by tiny nanosheets was electrode-
posited on carbon cloth by introducing a moderate amount of ion elements and regulating
the growth time by Zhao et al. [136], as illustrated in Figure 18b. Ternary NiCoMn-LDH
material was also prepared under the same condition for comparison, which shows a distinct
morphology feature of thick nanosheets stacking. The NiCoMnFe-LDH electrode delivers
more outstanding electrochemical properties than NiCoMn-LDH, an excellent specific ca-
pacity of 1836 mC cm 2 at 3 mA cm 2, an ideal rate capability of about 81% of the capacity
retention rate at 20 mA cm~2, and a brilliant cycle lifespan of merely 1.7% capacity loss after
5000 continuous CV cycles. Moreover, the as-assembled NiCoMnFe-LDH/ /AC aqueous
hybrid supercapacitor device (AHSC) possesses a satisfactory 31.3 Wh kg ! energy density
at 375 W kg~! power density, and it reveals an ideal cycling lifespan with 99.5% of the ca-
pacity retention after 5000 consecutive tests, as shown in Figure 18c. The ease of fabrication
and brilliant energy storage characteristics enable this AHSC to be a strong candidate for
practical applications.

The outcomes of the electrochemical evaluations for pristine FefOOH and its assorted
composites are outlined in Table 1. Of all the composites, the NiFe-LDH@CoS,@Ni
nanospheres-based composite, in particular, exhibits exceptional ultrahigh capacitance of
3880 F ¢! and maintains a cycling performance of 81.9% following 10,000 cycles [111].
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Table 1. Assessment of diverse iron oxyhydroxide (FeOOH)-based materials for use as supercapacitor electrodes.
Specific Capacitance
or Storage Cycling Performance
Material/Substrate Synthesis Method Structure/Morphology Electrolyte Potential Window Capacity/Current (N° of Cycles, Energy Density Power Density Ref.
Density or Current Density)
Scan Rate
Heterostructure/self-
. . assembled FeOOH
FeOOH QDs/FGS Facile chemical mesoporous 1M Li»SO, —08-0Vvs. 365Fg /1 Ag" 89.7% (20,000th, 4 A g 1) ; ; [97]
composite/Ti foil reaction LA Ag/AgCl
nanofilm tightly
anchored on FGS
One-ste; Amorphous —-11--03 Vs
FeOOH/NF P, nanostructured /fish- 3M KOH : ; ) 867Fg latsmVs! 92.3% (200th) 86.4 Whkg! 11.6 kW kg ! [88]
electrodeposition scale-like Hg/HgO
One-pot 3D porous struc- —0.1-0.5 V vs. 1 1 o 1 R R
FeOOH/NF hydrothermal route ture/nanoflakes 1M KOH Hg/HgO 1300Fg~'/2Ag 91% (2000th, 4 A g™*) [98]
Hydrothermal
growth + subsequent
FeOOH/CFC electrochemical Nanoparticles 2 M KOH —1.2-0V vs. SCE 1066Fg1/1Ag™! 91% (10,000th, 30 A g~ 1) 1043 Whkg™! 1.27 kW kg ! [66]
transformation of
(X-F8203
Galvanostatic Fluffy 3.48Ccm~2at 92% (3000th
v-FeOOH /CNFP . nanoflakes/porous 1M KOH —1.5-0 V vs. SCE : _2 sy 1515 mW h cm 2 9 mW cm 2 [87]
electrodeposition 10 mA cm 50 mA cm™*)
morphology
Two-step
hydrothermal _ _ o _ _ . ;
o-FeOOH/NF met};od + etching Nanorods 1M Na,SO4 —1.0-0 V vs. SCE 2246Fg1/1Ag™! 92.5% (4000th, 5 A g~ 1) 51.5 Whkg™! 9.1kWkg! [24]
process
FeOOH/NF Drc‘;livr;lf:tr"ym Parallel and hollow 1 M NaySO4 ~0.8-0 V vs. SCE 186.8F g~1/0.5A g™ 93.1% (4000th, 5 A g~1) 20.7 Whkg™! 10 kW kg ™! [99]
One-pot
o-FeOOH nanorods/GO hydrothermal Nanorods 1M KOH —0.9-0V vs. 127Fg 1/10A g 85% (2000th, 5 A g 1) ; - [85]
composite/NF Hg/HgO
method
Facile synthesis . —0.85-0 V vs. 1 1 o 1 R R
FeOOH@MWCNT method Nanofilm/Nanoflowers 0.5 M Na;SO, Ag/AgCl 345Fg'/1Ag 76.4% (5000th, 1 A g~ ') [101]
«-FeOOH-MWCNT . . 5.86 Fcm™2 at ,
composite/NF PELLI strategies Particles 0.5 M NaySOy —0.8-0 V vs. SCE o mV g1 - - - [84]
Hydrothermal . 1 1 o
FeOOH/MoSe, /NF method + chemical Nanorods 6 MKOH 0-10Vvs. Ag/AgCl  132Fg /1Ag 100% (3000th) 18.3 Wh kg 1174 W kg ! [100]
. . (for device) (for device) (for device)
blending technique
Bioinspired method 2 .
