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Nowadays, supercapacitors are receiving widespread attention because of their large specific
capacitance, excellent cycle life, high power density and energy density, and wide operating
temperature range. Electrode materials as an important component of supercapacitors directly
determine their electrochemical performances. Layered double hydroxides (LDHs) are emerging in the
field of electrode materials because of their unique 2D layer morphology, simple preparation method,
large specific surface area and high theoretical specific capacitance. In this paper, the methods for the
preparation of LDHs in recent years are reviewed, while different methods resulting in different
properties are presented. In addition, some recent methods for the modification of LDHs are
Received 23rd December 2022, demonstrated, from content composition to structural changes giving rise to different properties.
Accepted 19th January 2023 Furthermore, various types of LDHs used for supercapacitors are presented, their electrochemical
DOI: 10.1039/d2gm01346k performances are displayed, and their energy storage mechanisms are meanwhile illuminated in detail.
This article aims to elucidate the usage of LDHs for supercapacitors, as well as hopes to provide a
rsc.li/frontiers-materials reference for further research based on these promising materials.
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1 Introduction leading to more and more serious env1ronme{ntal pollutlon:
The development of new energy can effectively solve this

With the development of society, the use of non-renewable problem.> Therefore, scientists have devoted themselves to
fossil fuels such as coal, oil and natural gas is increasing, the field of new energy, which is also a research hotspot today.
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Green renewable energy, mainly including solar energy,’ tidal
energy,” wind energy,>® hydrogen energy,”® etc., has the advan-
tages of being sustainable, renewable® and easy to obtain. It has
shown broad prospects in replacing one-time energy and has
been developed rapidly.'®'* However, these energy sources are
unstable and have contingency and other shortcomings that
limit their large-scale practical applications. For example, solar
energy cannot work at night, and wind energy is affected by
wind speed and is intermittent. Therefore, in the search for
clean, efficient and renewable energy sources,"® the development
of energy conversion and storage must also keep in pace. The
need to provide high-capacity and portable power supplies™* ™
for various technological products and equipment has attracted
widespread attention, and for the above reasons, supercapacitors
have emerged as the times require."”

So far, supercapacitors have been developed for more than
forty years since their birth, but the history of development in
China is only about twenty years.'® At the beginning, super-
capacitors were only applied to small devices like tape recorders
and water heaters,'®?° but with the development of technology,
supercapacitors were applied to large devices such as tanks and
electric starting systems of cars,”" and their role has been increa-
singly highlighted. It can be predicted that supercapacitors
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have great development and application potential in the future
development of society,”®>° therefore, the current research on
supercapacitors attracts researchers in various fields.?*® Super-
capacitors, as a type of energy storage device between traditional
capacitors and rechargeable batteries, have the characteristics of
fast charging and discharging of a capacitor and energy storage
of a battery at the same time.***° Because of non-pollution to the
environment, long cycle life,*"** high power density®* and high
safety,>*>® they have received more and more attention from
scientific researchers. At present, people are optimistic about
supercapacitors and expect that they can provide services for
more aspects of human life in the future.*”° A supercapacitor
is mainly composed of several parts including a current collector,
electrode, electrolyte and diaphragm, where the diaphragm plays
a role in separating the two electrodes, preventing a short circuit
between the electrodes, and allowing ions to pass through.***?
Electrolytes are homogeneous mixtures of acids, alkaline or salts
with specific solvents and can be mainly classified as liquid
electrolytes and solid electrolytes. Among them, solid electrolytes
can be divided into all-solid electrolytes and quasi-solid
electrolytes.***> The latter, also called gel-polyelectrolyte, consists
of a polymer network dissolved in a solvent containing active ions.
It has both high transport properties similar to liquid electrolytes
and mechanical stability like solid electrolytes, which is essential
for enhancing the flexibility, stretchability and temperature resis-
tance of supercapacitors. During charging and discharging, the
ions migrating at the interface originate from the electrolyte.***’
Jin et al. obtained polyaniline by in situ growth on an organic
hydrogel polymer electrolyte and acquired a low-temperature
resistant, externally stretched supercapacitor with excellent rate
performance and cycling performance at —30 °C.*® In addition,
they developed an aqueous phase freeze-proof and heat-resistant
symmetric micro-supercapacitor with a 2.3 V voltage window,
using aqueous polyacrylamide polyelectrolytes and carbon nano-
tube electrodes, which shows good cycling stability in both high
and low temperature environments.” Not coincidentally,
Song et al. developed high-performance carbon nanotube-MnO,
microelectrodes and excellent temperature-resistant aqueous
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Fig. 1 Schematic diagram of the storage mechanism and the corresponding electrochemical characteristics of several capacitors (representative shapes
of CV and GCD curves): (a—c) electrical double layer capacitance, (d—f) surface redox pseudocapacitance, (g—i) intercalated pseudocapacitance, and (j—1)

battery-type. Adapted with permission from ref. 71 Copyright 2020, Wiley-

polyacrylamide polyelectrolytes. The device reached a voltage
window of 2 V at temperatures ranging from —15 °C to 100 °C
and had good cycling stability.*

Due to the difference in the energy storage mechanism, super-
capacitors can be divided into double layer supercapacitors,'>>
Faraday pseudo supercapacitors and hybrid supercapacitors.>*>*
Fig. 1 shows the schematic diagram of the storage mechanism
and the corresponding electrochemical characteristics of sev-
eral capacitors. An electric double layer capacitor uses an
electric double layer between the electrolyte and the electrode
to store the charges.”® In the working process, no charge
transfer occurs between the electrode and the electrolyte.”®
Storing charges is a physical adsorption process without a
redox reaction. Carbon materials mainly use this mechanism
to store charge.”” Faraday pseudo supercapacitors are electro-
chemically active substances that undergo rapid and reversible
chemical adsorption or desorption on electrodes and electro-
chemical redox reactions for charge storage.”®>° The transfer of
electrons in the energy storage process causes a change in the
valence state of an element in the electrode material,®® which is
commonly used in conducting polymers,®** metal oxides,**°° etc.
Hybrid supercapacitors generally exhibit both mechanisms,””*® but
the proportion of double layer capacitance and Faraday pseudo
capacitance in supercapacitors is different.*® Hybrid super-
capacitors can be divided into asymmetric supercapacitors
and symmetric supercapacitors. The two electrodes of the
asymmetric supercapacitor are different materials, which can
make full use of the different voltage windows to maximize the
operating voltage of the whole device to the extent of providing
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higher energy density.”® However, issues such as matching
the capacitance of the two electrodes need to be considered.
The two electrodes of symmetrical supercapacitors are of the
same material, which requires less consideration, and they are
easy to assemble and are less costly. The poor thing is that it
can only rely on the conductivity of the electrode material and
its own structure to provide electrochemical performances, so
its usage performances are somewhat limited.

