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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
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1. Introduction

Various two-dimensional (2D) materials with exceptional
structural and electronic properties have emerged recently to
spearhead innovations in the fields of electrocatalysis and
energy storage systems.'™ Among them, MXenes and layered
double hydroxides (LDHs) stand out from peer 2D materials in
terms of research activities. MXenes boast high conductivity,
flexible structures, hydrophilicity, and excellent mechanical
stability.">** On the other hand, LDHs exhibit high theoretical
specific 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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of 2D/2D MXene/LDH hybrids in building better energy conversion and storage systems.

poor structural/thermal/oxidative  stabilities, and low
durability.*>® 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.**-*
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.?*** 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
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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 beneficial 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 fields of supercapacitors (hybrid, asymmetric, and all
solid-state),>”**3” batteries (Li-ion and metal-air), electro-
chemical water splitting,*®*** photocatalytic/electrochemical
CO, reduction reaction (CO,RR),*** sensors (gas and
glucose),*®*® anti-corrosion, flame retardancy,*® and electro-
magnetic wave absorbers.>® 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.***® The progress of Ti;C, 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.®® 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 modifications 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 briefly 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 beneficial to different energy
applications. Finally, the pressing technical challenges and
future research directions of the MXene/LDH hybrid are
provided.
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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.*** They can be prepared via the
selective etching of the A-layer from parent MAX phase
precursors (M,,;AX,; 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.*** 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 fluoride-containing acidic solutions (i.e., HF and
HCI + LiF) or fluoride-free alkaline solutions (i.e., KOH).*”* A
more chemically stable multi-layered MXene is then produced
with a chemical formula of M,,,,X,,T,, where T, represents the
resulting terminating surface functional groups (i.e., -OH, O,
and -F) and 7 is the number of atomic layers of the transition
metal (n = 1 to 3; MX, M;3X,, and M,X3). 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 fixed. For instance, in the M,X structure, M atoms
acquire hexagonal close-packed stacking mode following ABA-
BAB ordering. On the other hand, in M3;X, and M,X;
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"),41X,,T,.7* DTM MXenes are categorized into two
groups based on the metal atom arrangements within the
MXene lattices: disordered (or solid-solution) DTM MXenes and
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Scheme 2 Crystal structures of an (a) MXene and (b) LDH.

ordered DTM MXenes. The former type comprises two metal
elements randomly arranged in the M layer without a well-
defined 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 confirmed
that two kinds of ordered DTM MXenes could be prepared from
quaternary MAX phases, denoted as o-MAX and i-MAX
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Scheme 1 Summary of the common properties, problems, and perspectives of MXenes and LDHs.
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phases.”>”” The 0-MAX phases (M';M"AX; and M',M"AX,) 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 MZXenes (o-
MXenes) and in-plane ordered DTM MxXenes (i-MXenes),
respectively, via finely adjusted etching conditions.”®”®

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 fluoride salt (HF + HCl, LiF + HC], etc.), molten
salt mixture (KF + LiF + NaF), hydrothermal and electrochemical
methods.?*** 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 fluorine-
containing solutions have been proven effective for etching
the A-layer, it generates inert surfaces, which significantly affect
the electrochemical properties of MXenes. Besides, fluorine-
based etchants produce toxic liquid waste. For these reasons,
efforts have been exerted to utilize fluorine-free solutions such
as NaOH at room temperature.®® However, present fluorine-
based and fluorine-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.®* Halim et al. reported the
first bottom-up approach to create a single-layer Ti;C, film in
2014.** The group formed TizAlC, thin films through sputter
deposition and subsequently removed the Al-layer using
aqueous HF or NH,HF, to form Ti;C, films. Xu et al. created
a few nanometers thick ultrathin Mo,C crystals using the CVD
technique with methane and Mo foil as the carbon and Mo
resources, respectively.®® Jeon et al. reported the transformation
of MoS, into a hybrid of MoS,/Mo,C using an epitaxial growth
technique under the influence of CH, and H,.*” 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
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dimensions, morphologies, surface termination, and electro-
chemical characteristics.

