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The layered two-dimensional (2D) MXene has great promise for applications in supercapacitors, batteries,
and electrocatalysis due to its large layer spacing, excellent electrical conductivity, good chemical stability,
good hydrophilicity, and adjustable layer spacing. Since its discovery in 2011, MXene has been widely used to
inhibit the growth of anode dendrites of lithium metal. In the past two years, researchers have used MXene
and MXene based materials in the anodes of zinc metal batteries and zinc ion hybrid capacitors, respectively,
and made a series of important progressive steps in the inhibition of zinc dendrite growth. In this review, we

summarize the research progress of functional MXenes in inhibiting the growth of lithium and zinc metal
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Accepted 15th August 2024 anode dendrites, and provide a brief overview and outlook on the current challenges of MXene materials,
which will help researchers to further understand the methods and their mechanisms, thus to develop

DOI: 10.1039/d4ra05220) novel electrochemical energy storage systems to meet the needs of rapidly developing electric vehicles

rsc.li/rsc-advances and wearable/portable electronics.
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1. Introduction

Advanced energy storage technology is one of the intrinsic
drivers of modern life.' Human survival and sustainable
development are closely related to energy, and the extraction
and utilization of other resources are also dependent on energy.
Issues such as increasing population, global warming and
environmental problems caused by massive burning of fossil
fuels, increasing costs of fossil fuel extraction and distribution,
and regional conflicts due to uneven distribution of limited
fossil fuel reserves have made it imperative for modern societies
to move away from their dependence on fossil fuels.”* In view of
the increasing problems such as climate deterioration and
environmental pollution, it has become an inevitable trend to
develop renewable and clean energy sources to gradually
replace fossil energy sources. However, there are great differ-
ences in energy density and power density, lifetime, efficiency,
and cost among multiple storage technologies, such as wind
and/or solar, renewable energy sources that are highly influ-
enced by time and geography and exist intermittently. This has
prompted the search for safe, economical, sustainable and
efficient electrochemical energy storage and conversion
technologies.®

Batteries, as devices capable of converting energy between
electrical and chemical energy, are some of the best means of
achieving centralized storage of electrical energy and they play
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an important role in the utilization and development of new
energy sources.>®” After the invention of the first voltaic battery
by Count Volta, researchers have developed several batteries for
commercialization, including lead-acid, nickel-cadmium,
nickel-metal hydride, and lithium-ion secondary batteries,*®
and these electrical energy storage systems, especially lithium-
ion secondary batteries, have revolutionized communication
and transportation in modern life, enabling portable
camcorders, cell phones, laptops and, more recently, electric
cars.' However, over the past 150 years, the actual energy
density of commercial batteries has increased only six-fold from
the first generation of lead-acid batteries (~40 W h kg™") to the
current lithium-ion batteries (~240 W h kg~ " and ~40 640 W h
L~ ").%° This implies that the actual energy density of current
commercial batteries has increased slowly, despite the
phenomenal growth in lithium-ion battery sales worldwide.
This is because lithium-ion batteries have almost reached the
theoretical value of positive/negative electrodes, especially
graphite negative electrodes (the theoretical capacity is only
372 mA h g ). In the face of the high demand for high energy
density in emerging sophisticated electronic devices, it is urgent
to develop higher energy density electrode materials.

However, just meeting the demand for high energy density is
far from meeting the actual development needs of batteries. A
series of accidents caused by potential safety problems of
batteries, such as the Tesla electric car fire and Samsung cell
phone explosion, have also seriously hindered the commercial
application and promotion of batteries. Therefore, in the face of
the current energy crisis and the actual market demand, the
safety and cost of batteries also need to be considered
comprehensively, and the development of high-performance
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batteries with higher energy density, higher safety, lower cost,
and longer life has been the goal pursued by the battery
industry. "

As one of the components of a battery, the structure and
composition of electrode materials have a large impact on the
electrochemical performance of the batteries.® The develop-
ment of electrode materials with high energy density is essential
to enhance the energy density of batteries. Numerous studies
have shown that high energy density electrode materials (e.g.,
silicon, antimony, red phosphorus, and tin materials), usually
suffer from common problems in general.****

(1) The large volume changes bring the changes in the stress
within the material in cycling process generates. When the
stress changes exceed the limits of the material structure, the
electrode material will break up and pulverize, causing irre-
versible structural damage or even detachment from the
collector fluid. For the negative electrode, volume expansion
also destroys the structure of the solid electrolyte interface (SEI)
film, resulting in continuous lithium depletion and increased
impedance, leading to severe deterioration in battery
performance.’

(2) Most electrode materials have average electrical conduc-
tivity and slow ion/electron transport.

(3) For high energy density lithium/zinc metal anodes, their
main scientific problem is that uncontrollable dendrite growth
may puncture the diaphragm, leading to short circuiting of the
battery and causing safety problems. In the face of the current
urgent need for energy, it is essential to use of new materials,
methods or mechanisms to solve these problems for the
development of next-generation high-energy-density battery
systems.'**

The layered 2D MXene material has great promise for
applications in supercapacitors, batteries, and electrocatalysis
due to its large layer spacing, excellent electrical conductivity,
good chemical stability, good hydrophilicity, and adjustable
layer spacing.**** MXenes are 2D layered materials derived from
transition metal carbon/nitrogen/carbon nitrides (e.g:, TizC,).**
In recent years, MXene materials have made great progress in
the inhibition of metal dendrites, and a review on MXene
inhibition of metal dendrites has not been reported. In this
review, the methods and mechanisms of MXene materials to
inhibit the growth of dendrites of lithium and zinc metals are
introduced, focusing on the inhibition of zinc dendrites by
MXene materials.