As the reaction proceeds, the electrode material undergoes
a series of structural changes due to its own involvement in
the reaction.””’®> Problems such as corrosion of the electrode
surface and shrinkage of the material volume can lead to a serious
degradation of the electrode material performances.”*”® Most of
the problems in supercapacitors can be attributed to the presence
of significant material defects that prevent the electrochemical
reaction.”” Currently, energy storage devices with low energy den-
sity cannot meet the demand in many applications, limiting their
commercial applications.”® The energy density can be increased
through designing and fabricating electrode materials.”® >

2D layered double hydroxides (LDHs)**** have a high spe-
cific surface area and abundant ion insertion sites and have
received focus because of high theoretical specific capacitance,®*°
showing good prospects for applications in supercapacitors. There
are mainly metal cations (M>*, M**) and interlayer anions (A”~) and
solvent molecules (H,0) in the hydroxide layer. Metal cations are
located in the center and hydroxide ions are six-coordinated
through chemical bonds to form an octahedron to form the main
layer of the layered structure,”®" anions are filled in the interlayer
gaps to balance the charges, and solvent molecules fill the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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remaining gaps.”” It is usually expressed by the following chemical
general formula: [M; _,*"M,* (OH),["[A" |- zH0. M>* (Fe®*, Ni*,
Zn**, Mn**, Co®" and Mg™") are the +2 valence cations in the main
layer structure. M>* (Co®, AP*Y, Fe**, Mn*', Cr*", Ga*, etc.) are the
+3 valence cations alternating with M>*, and two metal cations are
arranged alternately in the main layer in the laminar structure in
addition to the more special monovalent Li* and tetravalent Ti*"
ions that constitute the LDH of the laminar structure. A"~ denotes
the interlayer anions, mainly NO;~, CO;>~, SO4>, CI, etc.”’ In
recent years, researchers have improved the level of research on
LDHs and found that some +1-valent and +2-valent cations can
exist in the molecule, and this discovery makes the structural
composition of layered bimetallic hydroxides more complex and
variable. The changes that can be brought about based on its
structure are also more varied.’*®® Fig. 2 shows the carbonate-
intercalated LDHs in various M>"/M>" molar ratios, declaring that
the metal hydroxide octahedra stack along the crystallographic
c-axis. Due to the unique layer structure of LDHs, the composition
and ratio of their metal cations can be adjusted, the type and
number of interlayer anions can be controlled, and the number of
layers and layer spacing can be easily changed, making them
easy to be compounded with other materials to realize function-
alization, etc.””*°

Pristine LDHs are also considered superior supercapacitor
electrodes, thanks to their layered structure and adjustable
interlayer spacing, providing large specific surface area and
adequate ion transport rates.'®’'°* However, pristine LDHs
suffer from severe refilling, which can reduce their overall
exposed surface area and make electrolyte ion transport
difficult.’®'°® Besides, the poor conductivity can affect the
transfer of electrons and full utilization of active sites.'%” %
The ultrathin nanosheet structure of LDHs usually leads to
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rapid structural deterioration under harsh electrochemical con-
ditions, which eventually affects the usage performance.’'® To
overcome these limitations, hybridized LDH-based nanostruc-
tures have been developed as potential multifunctional nano-
materials, and the fabrication of these materials with large
specific surface area and more active sites is the key to improve
their electrical conductivity and multiplicative properties."* "4
The use of LDH materials as electrode materials for super-
capacitors is mainly based on their special lamellar-pore struc-
ture, which can provide a large specific surface area and a large
number of reactive sites required for supercapacitors. It has
gradually developed into a new generation of environmentally
friendly and efficient electrochemical functional materials.
Chen et al.'™ provided a systematic review of the synthesis
methods of 2D LDH materials, focusing on the characteristics
possessed by different synthesis methods. A comprehensive
review of the properties and synthesis methods of LDHs, carbon
nanomaterials and composite nanomaterials is presented by Khor-
shidi et al. ' Kim et al.'"” reviewed the standard synthesis methods
for LDHs, analyzed the design and improvement of typical exemp-
lary LDHs and LDH composites, and focused on the performance
of LDH-based sensors for key biomarkers and contaminants,
including glucose and metal ions. However, the systematic intro-
duction of LDH material preparation and modification methods, as
well as the application in the field of supercapacitors are rarely
reviewed. Herein, this paper focus on the preparation of hetero-
geneous LDHs including co-precipitation, hydrothermal and sol-
vothermal methods, electrodeposition and some other methods,
as well as the modification of heterogeneous LDHs including
the addition of components, the construction of defects and the
generation of heterostructures.'®**>*!'811% The prospects of the
usage of LDHs for supercapacitors are foreseen, as well as it is

Fig. 2 The idealized structure of carbonate-intercalated LDHs with different M2*/M3* molar ratios showing the metal hydroxide octahedra stacked
along the crystallographic c-axis. Adapted with permission from ref. 100 Copyright 2020, Zhengzhou University.
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hoped that they will provide assistance for the later research of this
material.

2. Preparation methods

There are various methods for the synthesis of pristine LDH
nanostructures, while the synthesis of hybrid LDHs is often
more complex than that of pristine LDHs, usually requiring two
or more steps to synthesize them. In this chapter, a variety of
methods for the synthesis of LDH nanostructures are reviewed,
including co-precipitation, hydrothermal and solvothermal
methods, electrodeposition, electrostatic interlayer interaction
and some other methods. Different methods require different
conditions, and the structure and the morphology of the
synthesized materials also differ, but ultimately, they all aim
to synthesize materials with better properties.'*°

2.1 Co-Precipitation method

The co-precipitation method is one of the most common
preparation methods for LDHs, which mainly involves adding
mixed salt solution and mixed base solution dropwise to
distilled water at a certain temperature and a certain rate, then
accelerating the reaction by stirring, and finally filtering and
drying to obtain LDHs with uniform size and regular structure.
Since strong alkali solutions cause rapid precipitation of metal
ions and make it difficult to regulate and control the reaction
process, a certain concentration of sodium hydroxide and
sodium carbonate is often formulated into a mixed alkali
solution as a precipitant.****** This method has been widely
used in practice because of its simplicity, cheapness and
stability of the product. However, the addition of a precipitating
agent during the preparation process may cause local concen-
tration too high and lead to agglomeration of the product.
Selecting a suitable precipitant, controlling the addition
method of the precipitant and reasonably controlling the reac-
tion time in the synthesis process are beneficial to the LDH
materials with excellent performances. Wen et al.'* prepared
ZngAl,(OH),64CO3-4H,0 LDH by the co-precipitation method
using NaOH and Na,CO; as the base alkaline sources. The
obtained samples were nanosheet powders with a thickness of
about 80 nm. Its specific capacitance was 37.0 Fg ' at 1.0 Ag™".
Besides, Wiston et al.'®® used a co-precipitation method to
couple two highly electroactive metal ions together to form a
nanoflower-like array in the presence of urea. The synthesis
schematic is shown in Fig. 3(a). At 1 A g~, the obtained NiFe-
LDH has a specific capacitance of 381 C g~ (1368 F g~ ') and
retains 87.5% after 5000 consecutive cycles (Fig. 3(b)). At a
power density of 1483 W kg™ ', the prepared symmetric super-
capacitor has an energy density of 66.13 W h kg™ ', showing
excellent application prospects.

Pure LDHs have poor electrical conductivity and structural
instability. The introduction of other anions during the synth-
esis process can facilitate better performance. Xiao et al'*’
prepared NiCo-LDH/COj3-x by a facile chemical co-precipitation
method, and the flow chart is shown in Fig. 3(c). CO;>~ was
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introduced into the LDH in a controlled manner by the addi-
tion of NaHCO;. The doping of CO;>~ can cause the original
nanosheet structure to bend and interconnect, increasing the
contact between the electrolyte and the electrode. By analyzing
the TEM images of Fig. 3(d) and (e), it can be inferred that the
carbonate-doped samples are more dispersed and the thickness
of the nanosheets is smaller than that of the undoped samples.
This indicates that more active sites will be exposed to the
electrolyte, enhancing the energy storage properties of the
material and effectively increasing the specific capacitance.
When the doping ratio of carbonate is 5% (Ni, Co-LDH/COj;-
5%), 1970 F g~ of specific capacitance is realized at 1 A g~ "' as
well as 82.8% of specific capacitance is still maintained at
20 A g~'. At a power density of 374.9 W kg™ !, the asymmetric
supercapacitor assembled with NiCo-LDH/CO;-5% as the posi-
tive electrode has an energy density of 54.8 W h kg™ ' and
maintains 80.8% after 10 000 cycles at 10 A g~ .

