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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.

. . . . . 1
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

53,54
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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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Materials Chemistry Frontiers

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

Mater. Chem. Front., 2023, 7, 1520-1561 | 1529


https://doi.org/10.1039/d2qm01346k

Published on 20 February 2023. Downloaded on 7/25/2025 12:41:11 AM.

Materials Chemistry Frontiers

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

View Article Online
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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.
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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
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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

Copyright 2019, Elsevier B.V.
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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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e '
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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 kg * 10000, 94.3% 147
NiAl-LDHs-S//AC 6 MKOH 100.64Fg ',2Ag™" 35.78 W h kg™' at 1127.03 W kg™ 10000, 104.37% 152
NiMn-LDHs/hrGO//Bi(OH);/hrGO 2MKOH 2376Cg ,1Ag"' 59.9 W h kg " at 901.5 W kg ' 2000, 80.51% 148
CCO@NiCo-LDHs//AC 3MKOH 37.67Fg ',05A¢g " 4238Whkg 'at1350 W kg " 10000, 80% 149
Se-NiAI-LDHs//AC 6MKOH 80Fg ' 2A¢g"! 29 W h kg™ ' at 1593.17 W kg™ * 5000, 95.24% 153
NiCoAl-LDHsN-9//AC PVA-KOH 1021Fg ', 05A¢g " 359Whkg "at225.8Wkg " 10000, 87.1% 143
NF@NiCo-LDHs//AC 3MKOH 1523Fg ',1Ag ' 51.1 W h kg ' at 777 W kg 10000, 72.2% 146
Ag/CoAl-LDHs//N-CNTs 2MKOH 275Cg ,1Ag" 61.2 W h kg™' at 800 W kg ' 10000, 92% 154
NiCo-LDHs@MoO;/NF//AC 2MKOH 2613Cg L, 1Ag" 58.06 W h kg™ " at 800 W kg 10000, 85.57% 164
NiCoFe-LDHs//AC 3MKOH 207Fg ,1mAcm > 65Whkg 'at8 Wkg' 5000, 126% 167
EGP@NiCo-LDHs//AC 2MKOH 12463Fg ', 1Ag" 4431 W h kg™ " at 799.98 W kg™ 5000, 92.8% 168
0,-NiCo-LDHs//O,-NiCo-LDHs 3MKOH 1689Fg ', 2Ag " 216.19 W h kg ' at 1.75 kW kg™ " 2000, 71.45% 169
MoO;_,@NiCo-LDHs//MoQ;_,@NiCo-LDHs 0.5 M K,SO, 0.45 F cm ™2, 2 mA cm™ > 0.047 mW h cm™ 2 at 0.865 mW cm ™ > — 165
MnCo,0,@NiCo-LDHs/NF//AC 6MKOH 60Fg ' 02Ag" 21.3 W h kg™ ' at 160.0 W kg ' 5000, 86.6% 170
NiCo-LDHs@Ni-NTNW//AC 1MKOH 649Fg ', 1mAcm > 14.7mW hcm ?at 4769 mW cm > 20000, 120% 166
FeCoSe,@NiCo-LDHs//PPC-2 2MKOH 952mAhg ' 1Ag"' 1.248kWkg 'at65.9Whke ' 10000, 87.6% 171
NCW-2//rGO 2MKOH 120Fg ',2Ag" 43Whkg 'at 1.3 kwkg ! 10000, 89% 185
NTA18//AC 1MKOH 126Fg ',1Ag"’ 451 W h kg~" at 16000 W kg " 5000, 59% 186
Ni-Co LDHs//AC 1MKOH 681Fg ' 05Ag" 21.28 W h kg™ at 375.09 W kg™ * 10000, 83.6% 187
CuCo-LDHs//AC 1MKOH 76Fg ',1Ag" 22 W h kg™" at 23200 W kg ™! 10000, 91.3% 188

phosphides have higher metallic properties than LDHs, and LDHs
can be modified with them to form composites.'**'* In general,
the improved performances of the hybrid nanostructures result
from the synergistic effect of the heterogeneous interface formed
between LDHs and other objects. In this chapter the modification
methods for hybridized LDH nanostructures are divided into four
categories: addition of components, construction of defects, gen-
eration of heterogeneous structures and direct generation on the
substrate.>°>?°" All these methods provide a larger surface area
and expose a greater number of active sites. It is important to
note, however, that each method provides different structural
effects, which have a different impact on the electrochemical
properties of the hybridized LDHs.

3.1 Addition of components

The addition of other components to the original LDHs can
change the composition and structure of the material.>*>
This behavior during the synthesis processes can increase
the synergy between the substances and can also modify the
structure of materials, and some intercalation substances can
also improve the electrochemical properties.>*>°” However,
the application of this modification method needs to consider
the force between raw materials. A certain theoretical study for
this method can have an unexpected effect.”’’® The preparation
of composites with different components is a meaningful route
to obtain new and efficient electrode materials.>®® Ma et al.>'°
prepared Ni-embedded carbon nanofibers/NiAl-LDH hybrids.
First, Ni-containing carbon nanofibers were skillfully fabricated
via electrostatic spinning and thermal treatment, which provided

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

many active sites and increased the space for ion transport.
Subsequently, Ni-embedded carbon nanofibers were combined
with nanostructured NiAl-LDHs by the hydrothermal method
(Fig. 12(a)). The results showed that the former could optimize
the microstructure of NiAl-LDHs, alleviate their aggregation
and improve the multiplicative performances of NiAl-LDHs. 3%
Ni-embedded carbon nanofibers/NiAl-LDHs (3%-Ni-C/NiAl-
LDHs) achieved a 1228.2 C g * specific capacitance at 1 A g~ *
(Fig. 12(b)). Besides, an asymmetric supercapacitor device
was assembled with an energy density of 74.9 W h kg™ ' at
800 W kg™ '. Notably, the device achieved a 91.4% capacity after
10000 cycles at 6 A g~ " (Fig. 12(c)).

NiCo-LDHs have layer spacing and a high ion exchange
capacity, but poor electrical conductivity, severe agglomeration
and structural defects limit their energy storage capacity.
Wu et al.®® prepared zeolite imidazole framework-67 (ZIF-67)
sulfur-doped NiCo-LDHs and polypyrrole nanotube composites
(NiCo-LDHs-S/PNTs) for the first time by electrospinning and
hydrothermal methods (Fig. 12(d)). The 1D hollow polypyrrole
with a high aspect ratio provides straight charge-transfer routes
and abundant contacts with the electrolyte. When the sulfur
content is 7%, the specific capacitance of NiCo-LDH-S/PNTs is
1936.3 F g~ *. The device assembled by the graphene anode and
the NiCo-LDH-S/PNT cathode achieves an energy density of
16.28 W h kg ' at 650 W kg '. And the capacity retention rate
reaches 74% after 8000 cycles.

Changes in the anions between the layers also influence the
resulting performances. The layer spacing of different anion
intercalated LDHs can vary, while a larger layer spacing
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Fig. 12 (a) Detailed preparation strategy for obtaining hierarchical structure Ni-CAN, (b) the GCD curves of the as-obtained samples at 1 A g~ with the
potential window of 0-0.5 V, (c) cycling performance of 3%-Ni-C/NiAl-LDHs//AC at 10 A g~*. Adapted with permission from ref. 210 Copyright 2022,
Elsevier B.V. (d) Illustration of the synthesis processes of NiCo-LDHs/PNTs and NiCo-LDHs-S/PNTs, (e) illustration of morphology features of NiCo-
LDHs-S/PNTs/NF. Adapted with permission from ref. 88 Copyright 2022, Elsevier Inc. (f) Specific capacitance of NiAl-COz LDH and NiAl-Cl LDH
electrodes at a variety of current densities. (g) Specific capacitance of two electrodes at different current densities. Adapted with permission from ref. 211

Copyright 2022, Elsevier Ltd. (h) GCD curves of those electrodes at a current density of 5A g~

Elsevier Ltd.

facilitates the contact between the active atoms on the LDH
plate layer and OH™, resulting in improved electrochemical
properties. A spherical NiAl-Cl LDH with chloride ions as
interlayer anions was prepared by Lv et al>'! with a specific
capacitance of 2512 F g~ ' at 1 A ¢~ '. NiAl-Cl LDHs have a wider
interlayer spacing, which promotes contact between the active
atoms of the hydro magnesite-like layers and OH ™, improves
electron transport kinetics, increase the utilization of the active
material and exhibit better multiplicative performance (the
specific capacitance at 20 A g~ ' is 77.5% of that at 1 A g™ ).
At the same time, the gaps between the interlaced hierarchical
structures facilitate the buffering of volume changes during the
reaction, ensuring the structural stability of NiAl-Cl LDHs
during the redox reaction. They were also compared to materials
with carbonate ions as interlayer anions, and the results showed
superior performances of NiAl-Cl LDHs (Fig. 12(g)). The energy
density of the prepared NiAl-Cl LDHs//AC asymmetric super-
capacitor was 53.9 W h kg~ ' at 1540 W kg™ ' and maintained
94.1% specific capacitance after 1000 cycles.