2. MXenes

MXenes are mainly compounds based on single metal carbides,
such as Ti;C,, Ti,Cs, V,C, V,C3, etc. MXenes with binary metals
as M-layers (Mo,TiC, and Mo,Ti,Cs3) have also been reported
one after another, and these binary metal MXenes also show
crystal structures, microscopic morphologies similar to the
layered structures, gradually enriching the family of MXenes.
MXenes exhibit various excellent properties due to their unique
structures (e.g., high electrical conductivity, good mechanical
properties and hydrophilicity), which make them very attractive
for battery and supercapacitor electrode material applications.*
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The first member of the MXenes family, Ti;C, MXene, was
successfully prepared by Naguib's team by immersing Ti;AlC,
MAX phase in hydrofluoric acid solution (HF).* Subsequently, it
was found that many other types of MXene family members
could also be synthesized by selective etching of the A-layer in
the MAX phase in HF.”””** With the increased interest in the
study of MXene materials, many researchers have focused on
MXene materials and theoretical chemists were able to predict
new MXenes species by theoretical calculations.>*** In general,
the M-X binding layer is relatively stable and the M-A binding
layer exhibits relatively weak binding with respect to the M-X
layer; therefore, selective reaction of the A-layer atoms with
foreign particles and successive outward diffusion are the
preferred strategies for creating M-X layer structures,* as
shown in Fig. 1.

Interestingly, HF is the preferred etchant for the preparation
of MXenes. Early studies showed that the MAX phase was inert
in common acids (such as HCl, H,SO, and HNOj3), common
base solutions (NaOH) and common salts (NaCl and Na,SO,),
none of which could achieve the stripping of the MAX phase.
Finally, the M-A-X phase was immersed in dilute HF solution
and successfully etched off the A layer selectively, and then two-
dimensional MXene nanosheets were synthesized after delam-
ination with the help of intercalating agents.***” The synthe-
sized MXene nanosheets are only a few atomic layers thick and
similar to graphene and other two-dimensional materials,***°
so the two-dimensional transition metal carbon/nitrogen/
carbon nitrides derived from MAX phase materials are called
MXenes. The chemical general formula of MXenes is M,,,1X,, Ty
(e.g., TizC, MXene can also be written as TizC,Ty), where T, is
the surface functional group of MXenes (e.g., O, F, and OH).*

Currently, hydrofluoric acid (HF) etching is the most widely
used method for MXene preparation® and was used in the
earliest preparation method. This method is simple to operate,
easy to implement, and can be used to obtain more defects and

Fig. 1 Structures of MAX phases and their derived pristine MXene
monosheets. M is a transition metal, e.g., Ti; A is an element from
group I3 or 14, e.g., AL Xis C, N, or their combination.?* Copyright 2013,
Wiley-VCH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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smaller size MXene by increasing the acid concentration,
extending the etching time, and increasing the temperature.*®
In addition to HF, LiF/HCl, NH,HF,, and other fluorides can
achieve the same effect. In addition, MXene materials can be
prepared by electrochemical etching, alkali-assisted etching,
molten salt etching, anhydrous etching, and chemical vapor
deposition (CVD).

There are many advantages of MXenes: in addition to high
electrical conductivity, excellent ion migration rate, and good
mechanical strength, they also have abundant surface func-
tional groups and easy assembly properties.**

(1) The high density of electronic states near the Fermi
energy level of most MXene exhibits high electronic conduc-
tivity, which can be widely used in electronic devices.

(2) Its low ion diffusion potential barrier brings fast ion
migration rate, which is well suited as an electrode material for
secondary batteries.

(3) In theoretical calculations, MXene has high mechanical
strength, including hardness, bending stiffness, etc. Practical
tests are usually performed using MXene films.

(4) MXene materials contain abundant surface functional
groups that can form hydrogen bonds with water molecules,
which can be dispersed in water or improve its aqueous solution
wettability.* Its easy dispensability also makes it easy electro-
statically self-assemble or compound with other materials, and
the functional group species can be modulated according to the
preparation method, which in turn affects its electrochemical
properties. The functional group distribution can also be
adjusted by high temperature annealing to reduce the content
of -OH and -F.

(5) MXene surfaces are negatively charged and rich in reac-
tive functional groups, and thus can be easily assembled into
composites.*®

3. MXene for the inhibition of lithium
metal battery dendrites

Lithium-ion batteries are composed of cathode collector,
cathode material, electrolyte (mass) and/or diaphragm, anode
material, and anode collector. As an electrochemical energy
storage device, lithium-ion batteries have the advantages of
environmental friendliness, high specific energy, long cycle life,
high output voltage, low self-discharge rate, and no memory
effect, which make them the technology of choice for portable
electronic devices, power tools, and hybrid/all-electric vehi-
cles."*”* If electric vehicles powered by lithium-ion batteries
replaced most gasoline-powered vehicles, greenhouse gas
emissions would be greatly reduced. The high energy efficiency
of lithium-ion batteries may also enable their use in a variety of
grid applications, including improving the quality of energy
harvested from wind, solar, geothermal, and other renewable
sources, thus contributing to their wider use and promoting
sustainable development. As a result, lithium-ion batteries have
attracted strong interest from industry and government funding
agencies, and researchers have conducted extensive research in
this area in recent years."

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Lithium metal has a theoretical specific capacity of up to
3861 mA h g' and a very low redox potential (—3.040 V),
resulting in a very high energy density of batteries with lithium
metal as anode, which makes lithium metal one of the most
promising anodes." However, up to now, there are still a large
number of challenges with lithium metal anodes, which seri-
ously hinder its practical application.***** Typical problems
with lithium metal anodes, which are mainly including:

(1) Uneven lithium metal plating/stripping behavior during
cycling can cause large volume expansion, reducing interfacial
contact stability, leading to the generation of insulating “dead
lithium” and reducing Coulomb efficiency.**

(2) The chemical and electrochemical reactivity of lithium
metal is very strong, and lithium metal is prone to side reactions
with the electrolyte, which will continuously consume the
electrolyte and corrode the lithium, reducing the lithium metal
utilization.>®

(3) Lithium metal is prone to uncontrollable dendrite growth
during cycling, and sharp dendrites may puncture the dia-
phragm, leading to short circuits, which may cause electrolyte
combustion and trigger safety accidents such as battery
explosions.®’