Inevitably, in a range of materials synthesized by co-
precipitation, there will be instances of poor performances, in
which the synthesized materials need to be further treated to
achieve even better performance. Wang et al.'*® synthesized NiCo-
LDHs and at 1 A g~ " the specific capacitance was 285.8 C g™, but
the material has poor electrical conductivity and the obtained
capacitance is lower than that of the theoretical value. Based on
this, NiCo-LDHs were subsequently phosphorylated and P@NiCo-
LDH cabbage-like spheres were successfully synthesized, as
shown in Fig. 3(f). At 1 A g™, its specific capacitance reached
536 C g ' due to the generation of metal phosphide having good
electron conduction ability (Fig. 3(g) and (h)). In addition,
the prepared electrodes show good cycling performance, and at
10 A g ! the capacitance after 5000 cycles is almost constant. The
prepared symmetric supercapacitor devices have 7.83 W h kg™’
energy density at 300 W kg™ ', as well as show excellent cycle
performance (Fig. 3(i)), which indicates that phosphorylation can
be as an effective route to enhance the performance of LDH-based
supercapacitor composites.

The properties of materials are inextricably linked to factors
such as the structure, and variations in the synthesis methods can
affect the structure of materials, and therefore their properties.'*’
Further modifications can be made to the material based on co-
precipitation to give it superior properties. Li et al.’** synthesized
Zn, »5Nip 75Co-LDH-BA™ inserted with benzoate anions by the
zeolitic imidazolate framework-L (ZIF-L) assisted co-precipitation
process, as displayed in Fig. 4(a). The specific capacitance was
1378 mA h g " at 1 A g7, presenting good capacitance perfor-
mance (Fig. 4(b) and (c)). This electrode can maintain 91.2% after
10000 cycles at 10 A g~ * (Fig. 4(d)). The asymmetric supercapa-
citor has a high energy density of 51.8 W h kg " at a power density
of 789 W kg™ ' and a 94.6% capacitance retention after 10000
cycles. Wang et al."®" prepared S-NiCoAl-LDH electrode materials
by surface sulfidation. From TEM image in Fig. 4(e), it could be
inferred that S-NiCoAl-LDH exhibits a tiny flake morphology and
aggregates in micron size. It had a 727.1 C g~ specific capaci-
tance at 1 A ¢~ and still reached 556 C g~ " at 20 A g~ (Fig. 4(f)
and (g)). The surface sulfide enhances conductivity and improves
multiplicative performance. The capacity retention rate was 95.1%

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 3 (a) Schematic diagram of the synthesis of NiFe-LDH, (b) cycling stability of NF11, NF21, NF31 and NF41. Adapted with permission from ref. 126
Copyright 2022, Elsevier Ltd. (c) Flow chart of Ni, Co-LDH/COs-x. (d and e) TEM images of Ni, Co-LDH/COz-x when (e) x = 0% and (f) x = 5%. Adapted
with permission from ref. 127 Copyright 2022, Elsevier B.V. (f) Schematic illustration of fabrication procedures of P@NiCo LDHs, (g) charge results of the
1:1 P@NiCo LDHs under various current specific capacitances of different obtained electrodes at various current densities, (h) GCD results of the 1:1
P@NiCo LDHs under various current densities, (i) capacitance retention and coulombic efficiency at 2 A g~* and the specific capacitance of the device.
Adapted with permission from ref. 128 Copyright 2021, Royal Society of Chemistry.

after 10000 cycles (Fig. 4(h)). The Al doping stabilizes the crystal
form of S-NiCoAl-LDH and make it exhibit high cycling perfor-
mance. The assembled S-NiCoAl-LDH//AC device has a specific
capacitance of 182.6 F g~ " at 0.5 A ¢~ " and a high energy density
of 82.2 W h kg ' at 450 W kg™~

The co-precipitation method also allows the synthesis of
composites of LDHs with other materials, resulting in unique
structures with excellent properties. The hydrangea-like HC@
NiCo-LDHs were prepared by applying a chemical co-precipitation
without the addition of additional alkaline reagents."** The
synthesis processes are shown in Fig. 4(i). The high Ni concen-
tration allows the less crystalline NiCo-LDHs to grow uniformly
and be in close contact with the hollow carbon shell, forming an
embroidered spherical structure (Fig. 4(j)). This unique structure
and crystalline phase expose abundant active sites and promote
diffusion of ions. At 2 A g™, its specific capacitance was 758 C g,
and the capacity retention was 79% at 20 A g~ ', demonstrating

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

good multiplicative properties (Fig. 4(k and 1)). The assembled
HC@NiCo-LDHs//AC asymmetric supercapacitor maintained
70.2% capacitance after 4000 cycles.

2.2 Hydrothermal and solvothermal methods

The hydrothermal and the solvothermal methods involve con-
fining the reactants in a reactor where the reaction process is
accomplished by chemical transfer."** Liquid or gaseous water
is the medium for transferring pressure at high temperatures
and pressures, and most of the reactants can be partially
dissolved in water,"** allowing the reaction to take place at a
critical level (coexistence of gas and liquid phases)."*®> The
hydrothermal method involves first mixing a certain proportion
and concentration of a mixed metal salt solution and alkali
solution quickly,"*® and then the mixture is immediately trans-
ferred to a stainless-steel high-pressure reaction kettle, where
the reaction takes place at a certain temperature for 6-24 h, and

Mater. Chem. Front., 2023, 7,1520-1561 | 1525
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(a) Schematic illustration of formation processes for Zng 2sNig 7sCo-LDH-BA™, (b) CV curves of Zng 25Nip 75Co-LDH-BA™ with the potential sweep
, (c) fraction of the capacitive contribution of Zng »5Nig 75Co-LDH-BA™/AA™/NO3 ™ at different scan rates, (d) cycling life

properties and coulombic efficiency of Zng 25Nip7sCo-LDH-BA™ at 10 A g~1. Adapted with permission from ref. 130 Copyright 2022 Elsevier B.V. (e) TEM
image of the S-NiCoAlp1-LDH, (f and g) CV and GCD curves of the S-NiCoAlg;-LDH at different scan rates and current densities, respectively, and (h)
cycling stability of S-NiCoAl-LDH after 10 000 cycles at 10 A g~1. Adapted with permission from ref. 131 Copyright 2022 Elsevier Inc. (i) Diagram of the
synthesis of HC@NiCo LDH microspheres, (j) SEM image of HC@NiCo LDH spheres, and (k and |) CV and GCD curves of the optimized HC@NiCo LDHs
(with the initial ratio of Ni/Co = 4:1) at different scan rates and current densities. Adapted with permission from ref. 132 Copyright 2021 Elsevier Ltd.

