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Québec à Trois-Rivìeres (UQTR), 3351 Boulev

5H7, Canada
cCentre for Nanotechnology Research, Vello

632014, Tamil Nadu, India. E-mail: anirma
dHydrogen Fuel Cell Research Center, Korea

Hwarang-ro 14-gil, Seongbuk-gu, Seoul 02792

re.kr
eSchool of Chemistry, University of the Punj

† These authors contributed equally to th

Cite this: J. Mater. Chem. A, 2023, 11,
14469

Received 3rd April 2023
Accepted 30th May 2023

DOI: 10.1039/d3ta01992f

rsc.li/materials-a

This journal is © The Royal Society o
e/LDH heterostructures with
extensive interfacing as emerging energy
conversion and storage materials

Sandhya Venkateshalu, †a Gracita M. Tomboc, †ab Suruthi Priya Nagalingam, c

Jun Kim, d Tehzeeb Sawaira,e Kashaf Sehar,a Bruno G. Pollet,b Jin Young Kim, *d

Andrews Nirmala Grace*c and Kwangyeol Lee *a

The heterostructures of different two-dimensional (2D) materials have garnered significant attention recently as

emerging energy conversion and storage systems. Combining highly conductive and surface-active 2D MXenes

with multifunctional 2D layered double hydroxides (LDHs) can leverage the constructive properties of both 2D

materials. The synergistic interactions at the interface of MXene/LDH heterostructures enable them to exhibit

commendable electrochemical performance and alleviate the disadvantages of the individual components. By

comprehending the interfacial interactions between these two 2D materials, the structural, electronic, and

morphological properties of the hybrid can be optimized. To this end, in addition to the discussions of the

established synthetic methods for MXene/LDH hybrids, this article critically reviews their growth mechanism

and factors influencing the morphology and chemical properties of the composites. Furthermore, the

electronic interactions at the MXene/LDH heterointerface and their role in enhancing the electrochemical

properties favorable to energy applications are systematically discussed. Finally, the key challenges and

prospective research guidelines are provided to encourage further research to explore the synergistic effects

of 2D/2D MXene/LDH hybrids in building better energy conversion and storage systems.
1. Introduction

Various two-dimensional (2D) materials with exceptional
structural and electronic properties have emerged recently to
spearhead innovations in the elds of electrocatalysis and
energy storage systems.1–11 Among them, MXenes and layered
double hydroxides (LDHs) stand out from peer 2D materials in
terms of research activities. MXenes boast high conductivity,
exible structures, hydrophilicity, and excellent mechanical
stability.12–14 On the other hand, LDHs exhibit high theoretical
specic capacitance, tuneable element composition, exchange-
able intercalated anions, adaptable interlayer structures, and
single-layer nanosheets. However, these two materials share
common problems, including severe restacking (aggregation),
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poor structural/thermal/oxidative stabilities, and low
durability.15–18 Due to these shortcomings, pristine MXenes and
LDHs as electrodes or electrocatalysts have not been very
successful in penetrating practical applications.

Past research activities focused mostly on exploiting the
intrinsic activities and the electronic properties of MXenes
and LDHs, and thus the optimization of their chemical
composition, surface functional groups, interfacial structure,
and morphology has been the most salient research trend.19–25

Recently, a new research venue, which explores the hybrid-
ization, regulation of surface properties, and heterointerface
engineering of MXenes and LDHs, has emerged by recog-
nizing that the properties of these two materials are rather
complementary.26–33 MXene/LDH 2D/2D heterostructures
have been pursued by exploiting the different active func-
tionalities (–O, –OH, –F, etc.) on the surface of MXenes and
the ability of LDHs to be exfoliated into single-layer nano-
sheets. The electronic coupling between MXenes and LDHs at
the interface of MXene/LDH heterostructures leads to
improved conductivity, active sites, and stability. Charge
redistribution at the heterointerface enhances mechanical
and chemical stability while promoting electrochemical
activity. Thus, forming 2D/2D heterostructures could alleviate
the inherent shortcomings of MXene and LDH structures,
such as severe restacking and volume expansion during
electrochemical analysis. More importantly, MXene/LDH
J. Mater. Chem. A, 2023, 11, 14469–14488 | 14469
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hybrids with weak van der Waals (vdW) interactions can
preserve the individual intrinsic characteristics of each 2D
layered material while exposing an immense contact interface
between them, which is highly benecial for energy storage
and electrocatalysis applications. As a result of the synergy
from the heterointerface, remarkable advances have appeared
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in the elds of supercapacitors (hybrid, asymmetric, and all
solid-state),27,34–37 batteries (Li-ion and metal–air), electro-
chemical water splitting,38–43 photocatalytic/electrochemical
CO2 reduction reaction (CO2RR),44–47 sensors (gas and
glucose),48,49 anti-corrosion, ame retardancy,28 and electro-
magnetic wave absorbers.50 Scheme 1 summarizes the prop-
erties, problems, and prospects of MXenes and LDHs.

Several reviews have been reported on the emerging MXene
and LDH materials and their combination with various 0D,
1D, and 2D materials.51–59 The progress of Ti3C2 MXene/LDH
nanocomposites has also been recently summarized,
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highlighting the synthetic methods, properties, and applica-
tions of such MXene-based hybrids.60 However, as far as we
know, no critical review yet explicitly investigates the elec-
tronic interactions at the interface between these two 2D
materials. A clear understanding of the origin of their synergy
would establish new avenues to effectively improve their
electrochemical activity, durability, and charge storage
mechanism. In addition, expounding the interfacial interac-
tions between MXenes and LDHs would simplify the design
and modications of the morphological, structural, and
electronic properties of 2D/2D MXene/LDH hybrids and ulti-
mately address their agglomeration and restacking issues.
Hence, in this review, we provide a critical assessment of the
synergistic interactions at the heterointerface of MXene/LDH
2D/2D heterostructures.

First, we briey describe the fundamentals of pristine
MXenes and LDHs, including the basics of their crystal
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structures, composition, functional groups, and established
synthetic methods. Next, we discuss the important parameters/
experimental conditions to successfully incorporate LDHs into
the MXene structure. We indicate the difference between the
facile physical attachment of LDHs into MXenes and the tight
chemical interfacing of MXenes with LDHs. The effects of
varying experimental parameters on the morphology and
properties are elaborated in the overview of the growth mech-
anism of 2D/2D heterostructures. The in-depth assessment of
the electronic interaction at the heterointerface of the MXene/
LDH hybrid is accompanied by important characterization
techniques and advanced theoretical studies to expound on
how such synergistic interaction is benecial to different energy
applications. Finally, the pressing technical challenges and
future research directions of the MXene/LDH hybrid are
provided.
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Scheme 2 Crystal structures of an (a) MXene and (b) LDH.
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2. Overview of pristine MXenes and
LDHs
2.1 Structural aspects of MXenes

MXenes refer to a family of 2D transition metal carbides,
nitrides, or carbonitrides.61–63 They can be prepared via the
selective etching of the A-layer from parent MAX phase
precursors (Mn+1AXn; n = 1, 2, or 3), where M stands for a tran-
sition metal (i.e., Ti, V, Nb, Ta, Cr, and Mo), A is a group IIIA or
IVA element, mostly aluminum (Al), and X denotes carbon and/
or nitrogen.64–66 While the M–X bond is a mix of covalent,
metallic, and ionic characters, the M–A bond is metallic only;
hence, it is much weaker. The difference between the charac-
teristics and relative strengths of M–X and M–A bonds allows
the removal of the weak A-layer in the MAX precursor upon the
addition of uoride-containing acidic solutions (i.e., HF and
HCl + LiF) or uoride-free alkaline solutions (i.e., KOH).67,68 A
more chemically stable multi-layered MXene is then produced
with a chemical formula of Mn+1XnTx, where Tx represents the
resulting terminating surface functional groups (i.e., –OH, O,
and –F) and n is the number of atomic layers of the transition
metal (n = 1 to 3; M2X, M3X2, and M4X3). Scheme 2a illustrates
the crystal structure of a pristine MXene. It possesses a hexag-
onal lattice structure originating from its parent MAX precursor,
where M atoms are arranged in close-packed structures while X
atoms occupy the octahedral interstitial sites. Notably, the
arrangement of M atoms in different crystallographic structures
of MXenes is xed. For instance, in the M2X structure, M atoms
acquire hexagonal close-packed stacking mode following ABA-
BAB ordering. On the other hand, in M3X2 and M4X3

structures, M atoms prefer to adopt face-centered cubic stack-
ing mode and follow ABCABC ordering.

Double transition metal MXenes (DTM MXenes) are realized
when two different metal elements (M′ and M′′) replace the M
layer of pristine MXenes, changing the chemical formula to
(M′M′′)n+1XnTx.69–74 DTM MXenes are categorized into two
groups based on the metal atom arrangements within the
MXene lattices: disordered (or solid-solution) DTMMXenes and
Scheme 1 Summary of the common properties, problems, and perspec

14472 | J. Mater. Chem. A, 2023, 11, 14469–14488
ordered DTM MXenes. The former type comprises two metal
elements randomly arranged in the M layer without a well-
dened stoichiometric constant, while the latter type
possesses a non-metal atomic layer sandwiched between two
distinct metal layers. The ordered-type DTM MXene is thermo-
dynamically more stable than the solid-solution-type DTM
MXenes, thus receiving more attention. By optimizing the
stoichiometry of M, A, and X elements, and with the suitable
selection of M′ and M′′ metals, it was experimentally conrmed
that two kinds of ordered DTMMXenes could be prepared from
quaternary MAX phases, denoted as o-MAX and i-MAX
tives of MXenes and LDHs.