Deng et al.*'? used the hydrothermal method to prepare
benzoate anion intercalated nickel-doped inorganic organic
cobalt hydroxide ultrathin nanoribbons Ni-Co(OH)(BA) without
the use of binders and surfactants, and the electrochemical
performance was effectively improved due to the large interlayer
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! Adapted with permission from ref. 212 Copyright 2022,

distance and enhanced ion flow efficiency. The results show a
1664 F g~ ' specific capacitance at 5 A g~ * (Fig. 12(h)) and an 83%
capacity retention after 8000 cycles. At the same time, the
composed Ni-Co(OH)(BA)//AC asymmetric supercapacitor device
was able to provide a 47.5 W h kg™ " energy density at 850 W kg™ *
and a 91% capacity retention after 8000 cycles. Saber et al>'?
inserted silicon into Co-LDH nanospheres to form Si/Co-LDH
nanofibers by inserting cyanate anions as the backbone for
building the nanospheres. The structure can be tuned through
controlling the preparation conditions and Si content to further
improve the properties. The results show that morphological
changes from nanoparticles or flat plates to nanofibers enhance
the specific capacitive performances of Si/Co-LDHs. The specific
capacitance was increased to 621.5 F g~ and the cycling stability
was 84.5%. The outcomes can be explained by the properties of
the nanofiber morphology and the cooperation effect from
capacitive properties of Si and pseudocapacitive properties of C.

The size of the layer spacing of LDHs is one of the key factors
affecting their electrochemical properties, and increasing the
layer spacing by suitable methods can greatly improve the
performances. The composites based on Ni-Cr-LDHs and poly-
oxotungstate nanoclusters (Ni-Cr-LDHs-POW) were fabricated
by Padalkar et al'®® using exfoliative recombination. The
interlayer intercalation hybridization of POW nanoclusters in
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Ni-Cr-LDHs forms the cumulate frame (Fig. 13(a)) and signifi-
cantly enlarges the spacing between layers. An NCW-2//rGO AHSC
device (Fig. 13(b)) was assembled with the Ni-Cr-LDHs-POW
nanohybrid material as the positive electrode. The energy density
at 1.32 kW kg™ "' is 34 W h kg™, and the capacitance retention
after 10000 charge-discharge cycles is 86%. Mahmood et al*'*
designed a unique synthesis strategy based on polyaniline-doped
2D cobalt-iron LDH (CoFe-LDHs/P) nanomaterials. The results
showed that PANI was combined with CoFe-LDHs nanoparticle to
form nanopore structure. The ordered pores increase the redox
sites and promote the efficient movement of ions. The optimized
CoFe-LDHs/P2 displays a 1686 F g ' specific capacitance at
1 A g ' (Fig. 13(d)) and exhibits excellent cycling stability
(98% over 10000 cycles). Furthermore, an asymmetric aqueous
device (CoFe-LDHs/P2//AC) was prepared with an energy density
of 75.9 W h kg™ at 1124 W kg™, as well as 97.5% stability after
10000 cycles.

Deng et a synthesized a hierarchical array of scaled
trimetallic hydroxides (CuCoNi-OH) under a moderate alkaline
hydrolysis strategy through rational nanostructure design using
a bimetallic 2D zeolite imidazole framework (CuCo-ZIF-L) as a
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template (Fig. 13(g)). The hierarchical porous structure
provides large active sites and promotes rapid ion diffusion,
and the synergistic multi-metal effect provides high electrical
conductivity and favors redox conversion, facilitating the elec-
trochemical kinetics of the supercapacitor. As a battery-type
electrode, the CuCoNi-OH electrode possesses a specific capa-
citance of 821.6 C g " at 1 A g " and a capacity retention of
89.8% at 20 A g ' (Fig. 13(e)). The assembled device has a
remarkable energy density and power density. The strategy is
universal in the preparation of bimetallic ZIF-L and the corres-
ponding metal hydroxides and provides an effective approach
to rationally design electrochemical storage and conversion
materials. Wang et al.'®® synthesized NiTiAl-LDHs by adding
a trace amount of Al to the NiTi-LDH substrate layer and then
etching some Al with sodium hydroxide solution, resulting in
higher specific surface area, specific capacitance and rate
properties. The specific surface area of the samples after 18 h
of etching reached 203 m> g~" and the specific capacitance at
5 mA cm > was up to 3483 mF cm > (Fig. 13(f)), and better
structural stability than that of the NiTi-LDHs. The hybrid
devices assembled from the etched samples exhibited an energy
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Fig. 13 (a) Structural schematic model of the NCW nanohybrid, (b) NCW-2//rGO AHSC assembly diagram, (c) GCD curves of pristine Ni-Cr-LDHs and

NCW nanohybrids at 1 A g~*. Adapted with permission from ref. 185 Copyright 2022, Elsevier Inc. (d) GCD curves of different materials at 5 mA cm™2.
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density of 45.1 W h kg™" at 16000 W kg™ ". This alkaline etching
method can improve the porosity of aluminum-containing layered
dihydroxy talc, promote the specific capacitance and rate perfor-
mance, and has a more promising application.

The rational design of highly porous structures with large
specific surface areas to facilitate ion/electron transport and
insertion/de-insertion is an effective route to improve electro-
chemical redox reactions in materials. However, challenges
such as unsatisfactory energy storage exist due to the simplicity
of the porous structure and severe performance degradation
during long-term electrochemical cycling occurs. Inspired by the
natural geographical structure of forests, Liu et al>'® designed
Ni/Co-LDHs on a metal-organic framework of ZnO nanotubes
grown on transparent conducting substrates with different
porous structures to simulate a ‘“rock-soil-tree-leaf” system
(Fig. 14(a)). Due to the high specific surface area of 3D
ZnO@Ni/Co-LDHs, the enhanced OH™ trapping ability of ZnO,
the enhanced electrochemical activity due to Ni/Co doping, and
the hybrid charge storage behavior, excellent specific capaci-
tance and durability are achieved. Of the five ZnO@Ni/Co-LDH
films, LDH-3 exhibits remarkable conductivity and energy sto-
rage performances, with a charge capacity of 507.2 C g~ ' at
0.1 mA cm ™ and a capacity retention of 72.1% after 10 000 cycles,
and LDH-3-based devices have excellent durability, with an energy
density of 7.7 pW h ecm™? at 375.0 pW cm 2. The prepared
ZnO@Ni/Co-LDH device allows for automatic optical switching
through solar energy harvesting and charge storage/release. These
new insights will pave the way for the next generation of smart
technologies towards a sustainable and habitable future.

Zhou et al.*'” synthesized ultrathin cobalt-nickel-magne-
sium LDH (CoNiMg-LDH) nanosheets with abundant oxygen
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vacancies at room temperature through a sacrificial magnesium-
based replacement reaction (Fig. 14(b)). The self-doping and the
mild reduction of magnesium improve the concentration of
oxygen vacancies, improve the electrochemical charge transfer
efficiency, and enhance the adsorption capacity of the electro-
Iyte. Density functional theory (DFT) calculations indicate that
Mg>" doping reduces the generation energy of oxygen vacancies,
thereby increasing the concentration of oxygen vacancies.
Moreover, the CoNiMg-LDH//AC device exhibits a specific
capacitance of 333 C g7 at 1 A ¢~ and an energy density of
73.9 W h kg™" at 0.8 kW kg™ '. After 5000 cycles, there is only
13% capacity loss. This finding highlights the positive role of
Mg in regulating oxygen vacancies for enhanced supercapacitor
performances, which is beneficial to expand the range of high-
quality supercapacitor active materials. Wang et al.>'® achieved
high loading and high capacitance performance by one-step
hydrothermal loading of NiMn-LDHs on NF using sodium
dodecyl sulfate (SDS) as an intercalator and soft template.
The electrode added with 4 mM SDS had an area capacitance
of up to 6311 mF cm > at 5 mA cm > The hybrid super-
capacitor assembled with this electrode had an energy density
of 34.61 W h kg™ " at 831 W kg™ " and a capacitance retention of
129% at 4 A g~ " after 5000 cycles and 85% after 10 000 cycles at
10 A g . Li et al.®" successfully fabricated soluble graphite
nitride (SCN) nanosheets NiFe-LDHs by electrostatic self-
assembly (Fig. 14(d)) as a one-layer high performance electrode
(NiFe-LDHs@SCN) for supercapacitors. The optimized struc-
ture has a specific capacitance of 1060.4 F g~* at 1 A g~
The prepared hybrid supercapacitor has an energy density of
68.7 W h kg™" at 827.5 W kg™ ' and has a 83.3% capacitance
after 8000 cycles.