(4) The loose and porous lithium dendrite deposition layer
will slow down the diffusion rate of lithium ions and electrons,
which makes the polarization increase. The loose lithium
dendrites make the lithium metal surface area increase, which
intensifies the occurrence of side reactions, which will seriously
reduce the Coulomb efficiency.>®

This set of problems not only make the cycle life of Li-metal
batteries shorter, but also likely lead to safety hazards such as
thermal runaway and Li-metal battery explosion and fire, which
deprives Li-metal batteries of commercial market opportuni-
ties. Therefore, over the past 40 years, researchers have
proposed many strategies to inhibit dendrite growth; however,
up to now, solving these challenges for lithium metal anodes
remains a long-term challenge.*>*

Recently, some important advances in the inhibition of
lithium dendrite growth have been made by introducing MXene
materials into Li-metal batteries.>**” MXene nanomaterials can
provide nanoscale gaps and micropores for the lithium metal,
resulting in uniform lithium stripping/deposition. Till now,
MXene plays an important role in the following three aspects:
(1) electrode materials of Li-metal batteries; (2) coating layer of
Li metal anode, and (3) the skeleton of the three-dimensional
(3D) composite anode.

3.1 MXene as electrode materials

Alkali metals are ideal anodes for high energy density
rechargeable batteries, but they are constrained by their limited
cycle life and low area capacity. Conductive carbon skeletons
with good chemical stability and large surface area are often
used as lightweight bodies for Li, but the poor lithophilicity of
most carbon nanoskeletons leads to inhomogeneous
nucleation/deposition processes and loose contact between Li
and the collector fluid, which inevitably leads to Li dendrite
formation and “dead Li” in subsequent cycles. This
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phenomenon is more obvious at high current densities (>5 mA
cm™?). Therefore, the introduction of lithium-friendly materials
on highly conductive carbon nanoskeletons is an urgent need to
achieve highly lithium-loaded and dendrite free lithium metal
anodes. 2D titanium carbide (Ti;C,T,) has high electronic
conductivity and lithium-friendly surface terminations (O, F,
OH, Cl), making it an ideal building block for depositing 3D
porous skeletons of alkali metals. However, conventional free-
standing MXene films with dense nanosheets can only provide
limited space to support the increasing capacity of alkali metals.
In other words, designing a 3D lightweight, flexible, and

Plating »
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conductive MXene support with high mechanical strength
capability while achieving high current density and high
capacity is an urgent need for alkali metal anodes.

MXene materials with metal infiltration properties construct
a 3D skeleton that can effectively improve the deposition/
exfoliation behavior of Li and Na, inhibit the growth of
dendrites, and minimize the volume change of metal anodes. In
addition, the MXene surface is rich in active functional groups
and accompanied by excellent electrical conductivity, making it
an excellent substrate material for the construction of electro-
deposited alkali metals. These functional group sites can be
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Fig. 2 (a) 3D MXene—MF fabrication process diagram; (b—d) photos, AFM and TEM images of MXene dispersion; (e and f) photos, SEM images of

MXene-MF. (g and h) CEs of 3D MXene—MF and bare Cu electrodes; (i) CEs of MXene—MF and bare Cu electrodes with increasing current
densities. (j) Galvanostatic cycling of symmetric cells based on MXene—MF-Na and Cu—Na electrodes. (k) Rate capability of symmetric cells
based on MXene—MF-Na electrodes. () Comparison of areal capacity vs. current density of an MXene—MF—-Na electrode with currently reported
high areal capacity Na composite anodes. Reproduced with permission from ref. 59. Copyright 2020, American Chemical Society.
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used as sites for electrodeposition to induce uniform lithium
ion deposition.

The research team from Dalian Institute of Chemical Physics
soaked melamine foam (MF) in MXene dispersion to obtain
MXene skeletons with light mass, good flexibility, and excellent
electrical conductivity.” The MXene-MF 3D interconnected
porous conductive network with good mechanical flexibility and
strength was obtained by using the high conductivity and
lipophilic surface of MXene combined with the porosity, light-
ness and flexibility of 3D MF, which enables fast and uniform
alkali metal deposition at high current density. Fig. 2a shows
the 3D MXene-MF fabrication process. The high conductivity of
MXene enhances the electron transfer rate and significantly
reduces the metal ion concentration difference on the substrate
surface. The lithium deposition process was observed under an
optical microscope: a typical 3D porous structure was observed
on the MXene-MF electrode, and the deposited surface was
smooth and dense without dendrite formation and volume
expansion during lithium deposition (Fig. 2f). In contrast,
inhomogeneous lithium deposition with huge volume expan-
sion was found in the bare copper electrode. The electrodepo-
sition of lithium metal after soaking MXene effectively protects
the mechanical strength of the melamine sponge and buffers

a
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the volume changes and internal stress fluctuations caused by
metal deposition/exfoliation, maintaining the structural integ-
rity of the electrode during high-power, deep alkali metal
deposition/exfoliation.®® The homogeneous conductivity of
MXene and the large sheet structure increase the contact area
between the electrode and the electrolyte and reduce the local
current density. Fig. 2g-i shows the electrochemical perfor-
mance of 3D MXene-MF for the Na anode.