This journal is © The Royal Society of Chemistry 2023
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phases.75–77 The o-MAX phases (M0
2M00AX3 and M0

2M00AX2) are
composed of ordered out-of-plane double transition metals,
with M′ metal in the outer layer and M′′ in the inner layer.
Conversely, the M-layer of i-MAX phases is composed of two in-
plane ordered double transition metals, with M′ arranged in
a hexagonal lattice and M′′ positioned in the center of the
hexagon, resulting in a 2 : 1 ratio of M′ and M′′. The newly
discovered quaternary o-MAX and i-MAX phases are then
transformed into out-of-plane ordered DTM MXenes (o-
MXenes) and in-plane ordered DTM MXenes (i-MXenes),
respectively, via nely adjusted etching conditions.78,79

2.2 Synthesis of MXenes

MXenes can be prepared via both top-down and bottom-up
approaches. Top-down synthesis involves the selective etching
of the A-layer from the MAX phase using aqueous HF, a mixture
of an acid and uoride salt (HF + HCl, LiF + HCl, etc.), molten
salt mixture (KF + LiF + NaF), hydrothermal and electrochemical
methods.80–82 MXene surfaces are consequently terminated by –
O, –OH, and/or –F functional groups during the etching
process, which can be controlled by the etching time and
temperature. The removal of the A-element via top-down
synthesis is facile due to the weaker M–A bonds than the M–X
bonds in the MAX phase, resulting in intact MXenes. 2D multi-
layered MXenes are then exfoliated into a single or a few layers
by chemical intercalation or mechanical dispersion. Chemical
intercalation, however, drives some organic molecules to
occupy the active sites of the MXene surfaces, which is likely to
decrease the electrochemical activity. Although uorine-
containing solutions have been proven effective for etching
the A-layer, it generates inert surfaces, which signicantly affect
the electrochemical properties of MXenes. Besides, uorine-
based etchants produce toxic liquid waste. For these reasons,
efforts have been exerted to utilize uorine-free solutions such
as NaOH at room temperature.83 However, present uorine-
based and uorine-free wet etching methods result in a low
yield of MXenes, particularly in high-temperature processes.
Hence, for the scalable manufacturing of high-quality MXenes,
it is urgent to discover a time and temperature-efficient etching
procedure.

The bottom-up approaches like chemical vapor deposition
(CVD), plasma-enhanced pulsed laser deposition (PEPLD), and
template techniques are uncommon for MXene synthesis;
hence limited research is available.84 Halim et al. reported the
rst bottom-up approach to create a single-layer Ti3C2 lm in
2014.85 The group formed Ti3AlC2 thin lms through sputter
deposition and subsequently removed the Al-layer using
aqueous HF or NH4HF2 to form Ti3C2 lms. Xu et al. created
a few nanometers thick ultrathin Mo2C crystals using the CVD
technique with methane and Mo foil as the carbon and Mo
resources, respectively.86 Jeon et al. reported the transformation
of MoS2 into a hybrid of MoS2/Mo2C using an epitaxial growth
technique under the inuence of CH4 and H2.87 The main
challenges of bottom-up approaches still lie in synthesizing
monolayer MXene sheets with precise control over their
This journal is © The Royal Society of Chemistry 2023
dimensions, morphologies, surface termination, and electro-
chemical characteristics.

In addition to the aforementioned widely employedmethods
for synthesizing MXenes, there exist several other notable
techniques such as algae extraction, alkali etching, UV-induced
etching, Lewis acid molten salt etching, halogen etching,
magnetron sputtering, ion beam sputtering, and
ammoniation.88–95 These newly reported alternative approaches
have shown promise in producing MXenes with unique prop-
erties, expanding their application range.

2.3 Structural aspects of LDHs

Metal hydroxides (M(OH)2, M = Co2+, Ni2, Zn2+) are compounds
having a layered hexagonal structure and exist in two poly-
morphic forms: a and b.96–99 The a-form is hydroxyl-decient
and consists of positively charged layers of M(OH)2−x$(H2O)x
and is isostructural with LDH compounds. On the other hand,
the b-form is a stoichiometric phase of M(OH)2 and is iso-
structural to brucite mineral Mg(OH)2, which is a typical
example of the LDH material. In this context, it is necessary to
clearly dene the basic structural features of LDHs to differen-
tiate them from ordinary metal hydroxides with a layered
structure. Note that if only divalent cations are involved in the
layer, such as that of b-phase metal hydroxides, the layer is
usually neutral and does not require compensating anions.
However, if the divalent metal cations in the layer are either
replaced with trivalent cations or oxidized to a trivalent state,
the layer becomes positively charged. In this case, intercalating
anions are necessary to neutralize the charge of the layer. Such
anion intercalation distinguishes LDHs from ordinary layered
metal hydroxides.

Scheme 2b illustrates the typical layered and galleried
structure of a LDH, consisting of positively charged hydroxide
layers with anions and water molecules intercalated between
layers.100 The general formula of the LDH structure is (M1−x

2+-

Mx
3+(OH)2)(Ax/n

n−$nH2O), where M
2+ (i.e., Ca2+, Mg2+, Zn2+, Ni2+,

Mn2+, Co2+, and Fe2+) andM3+ (Al3+, Cr3+, Mn3+, Fe3+, Ga3+, Co3+,
and Ni3+) are the respective divalent and trivalent metal cations
located in the brucite-like host layers. An− (CO3

2−, NO3c
−, SO4

2−,
F−, ClO4c

−, and PO4
3−) is the charge-compensating anion in the

interlayer region, and X is the molar ratio of the trivalent metal
ions relative to the sum of the trivalent and divalent metal ions
(usually 0.2 < X < 0.33).101–103 The metal cations of LDHs have
similar ionic radii and are coordinated by six oxygen atoms
forming M2+/M3+(OH)6 octahedra. These octahedra form two-
dimensional sheets via edge sharing and may stack together
by hydrogen bonding between the hydroxyl groups of adjacent
sheets. The interlayer guest anion has a negative charge and
plays a decisive role in the construction and functional regula-
tion of the host and guest functional materials.

2.4 Synthesis of LDHs

Several comprehensive reviews about the detailed synthesis of
LDHs are available; hence, we briey describe the primary
methods to prepare pristine LDHs.104–108 The synthetic methods
could primarily be grouped into direct and indirect methods.
J. Mater. Chem. A, 2023, 11, 14469–14488 | 14473
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Coprecipitation, electrochemical, hydrothermal, salt oxide, and
sol–gel processes are the main strategies for direct synthesis,
while post-treatments such as anion exchange, reconstruction,
and delamination are known indirect synthetic methods.60,108

On the one hand, the coprecipitation process is one of the
most efficient methods for the large-scale production of LDHs
in powder form.108 In a typical experiment, NaOH, NH4OH,
Na2CO3, or NaHCO3 solution is added dropwise to the aqueous
solution containing divalent and trivalent metal salts at room
temperature. The metal ions are coprecipitated in the alkaline
solution under constant stirring to produce LDHs. The pH of
the reaction medium is maintained constant within the range
of 7 to 11, depending on the composition of the metal ions. The
Fig. 2 (a) Schematic representing the synthesis of a NiFe-LDH/MXene co
from ref. 30 copyright 2020, Elsevier. (b) Self-assembly of the F-MXene/
2020, American Chemical Society. (c) Electrostatic assembly of theMXene
2019, Elsevier. (d) Fabrication of NiFeLa-LDH/v-MXene/NF through electr
Elsevier.

Fig. 1 Summary of the methods used to synthesize MXene/LDH nanoc
Elsevier. Reproduced with permission from ref. 26 copyright 2019, Elsevi
Reproduced with permission from ref. 135 copyright 2020, Elsevier.

14474 | J. Mater. Chem. A, 2023, 11, 14469–14488
slurry with the LDH precipitate is heated for a few hours to
improve the crystallinity. On the other hand, in situ growth is
the most effective and extensively used direct approach for
coating LDHs on a metal substrate.109

The hydrothermal process is a simple technique to produce
homogeneous LDHs by treating two or more metal oxides in an
aqueous solution with targeted anions at a high temperature and
pressure.110 The sol–gel method, a mild synthetic route, can
produce high-quality uniform LDH nanoparticles and thin
lms.111 The LDH prepared using the sol–gel method is purer with
a higher specic surface area than the LDH obtained through
coprecipitation; however, the sol–gel method results in LDHs with
low crystallinity. The anion exchange process is an indirect
mposite using the hydrothermal method. Reproduced with permission
F–ZnMnNi LDH. Reproduced with permission from ref. 120 copyright
/CoAl-LDH hybrid. Reproduced with permission from ref. 33 copyright
odeposition. Reproduced with permission from ref. 41 copyright 2022,

omposites. Reproduced with permission from ref. 119 copyright 2021,
er. Reproduced with permission from ref. 128 copyright 2019, Elsevier.

This journal is © The Royal Society of Chemistry 2023
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synthesis method to modify the anions in the interlayer region of
the pre-synthesized LDH.112 Since an LDH precursor is required,
the anion exchange method technically cannot be considered
a true synthesis technique but rather a modication step. Typi-
cally, excess salts of the desired anions are stirred with the
aqueous suspension of pre-synthesized LDHs to modify the
interlayer anions. LDHs containing inorganic or organic anions
can be effectively prepared using this approach.

3. Synthesis and growth mechanism
of MXene/LDH hybrids

As described earlier, the synergistic effects arising from the
hybridization of the two 2Dmaterials, MXenes and LDHs, could
help overcome the limitation of the pristine materials and
utilize the individual benets to enhance the electrochemical
performance. The detailed synthesis and growth mechanism of
MXene/LDH hybrids are described in the following sections.

3.1 Synthetic methods

Various methods have been employed to produce nano-
composites comprising evenly distributed LDHs on the surface
of MXenes. Every synthetic method has its advantages and
results in MXene/LDH hybrids with a unique morphology, as
shown in Fig. 1. The most commonly used methods to produce
MXene/LDH hybrids are discussed in this section.