;L\Jr;\;/ov
Mg doping ¥ R 4K
e :Z’{:‘;‘r;“:;;
. Mg powder reduction o t:\( ::h,‘; \“:T; \
: O, " FRILTOK
= s >
Reacting “‘s\;"\'j!"* ¢
= o3> o0l
- | G
g ™\
ic ®eo ® cuc, -
: NiCl, , -
- ¢ 36 g
@ Hydrothermal ---

(@ Ultrasonication ’ .s

e, o s
R = <o
N'i" l:‘cjo OH- NiFe-LDH suspension ! ”

@ Hydrothermal - -
exfoliation ¥ - N
NiFe-LDH@SCN

A[quIdsse-J[as eSO

@ Ultrasonication 4 . -

CN suspension

Fig. 14 (a) Synthesis scheme of the ZnO@Ni/Co-LDH film. Adapted with permission from ref. 216 Copyright 2022, Royal Society of Chemistry.
(b) Schematic illustration of the fabrication strategy of oxygen-vacancy abundant CoNiMg-LDHs. Adapted with permission from ref. 217 Copyright 2021,
Elsevier Inc. (c) Growth mechanism of LDH with SDS as a soft template. Adapted with permission from ref. 218 Copyright 2022, Elsevier Ltd. (d) The
synthetic process of the NiFe-LDH@SCN. Adapted with permission from ref. 219 Copyright 2022, Elsevier B.V.
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3.2 Constructing defects in materials

Constructing defects is another promising approach to improve
the electrochemical properties of LDHs as it modulates the
electronic structure and increases the active sites.””” This method
can endow the materials with more holes, facilitating the electro-
lyte to enter the electrode materials. However, the condition of
this method is difficult to control, and it is prone to form excessive
defects. Hence, it is used to construct material defects by selecting
suitable raw materials and controlling conditions.**" Chu et al.**®
chose Cu element as a dopant to prepare CuCo-LDHs. The
prepared structure was grown onto NF by in situ hydrolysis.
Electron images of CuCo-LDHs are shown in Fig. 15(a and b).
The addition of Cu obviously increases the density of local
electron density, thereby improving the electronic conductivity
and facilitating the charge transfer. CuCo-LDH electrodes provide
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excellent capacitive performance (Fig. 15(c and d)). The CuCo-
LDHs//AC device showed a 22 W h kg ' energy density of
22 W h kg™ " and a 91.3% stability after 10 000 cycles. This study
has structurally tuned the LDH material to construct lattice
defects to modify their performances, which have a very positive
effect on the preparation of superior supercapacitor electrode
materials in the future.

Lei et al.>** synthesized NiCo-LDHs/NF (D-NiCo-LDHs/NF)
based on the memory effect (Fig. 15(e)). DFT calculations reveal
that Co vacancies induce more electrons to approach the Fermi
energy level, thereby improving the conductivity and favoring
the transfer of charge. The SEM image in Fig. 15(f) shows the
microscopic morphology of D-NiCo-LDHs/NF, and the surface
of NF is uniformly covered by vertically aligned NiCo-LDH
nanosheets. The synthesized D-NiCo-LDHw/NF has a 3200 F g~
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Fig. 15 (a) SEM image of CuCo-LDHs, (b) TEM image of CuCo-LDHs, (c) GCD curves, and (d) rate capability of Co-LDHs and CuCo-LDHs. Adapted with
permission from ref. 188 Copyright 2022, American Chemical Society. (e) Schematic illustration of introducing vacancy defects to NiCo-LDHs through
the memory effect, (f) SEM image of D-NiCo-LDHs/NF nanosheet arrays, (g) GCD curves of the D-NiCo-LDHs/NF electrode at different current densities,
(h) capacitance retention of D-NiCo-LDHs/NF and NiCo-LDHs/NF electrodes at different current densities. Adapted with permission from ref. 222
Copyright 2022, Elsevier Ltd. (i) Zn?>* doped induced morphological change in CoAl-LDHs and Al/Zn dual ion etching of CoZnAl-LDHs in alkaline solution,
(j) TEM image of E-CoZnAl-LDHs-8 h, (k) GCD curves of E-CoZnAl-LDHs-8 h at different scan rates and current densities. Adapted with permission
from ref. 223 Copyright 2022, Elsevier Ltd. () Diagram of the synthesis of 3D-NiCo-SDBS-LDHs, (m) SEM image of 3D-NiCo-SDBS-LDHs at
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specific capacitance at 1 A g~ (Fig. 15(g and h)). The asymmetric
supercapacitor achieved an energy density of 53 W h kg " at
752 W kg™ ' and a retention rate of 94.7% after 5000 cycles. Yang
et al®® first transformed 2D dense CoAl-LDHs to 3D loosely
stacked CoZnAl-LDHs using Zn>" doping to induce morphological
changes in LDHs (Fig. 15(1 and j)). In addition, the partial
dissolution of Zn/Al double ions between the LDH lamellae in
alkaline solution resulted in a large change in the electronic
environment of the Co surface and the generation of a certain
concentration of oxygen defects in CoZnAl-LDHs. This case
improves the multiplicative performance and cycling stability of
CoZnAl-LDH nanosheets. Compared to unetched CoZnAl-LDHs,
E-CoZnAl-LDHs-8 h has a 946 F g~ " specific capacitance at 1 Ag™"
(Fig. 15(k)) and a 92.3% cycle life after (4000 cycles) The E-CoZnAl-
LDHs-8 h//AC asymmetric supercapacitor was prepared with an
energy density of 36.75 W h kg™ " at 400 W kg™ ' and a 72.7% cycle
life after 8000 cycles. The “doping” and “double ion etching”
strategies proposed in this study provide theoretical guidance and
experimental basis to develop supercapacitors with excellent
properties.

Porous structures and surface defects are important factors
in improving the performance of supercapacitors. Zhong
et al.”** prepared NiCo-SDBS-LDHs by a one-step hydrothermal
method using sodium dodecylbenzene sulfonate (SDBS) as the
anionic surfactant. Then, 3D connected porous flower-like 3D-
NiCo-SDBS-LDH microspheres were designed and synthesized
using the gas-phase hydrazine hydrate reduction method
(Fig. 15(1)). The results show that hydrazine hydrate reduction
not only introduces many pores, giving rise to the formation
of oxygen vacancies, but also roughens up the surface of
the microspheres (Fig. 15(m)). All these changes contribute to
the electrochemical activity of 3D-NiCo-SDBS-LDHs, and the
specific capacitance is 1148 F g~ ' at 1 A g~ " (Fig. 15(n)) (about
1.46 times that of NiCo-SDBS-LDHs), and the retention rate
after 4000 cycles is 94%. In addition, the assembled 3D-NiCo-
SDBS-LDHs//AC device has an energy density of 800 W kg™ " at
73.14 W h kg™" and a cycle life of 95.5% after 10 000 cycles.