FeOOH@Gr at the air-solution Nanowires 2 M KOH —12-0Vvs. 255 EI}F cm *at 83.5% (10’(.)00th) 1.04 mWh cm™—3 0.445 W cm—3 [102]
interface Hg/HgO 0.1 Vs~ (for device) (for device)
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Table 1. Cont.
Specific Capacitance
or Storage Cycling Performance
Material/Substrate Synthesis Method Structure/Morphology Electrolyte Potential Window Capacity/Current (N° of Cycles, Energy Density Power Density Ref.
Density or Current Density)
Scan Rate
Gas-liquid diffusion 1250V vs
FeOOH@Gr method at the Nanowires 2 M KOH H /HgO : 11503 Fg1/3.0 A g ~100% (1000th) 0.67 mWh cm—3 41.7 mW cm—3 [103]
air-solution interface 8/1'8
Facile chemical - _ _ 95.6% (10,000th, . _ _
FeOOH/MnO, /NF reaction Film/nanospheres 1M NazSO4 0-08Vvs. Ag/AgCl  3502Fg1/05Ag! 15 Ig g 1) 5% 1074 mWh cm 2 0.04 mW cm~2 [68]
Al(OH)3/MnO, / Layer by Layer Mesoporous —1.1-1.05 V vs. 1 1 0o 1 1 ,
FeOOH./SS method reindeer moss-like 1M NaySO4 Ag/AgCl 2557 Cg~'at5mVs 70% (1000th, 5 mA) 443.67 Wh kg 13.53 kW kg [104]
One-step Porous nanostruc-
NiFe LDH/NF hydrothermal ture/Nanosheet 1M KOH 0-0.7 V vs. SCE 2708F g 1/5Ag! 42.6% (500th, 10 A g~ 1) 50.2 Whkg™! 800 W kg~! [106]
method arrays
Two-step
. hydrothermal —1.0-0V vs. 992 mF cm~2 at 64.5% (2000th, 1 1
NiFe-LDH/NF method + sulfidation Nanosheets 1M KOH Hg/HgO 2 mA em-2 4mA em-2) 39.9 Wh kg 2114 W kg [109]
modification
NiFe-LDH/Glassy Sonochemical route Spherical 6 M KOH 0-0.4V vs. SCE 168F g 1/15 Ag™! - - - [107]
carbon electrode nanostructures
NiFe-LDH Ultrasonication and Nanosheets 6 M KOH ~0.2-05V vs. SCE 1923Fg~lat3A g™ 98% (1000th, 10 A g~1) 49.13 Wh kg~! 400 W kg~! [116]
mechanical stirring
One-step
— Interconnected —0.4-1.0V vs. 1 1 o 1 1
NiFe-LDH/MXene hycrlrrgz}ﬁzgmal network structure 1M KOH Calomel E 7202F g '/1Ag 86% (1000th) 424 Whkg 758.27 W kg [112]
One-step Interconnected
NiFe-LDH/CC hydrothermal nanoflakes 3M KOH 0-0.6 Vvs. Ag/AgCl 984Fg1/1Ag™! 87.6% (7000th, 12 A g~ 1) - - [113]
approach
Hydrothermal
NiFe LDH/GHA/NF fr(erzlzeg—\gg;g Hexagonal platelets 6 M KOH 0-0.5V vs. Hg/HgO 1196F g 1/1Ag™! 80% (2000th, 10 A g~1) 17.6 Whkg! 650 W kg1 [105]
treatment
. One-step -1
NiFe- 0-0.57 V vs. . . 97.1% (2500th, 8 A g~ 1) - .