3.1.1 Hydrothermal method. In a hydrothermal technique,
the powders are dissolved and recrystallized using water as the
solvent in a hermetically sealed pressure vessel.113 The hydro-
thermal process is a simple and preferred nanoparticle
synthesis method due to its low energy consumption, high
crystallinity of the products, low environmental hazards, and
effective dispersion. Furthermore, hydrothermal synthesis also
requires less expensive instruments, precursor chemicals, and
lower energy than solid and gas-phase techniques. When used
in the synthesis of MXene heterostructures, the hydrothermal
method enhances the activity of the MXene and alters its
surface functional groups at high pressure and temperature.114

The hydrothermal method is widely used in the production
of MXene/LDH hybrids as it aids in tuning the structure and
composition of the composite by varying the temperature and
reaction time.54,114–116 For example, Zhou et al. reported
a uniform growth of NiFe-LDH on Ti3C2Tx using the hydro-
thermal method.30 In a typical synthesis process, multi-layered
Ti3C2Tx was prepared by etching 1 g of Ti3AlC2 with 10 mL of
hydrouoric acid and converting it to a single-layered MXene by
delaminating with dimethyl sulfoxide (DMSO). NiFe-LDH was
synthesized by sonicating equal amounts of iron nitrate and
nickel nitrate along with urea and deionized water for 10 min.
The as-prepared LDHwas added to theMXene and stirred for 30
minutes, and then heated to 120 °C for 18 h in a Teon kettle to
obtain a NiFe-LDH/Ti3C2Tx hybrid. The schematic representing
the formation of NiFe-LDH/Ti3C2Tx through the hydrothermal
method is shown in Fig. 2a. The peak shi in the X-ray
diffraction (XRD) pattern of the nanocomposite indicated an
increase in the interstitial spaces from 1.38 nm to 1.57 nm,
This journal is © The Royal Society of Chemistry 2023
demonstrating that the addition of NiFe-LDH successfully pre-
vented the restacking of MXene sheets. Li et al. reported the
lateral formation of NiCo-LDH at the interface of Ti3C2Tx using
a hydrothermal method, which resulted in a hybrid Ti3C2Tx/
NiCo-LDH with a 3D porous morphology.26 Transmission elec-
tron microscopy (TEM) conrmed the porous complex network,
and energy dispersive X-ray spectroscopy (EDX) analysis indi-
cated the presence of evenly distributed Co, Ni, Ti, O, and C
components in the Ti3C2Tx/NiCo-LDH hybrid. The presence of
Ti3C2Tx altered the morphology of NiCo-LDH, and the 3D
interlinked porous networks in the hybrid enabled enhanced
electrolyte penetration and interaction with the components of
the hybrid. Likewise, in the hydrothermally synthesized V2CTx/
NiV-LDH hybrid with uniformly coated NiV-LDH on the surface
of V2CTx, the V2CTx not only prevented the aggregation of NiV-
LDH sheets but also relieved the volume change, signicantly
improving the electrical conductivity and increasing the
number of active sites.117

3.1.2 In situ self-assembly. The in situ synthesis is a simple
and cost-effective technique to obtain MXene/LDH hybrids. The
LDH grows in situ on the abundant heterogeneous nucleation
sites on the negatively charged MXene sheets. The functional
groups on the surface of the MXene enhance the synergy
between the two reacting components, allowing faster charge
transportation and a higher ion dispersion rate between the
LDH andMXene than the mechanically mixed MXene/LDH.26,118

The in situ assembled LDH in the MXene/LDH hybrid has
reduced size, usually measuring less than 10 nm.119 The in situ
synthesis method produces hybrids with enhanced structural,
electrical, and chemical features.54 Sun et al. reported the
synthesis of exfoliated ZnMnNi LDH and exfoliated Ti3C2Tx

MXene (F–ZnMnNi LDH/F-MXene) heterostructures using self-
assembly.120 The attraction between the negatively charged F-
MXene and the positively charged F–ZnMnNi LDH enabled
them to self-assemble aer stirring the solution mixtures for
24 h. The moisture in the solution was removed by freeze-
drying. The schematic representing the in situ assembly of F–
ZnMnNi LDH/F-MXene is shown in Fig. 2b. Feng et al. reported
that the MXene/LDH hybrid synthesized by an in situ self-
assembly method exhibited a very high surface area due to its
special layered micro-morphology.121 Similarly, the V2CTx

MXene/NiV LDH synthesized in situ had high electrical
conductivity with abundant holes and channels, facilitating
electrolyte diffusion.117 Wang et al. reported the in situ vertical
growth of NiCo-LDH nanosheets on Ti3C2Tx.122 The OH

− groups
on the MXene adsorbed Ni2+ and Co2+ ions, which were reduced
by NaBH4 solution, to form the hybrid. The vertically grown
NiCo-LDH on both sides of the MXene formed a sandwich-like
structure, preventing the aggregation of NiCo-LDH and the
oxidation of the MXene.

3.1.3 Electrostatic interstratication. In the process of in
situ self-assembly, various atomic interactions such as hydrogen
bonding, capillary, hydrophobic forces, and van der Waals
forces play a signicant role in facilitating the spontaneous
grouping of molecules.123 These interactions can potentially
lead to the formation of coordination bonds in certain cases.124

However, electrostatic interstratication differs in nature, as it
J. Mater. Chem. A, 2023, 11, 14469–14488 | 14475
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involves the attraction between opposite charges without the
actual formation of primary bonds.125 Consequently, electro-
static interstratication represents a modied form of self-
assembly, where two nanostructures with opposing charges
come together in an aqueous environment.

Electrostatic interstratication is a simple method where the
thickness of the resulting nanostructure could be effectively
tuned.126 This is a widely used method to produce 2D hetero-
junctions and a wide range of MXene-based heterostructures.
The 2D nanostructures with multiple functional features can be
restacked into heterostructures via electrostatic intercalation,
incorporating the undeniable unique properties of each
constituent.114,127 The electrostatic attraction between the posi-
tively charged LDH and the negatively charged MXenes enables
them to assemble into interlayered structures.128 The electro-
statically adsorbed cations and anions in the hybrid assembly
prevent the restacking of their counterparts. Feng et al. reported
that the anion–cation electrostatic attraction aided by the
ultrasonic dispersion enabled the interlayered assembly of
a Ti3C2Tx/NiCo-LDH hybrid.127 Scanning electron microscopy
(SEM) and TEM analysis indicated the alternating stacking of
the MXene and LDH with a distance of 1.62 nm between the two
materials. Niu et al. reported the electrostatic face-to-face
assembly of Ti3C2Tx/CoAl-LDH at the molecular level resulting
in a 3D freestanding lm with a thickness of 13 mm.33 As shown
in Fig. 2c, the hybrid was prepared by gradually adding CoAl-
Fig. 3 (a) SEM image of MXene@Ni–Mn LDH depicting a sandwich like-m
Elsevier. (b) SEM image of 3D interconnected Fe1Ni3-LDH/Ti3C2Tx-MXe
2021, Elsevier. (c) Reactionmechanism and (d) TEM image of NiCo-LDH/T
Elsevier. (e) SEM image depicting the nanoflower morphology of NiMn-
annular dark-field scanning transmission electron microscopy (HAADF-
images of Ti3C2Tx MXene@MgAl-LDH. Reproduced with permission from
growth of CoFe-LDH on the MXene. Reproduced with permission from

14476 | J. Mater. Chem. A, 2023, 11, 14469–14488
LDH to an MXene solution while stirring it in an ice-water
bath under Ar for 60 min. The mixture was sonicated and
then vacuum ltered through a porous polypropylene
membrane to create a freestanding lm, which was then baked
in a vacuum oven overnight. Zhang et al. reported a simulta-
neous doping-electrostatic synergic assembly to fabricate
a nanoower-like Co-doped NiMn-LDH/V2CTx MXene.129 The
V2CTx MXene acted as a substrate and improved the conduc-
tivity, while the Co-doped NiMn-LDH increased the electro-
chemical activity and prevented the aggregation of the sheets.

3.1.4 Electrodeposition. Electrodeposition (ED) is a simple
and efficient synthesis method for mass production.130,131 ED
refers to the selective distribution of material on the surface of
a conducting substance by using electrical current from an ionic
species-containing solution.132 The use of a high magnetic eld
along with an electric eld in the deposition process is called
magneto-electrodeposition, which not only resolves the slow
movement of mass during the ED but also manipulates the tiny
structures of the electrode material, hence playing an important
role in the enhancement of the electrochemical performance of
the material.133 The applied high magnetic eld can decrease
the size of the diffusion layer and speed up the mass movement
during the ED.134 Most reports on the synthesis of MXene/LDH
hybrids through ED follow a two-step process wherein the
MXene is initially deposited onto a substrate such as nickel
foam, and the LDH is subsequently deposited on the MXene/
orphology. Reproduced with permission from ref. 37 copyright 2020,
ne nanohybrids. Reproduced with permission from ref. 138 copyright
i3C2 sheets. Reproducedwith permission from ref. 139 copyright 2020,
LDHs (inset) and NiMn-LDHs/Ti3C2-MXene hybrids and (f) high-angle
STEM) image of the NiMn-LDHs/Ti3C2 hybrid (ref. 140). (g and h) TEM

ref. 119 copyright 2021, Elsevier. (i) TEM image showing the vertical
ref. 118 copyright 2019, Elsevier.