A simple substrate comparison was performed by D. Yang's
team in 2021:°* the morphological evolution of the electrode
with area capacity change (from 0.2 mA h cm™? to
5.0 mA h cm ?) and the morphological comparison after 300
cycles were characterized by scanning electron microscopy.
Fig. 3a and n represent the lithium deposition on copper foil
and Ti;C,T, substrate, respectively. The two substrates exhibit
different lithium deposition behaviors. Initially, a small
number of needle-like dendrites appear on the Cu foil (Fig. 3b)
and grow with deposition, which indicates a tendency for
continuous dendrite growth. When the deposition capacity
reaches 5.0 mA h cm 2, the Cu foil is covered with a large
number of Li dendrites (Fig. 3d), while the Li growth on the
Ti;C,T, substrate is planar and uniform (Fig. 3j). SEM images
show that the Li deposition on the Ti;C,T, surface can be

n
Uniform scattered Li
nucleates

Fig. 3 Schematic representation of lithium deposition on (a) copper foil and (n) TizC,T, substrate; morphological evolution of (b—g) copper foil
and (h—m) TizC,T,. Reproduced with permission from ref. 61. Copyright 2021, Wiley-VCH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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divided into two stages. The first one is non-homogeneous
nucleation, where Li nuclei of about 0.5 um in diameter are
formed on the TizC,T, surface (Fig. 3h). As Li continues to be
deposited, the Li metal expands horizontally around the
nucleus, forming smooth flat plates with a diameter of =5.0 pm
(Fig. 3i). Next, uniform Li deposition was performed on these Li
plates until a uniform and continuous Li film was formed on the
Ti3C, T, substrate (Fig. 3j). But the biggest problem of the elec-
trodeposition method is the electrodeposition process itself.
For example, the lithium loss in the electrodeposition process is
large, the morphology of the deposition process is not easily
controlled, and the quality of the prepared Li electrodes usually
cannot be guaranteed. Accordingly, this method can be
improved by optimizing the electrodeposition process, such as
using TizC,T, as the substrate for electrodeposition, adding
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complexing agents such as sodium citrate and surfactants such
as SDS (sodium dodecyl sulfate) to the plating solution, in order
to obtain a denser and uniform Li layer.*®

3.2 MXene as coating layer of Li metal

In 2017, Prof. Yang's team at Peking University performed the
first combination of MXene with lithium metal.®* As shown in
Fig. 4a, the article demonstrates a simple and effective strategy
to first coat MXene on lithium plates, press them into thin
sheets using a roller press, and repeat rolling after folding to
further increase the number of layers of the hybrid plate while
reducing the area of the hybrid plate. As the number of repeti-
tions (n) increases, the thickness of lithium metal rapidly
decreases while the number of lithium layers keeps increasing.
In this way, the lithium metal is well confined in the gaps of the
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(@) Schematic diagram of the preparation of flexible layered TizC, MXene/lithium metal films. (b) The schematic illustration of the

constructions of microcells with TisC,—Li (left) and bare Li (right) as working electrodes. (c) Schematic of the growing process of lithium dendrite
in the presence of lithiophobic atomic layers. (d) Cycle performances of symmetric cells of TizC,—Li, G-Li, BN-Li and bare Li. Reproduced with

permission from ref. 62. Copyright 2017, Elsevier.
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MXene atomic layer. The advantage of this method is that the
number of rolling and folding can be adjusted arbitrarily,
producing alternating structures of lithium, MXene layers with
adjustable number of layers. The layered MXene film becomes
an effective barrier to lithium dendrites, allowing the electrode
to exhibit excellent cycling stability. Fig. 4b schematically
exhibits the comparison of Ti;C,-Li and bare Li as working
electrodes. More importantly, the excellent electrical conduc-
tivity and complex functional groups of the MXene layer can
induce lithium deposition in its interstices during the lithium
metal deposition exfoliation process, and the robust MXene
layer can also provide an effective protective barrier for the
growth of lithium metal dendrites. Fig. 4c shows the growing
process of lithium dendrite in the presence of lithiophobic
atomic layers. The conductive Ti;C, MXene enables controlled
growth of lithium dendrites in nanoscale gaps, preventing their
vertical growth from piercing the septum. Fig. 4d shows cycle
performances of symmetric cells of Ti;C,-Li, G-Li, BN-Li and
bare Li.

However, it need to be exposed MXene and lithium sheets in
the glove box for a large area and a long time using this method,
which may react with the residual air in the glove box and affect
their interfacial contact properties. Limited by the long opera-
tion time, the lithium sheet is easy to oxidation, can try to add
the appropriate amount of electrolyte during the rolling
process, on the one hand, to reduce the oxidation reaction, on
the other hand, can accelerate the contact reaction between
MXene and lithium sheet.

a  TiyC,T, MXene

Fig.5
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In addition to repeat rolling, a simple one-shot rolling
method can be used to embed MXene layers onto lithium
wafers. Professor John Niu's team at the University of Wisconsin
first coated MXene on a copper foil, and then rolled the copper
foil together with the lithium wafer to obtain an MXene film-
protected lithium wafer.*® Fig. 5a—-d show the atomic structure
and morphology of Ti;C,T, MXene. Fig. 5e shows the fabrica-
tion process of MXene-Li electrode. During the deposition/
exfoliation process, the large surface area and expandability of
MXene provide enough space for lithium storage, as shown in
Fig. 5g-i. The high electrical conductivity and abundant func-
tional groups of MXene promote fast ion and electron transport.
Meanwhile, the two-dimensional spatial potential limitation
effect of MXene layer further inhibits the formation of
dendrites.

3.3 MXene as the skeleton of the 3D composite anode

Alkali metals have low melting points, 180, 97.7, and 63.6 °C for
lithium, sodium, and potassium, respectively.® Based on this
property, molten alkali metals can be infused into three-
dimensional or two-dimensional MXene materials. Cao Dia-
nxue's team obtained alkali metal electrodes by infusing molten
lithium and sodium metals into rGO (reduced graphene oxide)/
Ti;C,T, composite films.* First, dense Ti;C,T,~GO films were
prepared by filtering a homogeneous colloidal mixture of few
layers of Ti;C,T, and GO (graphene) nanosheet dispersions.
Then, the Ti;C,T,~GO films were contacted with the hot bench