finally after through washing, drying, grinding, powder pro-
ducts are obtained."®” The reaction environment is closed and
stable with strong controllability, and the prepared product has
crystal structure integrity and narrow particle size distribution.™*®
It is found that the concentration of the solution can affect the
resulting morphology and properties of the synthesized material.
When the concentration is too low, the thickness of the nanosheet
is uneven, while when the concentration is too high, the impurity
phase is generated"*® The solvothermal method is developed on
the basis of the hydrothermal method,'*® in which the water is
replaced by organic solvents or non-aqueous solvents (organic
amines, alcohols, ammonia, carbon tetrachloride, benzene, etc.).
The principle of this method is similar to that of hydrothermal
method, in aqueous solution cannot grow, easy oxidation, easy
hydrolysis or water sensitive materials are synthesized, such as
III-V group semiconductor compounds, nitride, chalcogenide,
new phosphorus (arsenic) molecular sieve 3D framework struc-
ture, etc."*™'** In the process of preparation, products with
different sizes and morphologies can be obtained by adjusting
the reaction temperature, reaction time, and concentration of
metal ions and surfactants. However, the high-pressure reactor
can only adjust the external environment temperature, and the
internal temperature and pressure are difficult to monitor.
A reasonable control of reaction temperature and reaction time
is beneficial for the synthesis of high performance LDH materials.

1526 | Mater. Chem. Front., 2023, 7, 1520-1561

By using ethanol as the solvent, NiCoAl-LDHNs were prepared
with the aid of a one-step solvothermal method (Fig. 5(a)) by
Meng et al.'** As can be seen in Fig. 5(b), the sample exhibits 3D
nanoflower clusters. NiCoAl-LDHN-9 had a specific capacitance of
1228.5 F g ' at 1 A g . In the case of 20 A g, the value was
1001.8 F g~ ', which still had an 81.6% capacitance retention
(Fig. 5(c)). The specific capacitance of the NiCoAl-LDHN-9//AC
device was 102.1 F g~ at 0.5 A g~ ' (Fig. 5(d)). The energy density
was 35.9 W h kg™ " at 225.8 W kg™ ', and the capacitance retention
rate was 87.1% after 10 000 cycles.

LDHs are produced on the surface of different substrates by
hydrothermal and solvothermal methods, and after reasonable
regulation of the reaction time and other factors it is possible to
obtain electrode materials with more satisfactory properties.***
Li et al.'* prepared a layered hybrid structure of NiCo,S, and
NiCoAl-LDHs on binder less carbon cloth (CC) by a series of
hydrothermal reactions (Fig. 5(e)). Fig. 5(f) shows the regular
and uniformly grown nanosheet structure. The NiCoAl-
LDHs@NiCo,S,@CC electrode exhibited 1775 Fg " at 1 Ag™"
(Fig. 5(g)). At 10 A g, the value was 79.6% when the number of
cycles reached 10000. Flexible solid-state asymmetric super-
capacitors were assembled using NiCoAl-LDHs@NiCo,S,@CC as
the positive electrodes, with an energy density of 33.13 W h kg™*
at 750 W kg™" and a cycle performance of 71.4% after 10000
cycles (Fig. 5(h)). By using a solvothermal way, Nguyen et al.'*

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 5 (a) Schematic representation of the synthesis of NiCoAl LDH nanosheets, (b) SEM image of NiCoAl-LDHN-9, (c) GCD curves of the NiCoAl-
LDHN-9 electrode at various current densities, (d) GCD curves of the device at different current densities. Adapted with permission from ref. 143
Copyright 2021, Elsevier B.V. (e) Schematic illustration of the synthesis processes of hierarchical NiCoAl-LDHs@NiCo0,S,@CC, (f) SEM image of NiCoAl-
LDHs@NiC0,5,@CC, (g) GCD curves of NiCoAl-LDHs@NiC0,5,@CC at various current densities, and (h) cycling stability performance of device at 1A g™t
Adapted with permission from ref. 145 Copyright 2021 Elsevier B.V. (i) Schematic diagram of the structural growth of NiCo LDHs on an NF substrate,
(j) SEM image of NiCo LDHs, (k) GCD curves at different current densities, and (1) cycling stability and coulombic efficiency of the NiCo LDHs//AC with the
inset showing the first and 10 000th GCD curves. Adapted with permission from ref. 146 Copyright 2020, Elsevier Ltd. (m) Schematic illustration of the
synthesis processes of NiCo,S4@NiMn-LDHs core—shell hybrid arrays on NF, (n) SEM image of NiC0,S4-NM-6, and (o) GCD curves at different current
densities. Adapted with permission from ref. 147 Copyright 2021, Elsevier B.V.

grew NiCo-LDHs in layers on nickel foam (NF) without using any
binder to obtain NF@NiCo-LDH material as shown in Fig. 5(i).
The SEM image in Fig. 5(j) shows that the nanosheets are
interwoven with 25 nm thickness. This material achieved a
4392 F g~ specific capacitance at 0.44 A g~ " (Fig. 5(k)). The
energy density of the prepared NF@NiCo-LDHs//AC device was
51.1 W h kg~ at 777 W kg~ ". The electrochemical stability was
72.2% after 10 000 cycles at 10 mA cm > (Fig. 5(1)), demonstrating
its potential for energy storage applications. Xue et al.'*’ suc-
cessfully synthesized core-shell NiCo,S,@NiMn-LDH nano-
sheet hybrids on the surface of NF by a controlled three-step
hydrothermal method, and NiMn-LDH nanosheets of different
thicknesses were attached to the outer layer of NiCo,S, nano-
tubes by adjusting the heating time of the hydrothermal
reaction in Fig. 5(m). NiMn-LDH nanosheets were uniformly
grown on NiCo,S, hollow nanotubes with complete connection
and moderate thickness forming a stable core-shell system,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

which can provide more porous channels. The SEM image is
shown in Fig. 5(n). The optimized NiCo,S,@NiMn-LDH electrode
exhibited a specific capacitance of 822.64 C g~ " at 50 mA cm™>
(Fig. 5(0)), and the specific capacitance was maintained at 92.7%
after 5000 cycles. In addition, the asymmetric supercapacitor
prepared with NiCo,S;@NiMn-LDHs has a maximum energy
density of 53.10 W h kg™ at 370.82 W kg and an 94.3%
capacitance retention after 10 000 cycles at 20 mA cm ™ 2.

A number of hybrids based on LDHs with superior proper-
ties can also be obtained by hydrothermal and solvothermal
methods. NiMn-LDHs/hrGO hybrids were fabricated by a sol-
vothermal route by Yan et al.'*® The incorporation of hrGO
improved the conductivity and specific surface area. At 1 A g™,
the capacitance was up to 302.0 C g~ . The asymmetric super-
capacitor achieved a specific capacitance of 237.6 C g~ ' at
1 A g%, a cycling stability of 80.5% after 2000 cycles, and an
energy density of 59.9 W h kg™ " 901.5 W kg~ '. Wang et al.'*’

Mater. Chem. Front., 2023, 7,1520-1561 | 1527
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Fig. 6 (a) Synthetic schematic of Cug 92C050804@NiCo-LDHs. Adapted with permission from ref. 149 Copyright 2021, Elsevier Ltd. (b) SEM images of
the CuBr,@NiCeCo-LDH core-shell nanorod, (c) schematic illustration of the CuBr,@NiCeCo-LDH core-shell nanorod, and (d) schematic diagram of
electron and ion transfer across the surface of the active component. Adapted with permission from ref. 150 Copyright 2022, American Chemical
Society. (e) Synthetic schematic of NiCo-LDH synthesis, and (f) TEM image of NiCo-LDHs/S-15. Adapted with permission from ref. 151 Copyright 2022,

Elsevier Ltd.

fabricated uniform NiCo-LDH nanosheet arrays on Cug.ogp-
Co0, 0304 (CCO) nanowires using a two-step solvothermal method
as shown in Fig. 6(a). The non-homogeneous core-shell struc-
ture consists of a highly conductive core layer and a highly
capacitive shell layer, and CCO can slow down the agglomeration
of NiCo-LDH nanosheets. The CCO@NiCo-LDH electrode
provided a specific capacitance of 1652 F g ' at 1 A g~ *. The
flexible asymmetric supercapacitor has an energy density of
42.38 W h kg~ " at 1350 W kg™ .