This journal is © The Royal Society of Chemistry 2023
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substrate.41,135,136 Yu et al. reported the ED of La-doped NiFe-
LDH nanosheets on an electrophoretically deposited 3D verti-
cally aligned Ti3C2Tx MXene on nickel foam substrates (v-
MXene/NF) (Fig. 2d).41 The electrophoretically deposited v-
MXene/NF, Pt foil, and Ag/AgCl were used as the respective
working, counter, and reference electrodes. The electrolyte
consisted of a combination of hydrated nitrates of Fe, Ni, and La
with a molar ratio of 0.5 : 1 : 0.5. A voltage of −1.0 V was applied
during the 300 s potentiostat depositing phase. Various elec-
trodes were prepared by varying the deposition duration and the
ratios of Ni/Fe/La salts in the electrolyte. The absence of NiFeLa-
LDH peaks in the XRD pattern of NiFeLa-LDH/v-MXene/NF
suggests that the amorphous sheets of NiFeLa-LDH deposited
on the MXene surface provide defective sites for enhancing the
electrocatalysis.

Similarly, CoNi LDH/Ti3C2Tx/NF was synthesized by ED
using Co2+ and Ni2+ solutions, and the Ti3C2Tx/NF electrode
exhibited excellent catalytic activity.135 The –F and –OH terminal
groups of Ti3C2Tx signicantly increased the activity of pure
CoNi-LDH when electrically coupled. The electrodeposited
CoNi-LDH/Ti3C2Tx had excellent activity, efficient kinetics, and
excellent stability toward electrocatalysis. Moreover, a self-
standing ultrathin MXene/LDH hybrid on a conductive
substrate could be successfully synthesized using ED, resulting
in a binder-free electrode with high conductivity.136 Li et al. re-
ported the use of high magnetic elds (up to 9 T) during elec-
trodeposition to fabricate NiCo-LDH and Ti3C2Tx functionalized
on carbon cloth.137Magneto–electric eld interaction during the
magneto-electrodeposition increases the mass loading and
active site accessibility through the magneto-hydrodynamic
effect. Moreover, the direction of the magnetic eld with
respect to the electric eld controls the morphology of the
resulting hybrid.

3.2 Formation mechanism

Depending on the type of synthesis method, experimental
conditions, and the composition of the MXene and LDH, the
MXene/LDH hybrid follows different formation mechanisms and
exhibits different morphologies. It was reported that even the
same synthesis technique could result in different morphologies.
For example, the in situ assemblymethod can lead to a face-to-face
assembly of the MXene and LDH, vertical growth of the LDH on
the MXene, or can form 3D interconnected porous networks.118,138

By adjusting the synthetic conditions, the morphology and prop-
erties of the hybrid could be effectively tuned. This section
discusses the various factors inuencing the formation mecha-
nism and morphology of the hybrid.

Wang et al. designed a new NiMn LDH–MXene–LDH hybrid
with a sandwich like-morphology via the coprecipitation
method.37 The morphology of vertical NiMn LDHs enveloping
the top and bottom surfaces of Ti3C2 MXene was investigated
using SEM (Fig. 3a). The 4 h reaction time yielded more NiMn
LDH nanoplates than the 2 h reaction and produced 3D multi-
aperture homogeneous nanostructures. As the reaction time
extended, the surface of the MXene nanosheets was completely
coated with NiMn LDH nanoplates, diminishing the pre-formed
This journal is © The Royal Society of Chemistry 2023
open structures. Likewise, Zhang et al. reported the in situ
synthesis of FeNi-LDH arrays anchored on Ti3C2Tx using
a three-step process involving an etching reaction, detachment
procedure, and hydrothermal growth.138 Different ratios of Fe
and Ni in the LDH resulted in different structures. Specically,
3D interconnected hierarchical Fe1Ni3-LDH arrays, evenly
distributed throughout the few-layer Ti3C2Tx akes, were
created aer the hydrothermal treatment (Fig. 3b).

Zhang et al. reported a detailed reactionmechanism of NiCo-
LDH on the Ti3C2 surface (Fig. 3c).139 Pristine NiCo-LDH formed
from crystallization and olation reactions between Co3+, Ni2+,
and unoxidized Co(OH)2 displayed a nanoower morphology.
The positive Co and Ni ions were electrostatically attracted to
the negative Ti3C2, resulting in the in situ growth of NiCo-LDH
on the MXene surface under hydrothermal conditions.
However, due to the strong interaction forces between the two
2D materials, the generation of the b-phase crystal of NiCo-LDH
is inhibited. Such inhibition generated ultra-thin, bent, and
wrinkled NiCo-LDH nanosheets on Ti3C2 MXene with an
interlayer spacing ofz8.1 Å (Fig. 3d). The group also elaborated
on the effect of different ratios of Ti3C2 on the morphology of
NiCo-LDH/Ti3C2. It was observed that the hybrid retained the
same morphology regardless of the amount of Ti3C2. Thus, they
proposed that the surface connement approach can be applied
to any 2D material with negative surface charges. Similarly, Liu
et al. deposited thin layers of NiMn-LDHs on the Ti3C2 MXene
surface via a facile hydrothermal method.140 NiMn-LDHs
initially exhibited a ower-shaped morphology (Fig. 3e);
however, upon in situ growth on the surface of Ti3C2 nano-
sheets, their morphology evolved to a stacked sheet structure,
forming a 2D/2D hybrid structure (Fig. 3f).

Hu et al. reported the electrodeposition of CoNi-LDH on pre-
synthesized Ti3C2Tx-NF to form a CoNi-LDH/Ti3C2Tx-NF
hybrid.135 The electrodeposition was carried out by immersing
Ti3C2Tx-NF into a solution containing Co2+ and Ni2+ ions. Upon
applying a suitable potential, CoNi LDH was tightly bound to
the surface of the MXene due to the presence of distinct
terminal groups –OH and –F. CoNi LDH and Ti3C2Tx MXene
interacted strongly at the interface, resulting in exceptional
electronic coupling. Cai et al. reported the electrostatic
adsorption of Mg2+ and Al3+ on the negatively charged Ti3C2Tx

followed by in situ nucleation and growth under hydrothermal
conditions to form a Ti3C2Tx@MgAl-LDH heterostructure with
face-to-face assembly.119 TEM analysis indicated that the
lamellar Ti3C2Tx measuring several microns offered numerous
active sites for the adsorption of Mg2+ and Al3+ and promoted
the nucleation of MgAl-LDH (Fig. 3g and h).

Hao et al. reported the in situ 3D vertical growth of CoFe-LDH
on Ti3C2Tx.118 The –OH and –F functionalized MXene nano-
akes with surface energies >250 mJ m−2 stabilize the system by
adsorbing metal ions. CoFe LDH tends to form clusters and
stack on the MXene during MO6 hydrolysis and olation (i.e., Co
and Fe units).141 However, due to the strong electrostatic
repulsion between the newly grown CoFe LDH and as-formed
LDH/MXene hybrid, the subsequent LDH was forced to grow
vertically on the substrate, generating a “house of cards”
structure. The –OH and –F functionalized MXene nanoakes
J. Mater. Chem. A, 2023, 11, 14469–14488 | 14477
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Table 1 Morphology-based classification of the MXene/LDH hybrids for different applications

Nanohybrids Synthesis method Morphology Application Ref.

V2CTx/NiV-LDH Hydrothermal 3D interconnected porous network Supercapacitor 117
NiCo-LDH/Ti3C2Tx Magneto-electrodeposition 3D cross-linked nest-like Supercapacitor 137
NiCoAl-LDH/V4C3 Hydrothermal 3D interconnected porous network Supercapacitor 145
Ti3C2Tx/CoNi-LDH Electrostatic deposition 3D interconnected porous network Supercapacitor 143
FeNi-LDH/Ti3C2Tx Hydrothermal 3D interconnected porous network Supercapacitor 138
CoAl-LDH/Ti3C2Tx Electrostatic assembly Face-to-face heterostructure Supercapacitor 33
CoFe-LDH/Ti3C2Tx In situ growth House of cards OER 118
CoFe-LDH/Ti3C2Tx Electrostatic assembly House of cards OER 144
NiMn-LDH/Ti3C2Tx Hydrothermal House of cards OER 140
NiCo-LDH/Ti3C2Tx/NF Hydrothermal House of cards OER 43
NiAl-LDH/Ti3C2Tx Hydrothermal Core–shell Photocatalytic CO2 reduction 44
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with surface energies >250 mJ m−2 stabilized the system by
adsorbing metal ions. Notably, intercalated carbonate anions
formed during the breakdown of urea assisted the vertical
growth of LDH nanoarrays by preventing plane formation in the
(001) direction.142 Fig. 3i shows the TEM images of CoFe-LDH/
MXene from the vertical development of the LDH on theMXene.