In addition to the aforementioned widely employed methods
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.®®** 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),, M = Co**, Ni?, Zn**) are compounds
having a layered hexagonal structure and exist in two poly-
morphic forms: o and B.°**° The a-form is hydroxyl-deficient
and consists of positively charged layers of M(OH), - (H,0),
and is isostructural with LDH compounds. On the other hand,
the B-form is a stoichiometric phase of M(OH), and is iso-
structural to brucite mineral Mg(OH),, which is a typical
example of the LDH material. In this context, it is necessary to
clearly define 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.'® The general formula of the LDH structure is (M; >
M,>*(OH),)(A.," - nH,0), where M>* (i.e., Ca®*, Mg>*, Zn**, Ni*",
Mn**, Co>*, and Fe*") and M** (AI**, Cr**, Mn*", Fe**, Ga®", Co*",
and Ni**) are the respective divalent and trivalent metal cations
located in the brucite-like host layers. A"~ (CO5*~, NO;'~, SO,
F,ClO, ", and PO43’) 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)."*' The metal cations of LDHs have
similar ionic radii and are coordinated by six oxygen atoms
forming M>*/M**(OH) 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 briefly describe the primary
methods to prepare pristine LDHs.'****® The synthetic methods
could primarily be grouped into direct and indirect methods.
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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.****®
On the one hand, the coprecipitation process is one of the
most efficient methods for the large-scale production of LDHs
in powder form.' In a typical experiment, NaOH, NH,OH,
Na,CO3, or NaHCOj; 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
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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.'®

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.”® The sol-gel method, a mild synthetic route, can
produce high-quality uniform LDH nanoparticles and thin
films.""* The LDH prepared using the sol-gel method is purer with
a higher specific 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

MXene | LDH
- Hydrothermal Electrostatic o
Self-Assembly Method Inter-stratification Electrodeposition

Fig. 1 Summary of the methods used to synthesize MXene/LDH nanocomposites. Reproduced with permission from ref. 119 copyright 2021,
Elsevier. Reproduced with permission from ref. 26 copyright 2019, Elsevier. Reproduced with permission from ref. 128 copyright 2019, Elsevier.

Reproduced with permission from ref. 135 copyright 2020, Elsevier.
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synthesis method to modify the anions in the interlayer region of
the pre-synthesized LDH."™” Since an LDH precursor is required,
the anion exchange method technically cannot be considered
a true synthesis technique but rather a modification 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 2D materials, MXenes and LDHs, could
help overcome the limitation of the pristine materials and
utilize the individual benefits 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."* 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.***

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.*»"*"'¢ For example, Zhou et al reported
a uniform growth of NiFe-LDH on Ti;C,T, using the hydro-
thermal method.*® In a typical synthesis process, multi-layered
Ti;C,T, was prepared by etching 1 g of TizAlC, with 10 mL of
hydrofluoric 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 LDH was added to the MXene and stirred for 30
minutes, and then heated to 120 °C for 18 h in a Teflon kettle to
obtain a NiFe-LDH/Ti;C,T, hybrid. The schematic representing
the formation of NiFe-LDH/Ti;C,T, through the hydrothermal
method is shown in Fig. 2a. The peak shift 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,
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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 Ti;C,T, using
a hydrothermal method, which resulted in a hybrid Ti;C,T,/
NiCo-LDH with a 3D porous morphology.*® Transmission elec-
tron microscopy (TEM) confirmed 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 Ti;C,T,/NiCo-LDH hybrid. The presence of
Ti;C,T, 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 V,CT,/
NiV-LDH hybrid with uniformly coated NiV-LDH on the surface
of V,CT,, the V,CT, not only prevented the aggregation of NiV-
LDH sheets but also relieved the volume change, significantly
improving the electrical conductivity and increasing the
number of active sites.""”

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 and MXene than the mechanically mixed MXene/LDH.*>**®
The in situ assembled LDH in the MXene/LDH hybrid has
reduced size, usually measuring less than 10 nm."*® The in situ
synthesis method produces hybrids with enhanced structural,
electrical, and chemical features.>® Sun et al. reported the
synthesis of exfoliated ZnMnNi LDH and exfoliated TizC,T,
MXene (F-ZnMnNi LDH/F-MXene) heterostructures using self-
assembly.”® The attraction between the negatively charged F-
MXene and the positively charged F-ZnMnNi LDH enabled
them to self-assemble after 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.”* Similarly, the V,CT,
MXene/NiV LDH synthesized in situ had high electrical
conductivity with abundant holes and channels, facilitating
electrolyte diffusion.”™” Wang et al. reported the in situ vertical
growth of NiCo-LDH nanosheets on Ti;C,T,."*> The OH™ groups
on the MXene adsorbed Ni** and Co*" ions, which were reduced
by NaBH, 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 interstratification. 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 significant role in facilitating the spontaneous
grouping of molecules.” These interactions can potentially
lead to the formation of coordination bonds in certain cases.*
However, electrostatic interstratification differs in nature, as it
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involves the attraction between opposite charges without the
actual formation of primary bonds."” Consequently, electro-
static interstratification represents a modified form of self-
assembly, where two nanostructures with opposing charges
come together in an aqueous environment.