LDHs have certain drawbacks in terms of performances and still
need to be used in conjunction with other methods to prepare ideal
electrode materials. Fu et al."> fabricated NiCeCo LDHs on copper
bromide nanowire arrays (CuBr,@NiCeCo-LDHs) by hydrothermal
and calcination methods, and a visual representation of the
preparation is illustrated in Fig. 6(c). The CuBr,@NiCeCo-LDH
electrode exhibited excellent electrochemical performances
with a 5460 mF cm 2 area capacitance at 2 mA cm 2 and
88% capacitance retention at 50 mA cm™ > due to the unique top
entangled structure (Fig. 6(d)) and the complex assembly of

1528 | Mater. Chem. Front., 2023, 7, 1520-1561

different active components. The asymmetric supercapacitor
with CuBr,@NiCeCo-LDHs and AC electrodes has an energy
density of 118 W h kg™ at 1013 W kg™ . Besides, Wang et al.***
synthesized a hydrophobic-like NiCo-LDH precursor (Fig. 6(e))
by a hydrothermal method. Based on this precursor, highly
conductive sulfide nanoparticles were constructed on NiCo-
LDH nanosheets (Fig. 6(f)) by an ion-exchange strategy. The
newly formed heterojunction between NiCo-LDHs and sulfide
nanoparticles enabled them to provide ion or electron transfer
paths to each other, significantly improving the conductivity.
Through the adjustment of the thioacetamide amount, the
optimized NiCo-LDH/S-15 material has a 267.8 mA h g '
specific capacitance at 1 A g~ '. The assembled supercapacitor
has a specific capacitance of 126.76 Fg~ " at 1 Ag™ ', a reasonable
energy density and power density (43.6 W h kg~ ', 375 W kg™ 1),
and a 83% capacitance retention after 5000 cycles.

Liu et al."** successfully synthesized a nano-flowery NiAl-LDHs-
S electrode material by a pre-synthetic solvothermal reaction
using a sulfide modification procedure, as shown in Fig. 7(a).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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tThe obtained NiAl-LDHs-S electrode material has a 1680 F g~*
specific capacitance at 1 A g~ because of the generation of
sulfide on the surface of LDHs. The energy density of the
assembled  NiAl-LDHs-S//AC  asymmetric  supercapacitor
reaches 35.78 W h kg™' at 1127.03 W kg™ '. In Fig. 7(b),
Liu et al.™®® synthesized an Se-NiAl-LDH electrode material
by a pre-synthetic solvothermal reaction and selenide modifica-
tion. It is worth noting that some new selenide crystals were
generated, and the obtained material has a 1098 F g~ specific
capacitance at 1 A g~ . The energy density of the Se-NiAI-LDHs//
AC device is 29 W h kg™ ' at 1593.17 W kg~ '. Besides, Liu
et al."™* decorated Ag nanoparticles on CoAl-LDH flower-like
hollow microspheres as shown in Fig. 7(c) by a simple one-step
solvothermal reaction and chemical plating solution deposition
reaction. The modification of Ag nanoparticles can promote the
fast diffusion kinetics and electrochemical reactivity of electro-
lyte ions. The prepared Ag/CoAl-2 LDHs had a 1214 C g "
specific capacitance at 3 A g~ ' and a 91% capacity retention
at 10 A g~" for 10000 cycles. Moreover, the assembled device
using Ag/CoAl-LDHs and N-doped carbon nanotubes (N-CNTs),
respectively as electrodes, exhibited an energy density of
61.2 W h kg™" at 800 W kg™, declaring the great promise of
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engineered conductive nanoparticle modified LDH-based active
materials for high-performance supercapacitors.

2.3 Electrodeposition method

The electrodeposition method is a technique in which an electric
current is passed through the electrolyte solution and a redox
reaction takes place at the electrode to fabricate a coating.'>>">°
The reduction of metal ions at the cathode to produce a metallic
coating is called electroplating."””"*® It requires the use of a
conductive substrate as the working electrode. Typically, a three-
electrode system is worked in an electrolyte containing a metal
precursor, and then LDH nanostructures are synthesized on the
working electrode at or within a certain potential range."*® The
advantage of this method is that, in most cases, no additional
reagents are required to induce the formation of hydroxides
other than the metal precursors."® During the electrodeposition
process, water molecules are electrolyzed to produce oxygen
and hydroxide ions, which facilitate the formation of metal
hydroxides."®""'®> The main difference between electrochemical
deposition and chemical plating is that although both redox
reactions are carried out in solution, the former occurs at the
electrode through the migration of ions in the presence of an
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Fig. 7 (a) The preparation process route of the NiAl-LDHs and NiAl-LDHs-S. Adapted with permission from ref. 152 Copyright 2022, Elsevier B.V. (b)
Roadmap for the synthesis of NiAl-LDHs and Se-NiAl-LDHs. Adapted with permission from ref. 153 Copyright 2022, Elsevier Ltd. (c) Schematic illustration
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electric field, while the latter is formed directly on the surface of
the workpiece through the autocatalytic action of the chemical
plating solution.'®® This method can be applied to obtain LDH
materials with various grain sizes. However, the generation and
growth rate of nuclei on the substrate surface cannot be con-
trolled. LDH materials with excellent performances can be
obtained by selecting suitable electrodeposition conditions and
choosing a reasonable electrolyte and matrix. Huang et al.'®*
obtained a unique array of LDH nanosheets with intercalated
pseudocapacitive properties and battery-type electrode materials
using a simple and pollution-free two-step electrodeposition
technique. The electrode material consists of MoO; and NiCo-
LDHs grown directly on a 3D conductive NF substrate to form a
binder-free 2D ultrathin cross-layered heterostructure (NiCo-
LDHs@MOoO,/NF) (Fig. 8(a)). At 1 A g, the specific capacitance
of this heterogeneous nanomaterial was 952.2 Cg 'at1A g,
Fig. 8(b) clearly shows that this composite outperforms the other
two individual materials produced directly on the substrate, and
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the capacity retention was 86.42% after 10 000 cycles. The NiCo-
LDHs@MOoO;/NF//AC device (Fig. 8(c)) has an energy density of
58.06 W h kg~ ' at 800 W kg™, as well as a 84.57% capacity
retention after 10 000 cycles. Zhang et al.'®® used MoO; nanorod
arrays as a matrix to encapsulate NiCo-LDHs by electrodeposi-
tion to obtain layered MoO;_,@NiCo-LDHs containing oxygen
vacancies. The MoO;_,@NiCo-LDHs-15 electrode exhibited a
capacitance of 3.49 F cm 2 at 5 mA cm > (Fig. 8(e)), and the
capacitance retention was 94.9% after 3000 cycles in a neutral
electrolyte (Fig. 8(d)). The corresponding symmetric flexible
solid-state supercapacitor exhibits good flexibility and an energy
density of 0.047 mW h ecm ™ at 0.865 mW cm . In this work, the
layered structure changes the microenvironment of the electrode
surface, shortening the ion transport path and accelerating the
reaction kinetics. Moreover, the NiCo-LDH nanosheets tightly
packed on the surface of the MoO; nanorod arrays slow down the
structural collapse during potassium ion removal. In addition, the
formation of oxygen vacancies enhances the structural stability
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Fig. 8 (a) Schematic illustration of the preparation procedures for NiCo-LDHs@MoOs3/NF, (b) GCD curves of MoOs/NF, NiCo-LDHs/NF and NiCo-
LDHs@MoO3/NF electrodes, and (c) schematic diagram of the assembled device. Adapted with permission from ref. 164 Copyright 2021, Elsevier Ltd.
(d) Cycle performance of MoOsz, MoOs_, and MoOs_,@NiCo-LDHs-15 at 10 mA cm™2, and (e) GCD curves at 5 mA cm™2, (f) schematic transportation
process of electrons and ions in MoOs_,@NiCo-LDHs. Adapted with permission from ref. 165 Copyright 2021, Elsevier B.V. (g) Schematic illustration of
the assembled NiCo-LDHs@Ni-NTNW//AC device. (h) Schematic illustration presenting photographs of the self-supported NiCo-LDHs@Ni-NTNW
electrode through the fabrication process. Adapted with permission from ref. 166 Copyright 2022, Royal Society of Chemistry.
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and electrical conductivity of MoO;. Therefore, this study provides
a new strategy for constructing flexible electrode materials with
high electrochemical performance, which is of great value in
subsequent applications. Amin et al.'®® used an electrodeposition
method to directly grow NiCo layered double hydroxide
nanosheets on Ni nanotube (Ni-NTNW) networks to obtain a 3D
self-supporting layered electrode. The electrode utilizes the large
interface and high redox activity of the 2D coated nanosheets, and
the highly porous network structure of the 1D Ni-NTNW support
enhances its performance, enables fast mass transfer, and acts as
a “highway for fast electron transfer”. At 0.2 mA cm™ > the as-
prepared NiCo-LDHs@Ni-NTNW structure exhibits an ultrahigh
capacity of 126.4 C cm >, Furthermore, the assembled NiCo-
LDHs@Ni-NTNW//AC asymmetric supercapacitor (Fig. 8(g)) can
provide a 76.7 F cm  capacitance at 1 mA cm™ % Meanwhile, its
energy density of 14.7 mW h em™? at 4769 mW cm 2 exceeds
those of most state-of-the-art supercapacitors. Thus, hybrid core-
shell nanotube networks represent an emerging design paradigm
for high-performance devices in portable devices.