The morphology of the MXene/LDH hybrid plays a signi-
cant role in determining their properties. Tuning the
Fig. 4 (a) Cyclic voltammetry (CV) curves, (b) galvanostatic charge–disc
NiMn-LDH/MXene hybrid nanocomposites. The CV and GCD curves we
respectively. Reproduced with permission from ref. 34 copyright 2020, A
LDH. Reproduced with permission from ref. 37 copyright 2020, Elsevier.
NiCo-LDH and NiCo-LDH/Ti3C2Tx composites. Reproduced with per
Comparison of the (f) Ni 2p and (g) Mo 3d fine XPS spectra of eLDH/Mo2C
Mo2CTx, pure eLDH, and Mo2CTxMXene. Reproduced with permission fro
of average power density vs. energy density for the fabricated Ti3C2/N
device. Reproduced with permission from ref. 151 copyright 2017, Amer

14478 | J. Mater. Chem. A, 2023, 11, 14469–14488
morphology of the hybrid according to the application is
indispensable to achieving high performance. By analyzing the
hitherto reports on MXene/LDH hybrids, we identied the
existence of appropriate morphology-application pairs. A
morphology-based classication of the hybrids is given in Table
1. The optimal morphology of the MXene/LDH heterostructure
for energy storage applications appears to be a 3D inter-
connected porous network or a face-to-face assembly. On the
harge (GCD) curves, and (c) Raman spectra of MXene, NiMn-LDH, and
re recorded at a scan rate of 5 mV s−1 and a current density of 2 A g−1,
merican Chemical Society. (d) The calculated PDOS of MXene@Ni–Mn
(e) Structure of charge difference distribution at the interface between
mission from ref. 122 copyright 2022, American Chemical Society.
Tx with pure eLDH or Mo2CTx nanosheets. (h) Nyquist plots for eLDH/
m ref. 149 copyright 2022, American Chemical Society. (i) Ragone plot
i–Co–Al-LDH//AC all-solid-state flexible asymmetric supercapacitor
ican Chemical Society.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) ELF mappings and (b) calculated charge of surface atoms of MQDs in Ni–Co LDH@MQDs. (c) Calculated adsorption energies using
hydroxide (OH−) as an example for Ni–Co LDH@MQDs (ref. 153). (d) Ex situ XRD patterns of NM/M 21 collected at various states, (e) schematic
diagram of a NM/M 2 : 1//AC capacitor, and (f) comparison of its electrochemical performance with that of previously reported ASC devices.
Reproduced with permission from ref. 154 copyright 2020, American Chemical Society. (g) Capacitive and diffusive contribution ratio of NiFe-
LDH/MXene at respective scan rates. (h) Cycle stability of the NiFe-LDH/MXene//AC LIC at 1 A g−1. Reproduced with permission from ref. 152
copyright 2021, American Chemical Society.
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one hand, the 3D interconnected network of uniformly
distributed LDH on the conductive MXene substrate offers
substantial electrochemically active sites for electrolyte pene-
tration, resulting in enhanced electrochemical reactions
(Fig. 3b).138,143 The 3D hierarchical porous structure also
provides ion diffusion channels, promoting the rapid diffusion
of ions and enhancing the specic capacity.137 Furthermore, the
3D structures mitigate the volume change of the electrode
during the charge–discharge process, and the strong bonding
between the two 2D materials accelerates the electron transfer
rate resulting in higher specic capacitance and cycling
stability.37 On the other hand, the face-to-face assembly of the
MXene/LDH heterostructure delivers high volumetric capacity,
high electrical conductivity, and a large surface area.33

The vertical array architecture effectively prevents the
aggregation of catalysts, providing a large surface area and
active sites for electrocatalysis (Fig. 3i).118,144 Thus, the “house of
cards” structure is an ideal morphology for the easy diffusion
and transportation of gases on the surface of the electro-
catalyst.118 In a face-to-face MXene/LDH hybrid assembly, gas
bubbles might be trapped between the layers, and thus the
This journal is © The Royal Society of Chemistry 2023
morphology might not be as effective as the vertical array
architecture for gas evolution reactions.

A core–shell morphology of the MXene/LDH hybrid with an
increased specic surface area and active sites is benecial for
photocatalytic applications.44 When the MXene is coupled with
a semiconductor such as LDHs, an interfacial Schottky junction
is generated, boosting the migration and separation of charge
carriers. Thus, constructing a 2D/2D MXene/LDH hetero-
structure with a core–shell morphology is best suited for pho-
tocatalysis. Although a specic synthetic route is not designated
to produce a specic morphology of MXene/LDH hetero-
structures, the experimental conditions of the common
synthetic routes could be carefully tuned to obtain them.

4. Applications of MXene/LDH
hybrids

The strong interfacial interactions and electronic coupling
between the MXene and LDH in MXene/LDH heterostructures
impart unique characteristics such as improved electronic
J. Mater. Chem. A, 2023, 11, 14469–14488 | 14479
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conductivity, active sites, and mechanical, structural, and
chemical stability benecial for various applica-
tions.26,44,121,138,140,146,147 An in-depth understanding of the effects
of heterointerface engineering and interactions at the hetero-
interface is crucial for the elicitation of synergy. To this end, this
section discusses how the synergistic interactions at the heter-
ointerface contribute to the overall properties of the MXene/
LDH composite. The enhancement in the electrochemical
properties favorable for energy applications is highlighted in
particular.

4.1 Supercapacitors

The synergistic effects of MXene/LDH composites signicantly
enhance the conductivity, electrolyte accessibility, charge
transfer rate, ion diffusion rate, and kinetics of redox reac-
tions.34,117,146 Besides inhibiting the restacking of sheets, the
interstratication of the MXene and LDH increases the inter-
layer spacing of the composite, which provides abundant active
sites and accelerates the diffusion of electrolyte ions.128,148

Moreover, the strong electronic coupling between the MXene
and LDH improves structural stability enabling long-term
cycling.37 All of these advantages are highly desirable for
improving the charge storage capacity of supercapacitors.

The synergistic interactions in NiMn-LDH/Ti3C2 hybrid
composites promote an improved rate capability, capacitance
retention, and specic capacitance of 1575 F g−1 at 0.5 A g−1

(Fig. 4a and b).34 The improved performance was mainly
attributed to the accelerated electron transfer and ion diffu-
sions at the interface of NiMn-LDH and Ti3C2, as evidenced by
the shi in the G peak of the Raman spectrum (Fig. 4c). The
chemical bonding between the uniformly distributed NiMn-
LDH nanosheets on the surface of Ti3C2 MXene improved the
reversibility and stability of the material, effectively preventing
the aggregation and oxidation of the MXene. The interactions at
the interface of MXene/LDH were further corroborated by
partial density of states (PDOS) analysis.37,138,143 The enhance-
ment in the PDOS of Ti3C2@NiMn-LDH compared to its pristine
counterparts around the Fermi region, as shown in Fig. 4d,
points to the synergistic interfacial interactions due to the
presence of abundant electrical transport pathways to facilitate
ion mobility.37 The continuous electronic states around the
Fermi level lead to the metallic nature of the Ti3C2@NiMn-LDH
composite. At the interfaces of MXene/LDH, the electrons are
transferred from the OH− of the LDH to the O atoms in the
MXene, indicating the presence of strong bonds and transport
channels perpendicular to the layers.143

Wang et al. performed density functional theory (DFT)
calculations to measure the interfacial energy and electron
transport in a NiCo-LDH/Ti3C2Tx composite.122 An interlayer
spacing of 1.77 Å and an interfacial adhesion energy of −5.1 eV
indicated a strong interaction between the NiCo-LDH and
Ti3C2Tx. The mesoporous layered architecture of the hybrid
provided numerous ion transfer channels, which boost the
electron transfer of about 1.54 e per unit cell from the less
conductive NiCo-LDH to the highly conductive Ti3C2Tx, as
shown in Fig. 4e. The close interaction of the MXene and LDH
14480 | J. Mater. Chem. A, 2023, 11, 14469–14488
was further conrmed by the presence of an intensive density of
states (DOS) at the conduction band, which reduced the energy
barrier for electron transfer and improved the conductivity of
the MXene/LDH composite.37,122,138 With stable interfacial
interactions, the NiCo-LDH/Ti3C2Tx heterostructure exhibited
an outstanding rate capacity (85.2% from 1 to 10 A g−1) and
capacitance retention (80.4% aer 5000 cycles).122 Moreover, the
supercapacitive performance of MXene/LDH also depends on
the type of electrolyte used. Ti3C2Tx/NiCo-LDH exhibited the
best performance in the alkaline electrolyte as the available
hydroxyl ions promoted the activity of NiCo-LDH and reacted
with the –F terminations on Ti3C2Tx MXene, improving the
overall performance of the composite.127 Wu et al. reported that
the hydration of 2D electrodes and exchange or adsorption of
interlayer anions and cations in Ti3C2/NiCo-LDHs enabled the
composite to deliver a specic capacitance of 1207 F g−1, higher
than the MXene (346 F g−1) and NiCo-LDH (896 F g−1) at
0.5 A g−1.128

Trimetallic LDHs potentially exhibit better electrochemical
properties than bimetallic LDHs as the incorporation of a third
metal can alter the electronic structure of the host bimetallic
LDH.120,149 Liu et al. reported the increased availability of active
sites for faradaic reactions in a composite comprising alkaline
etched NiMnZn LDH and Mo2CTx MXene.149,150 The alkaline
etching of NiMnZn LDH increased the oxygen vacancies and
regulated the valence states of Ni/Mn. When the alkaline etched
NiMnZn LDH (eLDH) was combined with Mo2CTx MXene, the
synergy between the two components further modied the
electronic structure resulting in enhanced storage properties. X-
ray photoelectron spectroscopy (XPS) analysis showed a shi in
the binding energies of Ni, Mn, Zn, and O towards higher energy
in contrast to the lower energy shi of Mo (Fig. 4f and g). This
shi in peaks indicated a strong coupling between eLDH and
Mo2CTx, suggesting the transfer of electrons from eLDH to
Mo2CTx. The Mo2CTx can reduce the internal resistance of
eLDH (Fig. 4h) and enhance the overall stability of the
composite. The Ti3C2/NiCoAl-LDH with molecular-level nano-
sheets exhibited the highest efficiency for charge transfer and
the shortest diffusion pathway.151 The densely packed alterna-
tive layers in the heterostructure enabled them to exhibit an
energy density of 45.8 W h kg−1 at a power density of 346W kg−1

when used as a positive electrode in an all-solid-state exible
asymmetric supercapacitor (Fig. 4i).