For electrochemical materials, domain boundaries are
considered to work as active sites because of their defect
enrichment. Nevertheless, LDHs are easy to form single-
crystal nanosheets caused by the 2D lattice.>*> Many research
studies have been performed on designing layered structures
for providing abundant active sites and speeding up mass
transfer.”*® Ban et al>*® proposed a method to introduce
low-angle grain boundaries (LAGBs) in NiCo-LDH flakes.
Construction of nanosheets is as cage-like structures with hol-
low structures by manufacturing defects (Fig. 16(a)). Both the
hierarchical structure and the formation of grain boundaries are
explained using the Ni**/Co*" ratio during “etch growth”. Domain
boundary defects also lead to the preferential formation of oxygen
vacancies. In addition, DFT calculations show that Co substitution
plays a decisive role in fabricating lattice defects and forming
domain boundaries. The prepared NiCo-LDHs-2 electrode material
showed a significant increase in specific capacitance to 899 C g~ ' at
1 A g'. The maximum energy density of the NiCo-LDHs-2//AC
asymmetric capacitor was 101.1 W h kg™ " at 1.5 kW kg™ ".
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Designing metal cation defects with a desired structure is a
major challenge to improve the electrochemical performances.
Wu et al.?*® designed ultrathin ZnNi-LDH nanosheets with
Zn-rich vacancies uniformly anchored on a CuO nanowire back-
bone as high-performance capacitive electrodes by a zeolite
imidazolium salt framework-8 derivatization method (Fig. 16(b)).
The optimized V,-deficient electrode achieved an area capacity of
3967 mF em™? at 2.0 mA cm™ > Moreover, the maximum energy
density of the device composed of V,,-deficient samples and AC
was 1.03 mW h em™* and the power density was 9.3 mW cm >,
The mechanistic study showed that V,, modulated the electronic
structure of the ZnNi-LDH nanosheets sheets, promoting the
electronic conductivity and surface Faraday reaction. This work
reveals the role of metal cation defects in influencing the electro-
chemical activity at the atomic level. Coincidentally, Kim et al.**”
developed a lattice engineering route for concurrently controlling
the defect and the porosity via tuning the elastic deformation and
the chemical interactions of the nanosheets in restacking. The
increase in the intercalation size and reduction in charge density
effectively increases the oxygen vacancy content and improves the
porosity amount. The defect-rich Co-Al-LDHs-NO;-nanohybrids
exhibit excellent performances as electrodes with a 2230 F g~
specific capacitance of 2230 F g~ " at 1 A g~ . Combined with DFT
calculations, the observed good correlation between overpotential
(capacitance) and defect content (stacking) number highlights the
significance of the defect (stacking) structure in the optimization
of energy function. Zhang et al.>*® prepared oxygen-rich 3D C0q 5¢-
Gay 50-LDHs assembled in porous ultra-thin nanosheets using a
simple one-step method (Fig. 16(c)). This synthetic strategy intro-
duced many holes in the ultrathin LDH nanosheets, resulting in a
high concentration of oxygen vacancies in Co, 50-Gao so-LDHS. The
synergistic effect of the oxygen vacancies and the introduced Ga
ions enhances the adsorption of OH by the LDH nanosheets,
conferring Cog 50-Gao 50-LDHs with excellent properties for super-
capacitors. The prepared LDHs achieve a specific capacitance of
0.62 C cm ™2 at 10 mV s~ *. The Coy 50-Gay, 5o-LDHS//AC asymmetric
supercapacitors have excellent energy density and service life. This
discovery also promotes the wider application of porous ultra-thin
LDH nanosheets in energy storage and other fields.

3.3 Generation of heterogeneous structures

The construction of heterogeneous structures is another
important strategy to enhance the electrochemical properties of
LDHs.”*® The interfacial regions of heterogeneous structures
can provide opportunities to enrich the number of active
sites?®*° and promote electron transfer.>*"?*> And strong elec-
tronic interactions in the heterogeneous interfaces facilitate
the enhancement of electronic and ionic conductivity**?
and redox reaction kinetics.”>* However, the tightness of the
heterogeneous interface is difficult to control, and the existence
of voids between the interfaces affects the electrochemical
properties. Adding certain ingredients such as binders in
the synthesis process might solve the tightness problem. Luo
et al®® successfully synthesized layered NiCo,04@NiFe-
LDH heterostructures by sequential hydrothermal methods,
heat treatment and electrodeposition, as positive electrodes

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 16 (a) Synthesis strategy of NiCo-LDHs. Adapted with permission from ref. 226 Copyright 2022, Springer. (b) Schematic illustration of the fabrication
procedures of the hierarchical ZnNi-LDHs architectures with rich Vz, through the ZIF-derived method. Adapted with permission from ref. 220 Copyright
2021, Elsevier Ltd. (c) Synthesis mechanism of defect-rich porous ultrathin LDHs, the crystal structure and adsorption sites on the side and top views of
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hydroxide and Co,-Ga,-LDHs electrodes. Adapted with permission from ref. 228 Copyright 2021, Elsevier Inc.

for high-performance supercapacitors. In this unique structure,
on the one hand, NiCo,0,4, which acts as a scaffold, provides
high conductivity, thus accelerating transfer of electrons.
On the other hand, the NiFe-LDH nanosheets have high surface
area, providing an abundance of active sites for electrochemical
reactions. The 3D layered structure is also more conducive
to diffuse electrolyte ions, and the SEM images are displayed
in Fig. 17(a). Thus, the synergistic effect between NiCo,0, and
NiFe-LDHs confers the best NiCo,0,@NiFe-LDHs-150/CC with
excellent electrochemical performances including good area spe-
cific capacitance (1.09 F cm™ > at 1 mA cm %) (Fig. 17(b and c)),

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

small charge transfer resistance (0.35 Q) and excellent cycling
stability.

Huang et al'®® obtained a unique array of intercalated
pseudocapacitive properties and battery-type electrode materials
LDHs nanosheets by a simple and pollution-free two-step electro-
deposition technique. The electrode material consists of MoOj;
and NiCo-LDHs grown directly on a 3D conductive NF substrate to
form a binderfree 2D ultrathin cross-layered heterogeneous
structure (NiCo-LDHsS@MOoO3/NF). This heterojunction exhibited
a952.2 C g~ " specific capacitance at 1 A g~ ' and a 86.42% capacity
retention after 10 000 cycles at 20 A g~ *. Wang et al.'”® prepared a
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Fig. 17 (a) SEM image of NiCo,04@NiFe-LDHs-150/CC, (b) CV curves of the CC, NiC0,04/CC, NiCo,04@NiFe-LDHs-150/CC and NiFe-LDHs-150/CC
at 100 mV s7%, (c) GCD curves of the CC, NiC0,04/CC, NiCo,04@NiFe-LDHs-150/CC and NiFe-LDHs-150/CC at 1 mA cm™~2. Adapted with permission
from ref. 235 Copyright 2022, Wiley-VCH GmbH. (d) SEM image of MnCo,04@NiCo-LDHs/NF, (e) GCD curves of MnCo,04/NF, NiCo-LDHs/NF and
MnCo,0,4@NiCo-LDHs/NF at 1 A g%, and (f) the cycling performance at 10 A g~* (the inset showing CV curves recorded at the 1 st and 5000th cycles
measured at 10 mV s~Y). Adapted with permission from ref. 170 Copyright 2022, Elsevier B.V. (g) Schematic illustration of the synthesis procedures of
NiCo-LDHs@GNSs, SEM images of (h) pristine NiCo-LDHs and (i) NiCo-LDHs@GNSs. Adapted with permission from ref. 236 Copyright 2022 Elsevier Ltd.
(j) Schematic illustration of the fabrication processes of ECA (1.2 V-50), (K) GCD curves of ECA (1.2 V-50) at 1 A g~*. Adapted with permission from ref. 238
Copyright 2022, Elsevier B.V.
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core-sheath heterostructure (MnCo,0,@NiCo-LDHs/NF) consisting
of NiCo-LDHs encapsulating MnCo,0, nanowires on a NF substrate.
As shown in Fig. 17(d), the core-sheath structure with a diameter of
about 65 nm was anchored on the NF backbone. NiCo-LDH
nanosheets act as the sheath material. This heterogeneous structure
combines the advantages of the interconnection between NiCo-LDH
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nanosheets, the high electrical conductivity and mechanical strength
of MnCo,0,. Moreover, the MnCo,0,@NiCo-LDHs/NF composite
achieves a 4555.0 F g~ ' specific capacitance at 1 A g~ * (Fig. 17(e))
and a 78.7% capacitance retention after 5000 cycles (Fig. 17(f)).
Exploiting the synergistic effect of bilayer capacitance and
pseudo capacitance and modifying nanostructures are also
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common strategies. Kuang et al.>*® designed and synthesized a
core-shell heterostructure graphene nano scroll array compo-
site, in which petal-like NiCo-LDH nanoflakes are vertically
anchored to a 3D interconnected skeleton of GNSs, accom-
plished by a highly convenient microwave-assisted method
(Fig. 17(g)). This design combines several advantages, for
example more active sites, promoting electron and ion collec-
tion/transport and buffering the volume variation in the cycling
process. Owing to its superior nanostructure (Fig. 17(h and 1)),
the prepared NiCo-LDH@GNS electrode has a 1470 F g~ *
specific capacitance of 1470 F ¢ ' at 1 A ¢ ' and a 81.6%
retention rate after 1000 cycles. A multilayer multi-walled
carbon nanotube and graphene nanoribbon/CoNi-LDHs
(MWGR/CoNi-LDHs) composite was prepared by Ma et al.>*’
using a rapid microwave method. The synergistic effect
between the MWCNTs-GONRs with high electrical conductivity,
structural stability and electrochemical properties and the
LDHs with a p-n junction structure facilitates the redox reac-
tion. As a result, the MWGR/CoNi-LDHs have a unique hetero-
geneous structure and excellent electrochemical properties
(1 Ag™', specific capacitance of 1030.2 C g~ ) (Fig. 17(b and c)).
The prepared MWGR/Co-Ni LDH//AC devices have an energy
density of 47.2 W h kg ™" at 0.85 kW kg~ ' and a 88.8% retention
rate after 10000 cycles at 10 A g~ ".