Top.——. 30pum Side

- —p

@

After press

(a—d) Atomic structure, SEM, TEM, and high-resolution images of TizC,T, MXene; (e) fabrication process of MXene—Li electrode; (f) digital

photographs of lithium sheets; (g—i) SEM images of MXene—Li electrode.®®* Copyright 2020, American Chemical Society.
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or molten lithium metal and underwent a “fading reaction”,
which was visible as a darkening of the color (Fig. 6g). This is
caused by the removal of water molecules and oxygen-
containing functional groups from the Ti;C,T, layer. In this
process, the graphene oxide reduces itself to form rGO. The
removal of oxygen-containing functional groups from graphene
oxide generates gas, which leads to interlayer micro-explosion
and widens the layer spacing. After that, the Ti;C,T,—~GO film
becomes a Ti;C,T,—rGO film with a porous structure. Finally,
the prepared films were injected with molten alkali metals (Li or
Na) to obtain alkali metal electrodes (Fig. 6a—f). The molten
metal flows rapidly and is wrapped in the porous Ti;C,T,—tGO
films under the effect of capillary forces generated by the
uniform nano-gaps and the wettable surface of Ti;C,Ty. Ti3C,Ty
has low adsorption energy for Li and Na (—0.705, —1.0464 eV);
similarly, the F- and O-containing functional groups exhibit
good adsorption ability for Li and Na (F-Li, F-Na, O-Li and O-
Na at —0.615, —1.0594, —0.931, —1.0144 eV, respectively). This
result can provide a theoretical basis for the subsequent prep-
aration and stable deposition stripping of Ti;C,T, based
lithium and sodium metal cathodes. This method makes good
composite use of two-dimensional materials, graphene and
MXene, and is highly operable and can be widely applied to
alkali metal batteries, such as Na batteries and Zn batteries,
with high potential value.

Thanks to the uniform capillary force between the film layers
and the wettable surface of Ti;C,T,, the molten metal will
rapidly flow into and be encapsulated into the multilayer
Ti;C,T,—GO film. However, the melt infusion method requires
a large amount of heat to melt the alkali metal, and the melting
process makes the alkali metal more susceptible to oxidation

26844 | RSC Adv, 2024, 14, 26837-26856

Ti,C,T,-GO film

Ti,C,T -rGO film

d
capillary force
@ TilT -Li/Na force

metal liquid
Li or Na

—t

(a—f) Schematic diagram of Li/Na-TisC,T,—rGO preparation; (g) wetting process of TizC,T,—rGO.%> Copyright 2019, American Chemical

and increases the risk of handling in a glove box. A combination
of tumbling and melt infusion can be tried by physically
tumbling MXene with the alkali metal to achieve a certain
degree of homogeneous mixing. This is followed by the melt
method, which effectively improves the homogeneity of the mix
while lowering the melt temperature.

Compared to 2D MXene, the porous 3D MXene backbone
enables higher lithium loading.***” 3D lightweight scaffolds are
well suited for melt infusion of lithium metal, increasing the
active lithium content and minimizing the volume change of
the lithium cathode during stripping/deposition. Secondly, the
interconnected porous conducting skeleton structure signifi-
cantly reduces the local current density and delays the lithium
dendrite growth rate. The well-dispersed lithium-loving MXene
nanosheets allow for a uniform distribution of the electric field,
and lithium is able to nucleate and grow uniformly across the
framework rather than on the top surface of the electrode. As
a result, the formation of lithium dendrites was greatly
inhibited.

4. MXene for the inhibition of zinc
metal battery dendrites

In the past three years, researchers have applied MXene to the
anode of zinc metal batteries and zinc ion hybrid capacitors,
respectively, and made a series of important advances in the
inhibition of zinc dendrite growth,*®*”* mainly in three aspects:
(1) MXene modification on the surface of zinc metal;”>*° (2)
MXene as an electrolyte additive;*** and (3) structural optimi-
zation of the MXene/zinc composite.*>**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.1 Zinc metal surface modification

MXene is modified on the metallic Zn surface to form
a protective layer to inhibit Zn dendrite formation. In 2021, Niu
et al. of Nankai University”> proposed an in situ spontaneous
reduction/assembly strategy to assemble ultrathin and uniform
Ti;C,T, MXene layers on the Zn negative electrode surface, as
shown in Fig. 7a. Compared with pure Zn, the MXene layers
containing -OH, -0, and -F groups give the Zn negative elec-
trode a lower nucleation potential barrier and a more uniformly
distributed electric field through a good charge redistribution
effect (Fig. 7b and c¢). Meanwhile, the wettability between the
functionalized MXene layer and the electrolyte is stronger than
that of the unmodified Zn, which contributes to the penetration
of the electrolyte. The contact angles of electrolyte on pure Zn
foil and MXene-coated Zn are shown in Fig. 7e. Therefore, the
MXene modified Zn anode exhibits good stability of dendrite
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free cycling, mainly because the modulation of Zn** by oxygen-
containing hydrophilic groups effectively inhibits the growth of
Zn dendrites (Fig. 7c and d).

In 2022, Zhi et al.”® further developed a series of highly
lattice-matched iso-chemical stoichiometric halogenated
MXene as artificial interfacial layers through the introduction of
halogen-functional MXene-Zn (Ti3C,Br,Zn, Ti3C,Cl,Zn, TizC,-
I,Zn) composite Zn metal anodes, and found that halogenated
MXene induced highly reversible, homogeneous deposition of
Zn ions, indicating that the non-hydrophilic halogen groups
were also able to guide the homogeneous deposition of Zn and
avoid the formation of Zn dendrites. Fig. 8 shows Zn plating/
stripping behavior in symmetric batteries based on bare Zn
metal, Ti;C,OF-Zn, Ti;C,Cl,-Zn, Tiz;C,Br,-Zn, and Ti;C,I,-Zn
anodes. It was also found that different halogen (F, Cl, Br and I)
functionalized MXene have different effects on inhibiting Zn

0 1 2 3 4 5
Current density (mA cm?)