The synergistic interfacial interactions between the MXene
and LDH could be optimized by modulating the MXene : LDH
ratio, resulting in enhanced supercapacitive performance. It has
been widely reported that the low amounts of MXene in the
MXene/LDH hybrid lead to enhanced activity by preserving the
active sites of the LDH from being masked by the lamellar
structure of the MXene.122 In addition, controlling the size and
distribution of the in situ grown LDH on the MXene has been
necessary to accelerate the ion diffusion at high current
density.34 Furthermore, the arrangement of the 2D sheets plays
a crucial role in energy storage applications. For example, the
face-to-face assembly of MXene/LDH hybrids, usually created
through electrostatic interstratication, accelerates the diffu-
sion of electrolyte ions, shortens the electron transfer path, and
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 TEM image depicting the (a) clean stack of Ti3C2Tx sheets (Zone 1-a), fibrous Co-LDH (Zones 1-b), and (b) MXene covered with Co (Zone
2). The corresponding low loss spectra, C–K edge, and Ti L2,3 edge recorded in Zones 1-a and 2 are shown in (c). Reproduced with permission
from ref. 156 copyright 2019, Wiley. (d) Charge distribution in the CoNi LDH/Ti3C2O2 composite, (e) DOS of CoNi LDH, Ti3C2O2, and CoNi LDH/
Ti3C2O2 composites with the Fermi level at zero. (f) PDOS of the Co and Ni 3d orbitals of bare CoNi LDH and CoNi LDH/Ti3C2O2 composites.
Reproduced with permission from ref. 135 copyright 2020, Elsevier. (g) Linear sweep voltammetry, (h) Tafel slope, and (i) long-term stability
curves of NiMn-LDHs/Ti3C2-MXene (ref. 140).
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improves electrical conductivity.33 The interconnected 3D
morphology of the MXene/LDH hybrid can mitigate the volume
change of the electrode during the charge–discharge process
and accelerate the electron–electrolyte movement.37 Thus, the
prudent selection of LDH and MXene materials and an appro-
priate hybridization technique is critical to developing high-
performance electrode materials for energy storage
applications.

4.2 Metal-ion capacitors and batteries

As discussed earlier, by combining MXenes and LDHs, the self-
stacking issue in the former and the poor conductivity of the
latter could be effectively addressed. This combination results in
a higher specic area and intercalation of metal ions, effectively
improving the storage performance of metal-ion batteries and
metal-ion capacitors.146,152 Using theoretical models, Song et al.
described the effect of interface coupling between MXene
quantum dots (MQDs) and NiCo-LDH for enhanced storage
activity of metal-ion batteries (∼140 mA h g−1 at 1 A g−1).153 The
electron location function (ELF) mapping obtained by DFT was
used to determine the bond strength and electron distribution.
The ELF mapping in NiCo-LDH@MQD (Fig. 5a) indicates the
presence of abundant electrons near “–Ti–O–H–O–”, which were
benecial for strong interfacial coupling. A charge redistribution
This journal is © The Royal Society of Chemistry 2023
was observed upon the addition of MQD to NiCo-LDH. Due to the
interaction between the MQD and NiCo-LDH, the Ni and Co
atoms gained 0.01–0.06 e, and O atoms lost 0.01–0.1 e (Fig. 5b).
Furthermore, the adsorption energy for the hydroxide of the
hybrid was higher than that of NiCo-LDH (Fig. 5c).

The metal-ion capacitor is a hybrid storage device consisting
of a supercapacitor-type cathode and a battery-type anode.152

Zhang et al. reported that the presence of an oxygen bridge at
the interface of Ti3C2 MXene and NiMn-LDH promotes the
diffusion of Li ions while maintaining excellent reversibility of
the NiMn-LDH/Ti3C2 electrode during charging/discharging.154

The structural evolution and the reaction mechanism of NiMn-
LDH/Ti3C2 with a mass ratio of 2 : 1 (NM/M 21) were elucidated
using ex situ XRD. The charging and discharging process was
divided into six stages, and XRD was performed in different
stages. As shown in Fig. 5d, there was no apparent change in the
characteristic peak (006) located at 23.76° for the rst three
charging stages (I, II, and III); however, a mild shi towards the
right was observed in the subsequent charging process (IV),
indicating a phase change. During the discharging process
(stages V and VI), the (006) shied back towards the le to
23.61°. This shi in the peak during charging and discharging
indicates change in the d spacing due to the Li+ insertion. The
absence of change in crystallinity aer 1000 cycles indicated the
J. Mater. Chem. A, 2023, 11, 14469–14488 | 14481
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highly reversible nature of NM/M 21. Utilizing the fast electron
transport characteristics at the interface, the Li-ion capacitor
(LIC) (Fig. 5e and f) composed of a NM/M 21 anode and acti-
vated carbon (AC) cathode provided a high energy density of
122.7 W h kg−1 at a power density of 199 W kg−1 in a wide
working voltage range (0.01–4.0 V).

In their following studies, the group extensively investigated
the lithium storage properties of NiFe-LDH/Ti3C2 and Co-LDH/
Ti3C2 hybrids.146,152 The NiFe-LDH/Ti3C2 hybrid exhibited good
storage performance when employed as an anode for Li-ion
batteries (LIBs) and LICs.152 In a lithium-ion half-cell, the
NiFe-LDH/Ti3C2 electrode exhibited both diffusion-controlled
battery and capacitive behavior, attributed to the interfacial
interaction of NiFe-LDH and MXene. The increase in the
capacitive contribution with the increase in the scan rate
(Fig. 5g) indicated the excellent charge–discharge capability of
the NiFe-LDH/Ti3C2 hybrid. A reversible capacity of
46.7 mA h g−1 with a coulombic efficiency of 96% at 1 A g−1 was
recorded for the NiFe-LDH/Ti3C2//AC LIC aer 500 cycles
(Fig. 5h). On the other hand, the Co-LDH/Ti3C2 hybrid synthe-
sized through a self-sacricial template strategy exhibited
a reversible capacity of 854.9 mA h g−1 at 0.1 A g−1 when tested
as a LIB anode.146 Similarly, the uniform nanoarrays of NiFe-
Table 2 Summary of the performance of MXene/LDH hybrids in various

Nanocomposite Synthesis method Application

NiFe-LDH/Ti3C2 Hydrothermal Supercapacitor
Ti3C2Cl2@NiAl-LDH Electrostatic

interstratication
Supercapacitor

V2CTx/NiV-LDH Hydrothermal Supercapacitor
FeNi-LDH/Ti3C2Tx In situ assembly Supercapacitor
Ti3C2Tx/NiCo-LDH Magneto-electrodeposition Supercapacitor
Ti3C2/CoAl-LDH Electrostatic Supercapacitor
Ti3C2@NiMn-LDH Coprecipitation Supercapacitor
Ti3C2/ZnMnNi-LDH Electrostatic self-assembly Supercapacitor
Ti3C2/NiCoAl-LDH Electrostatic Supercapacitor
Ti3C2/NiCoFe-LDH Hydrothermal Supercapacitor
NiFe-LDH/Ti3C2 Hydrothermal LIC
NiMn-LDH/Ti3C2 In situ crystallization LIC
Co-LDH/Ti3C2 In situ growth LIB
NiCo-LDH@Ti3C2 Hydrothermal Battery
NiFe-LDH/Ti3C2 Reuxing LIB
Co-LDH@Ti3C2Tx Polyol process OER
FeNi-LDH/V2C Hydrothermal OER
CoNi-LDH/Ti3C2Tx Electrodeposition OER
CoFe–P/Ti3C2Tx Hydrothermal OER
CoFe-LDH/Ti3C2Tx In situ growth OER
NiMn-LDH/Ti3C2Tx Hydrothermal OER
Ti3C2/NiCo-LDH Hydrothermal Glucose sensor
Ti3C2/NiCo-LDH Hydrothermal EMW absorption
Ti3C2Tx@MOF-LDH Hydrothermal Inhibits re and

smoke hazards o
NiFe-LDH/Ti3C2Tx Hydrothermal Photodegradation
Co–Co LDH/Ti3C2Tx In situ synthesis Photocatalytic CO

NiAl-LDH/Ti3C2Tx Hydrothermal Photocatalytic CO

a Cs= specic capacitance, Ca= areal capacitance,Cv= volumetric capacit
discharge capacity, h= overpotential, EMW = electromagnetic wave absor

14482 | J. Mater. Chem. A, 2023, 11, 14469–14488
LDH on Ti3C2 exhibited high electrical conductivity and excel-
lent electrochemical performance with a reversible specic
capacity of 894.8 mA h g−1 at 200 mA g−1 when employed as
a LIB anode.155

4.3 Electrocatalysis

MXene/LDH hybrid electrocatalysts tend to outperform their
pristine counterparts and commercial catalysts with a lower
overpotential and Tafel slope for water oxidation.39,140 The facile
charge transfer between the LDH andMXene endows the hybrid
catalysts with signicant adsorption/desorption balance, which
accelerates the reaction kinetics during water splitting.39,41,156

Additionally, the high metallic conductivity and the hydrophilic
surface of the MXene aid in improving the catalytic activity of
the MXene/LDH hybrid.135,157

The Ti3C2 MXene undergoes irreversible surface oxidation at
z0.45 V (vs. Ag/AgCl), forming TiO2 clusters, consequently
undermining its stability.156 This change in the surface electronic
properties at required potentials for the OER is a signicant
drawback of the MXene. To resist the oxidation of the MXene
during the OER, the uniformnucleation and growth of Co-LDH on
the surface of conductive Ti3C2Txwas reported as a viable strategy.
The synergistic electronic interactions between the LDH and
applicationsa

Performance Ref.