An intriguing heterostructure electrode material of NiFe-
LDHs was fabricated by Zhang et al.>*® using a high-voltage
electrochemical cycle activation (ECA) technique (Fig. 17(j)).
During the high-voltage ECA process, the surface of NiFe-LDHs
is reconstituted in situ into a low-crystalline NiOOH phase,
which eventually evolves into a unique NiFe-LDHs/NiOOH
heterostructure. This surface reconstruction process can generate
abundant non-homogeneous interfaces, increase the active sites
for reversible cation adsorption and intercalation, and signifi-
cantly improve the electrochemical performances in neutral elec-
trolytes. In a neutral electrolyte (2 M LiNOj; solution), the ECA
(1.2 V-50) electrode presented a 107 mA h g~ specific capacitance
at 1 A g~ (Fig. 17(k)), which was 50 times higher than that of the
initial NiFe-LDHs (2.1 mA h g~ 1 A g~ "). By coupling with MoS,/
rGO electrodes, the assembled ECA (1.2 V-50)//MoS,/rGO hybrid
supercapacitor device has an energy density of 48.1 W h kg™ ' at
4329 W kg L.

Zeolite imidazolium skeletons (ZIFs) are excellent templates
for the synthesis of functional materials and have extensive
applications.>** However, the direct use of ZIFs as electrode
materials has limited exposure to electroactive sites, poor
chemical stability, slow charging kinetics and unsatisfactory
electrochemical performances.**° How to combine their advan-
tages and give full play to their performance becomes a key
issue. Liao et al.>*" demonstrated the in situ transformation of
ZnCo-ZIFs modified on ZnCo nanorod arrays (ZnCo-NA) into
3D spatially distributed ZnCo-LDHs/ZnCo-NA heterostructures
(Fig. 18(a)). This structure has a huge specific surface area, and
its SEM image is shown in Fig. 18(b). The electrochemical
performances were improved due to its abundant electroactive
sites and ion migration paths in all directions, reaching a
1576 F g~ ' specific capacitance at 2 A g~'. In Fig. 18(c), the
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ZnCo-LDHs/ZnCo-NA electrode has the longest discharge time
of GCD curve, proving the best energy storage capacity among
the three samples. A coin cell asymmetric supercapacitor (aSC)
was assembled exhibiting a 88.1% capacitance retention after
5000 cycles. More importantly, this simple in situ mimetic
transformation of the ZIF template into intriguing LDHs
demonstrates the application of a new generation of bimetallic
heterostructures in energy-related fields.

Wan et al."”" have in situ modified arrays of highly porous
FeCoSe,@NiCo-LDH core-shell nanosheets on the surface of
CC by an electrodeposition method and salinization treatment.
The hierarchical heterogeneous structure consisting of two
vertically aligned interconnected 2D nanosheets provided
high surface area and an effective diffusion pathway for rapid
electron/ion transport and generated a heterogeneous interface
rich in electron structures. The results show that the well-
designed FeCoSe,@NiCo-LDH electrode has a much higher
specific capacitance of 220.9 mAh g " at 1 Ag™" and a capacity
retention of 83.5% at 20 A g~ ', with cycling stability better than
that of the one-component electrode. In addition, the asym-
metric supercapacitor assembled from FeCoSe,@NiCo-LDH
electrodes and layered porous carbon electrodes exhibits an
energy density of 65.9 W h kg ™" at 1.248 kW kg™ " and a capacity
retention of 87.6% after more than 10000 cycles. These excel-
lent performances indicate that the integrated electrodes have
good prospects, and the idea of synthesizing heterostructures
on the substrate surface for improving the resulting perfor-
mances has good operability.

The MXene/graphene oxide/NiMn-LDH (MGL) material
prepared by Chen et al.>*? also makes reasonable use of the
advantages of the heterostructure (Fig. 18(d)). By utilizing the
heterostructure, the MXene stacking problem can be effectively
prevented. The SEM image of MGL show that nano-LDH
aggregates on the surface of MXene flakes, forming blocky
porous arrays (Fig. 18(e)). The structural stability of the matrix
is ensured, which can inhibit the morphological collapse of
LDHs and thus significantly increase the specific capacitance
of LDHs. The presence of graphene oxide accelerates charge
transfer and increases the electron density. The existence of the
various components in this heterogeneous structure largely
enhances the active sites and electrochemical capability. As
an anode material, MGL achieves a 241.9 mA h g~ " specific
capacitance and a 90.9% cycling stability at 1 A g~* in the
presence of multivalent (Mn, Ni) hydroxides and stabilized
carbon materials. The combination of the conductivity of the
surface graphene oxide and the substrate MXene increases the
available electrons in the hydroxide root. The assembled asym-
metric device can achieve a 2.0 V voltage window (Fig. 18(f)).
This once again demonstrates the importance of constructing
heterogeneous structures for enhancing the electrochemical
properties and proves that the synergy between these three
materials has a wide range of applications. Besides, Zhu
et al.>*® prepared Co,Mn bimetallic hydroxide nanofilms directly
on NF by a hydrothermal method, and then prepared Co,Al-
LDH nanosheets on Co,Mn nanofins by a hydrothermal method
to obtain heterostructure nanocomposites (Co,Al/Co,Mn/NF)
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Fig. 18 (a) Schematic illustration of the synthesis processes of the ZnCo-LDHs/ZnCo-NA hybrid, (b) SEM image of ZnCo-LDHs/ZnCo-NA, (c) GCD
curves of the ZnCo-NA, ZnCo-ZIF/ZnCo-NA and ZnCo-LDHs/ZnCo-NA electrodes. Adapted with permission from ref. 241 Copyright 2022, Elsevier Inc.
(d) Schematic illustration of the fabrication of the MGL composite, (e) SEM image of the MGL composite, (f) CV curves of MGL//AC in different scan

potential windows at a scan rate of 100 mV s—

! Adapted with permission from ref. 242 Copyright 2021, Elsevier Ltd. (g) Schematic diagram of the

synthesis of Co,Al/Co,Mn/NF, (h) SEM image of Co,Al/Co,Mn/NF, (i) GCD curves of the Co,Mn/NF, Co,Al/NF and Co,Al/Co,Mn/NF at a current density
of 1 A g~*. Adapted with permission from ref. 243 Copyright 2020, Elsevier B.V.

(Fig. 18(g)). Fig. 18(h) shows the structure of Co,Al/Co,Mn/
NF surface nanosheets. The specific capacitance can reach
2502.0 Fg~"at 1 A g™ ". After 7000 cycles, the specific capacitance
is maintained at 92.21%. The energy density at 412.73 W kg™ *
64.58 W h kg™ .

Stable MnO, nanowires@NiCo-LDHs heterostructures were
fabricated via a liquid-phase way by Ma et al.>** The NiCo-LDH
nanosheets were grown uniformly in stable channels on the
surface of the ultra-long MnO, nanowires, and the synthesis
schematic is shown in Fig. 19(a). SEM images of the MnO,®@
LDHs-2 sample in Fig. 19(b) show NiCo-LDH nanosheets evenly
grown on the MnO, periphery, which favors the electron transfer
and ion diffusion during the electrochemical reaction. Electro-
chemical testing revealed that the core-shell heterostructure
displayed 708 C g~ " and 630 C g ' specific capacitance at
1Ag"'and 10 A g ', and a 82.3% capacitance retention rate
after 2000 cycles. Characterization by Raman spectroscopy
revealed that the prepared electrode has a transition from o phase
to B phase during cycling in comparison with NiCo-LDHs, due to
the heterogeneous structure buffering the collapse. Furthermore,
the asymmetric supercapacitor assembled with this electrode
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exhibits a 72.4% capacitance retention rate after 10000 cycles.
Chen et al.** constructed a bilayer LDH nanosheet array through
a hydrothermal method (Fig. 19(c)). The prepared bilayer elec-
trode material with Ni, Co and Mn elements has a high surface
area. As a result, this structure increases the contact between the
electrolyte and the prepared material. The bilayer electrode
showed excellent capacitive performance (2950 Fg " at 1A g ')
(Fig. 19(d)) and good stability (79% retention after 10 000 cycles at
10 A g 1). Besides, the asymmetric NiCo/NiMn-LDHs//AC devices
were prepared, which had good capacity and 82.2% cycling
stability after 10000 cycles. The preparation of this double-
LDHs array provides a new idea for increasing the active sites of
electrode materials.