In Fig. 9(a), Zhao et al.'® successfully prepared NiCoFe-
LDH nanosheet electrodes with high specific capacitance and
electrical conductivity by electrodeposition on CC. More impor-
tantly, the multiplicative performance and the cycling stability
were better compared with the NiCo-LDH electrode, which
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reached 145% stability after 4000 cycles. Moreover, the NiCoFe-
LDHs//AC device has a 207 F g~ " specific capacitance at 1 mA cm™>
and an energy density of 65 W h kg™ " at 83 W kg™ '. Moreover,
the device has an excellent cycling stability of 126% after
5000 cycles. Wang et al.'®® used electrochemical deposition to
synthesize NiCo-LDHs on a graphite paper-derived 3D electrode
substrate (called EGP, with partially exfoliated graphite sheets
and expanded lateral graphite layers on the surface), resulting
in an EGP@NiCo-LDH electrode material (Fig. 9(b)). Due to the
simultaneous 3D electrode structure and the high capacitance
of NiCo-LDHs, EGP@NiCo-LDHs exhibit ultrahigh capacitance
(1650 F g~ at 1 A g~ ") and excellent rate capability. In addition, the
asymmetric device achieves an energy density of 44.31 W h kg™ " at
799.98 W kg™ ' and a 92.8% retention rate after 5000 cycles.

The use of electrodeposition in conjunction with other
methods results in improved electrode materials with better
performances. Wang et al.*®® prepared oxygen-rich NiCo-LDHs
with excellent supercapacitor performance on NF substrates by
electrodeposition and in situ oxidation. The oxygen vacancies
can be adjusted by hydrogen peroxide treatment to remarkably
enhance electrical conductivity and electrochemical properties
of the materials. The NiCo-LDHs containing oxygen vacancies
(O,-NiCo-LDHs) reached a 1160 C g ' specific capacitance
at 1 A g ' as well as showed 61% retention at 20 A g *
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Fig. 9 (a) Schematic illustration of the synthesis processes of the as-made NiCoFe-LDH electrode. Adapted with permission from ref. 167 Copyright

2021, Elsevier B.V. (b) Schematic illustration of the fabrication processed of the EGP@NiCo-LDH electrode. Adapted with permission from ref. 168
Copyright 2022, Elsevier B.V. (c) Schematic illustration of the fabrication of the MnCo,04@NiCo-LDHs/NF core-sheath heterostructure. Adapted with
permission from ref. 170 Copyright 2022, Elsevier B.V. (d) Schematic illustration of the fabrication steps of the FeCoSe,@NiCo-LDH nanosheet arrays on
CC. Adapted with permission from ref. 171 Copyright 2022, Elsevier B.V.
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The tsymmetrical device has an energy density of
216.19 W h kg™* at 1.75 kW kg~ '. Wang et al’° prepared a
core-sheath heterostructure (MnCo,O,@NiCo-LDHs/NF) (Fig. 9(c))
consisting of MnCo,0, nanowires encapsulated by NiCo-LDH
nanosheets using a combination of hydrothermal preparation
and electrochemical deposition. The material achieved a
4555.0 F g~ ' specific capacitance at 1 A g~ '. Furthermore, the
MnCo,0,@NiCo-LDHs/NF//AC asymmetric device has an
energy density of 21.3 W h kg~ at 160.0 W kg~ " and can be
able to light up a green LED indicator for more than 30 min.
Wan et al."’" in situ modified highly porous FeCoSe,@NiCo-
LDH core-shell nanosheet arrays on the surface of CC by
an electrodeposition method and salinization treatment,
as displayed in Fig. 9(d). These hierarchical heterostructures
composed of two vertically aligned interconnected 2D
nanosheets not only provide a huge surface area and efficient
diffusion pathways for fast electron/ion transport, but also
generate abundant electronically altered heterointerfaces,
resulting in a synergistic effect between the two components.
The obtained FeCoSe,@NiCo-LDH electrode achieves a
220.9 mA h g~' specific capacitance at 1 A g~*, as well as the
cycling stability is better than that of the single component.
Furthermore, the device assembled using the FeCoSe,@NiCo-
LDH electrode and layered porous carbon electrode exhibits
an energy density of 1.248 kW kg™ " at 65.9 W h kg™ ', and the
capacity retention after 10 000 cycles is 87.6%.
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2.4 Electrostatic interstratification