6
Z' (kQ)

(a) Schematic illustration of the assemble of MXene layer on Zn foil. (b and c) Schematic exhibition of Zn plating behavior of (b) MXene-

coated Zn and (c) pure Zn. (d) The morphology of pure Zn foil and MXene-coated Zn. (e) Contact angles of electrolyte on pure Zn foil and MXene-
coated Zn. (f) Long-term cycling performance at 0.2 mA cm™2. (g) Rate performance, and (h) the corresponding voltage hysteresis at different
current densities. (i) CV curves of Zn plating/stripping. (j) Nyquist plots of symmetric cells using pure Zn and MZn-60 before cycling and after 100
cycles. (k) Comparison of voltage hysteresis of a MZn-60 anode with some previously reported anodes with different coating layers. Reproduced
with permission from ref. 72. Copyright 2021, Wiley-VCH.
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coexistence of the TizC,Cl, matrix and Zn deposits. (i) Schematic illustration of the Zn deposition process. Reproduced with permission from ref.

73. Copyright 2021, American Chemical Society.

dendrite growth, among which Ti;C,Cl, and Ti;C,F, containing
-Cl and -F functional groups have the best effect on inhibiting
Zn dendrite, showing the key role played by the functional
group type, which provides a new idea for the development of
high-safety Zn electrodes.

Except for instability, Zn metal also has high thermody-
namical activity in aqueous electrolytes, which can ignite
a series of side reactions and accelerate the electrode corrosion.
To overcome this problem, an interesting work was reported by
Bin Xu et al. in 2023.”* They prepared a Cu-modified Ti;C,Cl,
MXene (Cu-MXene) with high zincophilic and hydrophobic
property using a one-step molten salt etching method and
coated it on the Zn anode. The fabrication process was

26846 | RSC Adv, 2024, 14, 26837-26856

schematically illustrate in Fig. 9a. Compared with bare Zn,
MXene-Zn, Cu-MXene has stronger wettability to the electrolyte
(Fig. 9b). Moreover, the hydrophobic coating can prevent the Zn
anode from the aqueous electrolyte, beneficial for suppressing
the side reactions, as illustrated in Fig. 9c. As a result, the Zn
anode coated by the Cu-MXene shows excellent plating/
stripping behavior (Fig. 9d-f) and cycling performance (Fig. 9g
and h). The simply prepared Cu-MXene coating was predicted
can be extended to other energy storage systems due to its easy
fabrication and low cost. Another interesting work in this field
was reported by Zhang et al. in this year.” They coated a layer of
polyvinylidene fluoride (PVDF)-based PVDF-MXene on Zn metal
using 3D printing technology. The fabrication process was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cu—-MXene-Zn foils. (c) Illustration of the inhibition on side reactions of Cu—MXene hydrophobic coating on Zn. (d—f) Zn plating/stripping
behavior in symmetric cells based on bare Zn, MXene—Zn, and Cu—MXene—Zn electrodes. (g and h) Cycling performance at 10 mA cm~2 with
a real capacity. (i-1) SEM images of bare Zn and Cu—MXene-Zn electrode before and after cycling. Reproduced with permission from ref. 74.
Copyright 2023, Wiley-VCH. American Chemical Society. (m) The fabrication process and mechanism of the PVDF-MXene artificial protective
layer on Zn metal with 3D printing technology. (n) In situ optical microscopy images of Zn plating on bare zinc foil and P—0.5% MXene coated zinc
foil. (o) Galvanostatic Zn plating/stripping cycling performance. The insets show the enlarged voltage profiles at different cycling hours. (p) Rate
performance of symmetric cells. Reproduced with permission from ref. 75. Copyright 2024, Wiley-VCH.

shown in Fig. 9m. The ferroelectric properties of the printed
PVDF films was enhanced due to the phase transition of the
PVDF polymer chains, and thus an effective manipulation of the
PVDF films to the zinc ions was realized. Zinc ions are
concentrated on the surface of the ferroelectric protective layer,
promoting the uniform deposition of zinc and prolongs the
cycle life of the symmetrical cell. From Fig. 9n, the in situ optical
microscopy images of Zn, there are amount of Zn dendrites
grown up on bare zinc foil, while no Zn dendrite was found on
the P-0.5% MXene coated zinc foil. The symmetrical zinc
batteries using PVDF-MXene-Zn anode exhibit reversible Zn
plating/stripping, high-rate capability enhanced
stability (Fig. 90-p).

However, the above studies are still controversial in terms of
the explanation of the mechanism of action of hydrophilic and
non-hydrophilic functional groups of MXene in inhibiting zinc
dendrites, mainly because of the differences in the modulation

cycling

© 2024 The Author(s). Published by the Royal Society of Chemistry

of zinc diffusion and deposition behavior by different types and
distributions of functional groups.

4.2 MXene as an electrolyte additive

The growth of zinc dendrites was also inhibited by using MXene
as an additive to the electrolyte. MXene acts as an additive to
aqueous electrolytes (or collectors) to optimize the deposition
location of zinc ions, promote uniform deposition of zinc ions,
and inhibit dendrites. Wang et al from Jiangsu Normal
University*" added a small amount of Ti;C,T, MXene nano-
sheets to the liquid electrolyte (2 M ZnSO,).The Ti;C,T, additive
formed a stable solid electrolyte interface (SEI) protective film
on the zinc negative surface, and the abundant functional
groups on TizC,T, and its own excellent electrical conductivity
could effectively induce the metallic zinc. This further demon-
strates the important role of Ti;C,T, MXene containing -OH, -
O, -F functional groups on Zn dendrites, and the addition

RSC Adv, 2024, 14, 26837-26856 | 26847
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Fig. 10 (a) Schematic illustration of the effect of MXene additive on the Zn deposition process. (b—e) Cross-sectional and surface configuration
of Zn anode after cycling at current density of 2 mA cm™2 with 1 mA h cm™2 Zn plating/stripping: (b) and (d) in ZSO electrolyte after 50 h, (c) and
(€) in ZSO-MXene-0.05 electrolyte after 50 h. (f—h) Long-term galvanostatic cycling of Zn—-Zn symmetrical cell at 1, 2 and 4 mA cm™2 with the
capacity of 1 mA h cm™2. Reproduced with permission from ref. 81. Copyright 2021, The Authors.

amount should be strictly controlled due to the high electrical
conductivity of MXene (Fig. 10).