Cs = 720.2 F g−1 at 1 A g−1 30
Cs = 2010.8 F g−1 at 1 A g−1 162

Cs = 1658.19 F g−1 at 1 A g−1 117
Cs = 922.6 F g−1 at 1 A g−1 138
Ca = 3.12 C cm−2 at 1 mA cm−2 137
Cv = 2472 C cm−3 at 1 A g−1 33
Cs = 179 mA h g−1 at 1 A g−1 37
Cs = 2065 F g−1 at 5 mV s−1 120
Cs = 748.2 F g−1 at 1 A g−1 151
Cs = 1190 F g−1 at 1 A g−1 35
ED = 168 W h kg−1 at PD = 47 W kg−1 152
ED = 122.7 W h kg−1 at PD = 199 W kg−1 154
Cr = 854.9 mA h g−1 at 0.1 A g−1 146
Cs = 140 mA h g−1 at 1 A g−1 153
Cd = 894.8 mA h g−1 at 200 mA g−1 155
h = 330 mV at 10 mA cm−2 156
h = 250 mV at 10 mA cm−2 39
257.4 mV at 100 mA cm−2 135
h = 270 mV at 10 mA cm−2 158
h = 319 mV at 10 mA cm−2 40
h = 294 mV at 10 mA cm−2 140
Limit of detection = 0.53 mM 26
EAB = 4.48 GHz 50

toxic
f FPUF

16.1% reduction in smoke 160

of noroxacin 98% degradation in 4 h 115
2 reduction CO2 to CO evolution

rate = 1.25 × 104 mmol h−1 g−1
45

2 reduction CO2 to CO evolution
rate = 2128.46 mmol h−1 g−1

44

y, ED= energy density, PD= power density, Cr= reversible capacity, Cd=
ption, and EAB = effective absorption bandwidth.

This journal is © The Royal Society of Chemistry 2023
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MXene promote the catalytic activity of Co-LDH/Ti3C2 towards the
OER, displaying an overpotential of 330 mV at 10 mA cm−2. The
TEM images of theMXene sheet (Zone-1a), brous Co-LDH (Zone-
1b), and Co-LDH on MXene (Zone-2) are shown in Fig. 6a and b.
Their corresponding electron energy loss spectroscopy (EELS)
spectra are shown in Fig. 6c. Notably, the F region in the low loss
spectra corresponds to the Co M2,3 edge, indicating the presence
of Co on theMXene. The broadening of peaks at the C–K edge and
the slight splitting of peaks at the Ti L2,3 edge recorded in Zone-2
imply the electronic modication of Ti3C2Tx. However, the peaks
at the Ti L2,3 edge of Zone 1 are similar to those of the reference
(Ti3C2Tx), indicating the unchanged inner structure of theMXene.

DFT calculation is a versatile tool for understanding the
synergy of MXene and CoNi LDH.135,140 In a CoNi-LDH/Ti3C2O2

hybrid system, the transfer of electrons from Co and Ni to other
atoms is evident from the charge depletion observed around the
metal atoms Co and Ni (Fig. 6d).135 The changes in the electronic
structure were investigated using the density of states (DOS) and
projectedDOS analysis, as shown in Fig. 6e and f, respectively. The
increased DOS near the Fermi level indicates the synergistic
electronic interactions benecial for charge transfer. A negative
shi in the d-band center of the Co and Ni atoms in the MXene/
hybrid system compared to CoNi LDH indicates a reduction in the
binding energy of the intermediates (*OH, *O, and *OOH) on the
surface of CoNi LDH during the OER. With such optimized
binding energy, the CoNi LDH/Ti3C2O2 hybrid exhibited a small
Tafel slope of 68 mV dec−1 and a turnover frequency of 0.37 s−1 at
an overpotential of 300 mV. Liu et al. evaluated the lattice
shrinkage of the LDH in the MXene/LDH hybrid by analyzing the
layer distance between Ni–O (8.608 Å) and Mn–O (8.645 Å) in
NiMn-LDHs/Ti3C2.140 The strain effect caused by this lattice
shrinkage was reported to be benecial for optimizing the elec-
tronic structure and surface adsorption energy during the OER.
The NiMn-LDHs/Ti3C2 hybrid showed an overpotential of 294 mV
at a current density of 10mA cm−2, a Tafel slope of 83.7mV dec−1,
and stability higher than the commercial IrO2 catalyst (Fig. 6g–i).

The electrocatalytic activity of MXene/LDH composites can be
enhanced by varying the intercalated anions and/or introducing
heteroatoms.39,158 Chen et al. reported that hypophosphite groups
(H2PO2

−) intercalated as anions in LDHs enhanced the OER
activity of V2C/FeNi-LDH.39 Compared to CO3

2− intercalated FeNi-
LDH/V2C, the H2PO2

− intercalated FeNi-LDH/V2C had optimized
binding energy and facilitated the charge transfer from the LDH to
V2C, achieving higher catalytic activity. The H2PO2

− intercalated
FeNi-LDH/V2C exhibited outstanding stability with no change in
current density for about 30 000 s. The electrocatalytic perfor-
mance of CoFe-LDH/Ti3C2Tx could be further improved by intro-
ducing heteroatoms such as P or S into CoFe-LDH.158 The
phosphorization of CoFe-LDH results in the transfer of electrons
from Co and Fe to P, which promotes the valence state of Co and
Fe for easy adsorption of oxygen in the intermediate state.

4.4 Other notable applications

The synergistic interactions of MXene/LDH hybrids are also re-
ported to be conducive to their performances in sensors, photo-
catalytic degradation, anticorrosion, antiwear, wastewater
This journal is © The Royal Society of Chemistry 2023
treatment, toxic smoke inhibition, etc.115,119,159,160 MXene/LDH
composites are highly suitable for photocatalytic applications
with an increased specic surface area and abundant active sites.45

In the case of ZnCr-LDH/Ti3C2Tx heterostructures, the Fermi
energy of ZnCr-LDH is higher than that of Ti3C2Tx; hence the
electrons from ZnCr-LDH are driven to Ti3C2Tx to equilibrate the
Fermi energy between them.47 During photocatalysis, the energy
band of ZnCr-LDH bends upwards, producing a Schottky barrier.
Under light irradiation, the photogenerated electrons migrate
along the Schottky junction to the MXene, achieving effective
electron separation. The formed Schottky barriers prevent the
backow of electrons to the LDH and reduce the recombination
rate of the photo-excited carriers.44 The electrons accumulated in
the Fermi energy of MXene react readily with the adsorbed CO2

molecules and convert them to CO and CH4 gas. Thus, the
increased photogenerated electron separation, migration of
charge carriers along the interface of MXene/LDH, and sup-
pressed back-diffusion of electrons contribute to the enhanced
photocatalytic CO2 reduction performance compared to their
pristine counterparts. The same phenomenonwas observed in the
photocatalytic degradation of noroxacin, acetaminophen, and
ibuprofen, the commonly detected pharmaceuticals in water.115,161

MXene/LDH hybrids are also used as chloride ion storage
electrodes in capacitive deionization and as adsorbents for the
removal of carcinogenic Ni(III) in water treatment.121,159 The
large interface contact area of the MXene/LDH structure
provides abundant active sites for the adsorption of heavy
metals, and their micro–mesoporous structure establishes
pathways to accelerate ion diffusion and enhance the desali-
nation rate.

MXene/LDH hybrids exhibit synergistic effects of magnetic
loss, dielectric loss, and excellent attenuation capability,
making them suitable for use as electromagnetic wave
absorbers.50 The heterojunction formed on the surface of the
hybrid promotes effective dissipation of electromagnetic waves.
Furthermore, the excellent dispersibility and compatibility of
Ti3C2Tx MXene@MgAl-LDH with epoxy resin enhance the
anticorrosion and antiwear abilities of the epoxy coating.119

Ti3C2Tx MXene aids in improving the anticorrosion and anti-
wear abilities of the epoxy coating, and the restacking of MXene
could be prevented by the LDH, which also acts as a nano-
container for corrosion inhibition.

MXene/LDH hybrids also reduce the toxic smoke produced by
polyurethane foam (FPUF) combustion.160 An LDH derived from
the ZIF-67 metal–organic framework (MOF-LDH) was hybridized
with Ti3C2Tx and then added to FPUF. 6 wt% Ti3C2Tx@MOF-LDH
(MOF-HDH) added to the FPUF reduced the total smoke
production by 16.1%. Besides reducing the smoke and re
hazards of FPUF, the FPUF/Ti3C2Tx@MOF-LDH hybrid achieved
excellent mechanical properties with increased compressive and
tensile strength. MXene/LDH hybrids have been reported to be
applicable for detecting biomarkers, fungicides, glucose,
etc.48,116,147 The synergetic effects of the MXene and LDH in the
hybrid, interfacial interaction through chemical bonds, adequate
number of active sites, short diffusion pathways increasing the
charge-transfer rates, and the large ion-accessible surface area
enable the MXene/LDH hybrid to be used in sensor applications.
J. Mater. Chem. A, 2023, 11, 14469–14488 | 14483
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5. Summary

Individually, MXenes and LDHs are fascinating 2D structured
materials. Since their discovery in 2011, MXenes have attracted
huge attention from energy research communities due to their
favorable electronic and physical properties, such as high elec-
trical conductivity, large surface area, and tuneable structure.
Likewise, the excellent redox capability, incomparable theoretical
capacitance, low cost, and facile scalability of LDHs have greatly
encouraged researchers to exploit them in various applications.
However, MXenes and LDHs have their respective shortcomings,
such as relatively low capacitance and poor electrical conductivity.
In this regard, the hybridization ofMXenes and LDHs successfully
counterbalances the signicant drawbacks of each component
and ameliorates their restacking and inherent stability problems
to some extent. This review pays particular attention to the
formation mechanism of 2D/2D heterostructures of MXenes and
LDHs, the alteration of the structure and properties, the interfa-
cial interaction at the heterointerface, and the application prog-
ress of MXene/LDH hybrids.

The formation of the MXene/LDH hybrid is based on two
main strategies: electrostatic assembly driven by oppositely
charged 2D monolayers and the direct growth of LDHs on the
surface of MXenes. Since the electrostatic assembly is carried
out by physically mixing pre-synthesized MXenes and LDHs, it
can be considered a more general strategy to combine various
compositions of MXenes and LDHs physically. On the other
hand, more intimate and chemically bound heterointerfaces are
established via the direct growth of LDHs on pre-synthesized
MXenes. Thus, the second strategy is perceived to intensify
the synergistic interaction between the electronic properties of
MXenes and LDHs. Regardless of the synthetic strategy,
reduced restacking and an enhanced active surface area have
been observed in the MXene/LDH hybrids. The outstanding
synergistic effects originating from their heterointerfaces
inspired many researchers to utilize MXene/LDH hybrids for
various applications (Table 2).