Due to the large distance between the layers of LDHs, it is
difficult to contact the inserted anions to increase the electrical
conductivity, lowering the electrochemical properties. In order
to solve this problem, various methods have been tried to spin
out the LDHs into thin layers, such as mechanical agitation
and with larger anion exchange reactions.'”>'”® However, the
re-stacking of these shed layers is a thermodynamically driven
process to stabilize the high surface area of these layers. To
this end, sandwiching the positively charged LDHs with the
negatively charged 2D thin material between the layers is an
effective method to obtain better electrical conductivity
and higher electrochemical performances.”’*"”” MXene is a
2D layered material with excellent properties’’® and has a wide
range of applications'’® in the synthesis of LDHs using electro-
static interlayer interaction.'®'®°"*#> This method can generate
a sandwich-like electrostatic layer between LDHs with positive
charges and 2D thin materials with negative charges, which can
achieve better conductivity and superior electrochemical prop-
erties. However, two materials with different charges need to be
carefully searched. If the properties of various materials are
widely understood, suitable materials are selected, and suitable
intercalators are introduced in the synthesis process, and
the performances of the materials can be obviously enhanced.
Zhao et al.'® prepared a surface covalently functionalized
MXene based Tiz;C,Cl, nanodot-dotted MXene@NiAl-LDHs
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Fig. 10 (a) Schematic diagram of the processes for synthesizing the QD-TizC,Cl,@NiAl-LDH electrode by electrostatic attraction and self-assembly
and (b) the corresponding cross-sectional SEM image, (c) specific capacitances of the TizC,Cl, MXene, PDDA/NIAl-LDHs, TizC,@NiAl-LDHs and
QD-TizC,Cl,@PDDA/NIAl-LDHs at different current densities, (d) the cycling stability of the PDDA/NiAl-LDHs and QD-TizC,Cl,@PDDA/NIAL-LDHs at
1.0 A g% the inset of the CV curves of the above electrodes before and after 10 000 cycles. Adapted with permission from ref. 183 Copyright 2021,
Elsevier Inc. (e) Schematic illustration of the fabrication of 2D MXene/NiCo-LDHs by electrostatic adsorption of anions—cations, and (f) the corresponding
cross-sectional SEM images, (g) GCD curves of the MXene/NiCo-LDH electrode at different current densities. Adapted with permission from ref. 184
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(QD-Ti3;C,Cl,@NiAl-LDHs) composite electrode (Fig. 10(a)) and
the SEM image is shown in Fig. 10(b). The QD-Ti;C,Cl,@NiAl-
LDH electrode displayed a 2010.8 F g~ * specific capacitance at
1.0 A g *. (Fig. 10(c)). The capacitance retention reached 94.1%
after 10 000 cycles at 1.0 A g~ * (Fig. 10(d)). Wu et al.*®* used an
electrostatic assembly method to establish a 2D structure
between MXene modified with the cetyltrimethylammonium
bromide cation (CTAB) and NiCo-LDHs modified with the
dodecyl benzenesulfonic acid anion. Composite electrodes are
assembled with each other (Fig. 10(e)). In this case, the self-
stacking of MXene and NiCo-LDHs nanosheets is effectively
prevented, resulting in a regular interlayer structure and large
interlayer spacing, accelerating the movement of electrolyte
ions. Fig. 10(f) shows the SEM image of the MXene/NiCo-
LDHs. At 0.5 A g, the specific capacitance of the electrode
is 1207 F g~ ' (Fig. 10(g)), and the capacitance retention is 93%
after 5000 cycles. In addition, its maximum energy density is
107.3 W h kg™ " (98.5 mW h cm?), and its power density is
571 W kg~ ' (524 mW cm ). This remarkable electrochemical
performance is mainly attributed to the hydration of 2D electro-
des and the exchange or adsorption of anions between layers.

2.5 Miscellaneous methods

In addition to the conventional methods, there are a variety of
other methods used to synthesize LDHs. The exfoliative recom-
bination method has the advantages of being a simple process
with mild conditions and the disadvantage of its parameters
being very hard to control. LDHs with better performances can be
obtained by regulating the experimental parameters reasonably.
NiCr LDHs and polyoxotungstate nanoclusters (NiCr-LDHs-POW)
were fabricated by Padalkar et al."® using an exfoliative recombi-
nation method, as shown in Fig. 11(a). The intercalation of POW
nanoclusters forms a stacked framework layer by layer, obtaining
a high specific surface area interconnected lamellar morphology,
increasing ion transport channels and facilitating the diffusion of
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electrolyte ions between the layers. Alkaline etching is another
simple and efficient method to increase the porosity of aluminum-
containing layered double hydroxyl tale. Wang et al.*®® synthesized
NiTiAI-LDHs by adding a trace amount of Al to the NiTi-LDHs
substrate layer and then etching some Al with a sodium hydroxide
solution, resulting in higher specific surface area, specific
capacitance and rate performance of supercapacitor electrodes.
The microwave synthesis method has the advantages of
high heating rate, high thermal energy utilization, and good
crystallinity and dispersion of the synthesized materials.
However, this method has high requirements for equipment.
Considering the condition of using this method fully, it can be
combined with other methods. Wang et al.'® synthesized 3D
hollow NiCo-LDHs with interlaced nanosheets in the shell layer
using ZIF-67 as a template by microwave treatment (Fig. 11(b)). As
an electrode material, NiCo-LDHs have a 2369.0 F g~ ' specific
capacitance at 0.5 A g~ ', as well as multiplicative performance,
more exposed active sites and synergistic interaction between
the Ni-Co ions facilitating ion transport and diffusion. In
addition, the assembled NiCo LDHs//AC device has 83.6%
capacitance retention after 10000 cycles. Besides, Chu
et al."™®® integrated CuCo-LDH nanoarrays onto NF by an
in situ hydrolysis approach (Fig. 11(c)). The resulting CuCo-
LDHs//AC asymmetric supercapacitor exhibits an energy den-
sity of 22 W h kg™, This approach provides a new idea for the
preparation of superior supercapacitor electrode materials in
the future.

In order to more visually demonstrate the properties of
LDHs and their corresponding composites prepared by different
preparation methods, the advantages and disadvantages of
different preparation methods are shown in Table 1. Concur-
rently, the properties of LDHs and their composite electrodes
mentioned in this manuscript are exhibited in Table 2, and the
properties of devices consisting of LDHs and their composites
mentioned in this manuscript are shown in Table 3.
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Fig. 11 (a) Schematic diagram of the exfoliation-reassembling route to NiCr-LDH nanohybrids. Adapted with permission from ref. 185 Copyright 2022,
Elsevier Inc (b). Schematic illustration of the synthesis procedures of NiCo-LDH nanocages. Adapted with permission from ref. 187 Copyright 2022,
Elsevier B.V. (c) Schematic illustration of the synthesis strategy and morphological characterization of CuCo-LDHs. Adapted with permission from ref. 188
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Table 1 Comparison of the advantages and disadvantages of different preparation methods

Preparation

methods Advantage

Disadvantage

Co-precipitation
simplicity, cheapness and stability of the product.

Hydrothermal and

The reaction environment is closed and stable with strong
controllability, and the prepared product has crystal structure environment temperature, and the internal temperature and

This method has been widely used in practice because of its The addition of the precipitating agent during the prepara-

tion process may cause local concentration too high and lead
to the agglomeration of product.
The high-pressure reactor can only adjust the external

pressure are difficult to monitor.
The generation and growth rate of nuclei on the substrate
surface cannot be controlled.

This method can generate a sandwich-like electrostatic layer Two materials with different charges need to be carefully

searched.

The parameters are very hard to control.

solvothermal
integrity and narrow particle size distribution.

Electrodeposition  This method can be applied to obtain LDH materials with
various grain sizes.