The solid polymer electrolyte PVHF/MXene-g-PMA was
prepared by Chunyi Zhi's group® using poly(methyl acrylate)
(PMA) grafted MXenes to fill poly(vinylidene fluoride)-co-hexa-
fluoropropylene (PVHF). Due to the interaction between the
highly grafted PMA and PVHF matrix, the MXenes were
uniformly dispersed and highly reversible dendrite free Zn
deposition/exfoliation. These studies provide implications for
the design of novel electrolyte materials, but the formation
process and evolutionary mechanism of SEI at the electrode/
electrolyte interface under the action of MXene is unknown
(Fig. 11).

26848 | RSC Adv, 2024, 14, 26837-26856

4.3 Structural optimization of the MXene/zinc composite

Structural optimization was performed to construct three-
dimensional (3D) MXene/Zn negative composites based on
the host design of MXene to inhibit the formation of Zn
dendrites by shortening the Zn ion diffusion/deposition path.
By designing heterostructures of electron-conducting 3D sulfur-
doped MXene and ion-conducting ZnS, researchers Feng et al.
from Shandong University® used sulfur-doped MXene to induce
uniform distribution of electric field, reduce local current
density, and buffer volume changes. Fig. 12a shows the fabri-
cation process of S/MX@ZnS@Zn at different temperatures
schematically. The growing ZnS not only effectively inhibits the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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growth of Zn dendrites and the occurrence of side reactions, but
also promotes the uniform distribution and accelerates the
transfer of Zn ions, resulting in a large improvement in the
performance of Zn energy storage devices (Fig. 12b-d). Chen
et al. from Beijing University of Technology®*® constructed a 3D
flexible TizC,T, MXene/graphene scaffold by using the direc-
tional freezing method, and zinc ions were densely wrapped
inside the 3D scaffold body through the electrodeposition
process, which not only effectively suppressed dendrite growth,
but also inhibited hydrogen precipitation reaction and zinc
passivation, providing a new idea for the construction of stable
3D zinc-based anode. Fig. 12e schematically illustrates the
fabrication of MXene and graphene aerogel (MGA). Fig. 12f and
¢ shows the morphology of the MGA material. Long-cycling
performance of symmetric cells using Cu@Zn and MGA@Zn
electrodes was compared in Fig. 12h. Form Fig. 12i and j, the

© 2024 The Author(s). Published by the Royal Society of Chemistry

superiority of the MGA®@Zn electrodes can be observed through
the comparison of the size of the zinc dendrites.

A research team from Soochow University®” proposed
a generalized divalent cation-assisted gelation strategy to
prepare 3D printed additive-free Ti;C, MXene ink with good
rheological properties, and the formation of this gel could
effectively inhibit the re-stacking of MXene nanosheets by
assembling 3D printed prepared MXene cathodes and CNT/Zn
anodes into zinc ion hybrid capacitors, uniform electrodeposi-
tion of Zn on 3D printed CNT structures suppressed Zn dendrite
formation. The relevant results can be found in Fig. 13a-f.
Based on the easy oxidation of MXene, Li's team® evolved
a series of 3D alkalized MXene/metal (AMX-M, M is Cu, Zn and
Ag, etc.) composites with special morphology by hydrothermal
alkalinization and metal ion pre-intercalation of 2D TizC,T,
MXene. The synthesis mechanism of AMX-derived composite

RSC Adv, 2024, 14, 26837-26856 | 26849
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was shown in Fig. 13g. Among them, 3D MXene derivatives and
Zn composites obtained by pre-intercalation of Zn ions are used
to replace the conventional zinc foil anode assembled with
porous carbon to form zinc ion hybrid capacitors. The results
show that the energy density of the assembled Zn ion capacitor
is substantially improved compared to the conventional asym-
metric energy storage device. After 10 000 charge/discharge
cycles, the energy storage device still maintained an excellent
initial specific capacity of 92.5%, showing a cycle life much
higher than that of pure MXene and pure Zn metal electrodes
(Fig. 13h). It was shown that Ti;C,T, derivatives applied to zinc
energy storage devices could effectively inhibit the growth of
zinc dendrites and improve the reversibility of zinc ions, but
difficulties arose in explaining the mechanism of dendrite
growth inhibition by MXene derivatives.

In last year, Zhang and his team®® reported a design concept
of 3D artificial array interface engineering to achieve volume
stress elimination, preferred orientation growth and dendrite-
free stable Zn metal anode. Fig. 14a shows the fabrication
process of 3D MXene array@Zn. The researchers explored how

26850 | RSC Adv, 2024, 14, 26837-26856

the MXene array interface modulates the deposition of Zn
atoms using various spectral techniques and theoretical calcu-
lations. In addition, the electrochemical performance tests
support their conclusion well that the engineered electrode can
enhance the rate capability and cyclic stability of the Zn metal
anode, as shown in Fig. 14b-f.

In this year, Liu and his team® reported a flexible Zn anode
using highly conductive Ti;C, MXene coated nylon fabric
(MXNY) as a three-dimensional Zn deposition skeleton. In this
work, polydopamine (PDA) was used as a solid electrolyte
interface (SEI). Synergistic benefits, such as a stabilized inter-
face, donated by MXNY and PDA SEI bring homogeneous Zn
deposition and higher corrosion resistance to the zinc anode. As
a result, improved coulombic efficiency and long cycling
stability was achieved in the present flexible and stable Zn
anode. Fig. 14g-j shows the morphology of Zn deposition on
highly aligned MXene (HLMX), without and with DA additive.
The cycling stability of symmetric MXNY@Zn cells was shown
in Fig. 14k-p.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram showing the preparation process of the 3DP CNT/Zn anode. (b) Schematic diagram showing the discharging

process of the 3DP ZIC full cell. (c) CV profiles of the 3DP ZIC full cell at a scan rate from 2 to 100 mV s~ *. (d) GCD curves of the 3DP ZIC at
different current densities. (e) Ragone plots of our 3DP ZIC in comparison with other reported printable energy storage devices. (f) Cycling
performance of the 3DP ZIC full cell at 10 mA cm™2. Reproduced with permission from ref. 87. Copyright 2021, American Chemical Society. (g)
Synthesis mechanism of AMX-derived composite. (h) Specific capacitance and coulombic efficiency of the AMX-ZIS as a function of GCD cycle
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Fig. 14 (a) Schematic illustration of the fabrication process of 3D MXene array@Zn. (b) Long-term cycling performance of Zn symmetric cell, and