Two nanostructures of ZnO nanorods (NR) and nanosheets
(NF) were prepared by a hydrothermal method on conductive
flexible CC by Xiong et al.>*® Then NiCo-LDH nanosheets were
formed on these nanostructures for preparing NiCo-LDHs/ZnO
NR/CC and NiCo-LDHs/ZnO NF/CC heterostructures (Fig. 19(e)).
The influences of ZnO morphology on electrochemical properties
were studied in detail. The results show that the latter hetero-
structure is denser and more homogeneous than the former.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 19 (a) Schematic illustration of the formation processes of the stable MnO, nanowires@NiCo-LDH nanosheet core-shell heterostructure, (b) SEM
image of MNnO,@LDHs-2 samples. Adapted with permission from ref. 244 Copyright 2021, American Chemical Society. (c) Cross-sectional diagram of
NiCo-LDHs and NiCo/NiMn-LDHs, (d) GCD curves of the NiCo/NiMn-LDH electrode at various current densities, respectively. Adapted with permission
from ref. 245 Copyright 2021, Elsevier Ltd. (e) The synthesis procedures of NiCo-LDH NF on ZnO NF/CC and ZnO NR/CC substrates, (f) SEM image of
NiCo-LDHs/ZnO NF/CC, (g) CV profiles of NiCo-LDHs/ZnO NR/CC and NiCo-LDHs/ZnO NF/CC electrodes at a scanning speed of 5 mV s~ Adapted
with permission from ref. 246 Copyright 2020, Elsevier B.V. (h) Galvanostatic current charge—discharge curves at different current densities, (i) SEM image

of the NiCo,S4/NiCo-LDH sample. Adapted with permission from ref. 247 Copyright 2021, Springer.

The corresponding SEM image is shown in Fig. 19(f). The latter
heterostructure displays more excellent electrochemical proper-
ties than the former heterostructure (Fig. 19(g)), with a 2.6-fold
specific capacitance (1577.6 F g~ " at 1 A g~ "), a 2.2-fold higher
multiplicative capacity and a 1.5-fold higher cycling stability.
Moreover, the NiCo-LDHs/ZnO NFs//AC asymmetric solid-state
flexible device has a maximum energy density of 51.39 W h kg ™*
at 800 W kg ' with 87.3% capacitance retention after 1000
cycles. Finally, the two packaged devices were successfully lit
in series with a red 2.2 V LED, demonstrating the potential
for practical applications. Zhou et al>*’ prepared porous
heterostructure NiCo,S,/NiCo-LDHs on carbon fiber paper
using a simple solvothermal method. The active material was
deposited vertically on the carbon fiber paper and its SEM
image is shown in Fig. 19(i). This composite was assembled
from nanoflakes into an intertwined 3D structure with abun-
dant microporous dimensions and excellent electrochemical
properties. Its unique structure facilitates the acceleration of
electron transfer and electrolyte transport during electro-

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

chemical processes. The specific capacitance was 1403 F g~
at 10 mA cm ™2 At 30 mA cm™ 2, the capacitance retention after
5000 cycles reached 111.1%, showing excellent cycling stability.
Symmetric supercapacitors assembled from this material cor-
respond to a 0.19 F cm™> area capacitance at 3 mA cm™ >

(Fig. 19(h)).
3.4 Preparation of binder-free materials

Growing metal precursors directly onto the surface of the
current collector, such as NF, copper foam, stainless steel mesh
and carbon-based materials, offers significant advantages.>*57>*°
This modification strategy reduces the mass of inactive materials
such as conductive polymer binders, increasing the total energy
density and allowing for lighter weight devices to be
assembled.”® In the process, charge transfer and internal resis-
tance are reduced. Besides, the elimination of the polymer
binder allows more electroactive sites to be exposed, which
increases the electrical conductivity and speeds up the rate of
electron transfer. Importantly, this strategy allows for the
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combination of different types of active materials, which pro-
vides the opportunity for multi-component synergistic effects
that improve electrochemical performance.®® But a suitable base
material needs to be selected. The pretreatment for the base
material is beneficial to the growth of active material.

Li et al.”® synthesized nickel iron sulfide nanosheets (NiFeSx)
and carbon nanotubes (CNTs) on diatomite by chemical vapor
deposition and a two-step hydrothermal method to overcome the
application challenges of transition metal LDHs in the field of
supercapacitors such as easy aggregation and low conductivity.
The synthesis of this composite successfully exploited the coop-
erative effect of multicomponent materials for enhancing
the electrochemical properties (Fig. 20(a)). The SEM image of
NiFeSx@CNTs@MnS is shown in Fig. 20(b). After the simulta-
neous sulfidation process, NiFeSx also has ortho-hexagonal
nanosheet morphology and shows the presence of CNTs on its
surface. The diatomite as the matrix can provide a good environ-
ment for the uniform dispersion of nanomaterials on its surface,
expands the active sites in contact with the electrolyte, and
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significantly improves the electrochemical performance.
Combining high conductivity and the simultaneous sulfuriza-
tion effect, the NiFeSx@CNTs@MnS@diatomite structure dis-
plays a 552 F g~ specific capacitance at 1 A g~ (Fig. 20(c))
and a retention rate of 68.4% at 10 A g ', maintaining a
89.8% cycling stability after 5000 cycles at 5 A g~ *. Furthermore,
the asymmetric supercapacitor assembled by this composite
and graphene achieves an energy density of 28.9 W h kg™ ' at
9375 W kg '. Rajapriya et al.>®® synthesized laminated NiS
nanoflowers on flexible CC substrates by a hydrothermal
method, and then used electrodeposition to vertically immobi-
lize Sr-Fe LDHs nanosheets on highly conductive and flexible
NiS/CC electrodes without destroying the original structure. This
abundant 3D hybridized NiS@Sr-Fe OH/CC nanostructure pro-
vides a large number of nucleation active sites. The excellent
structural (Fig. 20(d)) and morphological advantages of the
reticular flakes accelerate the activity of NiS/CC, Sr-Fe OH/CC
and NiS@Sr-Fe OH/CC flexible electrodes having specific capa-
citances of 556, 1151 and 1553 F g~ " (Fig. 20(e and f)) at 1 A g™ ",
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Fig. 20 (a) The schematic illustration of the preparation processes of NiFeSx@CNTs@MnS@Diatomite, (b) SEM image of NiFeSx@CNTs@MnS@Diato-
mite, (c) GCD curves with different current densities. Adapted with permission from ref. 252 Copyright 2021, Elsevier Inc. (d) SEM images of the NiS@Sr-Fe
OH/CC nanostructure. (e) CV curves at different scan rates, (f) the calculated specific capacitance of Sr-Fe OH/CC, NiS/CC and NiS@Sr-Fe OH/CC at
5-100 mV s*. Adapted with permission from ref. 253 Copyright 2022, Elsevier Ltd. (g) Schematic representation of the step-by-step synthesis of NiCo-
LDH@H-PPy@CC, (h) CV curves at different scan rates, (i) GCD profile for the NiCo-LDHs@H-PPy@CC electrode at different current densities. Adapted

with permission from ref. 254 Copyright 2022, American Chemical Society.
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respectively. The NiS@Sr-Fe OH/CC//AC/CC device has an energy
density of 53.07 W h kg™ " at 4.4 kw kg™ .

Lohani et al”>** designed an assembly of thin-LDH
nanosheets arranged in the lumen and luminal portions of a
polypyrrole tunnel as an electrode material. The SEM images
show that the NiCo-LDHs@H-PPy@CC electrodes are con-
structed by combining NiCo-LDHs nanosheets inside and out-
side the lumen on long polypyrrole tunnels on CC (Fig. 20(g)).
The capacitance of the sample at 1.0 mA cm™ > was 149.16 mAh g~
(Fig. 20(h and i)). Besides, the device consisting of NiCo-LDHs@
H-PPy@CC and vanadium phosphate carbon nanofibers
(VPO@CNFs900) has a specific energy density of 32.42 W h kg™ *
at 3 mA cm 2, Using the facile and feasible in-situ oxidation
combined with the potential electrodeposition method, Wang
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et al.>> constructed densely distributed, core-shell structured
Cu(OH),@NiFe-LDHs nanoarrays (COH@NF-LDHs/CF) on cop-
per foam. This unique core-shell structure and the synergy
between Cu(OH), and NiFe-LDHs provide great advantages
such as sufficient chemically active sites, and electron and
ion transfer pathways to enhance the electrochemical perfor-
mances. In particular, at 5 mA cm 2, the capacitance of the
synthesized COH@NF-LDHs/CF can reach 4.139 F cm 2, which
is significantly better than those of single bare Cu(OH),
(198 mF cm™? at the same current density) and NiFe-LDHs/
CF (71 mF cm™?). Furthermore, COH@NF-LDHs/CF exhibits
remarkable stability (86.47% for 5000 cycles). The asymmetric
supercapacitor possesses a high energy density of
65.56 W h kg™" at 750 W kg ".
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(a) SEM image of NiCo-LDH hierarchical nanosheets on NF, (b) GCD curves of the Ni;Co,/NF electrode with current densities from 1 to

20 mA cm™2, (c) cycling performance of the HSC device. Adapted with permission from ref. 256 Copyright 2022, Elsevier B.V. (d) SEM image of CoMn-
LDHs, (e) Main fabrication procedures of the CoMn-LDH cathodes and AASCs, (f) GCD curves at various current densities of 1-10 A g™, (g) cycling
performance and coulombic efficiency for 5000 cycles at 5 A g~1. Adapted with permission from ref. 257 Copyright 2022, Elsevier Ltd. (h) Synthesis and
working process diagram, (i) SEM image of NC37. Adapted with permission from ref. 258 Copyright 2022, Elsevier B.V. (j) Schematic illustration of the
formation of SS@NiFe-LDHs@NiFe NCs, (k) SEM image of SS@NiFe NSs@NiFe NCs. Adapted with permission from ref. 259 Copyright 2021, Elsevier B.V.