Electrostatic

interstratification =~ between LDHs with positive charges and 2D thin materials
with negative charges, which can achieve better conductivity
and superior electrochemical properties.

Exfoliative It is a simple process with mild conditions.

recombination

Alkaline etching Improve the sample porosity.

Strict control of experimental conditions.

Microwave synthesis High heating rate, high thermal energy utilization, and good High requirements for equipment.
crystallinity and dispersion of the synthesized materials.

In situ hydrolysis Simple and easy to use.

3. Modification method of hybrid LDHs

The modification of LDHs is particularly important for overcom-
ing disadvantages including low specific capacitance and poor
cycling stability, which can be carried out based on the various
synthetic methods described earlier, starting from the basic
properties of the material and modifying it compositionally and
structurally to improve their performances in electrochemical

Longer time consumption.

applications.’®? Since LDHs have a 2D layered structure,
compounding with various 1D and 2D nanomaterials such as
carbon nanotubes, graphene and MoS, is highly feasible, and the
addition of polymerase also enhances the conductivity.">*™% In
hybridized LDH nanostructures, the construction of ionic vacancy
defects'**"®” and porous structures can alter the crystalline shape
and increase the active sites, allowing for a superior level of
electrochemical performances. In addition, metal sapphires and

Table 2 The properties of LDHs and their composite electrodes mentioned in this manuscript

Method Electrode Electrolyte Capacitance Condition Cycles Ref.
Co-Precipitation Zn Al-LDHs 6 M KOH 37.0F g ! 1Ag" — 125
Co-Precipitation Ni Fe-LDHs 2 M KOH 1368 Fg ' 1Ag! 5000, 87.5% 126
Co-Precipitation Ni Co-LDHs 2 M KOH 1970 Fg ! 1Ag! — 127
Co-Precipitation P@NiCo-LDHs 6 M KOH 536 Cg ' 1Ag! 5000, Rarely decrease 128
Co-Precipitation Zng 5Nig 75Co-LDHS-BA™ 2 M KOH 1378 mA h g_1 1A g_l 10000, 91.2% 130
Co-Precipitation S-NiCoAl-LDHs 1 M KOH 7271Cg " 1Ag" 10000, 95.1% 131
Co-Precipitation HC@NiCo-LDHs 2 M KOH 758 Cg " 2Ag" — 132
Hydrothermal NiCoAl-LDHs@NiC0,5,@CC 6 M KOH 1775 F g ! 1Ag" 10000, 79.6% 145
Solvothermal CuBr,@NCC-LDHs/CF 6 M KOH 5460 mF cm™> 2 mA cm > 5000, 88% 150
Hydrothermal NC/$-15 2 M KOH 267.8mAhg' 1Ag" 2000, 70.4% 151
Hydrothermal NiCo,S,@NiMn-LDHs 2 M KOH 822,64 Cg " 50 mA cm > 5000, 92.7% 147
Solvothermal NiAl-LDHs-S 6 M KOH 1680 F g ' 1Ag! — 152
Solvothermal NiMn-LDHs/hrGO 2 M KOH 302Cg " 1Ag " 2000, 89.6% 148
Solvothermal CCO@NiCo-LDHs 3 M KOH 1652 F g ' 1Ag! 10000, 72.5% 149
Solvothermal Se-NiAl-LDHs 6 M KOH 1098 F g * 1Ag! — 153
Solvothermal NiCoAI-LDHN-9 6 M KOH 12285 F g ! 1Ag! — 143
Solvothermal NF@NiCo-LDHs 3 M KOH 4392F g " 044 Ag" 10000, 64.2% 146
Solvothermal Ag/CoAl-LDHs 2 M KOH 1214Cg " 3Ag " 10000, 91% 154
Electrodeposition NiCo-LDHs@MoO;/NF 2 M KOH 9522 Cg " 1Ag" 10000, 86.42% 164
Electrodeposition NiCoFe-LDHs 3 M KOH 3800 mCcm > 4 mAcm 2 4000, 149% 167
Electrodeposition EGP@NiCo-LDHs 2 M KOH 1650 F g~* 1Ag™" — 168
Electrodeposition O,-NiCo-LDHs 3 M KOH 1160 C g * 1Ag! 5000, 73.5% 169
Electrodeposition MoO;_,@NiCo-LDHs 0.5 M K,SO, 3.49 F cm ™2 5 mA cm™? 3000, 94.5% 165
Electrodeposition MnCo,0,@NiCo-LDHs/NF 6 M KOH 4555 F g ! 1Ag"! 5000, 78.7% 170
Electrodeposition NiCo-LDHs@Ni-NTNW 1 M KOH 1202.2 F g ' 0.2 mAcm > 4000, 106% 166
Electrodeposition FeCoSe,@NiCo-LDHs 2 M KOH 2209mAhg!' 1Ag" 5000, 82.8% 171
Electrostatic interstratification ~QD-Ti;C,Cl,@NiAl-LDHs 1 M KOH 20108 Fg ' 1Ag! 10000, 94.1% 183
Electrostatic interstratification ~MZXene/NiCo-LDHs 1M (NH,),S0, 1207 Fg ' 05Ag" 5000, 93% 184
Exfoliative recombination NCW-2 2 M KOH 736 Cg " 1Ag! 5000, 86% 185
Alkaline etching NTA18 1 M KOH 3483 mFem > 5mAcm > 3000, 37.9% 186
Microwave treatment Ni-Co LDHs 1 M KOH 2369.0 Fg ' 05Ag" — 187
In situ hydrolysis CuCo-LDHs 1 M KOH 433Cg" 1Ag" 10000, 82.46% 188
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Table 3 Properties of devices consisting of LDHs and their composites mentioned in this manuscript

Devices Electrolyte  Capacitance Energy density at power density Cycles Ref.
NiFe-LDHs//NiFe-LDHs 2MKOH 186Fg ',1Ag "' 66.13 W h kg " at 1483 W kg ' — 126
NiCo-LDHs//AC 2MKOH 186Fg ',1Ag" 54.8 Wh kg ' at 3749 W kg ' 10000, 80.8% 127
P@NiCo-LDHs//P@NiCo-LDHs PBI-KOH  — 7.83 Wh kg "' at 300 W kg™ * 10 000, 80% 128
7N, 25Nig 75Co-LDHs-BA™//AC 2MKOH 65mAhg ' 1Ag" 51.8 Wh kg at 789 W kg™ * 10000, 94.6% 130
S-NiCoAl-LDHs//AC PBI-KOH 182.6Fg ',05A¢g " 822Whkg 'at450 W kg " 10000, 92.5% 131
HC@NiCo-LDHs//AC 2MKOH 148Cg ', 04Ag' 32.8 W h kg™ ! at 320 W kg™ 4000, 70.2% 132
NiCoAI-LDHs@NiC0,S,@CC//AC PVA-KOH 106Fg ',1Ag ' 3313 Wh kg " at 750 W kg " 10000, 71.4% 145
CuBr,@NCC-LDHs/CF//AC 6MKOH 118Fg ', 04A¢g™" 118 W h kg™ at 1013 W kg ™" 5000, 86.7% 150
NC/S-15//AC 2MKOH 12676 Fg ', 1Ag " 43.6 Wh kg 'at 375 W kg ! 5000, 83% 151
NiC0,S,@NiMn-LDHs//AC 2MKOH 9623 Fg ', 50 mA cm 2 53.10 W h kg ' at 370.82 W k