(c) corresponding nucleation overpotential. (d) Long-term cycling performance of Zn symmetric cell. () Rate performance test. (f) Coulombic
efficiency of Zn/Cu asymmetric cells with 3D MXene array@Zn anode and pure Zn anode. Reproduced with permission from ref. 89. Copyright
2023, The Author(s). (g—j) The morphology of Zn deposition on HLMX, without (g and i) and with (h and j) DA additive. (k) Cycling stability of
symmetric MXNY@Zn cells with (red) and without (black) PDA SEI. (l-n) Enlarged voltage profiles. (o and p) Cycling stability. Reproduced with

permission from ref. 90. Copyright 2024, The Authors.

5. Summary and outlook

The above research status shows that researchers have used
various means to apply MXene and its derivatives to recharge-
able Zn-based energy storage devices, achieving uniform depo-
sition and high reversibility of Zn, effectively suppressing the
growth of Zn dendrites and enhancing the device performance,
which has become a frontier and hot spot in this field. The
performance of MXene materials is largely dependent on their
surface structure, mainly on their surface functional groups,
such as their types and distribution. However, there are still
unresolved scientific questions in this field: how do the func-
tional groups of MXene materials guide the highly reversible
and uniform deposition of zinc? The mechanism of MXene's
effect on the inhibition of zinc dendrite growth is still unclear.
This will seriously affect the large-scale application of MXene as
a class of advanced materials in zinc metal energy storage
devices, and will also affect the further promotion of MXene in
other metal energy storage devices. To solve this scientific
problem, we need to explore: (1) the influence of MXene

26852 | RSC Adv, 2024, 14, 26837-26856

materials’ functional groups and defect evolution on zinc
diffusion/deposition behavior and electrochemical properties.
For example, the -OH functional group will evolve into -O
functional group at high temperature. Unlike the surfaces of
other 2D materials, the end-group functional groups of MXene
can be modified or substituted.®>*® By modulating the func-
tional groups on the MXene surface, novel functional groups
such as halogen, amino and sulfur groups can be generated.
MXene with different types, distributions and contents of
functional groups have significant differences in regulating zinc
diffusion and deposition behaviors, and their action patterns
and mechanisms need to be investigated in depth. Based on the
feature that in situ electrochemistry can visually probe the
intermediate reaction products and processes, this project
proposes to use techniques such as in situ electrochemical
infrared spectroscopy and in situ Raman spectroscopy to deeply
investigate the evolutionary information of MXene's functional
groups (chemical bonds) in zinc diffusion and deposition
processes and their effects. In addition to surface functional
groups, defects also affect the properties of MXene materials.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Sang et al. found a large number of defects on the surface of
MXene exfoliated by HF etchant by scanning transmission
electron microscopy (STEM), and density flooding theory
calculations demonstrated that these defects affect the nearby
functional groups and the electron distribution of the material,
and surface electrons tend to accumulate in these defect
regions, forming local electric field distribution, which will
affect the diffusion flux of Zn ions and the active sites for
deposition. Therefore, the location and concentration of local
defects directly affect the deposition/diffusion path of zinc, and
the defects also evolve with the continuous deposition of zinc,
but the effect of defects in MXene on the diffusion/deposition
behavior of zinc is not known. Based on the characteristics of
positron sensitivity to defects, this project will use positron
annihilation technique to probe in situ the MXene defect types,
evolution characteristics and their effects on zinc diffusion and
deposition behaviors and electrochemical properties. (2) Infor-
mation on the formation and evolution of SEI at the electrode/
electrolyte interface under the action of MXene. The
morphology and structure of the SEI film generated at the
surface of the artificial protective layer MXene or at the
electrode/electrolyte interface due to zinc deposition under
a long time cycle evolve continuously, but the evolutionary
information is not clear, which will affect the knowledge and
understanding of the laws and mechanisms of MXene inhibi-
tion of metal dendrite growth and the development and appli-
cation of MXene-based rational metal electrode interface
design.

The layered two-dimensional material MXene has great
promise for applications in supercapacitors, batteries, and
electrocatalysis due to its large layer spacing, excellent electrical
conductivity, good chemical stability, good hydrophilicity, and
adjustable layer spacing. In this review, the research progress of
inhibiting metallic lithium, sodium, potassium and zinc
dendrites is mainly presented. However, MXene materials still
face many problems in the process of inhibiting the growth of
metal anode dendrites. (1) MXene materials have the disad-
vantages of high cost and easy oxidation; (2) although MXene
materials can effectively inhibit the growth of metal anode
dendrites, the scheme is tedious, and a simple and feasible
scheme is still to be found; (3) the mechanism of MXene
materials to inhibit metal anode dendrites has not been accu-
rately derived, etc.

At present, the research on alkali metal battery/capacitor and
zinc metal battery/capacitor is still in the initial stage, and many
challenges need to be faced. One of the biggest challenges is the
problem of interfacial side reactions and dendrite growth of
metal anodes. The interfacial stability of metal anodes directly
affects the cycle life and Coulomb efficiency of batteries;
therefore, the construction of a stable metal anode interface is
of vital importance for the development and design of new high
energy density batteries/capacitors. Although some progress
has been made at this stage of research on batteries/capacitors,
the research on metal anodes still lacks systematic and more
reliable theoretical support due to the difficulty of metal anode
storage preparation, and there are many shortcomings in its
modification work, which requires researchers to combine

© 2024 The Author(s). Published by the Royal Society of Chemistry
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modern analytical and testing techniques and surface interface
engineering for systematic development and design.
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