LDH/RGO,/CNFs/NF hycrlrrlziizl;lmal Nanoplates 6 M KOH Hg/HgO 13302Fg™'/1Ag (for device) 33.7 Whkg 785.8 W kg [108]
Two-step
NiFe-LDH/rGO/NF electrodeposition Nanosheets 2 M KOH 0-0.5 V vs. SCE 14625F g 1/5A g} 64.7% (2000th, 15 A g~ 1) 17.71 Whkg™! 34849 W kg™! [110]
method
ey N Hydrothermal + . —1.2-0Vvs. 1 1 144.89% (3200th) 1 1 oy
rGO-FeO-CNT-NiFeLDH CVD + ECD Thin layer 2M KOH Ag/AsgCl 4119F g " at5mVs (for device) 41.4 Whkg 5600 W kg [114]
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Table 1. Cont.
Specific Capacitance
or Storage Cycling Performance
Material/Substrate Synthesis Method Structure/Morphology Electrolyte Potential Window Capacity/Current (N° of Cycles, Energy Density Power Density Ref.
Density or Current Density)
Scan Rate
Two-step ; o
NiFe-LDH@C0S$,@Ni hydrothermal Flower-like 6 M KOH 0-07Vvs. Hg/HgO 3880 Fg !/1.17 Ag™! 81.9% (10,000th, 15.84 Wh kg ! 375.16 W kg ! [111]
method nanospheres 20 mA cm™?)
Co-precipitation + I, Hydrotalcite- —0.15-045 V vs
CoFe-LDH/NF partial oxidation like/layered 2 M KOH Ae/AeCl 728Fgl/1Ag™! 65.3% (5000th, 2 A g~1) 273Whkg™! 8235 W kg™! [117]
process plate-like 8/ A8
L Layer hexago- —0.2-0.5Vvs. _ - -
CoFe-LDHs/NF Co-precipitation ml}’Nano s 1M KOH Fig/HgO 869Fg1/1g! 99.5% (1000th, 1 A g~1) - B [118]
g 0-0.55V vs. 70 uF ecm~2 at 91% (2000th, 3 mA cm~2) - -
CoFe-LDH/NFa ECD Nanosheets 1M KOH Ag/AgCl 2 mA em-2 (for device) (for device) 1.6 mWh cm 0.09 mW cm [121]
CoFe Hydroxides One-step ECD Frame-like structure 1M KOH 0-0.7 V vs. SCE 2255.6Fg1/1Ag! 73.5% (2000th, 10 A g~ 1) - - [119]
. One-step Hexagonal plate-like 1 1 o 1 1 1
CoFe hydroxides liquid-phase reflux ructure 6 M KOH 0-0.45V vs. SCE 23584Fg '/05A¢g 83% (1400th, 0.5 A g~ ') 28.3 Wh kg 512 W kg [120]
CoFe-LDH/NF Hydrothermal + CV Microflowers 3 M KOH 0-0.6 V vs. Hg/HgO 4662.2 mF cm ™2 133.8% (10,000th) - - [123]
CoFe-LDH/P Hydrothermal Nanosheets 6 M KOH _?&;_/Ogg\cllvs' 1686 Fg ' /1Ag" 98% (10,000th) 75.9 Wh kg ! 1124 Wkg ! [122]
Acid corrosion route ter bore oniform 0-1.5V vs. SCE 205Fg1/1Ag" 90% (3000th, 1 A g1
NiO@CoFe-LDH/NF + electrodeposition structure/untio 2 M KOH : - g /iAg ° ] 64.1 Whkg™! 15 kW kg1 [67]
. wrinkled (for device) (for device (for device)
coating process .