Electrostatic interstratification is a simple method where the
thickness of the resulting nanostructure could be effectively
tuned.™® 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.""*'*” The electrostatic attraction between the posi-
tively charged LDH and the negatively charged MXenes enables
them to assemble into interlayered structures.'”® 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 TizC,T,/NiCo-LDH hybrid."* 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 Ti;C,T,/CoAl-LDH at the molecular level resulting
in a 3D freestanding film with a thickness of 13 mm.** As shown
in Fig. 2c, the hybrid was prepared by gradually adding CoAl-
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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 filtered through a porous polypropylene
membrane to create a freestanding film, which was then baked
in a vacuum oven overnight. Zhang et al. reported a simulta-
neous doping-electrostatic synergic assembly to fabricate
a nanoflower-like Co-doped NiMn-LDH/V,CT, MXene."* The
V,CT, 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.”***** 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.*** The use of a high magnetic field
along with an electric field 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.’*® The applied high magnetic field can decrease
the size of the diffusion layer and speed up the mass movement
during the ED."** 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/
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Fig. 3 (a) SEM image of MXene@Ni—Mn LDH depicting a sandwich like-morphology. Reproduced with permission from ref. 37 copyright 2020,
Elsevier. (b) SEM image of 3D interconnected Fe;Niz-LDH/Ti3C,T,-MXene nanohybrids. Reproduced with permission from ref. 138 copyright
2021, Elsevier. (c) Reaction mechanism and (d) TEM image of NiCo-LDH/TizC, sheets. Reproduced with permission from ref. 139 copyright 2020,
Elsevier. (e) SEM image depicting the nanoflower morphology of NiMn-LDHs (inset) and NiMn-LDHs/TisC,-MXene hybrids and (f) high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of the NiMn-LDHs/TizC, hybrid (ref. 140). (g and h) TEM
images of TizC,T, MXene@MgAl-LDH. Reproduced with permission from ref. 119 copyright 2021, Elsevier. (i) TEM image showing the vertical
growth of CoFe-LDH on the MXene. Reproduced with permission from ref. 118 copyright 2019, Elsevier.
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substrate.*>**>'3¢ Yu et al. reported the ED of La-doped NiFe-
LDH nanosheets on an electrophoretically deposited 3D verti-
cally aligned Ti;C,T, MXene on nickel foam substrates (v-
MXene/NF) (Fig. 2d).** 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/Ti;C,T,/NF was synthesized by ED
using Co®" and Ni*" solutions, and the Ti;C,T,/NF electrode
exhibited excellent catalytic activity.*** The -F and -OH terminal
groups of Ti;C,T, significantly increased the activity of pure
CoNi-LDH when electrically coupled. The electrodeposited
CoNi-LDH/Ti;C,T, 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.’*® Li et al. re-
ported the use of high magnetic fields (up to 9 T) during elec-
trodeposition to fabricate NiCo-LDH and Ti;C,T, functionalized
on carbon cloth.*®” Magneto-electric field interaction during the
magneto-electrodeposition increases the mass loading and
active site accessibility through the magneto-hydrodynamic
effect. Moreover, the direction of the magnetic field with
respect to the electric field 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 assembly method 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."***
By adjusting the synthetic conditions, the morphology and prop-
erties of the hybrid could be effectively tuned. This section
discusses the various factors influencing 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.”” The morphology of vertical NiMn LDHs enveloping
the top and bottom surfaces of Ti;C, 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
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open structures. Likewise, Zhang et al. reported the in situ
synthesis of FeNi-LDH arrays anchored on Ti;C,T, using
a three-step process involving an etching reaction, detachment
procedure, and hydrothermal growth.**® Different ratios of Fe
and Ni in the LDH resulted in different structures. Specifically,
3D interconnected hierarchical Fe;Ni;-LDH arrays, evenly
distributed throughout the few-layer Ti;C,T, flakes, were
created after the hydrothermal treatment (Fig. 3b).