We presented several studies with theoretical calculations to
investigate the contributions of the interfacial interactions at
the heterointerfaces to the electrochemical performance. It was
revealed that the electronic coupling between the MXene and
LDH in MXene/LDH heterostructures induces unique charac-
teristics such as improved electronic conductivity, active sites,
and mechanical, structural, and chemical stability. Charge
redistribution can occur upon the formation of a heterointer-
face, changing the electron density of the constituent elements,
resulting in strong interfacial coupling and enhanced
mechanical and chemical stability of the heterostructures. In
addition, such charge redistribution can affect the electronic
properties of the surface to promote electrochemical activity.
Overall, the resulting MXene/LDH hybrids have shown
impressive results.

6. Challenges and prospects

The following challenges have been identied as urgent for the
development of MXene/LDH hybrids.
14484 | J. Mater. Chem. A, 2023, 11, 14469–14488
6.1 Lack of scalable synthetic methods

While a variety of LDHs can be easily synthesized under mild
conditions, the synthesis of MXenes requires severe reaction
conditions, including high temperature/pressure and toxic
etching methods, which pose difficulties in regulating the
important qualities of MXenes, such as size, defects, composition,
and the number of layers. The major drawback of MXenes is their
surface oxidation, which limits their large-scale applications.
Although it has been reported that in situ anchoring of highly
dispersed LDH nanosheets on MXene sheets via chemical bonds
reduces the surface oxidation of MXenes, ne-tuning the
composite is necessary to obtain optimal performance. By
changing the synthesis conditions, interfacial chemistry, and LDH
content, surface oxidationmay be controlled, and theMXene/LDH
composite's characteristics can be optimized. Therefore, it is
worth putting effort into nding a safe, efficient, and environ-
mentally friendly preparation method to obtain quality-controlled
MXenes on a large scale.

The present methods may be simple and applicable to
various combinations of MXenes and LDHs; however, a limited
number of synthetic routes are available for yielding quality
MXene/LDH hybrids. Note that the product quality varies
signicantly in terms of layer-by-layer homogeneity, thickness,
and elemental compositions. With this, developing innovative
methods is crucial to control such factors so that the synergistic
effects of the nanocomposites can be maximized and ne-tuned
for targeted applications.

6.2 Lack of in situ/operando techniques

Most of the studies on MXene/LDH hybrids assume that the
formation of 2D/2D heterostructures enhances the rate of ion
diffusion, electron transfer, and mechanical/chemical stability
based on their structural analysis and performance. Although
such experimental results may suggest that the synergistic effects
originated from the hybridization, the detailed picture of how
each component synergistically affects each other is still
unknown. In this regard, in situ/operando techniques with various
spectroscopic tools (i.e., infrared (IR) spectroscopy, Raman spec-
troscopy, XPS, and X-ray absorption near edge spectroscopy/
extended X-ray absorption ne structure spectroscopy (XANES/
EXFAS)) can provide clearer evidence of the interactions at the
heterointerfaces.

Notably, the oxidation states of the composing elements can
change dynamically during electrochemical operation, leading to
the change in the state of chemical bonds between the atoms in
a monolayer and between the monolayers. Hence, the synergistic
effects observed in MXene/LDH hybrids should be elucidated via
in situ/operando analyses to provide critical insights to optimize
the structure and composition of the nanocomposites.

6.3 Not sufficient synthetic efforts to discover new structural
designs

Expanding MXene/LDH hybrids to ternary and/or quaternary
nanocomposites is an important research direction to further
improve their electronic and mechanical properties. Compared
This journal is © The Royal Society of Chemistry 2023
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to binary composites, only a handful of reports have shown to
interstratify foreign materials in MXene/LDH nanocomposites,
insinuating that forming complex heterointerfaces by the
introduction of additional material complicates the synthetic
procedure and makes it more challenging to probe their prop-
erties. Nevertheless, the successful hybridization of MXenes,
LDHs, and other hetero-species might result in unique
electronic/mechanical properties, thus making it a highly
attractive research direction.

Moreover, the number of transition metal (M) layers and the
carbon and/or nitrogen (X) layers inuence the electronic and
chemical properties of MXenes. These structural variations can
impact the interfacial coupling, charge redistribution, and
stability of MXene–LDH heterojunctions, ultimately affecting
their overall performance and functionality in various applica-
tions. Detailed studies are necessary to investigate the specic
effects of each MXene structure (M2X, M3X2, and M4X3) on
MXene/LDH heterojunctions.

While addressing the challenges mentioned above, adopting
a systematic approach for optimizing the MXene/LDH hybrid is
crucial, considering both structural and compositional aspects.
Undoubtedly, the two major application elds for MXene/LDH
hybrids are electrochemical energy storage and electrocatalysis.
Although these elds require different electronic and chemical
properties, strategic approaches to choose the most efficient
combination of MXenes and LDHs for specic applications have
rarely been attempted. For electrochemical energy storage, the
electrode material must accommodate signicant volume expan-
sion and contraction during charging and discharging, providing
sufficient channels for facile ion diffusion. The heterostructures
formed through electrostatic interactions may be more suitable
under such operating conditions. Moreover the use of MXene/
LDH hybrids as an anode and electrocatalyst has been limited
to LICs/LIBs and the OER, respectively. Therefore, developing
MXene/LDH hybrids with tailored compositions for other battery
and electrocatalytic applications would be highly benecial.
Additionally, although MXene/LDH hybrids have displayed
impressive electrochemical storage properties, their exact storage
mechanism remains unclear. Further investigation into the rela-
tionship between the behavior of the hybrid material and elec-
trochemical energy storage is essential.

7. Concluding remarks

Tremendous effort has been invested in the hybridization of
MXenes and LDHs, and the resulting MXene/LDH hetero-
structures have shown impressive results in various energy
applications. This review critically assesses the recent progress
in developing MXene/LDH nanocomposites with a close look at
their formation mechanisms and synergistic interactions.
Thanks to intensive research on this topic, it is clear that the
synergistic effects arise from the heterointerfaces created
between the monolayers of MXenes and LDHs. However,
continuous effort is still needed to fully unveil the potential of
these unique 2D/2D heterostructures, and the remaining chal-
lenges must be appropriately tackled to reach the commercial-
ization stage in the future. We hope that this review can point to
This journal is © The Royal Society of Chemistry 2023
fruitful research directions in MXene/LDH heterostructures,
leading to innovative breakthroughs in material synthesis,
design, and performance.
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L.-A. Näslund, S. J. May, L. Hultman, Y. Gogotsi,
P. Eklund and M. W. Barsoum, Chem. Mater., 2014, 26,
2374–2381.

86 C. Xu, L. Wang, Z. Liu, L. Chen, J. Guo, N. Kang, X.-L. Ma,
H.-M. Cheng and W. Ren, Nat. Mater., 2015, 14, 1135–1141.

87 J. Jeon, Y. Park, S. Choi, J. Lee, S. S. Lim, B. H. Lee,
Y. J. Song, J. H. Cho, Y. H. Jang and S. Lee, ACS Nano,
2018, 12, 338–346.
This journal is © The Royal Society of Chemistry 2023
88 S. Zada, W. Dai, Z. Kai, H. Lu, X. Meng, Y. Zhang, Y. Cheng,
F. Yan, P. Fu, X. Zhang and H. Dong, Angew. Chem., Int. Ed.,
2020, 59, 6601–6606.

89 T. Li, L. Yao, Q. Liu, J. Gu, R. Luo, J. Li, X. Yan, W. Wang,
P. Liu, B. Chen, W. Zhang, W. Abbas, R. Naz and
D. Zhang, Angew. Chem., Int. Ed., 2018, 57, 6115–6119.

90 J. Mei, G. A. Ayoko, C. Hu, J. M. Bell and Z. Sun, Sustainable
Mater. Technol., 2020, 25, e00156.

91 Y. Li, H. Shao, Z. Lin, J. Lu, L. Liu, B. Duployer,
P. O. Å. Persson, P. Eklund, L. Hultman, M. Li, K. Chen,
X.-H. Zha, S. Du, P. Rozier, Z. Chai, E. Raymundo-Piñero,
P.-L. Taberna, P. Simon and Q. Huang, Nat. Mater., 2020,
19, 894–899.

92 H. Shi, P. Zhang, Z. Liu, S. Park, M. R. Lohe, Y. Wu,
A. Shaygan Nia, S. Yang and X. Feng, Angew. Chem., Int.
Ed., 2021, 60, 8689–8693.

93 J. Wang, S. Liu, Y. Wang, T. Wang, S. Shang and W. Ren, J.
Mater. Chem. C, 2020, 8, 1608–1613.

94 P. Horak, J. Vacik, S. Bakardjieva, A. Cannavo, G. Ceccio,
J. Kupcik and R. Klie, Microsc. Microanal., 2019, 25, 1626–
1627.

95 P. Urbankowski, B. Anasori, K. Hantanasirisakul, L. Yang,
L. Zhang, B. Haines, S. J. May, S. J. L. Billinge and
Y. Gogotsi, Nanoscale, 2017, 9, 17722–17730.

96 P. Jeevanandam, Y. Koltypin, A. Gedanken and Y. Mastai, J.
Mater. Chem., 2000, 10, 511–514.

97 M. Rajamathi, P. V. Kamath and R. Seshadri, Mater. Res.
Bull., 2000, 35, 271–278.

98 L. Poul, N. Jouini and F. Fiévet, Chem. Mater., 2000, 12,
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