cross-linked
One-pot 2
. . 83.9 mF cm™~ at o 2 2
NiCoFe-LDH self-template Nanospheres 3MLiCl 0-1.0 V vs. SCE 03 mA (f . 116.6% (5000th) 22.3 uWh ecm 2076 pW cm [115]
method .3 mA (for device)
NiCoFe-LDH/NF Cyd‘;‘;‘t’}lfg;“emc Layer structure 3M KOH 0-0.4 V vs. Ag/AgCl 3130F g 1/1Ag™! 82.5% (5000th) 101 Whkg™! 91.5 kW kg~ [125]
NiCoFe-LDH/SS Electrodeposition Nanosheets 2 MKOH 0204V vs. 360Cg1/04 A g 84% (2000¢h) - - [128]
P Ag/AgCl & /UEAE
In situ growth
NiCoFe-LDH/CNFs approach with Nanosheets 6 M KOH 0-0.6 V vs. Hg/HgO 1203Fg /1A g™! 94.4% (1000th, 20 A g~ 1) 302 Whkg™! 800.1 W kgt [124]
hydrothermal
_di i -1
NiCoFe-LDH/NF Hydrothermal Two-dimensional 2 MKOH 0-0.6 V vs. SCE 42556 mAh g~/ 94.52% (8000th, 10 A g 1) 51.81 Whkg ! 126 Whkg ! [129]
porous nanosheets 1Ag
) ) N B B 88.57% (10,000th, B B
NiCoFe hydroxide Electrodeposition Nanosheets 1M KOH 0-0.6 V vs. Hg/HgO 1321Fg"/1Ag 73.07 Wh kg 1.07 kW kg [126]

10A g™
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Table 1. Cont.
Specific Capacitance
or Storage Cycling Performance
Material/Substrate Synthesis Method Structure/Morphology Electrolyte Potential Window Capacity/Current (N° of Cycles, Energy Density Power Density Ref.
Density or Current Density)
Scan Rate
Ion exchange +
. g etching reaction 2D/3D porous struc- 9 1 1 o 1 1 1 I
NiCoFe-LDH NA /NF under hydrothermal ture/Nanosheets 2M KOH 0-0.6 V vs. SCE 1495Cg~'/1Ag 89% (10,000th, 10 A g~ 1) 344Whkg 935.5 W kg [131]
conditions
Electro-oxidation +
NiFeCo-S@NiFeCo- sulfuration + 174 mAhg! at 90.1% (4000th) 1 1
TH/NIF controllable Co?* Nanosheets 2M KOH —0.1-0.6 V vs. SCE 10 mA cm-2 (for device) 56.3 Wh kg 543 W kg [127]
exchange process
NiCoFe-LDH@g- g 1 1 92.7% (5000th) 1 1
C3Na /NF Hydrothermal Nanosheets 6 M KOH 0-0.5V vs. SCE 1550F g~ '/1Ag (for device) 35 Wh kg 701 W kg [130]
. . 0-0.45 V vs. 14523 F g lat o 1 1
Ni-Zn-Fe LDH SILAR method Ash-like 6 M KOH Ag/AgCl 5mV s 112.5% (1000th) 14.9 Wh kg 1077.6 W kg [133]
Single-step 2 o
MoCoFe hydroxide electrodeposition Nanosheet-like 1M KOH 0-0.5V vs. Ag/AgCl 3354.7 mF o at 1% (3000?21’ 1.27 x 1073 Whem ™3 3.75W cm—3 [135]
d 1.0 mA cm 10 mA cm™“)
technique
. One-pot two-step Hierarchical
NiFeMn < g . . 81.1% (5000th, 5 5 ,
hydroxide/rGO/NF hydrothermal 'web like 2 M KOH 0-0.5V vs. Hg/HgO 2121Fg~'/061Ag 091Ag 1) 40.73Whm 79.38 Wm [134]
method microstructure
Ultrathin nanostruc- —02-04V vs
NiFeCoPrO Electrodeposition ture/amorphous 3 M KOH A /A cl . 1792F g 1/10 A g™} 99.5% (30,000th) - - [132]
nature 8/ 48
-2
NiCoMnFe-LDH Electrodeposition Thin film 2 MKOH 0-0.5V vs. SCE 1836 m e at 98.3% (5000th) 31.3 Wh kg 375 W kg ! [136]
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7. Conclusions

In recent times, there has been a marked surge in interest surrounding the develop-
ment of high-performance electrode materials for supercapacitors. This can be attributed
to the need for negative electrodes boasting characteristics such as widespread availabil-
ity, high specific capacitance, exceptional redox activity, expansive operating potential,
eco-friendliness, and low cost, all of which contribute to an enhanced energy density in su-
percapacitors. Iron oxyhydroxide (FeOOH) materials have demonstrated their exceptional
capabilities as anode materials for supercapacitors, and this comprehensive review pro-