Zhang et al. reported a detailed reaction mechanism of NiCo-
LDH on the Ti;C, surface (Fig. 3¢).**® Pristine NiCo-LDH formed
from crystallization and olation reactions between Co*", Ni*",
and unoxidized Co(OH), displayed a nanoflower morphology.
The positive Co and Ni ions were electrostatically attracted to
the negative Tiz;C,, 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 Ti;C, MXene with an
interlayer spacing of ~8.1 A (Fig. 3d). The group also elaborated
on the effect of different ratios of Ti;C, on the morphology of
NiCo-LDH/Ti;C,. It was observed that the hybrid retained the
same morphology regardless of the amount of Ti;C,. Thus, they
proposed that the surface confinement approach can be applied
to any 2D material with negative surface charges. Similarly, Liu
et al. deposited thin layers of NiMn-LDHs on the Ti;C, MXene
surface via a facile hydrothermal method.'** NiMn-LDHs
initially exhibited a flower-shaped morphology (Fig. 3e);
however, upon in situ growth on the surface of Ti;C, 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 Ti;C,T,-NF to form a CoNi-LDH/Ti;C,T,-NF
hybrid.*** The electrodeposition was carried out by immersing
Ti;C,T,~NF into a solution containing Co>" and Ni** 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 Ti;C,T, MXene
interacted strongly at the interface, resulting in exceptional
electronic coupling. Cai et al reported the -electrostatic
adsorption of Mg** and AI** on the negatively charged Ti;C,T,
followed by in situ nucleation and growth under hydrothermal
conditions to form a Ti;C,T,@MgAI-LDH heterostructure with
face-to-face assembly.'® TEM analysis indicated that the
lamellar Ti;C,T, measuring several microns offered numerous
active sites for the adsorption of Mg”* and AI** and promoted
the nucleation of MgAI-LDH (Fig. 3g and h).

Hao et al. reported the in situ 3D vertical growth of CoFe-LDH
on Tiz;C,T,.""® The -OH and -F functionalized MXene nano-
flakes with surface energies >250 mJ m ™ stabilize the system by
adsorbing metal ions. CoFe LDH tends to form clusters and
stack on the MXene during MOg hydrolysis and olation (i.e., Co
and Fe units).""" 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 nanoflakes
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Table 1 Morphology-based classification of the MXene/LDH hybrids for different applications

Nanohybrids Synthesis method Morphology Application Ref.
V,CT,/NiV-LDH Hydrothermal 3D interconnected porous network Supercapacitor 117
NiCo-LDH/Ti3C, T, Magneto-electrodeposition 3D cross-linked nest-like Supercapacitor 137
NiCoAl-LDH/V,C; Hydrothermal 3D interconnected porous network Supercapacitor 145
Ti;C,T,/CoNi-LDH Electrostatic deposition 3D interconnected porous network Supercapacitor 143
FeNi-LDH/Ti;C, T, Hydrothermal 3D interconnected porous network Supercapacitor 138
CoAI-LDH/Ti;C, T, Electrostatic assembly Face-to-face heterostructure Supercapacitor 33
CoFe-LDH/Ti;C, T, In situ growth House of cards OER 118
CoFe-LDH/Ti3C, Ty Electrostatic assembly House of cards OER 144
NiMn-LDH/Ti3C, T Hydrothermal House of cards OER 140
NiCo-LDH/Ti3;C,T,/NF Hydrothermal House of cards OER 43
NiAl-LDH/Ti3;C, T, Hydrothermal Core-shell Photocatalytic CO, reduction 44

with surface energies >250 mJ m™ > 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."** Fig. 3i shows the TEM images of CoFe-LDH/
MXene from the vertical development of the LDH on the MXene.

The morphology of the MXene/LDH hybrid plays a signifi-
cant role in determining their properties. Tuning the

morphology of the hybrid according to the application is
indispensable to achieving high performance. By analyzing the
hitherto reports on MXene/LDH hybrids, we identified the
existence of appropriate morphology-application pairs. A
morphology-based classification of the hybrids is given in Table
1. The optimal morphology of the MXene/LDH heterostructure
for energy storage applications a