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

Mater. Chem. Front., 2023, 7,1520-1561 | 1547


https://doi.org/10.1039/d2qm01346k

Published on 20 February 2023. Downloaded on 7/25/2025 12:41:11 AM.

Materials Chemistry Frontiers

NF is also commonly used as a substrate material in super-
capacitors, mainly because of the porous structure, low density
and excellent conductivity. The growth of LDHSs on its surface
as supercapacitor electrode materials has several advantages:
the 3D mesh structure of the NF substrate enables the effective
deposition of active materials and promotes the transfer of
charges. Direct deposition of LDH material on NF eliminates
the need for pressing during electrochemical performance
testing and eliminates the need for adhesive, making the
test results more representative. Cao et al.>>® chemically etched
NF with transition metal (NiCo-based) nitric acid solutions of
different Ni and Co ratios. And after rinsing and drying, the
etched NF was used as the anode and the platinum mesh as the
cathode in an alkaline solution. By constant voltage action,
NiCo-LDHs will self-grow on the NF (Fig. 21(a)). The Ni;Co,/NF
monolithic electrode exhibited the best electrochemical perfor-
mances with a specific capacitance of 3.01 C cm™ > at 1 mA cm >
(Fig. 21(b)). A hybrid device showed an energy density of
97.4 pW h cm™? at 800.5 u4W cm™>, and an initial capacity of
85.0% after 5000 cycles (Fig. 21(c)).

A CoMn-LDH nanostructured high-performance self-contained
supercapacitor electrode was prepared on NF surface by Emin

View Article Online

Review

et al*” by employing electrochemical deposition, as shown in
Fig. 21(e). The electrode has an open interconnected thin layered
structure (Fig. 21(d)) with a high capacitance of 2673.6 F g~ at
1Ag ' (Fig. 21(f)) and good cycling stability (86.7% for 5000 cycles
at 12 A g~'). The asymmetric device has an energy density of
97.5 W h kg~ " at 800.0 W kg™, a capacitance retention of 89.2%
for 5000 cycles at 5 A g ', and a coulombic efficiency of about
100% (Fig. 21(g)). Lu et al.>*® constructed binder-free NiCo-LDHs
high-performance energy storage device on NF by in situ electro-
chemically triggered MOF hydrolysis, which has remarkable
energy storage capacity under solar irradiation (Fig. 21(h)).
Through electrochemically controlled hydrolysis, the ligands in
the MOFs are replaced by OH™ and the resulting NiCo-LDHs
retained the original layered porous structure of the MOFs. The
NiCo-LDH electrode has ample oxygen vacancies and a large
surface area (Fig. 21(i)), reaching a capacity of 5.4 C cm™? at
1.25 mA cm 2, 64.3 times that of the MOF template. Importantly,
the electrode material also has excellent photothermal conver-
sion capabilities (52.9 °C temperature increase in only 30 s).
Furthermore, the energy density of the asymmetric supercapa-
citor prepared using NiCo-LDH increased by 329.2% after
15 min of sunlight irradiation at low temperatures (—4 °C).
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(a) Schematic illustration of the preparation of NiCo-LDHs on CC, (b) CV curves and (c) capacitance retention of the device with bending at

different angles, (d) digital picture of three devices connected in series lighting up the red and yellow LED lights connected in parallel. Adapted with
permission from ref. 260 Copyright 2022 Wiley-VCH GmbH. (e) Core—-shell-like NC-LDH NFAs@NSs/Ni fabric, (f) CV curves and (g) capacitance retention
of the flexible hybrid SC under various bending conditions, and the corresponding insets show the photograph and schematic diagrams of the device
under various bending states, (h) the potential suitability of the device for wearable electronic applications. Adapted with permission from ref. 261
Copyright 2017 American Chemical Society. () Schematic diagram of the preparation of screen-printed flexible NiCo LDH-based electrodes,
(j) capacitance retention of the flexible NisCo; LDH@G//AC ASC under different bending cycles, inset of GCD curves tested under different bending
angles, (k) two devices connected in series to power the electronic watch, (1) two devices connected in series in water to power the electronic watch.
Adapted with permission from ref. 262 Copyright 2022 American Chemical Society.
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Table 4 Properties of devices consisting of LDHs and their composites mentioned in this manuscript

Devices Electrolyte Capacitance

Energy density at power density Cycles Ref.

3%-Ni-C/NiAl-LDHs//AC 6MKOH 2108Cg ,1Ag" 74.9 W h kg™ at 800 W kg ™" 10000, 91.4% 210
NiCo-LDHs-S/PNT//GF-LDHs@NF 3MKOH 98Fg ' 1Ag" 16.28 W h kg™* at 650 W kg™ 8000, 74% 88

CoFe-LDHs/P2//AC 6MKOH 1686Fg ', 1Ag ' 759 W h kg ' at 1124 W kg™’ 10000, 97.5% 214
CoNiMg-LDHs//AC — 333Cg 1Ag"! 73.9 W h kg~ ' at 0.8 kw kg ! 5000, 87% 217
NCW-2//rGO PVA-KOH 98Fg ',2A¢g "’ 34 Whkeg ' at1.32 kW kg * 10000, 86% 185
Ni-Co(OH)(BA)//AC — 118Fg L, 1Ag" 475 W h kg " at 850 W kg™ 8000, 91% 212
ECA(1.2 V-50)//M0S,/rGO — 134Fg ,05Ag " 481 Whkg " at432.9 W kg ! — 238
NiAl-Cl LDHs//AC 6MKOH 81.82Fg ' 1Ag"’ 53.9 W h kg~' at 1540 W kg " 1000, 94.1% 211
NMHS-4//AC 1MKOH 973Fg ', 1Ag"’ 34.61 Wh kg * at 831 W kg ! 10000, 85% 218
ZnO@Ni/Co-LDHs//AC PVA-KOH 24.6 mFcm 2 0.5mAcm > 7.7uW hem ?at375.0 pWem 2 — 216
CuCoNi-OH//HPC 3MKOH 180Cg ' 05A¢g" 39.67 W h kg™ at 400 W kg™ * — 215
NiFe-LDHs@SCN-32//AC 6MKOH 38Fg ',1Ag ' 68.7 Wh kg ' at 827.5 Wkg ! 8000, 83.3% 219
NTA18//AC 1MKOH 126Fg ', 1Ag" 451 W h kg™" at 16000 W kg™ 5000, 59% 186
CuCo-LDHs//AC 1MKOH 76Fg ' 1Ag* 22 W h kg™ ! at 23200 W kg™ * 10000, 91.3% 188
D-NiCo-LDHs/NF//AC 3MKOH 267Fg ',1Ag" 53 Whkg ' at 752 W kg™ " 5000, 94.7% 222
3D-NiCo-SDBS-LDHs//AC 1MKOH 205.7Fg ' 1Ag" 73.14 W h kg™ " at 800 W kg ! 10000, 95.5% 224
NiCo-LDHs-2//AC 6MKOH 559Cg ', 1Ag "' 101.1 W h kg™ " at 1500 W kg ™* 5000, 87.8% 226

Vzn-defect sample//AC

C04.50-Gap 50-LDHs//AC 6 M KOH

E-CoZnAl-LDHs-8 h//AC 1MKOH 114Fg ' 1Ag"’
NiCo-LDHs@MoO,/NF//AC 2MKOH 9522Cg L, 1Ag"
NiCo-LDHs@GNSs//AC 3MKOH 1026Fg ', 1Ag"
MWGR/CoNi-LDHs//AC 6MKOH 1329Fg ', 1Ag"
MnCo,0,@NiCo-LDHs/NF//AC 6MKOH 60Fg ', 1Ag"
ZnCo-LDHs/ZnCo-NA//AC 6MKOH 684Fg ',02Ag "
FeCoSe,@NiCo-LDHs//PPC-2 2MKOH 952mAhg ' 1Ag"
MXene/GO/Ni-Mn LDHs//AC PVA-KOH 69.1mAhg ' 1Ag"
C0,Al/Co,Mn/NF//AC 6MKOH 281.7Cg ', 05A¢g "
MnO,@LDHs-2//AC 6MKOH 955Fg ',05A¢g "
NiCo/NiMn-LDHs//AC 6MKOH 1851Fg ',1Ag "
NiCo-LDHs/ZnO NFs//AC 1MKOH 1445Fg ' 1A¢g"
NiFeSx@CNTs@MnS@diatomite// 6MKOH 923Fg ',05A¢g"
graphene