vides the-state-of-the-art progress and development of FeFOOH-based materials employed
as both negative and positive electrodes for supercapacitors.

An in-depth examination of the supercapacitive performance of the FeOOH electrode
is conducted, with particular attention paid to the influence of factors such as synthesis
method, crystallinity, morphology, dispersibility, surface area, and substrate on its electro-
chemical properties. As well as discussing approaches to deal with the challenges caused by
FeOOH’s low surface area, the review also discusses how to increase its electrical conduc-
tivity. One such approach involves the controlled synthesis of electrode materials through
a customizable three-dimensional porous structure based on diatoms, which expands the
surface area and active sites in contact with the electrolyte, prevents aggregation, and
ultimately results in exceptional electrochemical properties. In addition to promoting easy
liquid electrolyte penetration, this 3D porous structure also prevents electrode volume
changes during charging and discharging. Moreover, the amorphous nature of electrode
materials enhances the reaction and diffusion of electrolyte ions, enabling isotropic charging
processes as well as discharging processes. FeOOH electrode materials synthesized with
a hollow parallel nanostructure have been found to outperform conventional activated
graphene or FeOOH nanoneedle materials.

This review also explores the enhancement of supercapacitive performance, consider-
ing factors such as specific capacitance, power density, energy density, cycling life, and rate
capability, that result from the synergistic effects of composite materials. These composite
materials, through their synergistic effect, augment the specific surface area, inhibit particle
agglomeration, and increase conductivity.

Furthermore, the review delves into the supercapacitive performance of Fe-based bi-
nary, ternary, and quaternary hydroxides and layered double hydroxides (LDHs). Although
binary LDHs/hydroxides are commonly utilized in supercapacitor applications, their lim-
ited electrical conductivity and active sites hinder their potential in various energy-related
applications. To circumvent these limitations, ternary and quaternary LDHs/hydroxides
can be created by incorporating third and fourth metal cations, respectively, leading to
enhanced conductivity and a greater number of electrochemically active sites. Nevertheless,
the development of binder-free Fe-based binary LDH composites with unique architectures,
such as flower-like structures of ultrathin nanosheets, is considered a promising strategy
for achieving superior capacitive performance. These distinctive structures offer an abun-
dance of active sites, a superior specific surface area, shortened diffusion distances between
electrolyte ions and substrates, and accelerated electron transport.

Additionally, this review offers a comprehensive analysis of the asymmetric cell per-
formance of FefOOH-based materials, examining various positive and negative electrodes.
Asymmetric configurations employing FeOOH-based electrodes yield high energy den-
sities that rival those of commercial batteries and pave the way for the development of
cost-effective, high energy density devices.
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