NiS@Sr-Fe OH/CC//AC 1MKOH 14621Fg ',1Ag "'
NiCo-LDHs@H-PPy@CC//VPO@CNFs900 2 M KOH 40.53 mAh g ', 3 mA cm 2
COH@NF-LDHs/CF//AC 6MKOH 1957Fg ',1Ag"
Ni,Co,/NF//AC 1 MKOH 273.8 mF cm 2% 1 mA cm ?
CoMn-LDHs//AC 2MKOH 27426Fg ', 1Ag"
NiCo-LDHs//GO/AC 1MKOH 1.4Ccm 2% 1.25 mAcm >

NSs@NiFe NCs//SS@Fe,03

Ti;C,T,/NiCo-LDH-3 T (B//E)//AC PVA-KOH
NC LDH NFAs@NSs/Ni fabric/AC@CF 1 M KOH
Ni;Co; LDH@G//AC PVA-KOH

Stainless steel mesh (SS) is also a suitable substrate material
for the growth of LDHs. Wang et al.>®® prepared uniformly
distributed 3D NiFe Prussian blue analogue (NiFe PBAs) nano-
cubes on SS and transformed them into 3D oxide arrays
(SS@NiFe NSs@NiFe NCs) by penetrating 2D NiFe-LDHs and
thermally annealing them in air (Fig. 21(j)). This 3D array shows
a nanocubic structure (Fig. 21(k)) with high specific surface
area and good electrochemical properties. In addition, hybrid
supercapacitor (HSC) SS@NiFe NSs@NiFe NCs//SS@Fe,03
devices were assembled and showed impressive electrochemi-
cal performance.

3.5 Application of LDH-based supercapacitors

LHD-based supercapacitors are widely used in flexible wearable
devices or other integrated intelligent devices. Li et al.>*° pre-
pared NiCo-LDHs on flexible CC and Ti;C,T, functional CC by
high magnetic field electrodeposition (Fig. 22(a)). The flexible
hybrid supercapacitor has excellent energy density and cyclic
stability. The device exhibits slight polarization during bending and

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

1.2 M LiOH 528.5 mF cm™2, 2 mA cm™?
187 mF cm 2, 3.15 mA cm > 33.38 W h kg™ " at 920 W kg™ *

1M Na,SO, 102 Fg ', 1Ag "

3.12 Ccem 2, 1 mA cm ™2
1147.23 mF cm™ 2, 3 mA cm™ > 46.15 W h kg2 at 2604.42 W kg™ 2000, 86.49% 261
599 mF cm’z, 1 mA cm™2 0.27 mW h cm™? at 0.9 mW cm 2

1.03 mW h em™2 at 9.35 mW ecm™>® 2000, 85.6% 220
10000, 95.8% 228
36.75 W h kg™ " at 400 W kg ™' 8000, 72.7% 223
58.06 W h kg~ " at 800 W kg * 10000, 86.42% 164
32.1 W h kg™" at 750.4 W kg ™" — 236
472 Whkg ' at 850 W kg~ ! 10000, 88.8% 237
21.3 W h kg ' at 160 W kg™ * 5000, 86.6% 170
21.3 W h kg™" at 900 W kg ™" 5000, 88.1% 241
1.248 kW kg ' at 65.9 W h kg ! 10000, 87.6% 171
55.3 W h kg~ at 800 W kg ™" 4000, 94.7% 242
64.58 W h kg ' at 412.7 W kg ! 7000, 92.21% 243
31.9W h kg~ ' at 502.7 W kg ' 10000, 72.4% 244
45.16 W h kg™" at 1400 W kg " 10000, 82.2% 245
51.39 W h kg™ " at 800 W kg ™' 1000, 87.3% 246
28.9 W h kg~ ' at 9375 W kg™ " 5000, 80.8% 252

53.07 W h kg™ " at 4.4 kW kg™ " — 253
32.42 W h kg " at 359.16 W kg ™' 10000, 94.09% 254
65.56 W h kg™ at 750 W kg ™' 5000, 88.93% 255
97.4 pW h cm ™2 at 800.5 pw cm™ > 5000, 85% 256
97.5 W h kg~ at 800 W kg ™" 5000, 89.2% 257
1.06 mW h ecm ™ at 1.03 mW cm > — 258
459 W h kg " at 902.7 W kg * 2000, 89.7% 259
0.134 mW h cm™? at 1.61 mW cm™ > 6000, 82.3% 260

10000, 123% 262

the total capacitance remains almost constant, further confirming
the great flexibility (Fig. 22(b) and (c)). Three devices connected in
series lighting up the red and yellow LED lights connected in
parallel prove the potential application (Fig. 22(d)). Nagaraju
et al®® used a hot-air oven-based method to grow aligned NC
LDH NFAs on Ni fabric and a simple electrochemical deposition
method to further decorate fluffy NC LDH NS branches on NC LDH
NFAs (Fig. 22(e)). The shape of the CV curves measured under
various bending conditions at 50 mV s~ is almost similar to
normal without any distortion (Fig. 22(f) and (g)), which shows that
the device has good capacitance and flexibility. Fig. 22(h) demon-
strates its potential suitability for wearable electronic applications.
By adjusting the ratio of Ni and Co, Liu et al*** obtained the
optimized porous nanoflower-like NiCo LDH (Fig. 22(i)). A flexible
Ni;Co; LDH@graphene//AC asymmetric supercapacitor is prepared
by using screen printing, and the device exhibits excellent flexibility
by maintaining 95.8% capacitance after bending at different angles
and 400 bends (Fig. 22(j)). When the two devices are connected in
series, they can power the watch for more than 60 minutes after
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only 50 seconds of charging and can power the watch normally
even when it is worn on the hand and fully submerged in water
(Fig. 22(k) and (I)). In order to show the performances in this
manuscript, Table 4 displays the properties of the device based on
LDHs and their composite electrodes.

4. Summary and outlook

Supercapacitors are one of the most promising energy storage
devices, because of the advantages of fast charging and dis-
charging speed, large temperature range and long cycle life.
The large specific surface area of layered structures can sub-
stantially increase the double layer capacitance, and the redox
reaction of transition metal elements can provide pseudocapa-
citance. LDHs can be used for energy storage in supercapacitors
by both double layer capacitance and pseudocapacitance
mechanisms. Meanwhile, the anions between the layers give
rich options for modification and compounding of LDHs.

The advantages and disadvantages of each method can be
considered after a broad understanding of the various synthesis
methods. The appropriate method can be reasonably selected
to prepare electrode materials with better performances.
However, the prepared electrode materials in many cases still
do not meet the actual requirements. Thus, the modification of
the materials is particularly important. For instance, other
components can be added during the preparation process or
compounded with other materials for performance optimization.
The defects can be constructed by etching and heat treatment
for increasing the number of active sites. The heterogeneous
structures can be generated on LDHs by electrochemical deposi-
tion to promote electron transfer. The electrode materials can be
grown directly on the substrate to generate binder-free electrodes
to reduce the internal resistance and mass, as well as enhance the
ability of charge transfer.

This paper reviews the recent progress and the results of
preparation methods and modification methods of hybrid
LDHs, providing a cutting-edge reference for supercapacitor
applications based on LDHs. A comprehensive understanding
of the characteristics of various synthesis and modification
methods can help to further synthesize materials with out-
standing performances. There are both connections and dis-
tinctions between different synthesis and modification
methods, and adequate mastery of these methods facilitates
further research.

However, LDHs still have poor electrical conductivity, which
inevitably leads to blocked electron transfer in the redox
process and further affects the capacitance performances.
Specifically, the CV curve deviates from the rectangular shape
and the current-voltage is correspondingly poor during
constant GCD processes. Moreover, the existing methods for
the synthesis and modification of LDHs still have the disad-
vantages of complex reaction conditions and environmental
pollution, which should be combined with the actual condi-
tions in the subsequent research process to select the appro-
priate synthesis and modification methods.
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It is a very meaningful work to further enhance the con-
ductivity and the structure stability in order to expand the
application fields while making full use of the structural
advantages of the LDHs. As the research progresses, the pre-
paration of LDHs evolves from simply using the synthesized
LDHs directly as electrode materials to composite materials,
and the continuous optimization of properties can enable a
wider range of applications in the future. It is believed that with
the efforts of many researchers, LDHs have great development
prospects in the future and it can be expected that LDHs can
contribute more to the development of science and technology.
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