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Aqueous batteries and supercapacitors are promising electrochemical energy storage systems (EESSs) due
to their low cost, environmental friendliness, and high safety. However, aqueous EESS development faces
challenges like narrow electrochemical windows, irreversible dendrite growth, corrosion, and low energy
density. Recently, two-dimensional (2D) transition metal carbide and nitride (MXene) have attracted more
attention due to their excellent physicochemical properties and potential applications in aqueous EESSs.
Understanding the atomic-level working mechanism of MXene in energy storage through theoretical
calculations is necessary to advance aqueous EESS development. This review comprehensively
summarizes the theoretical insights into MXene in aqueous batteries and supercapacitors. First, the basic

Received 25th June 2024, properties of MXene, including structural composition, experimental and theoretical synthesis, and
Accepted 29th October 2024 advantages in EESSs are introduced. Then, the energy storage mechanism of MXene in aqueous batteries
DOI: 10.1039/d4nh00305e and supercapacitors is summarized from a theoretical calculation perspective. Additionally, the theoretical

insights into the side reactions and stability issues of MXene in aqueous EESSs are emphasized. Finally, the
rsc.li/nanoscale-horizons prospects of designing MXene for aqueous EESSs through computational methods are given.
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environmentally friendly energy storage systems is crucial to address
these problems.™ Renewable energy sources, such as solar and
wind, are intermittent, necessitating effective storage solutions for
stable and continuous energy supply.® Electrochemical energy sto-
rage systems (EESSs), including batteries and supercapacitors, play a
key role in capturing, storing, and delivering energy."” Among
these, aqueous EESSs, especially aqueous batteries and supercapa-
citors, have garnered significant attention due to their inherent
safety, environmental protection, and cost-effectiveness.”®'"!

Compared to traditional non-aqueous EESSs, aqueous EESSs
have multiple advantages.">* First, using water as an electrolyte
solvent reduces flammability and toxicity, enhancing safety. Second,
aqueous EESSs generally have higher ionic conductivity, leading to
better device rate performance. Third, the materials and processes
for aqueous electrolytes are cheaper, making these systems more
economically feasible. However, aqueous EESSs face challenges,
such as a narrow electrochemical window, electrode material corro-
sion, irreversible metal dendrite growth, and low energy density.">™"”

Recently, MXene materials have shown promise in addressing the
issues of aqueous EESSs.'”'""* Since their first synthesis, MXenes
have attracted great interest due to their unique properties, such as
high electrical conductivity, excellent mechanical strength, hydrophi-
licity, and tunability. They have been used in energy storage, biology,
sensors, catalysis, optics, electromagnetic shielding, etc.'®>* These
unique properties enable MXene to serve as the intermediates of
aqueous EESSs, exhibiting excellent performance.""'* Abundant sur-
face sites of MXene provide storage or redox sites for charge carriers,
enhancing the energy density of EESSs.”>*® Besides, their layered
structure facilitates rapid ion insertion and de-insertion, contributing
to excellent rate performance and inhibiting dendrite formation.>”*®
The inherent high conductivity of MXene ensures efficient electron
transport, essential for high power density and fast charging.*® In
short, these properties together make MXenes highly effective elec-
trode materials in aqueous batteries and supercapacitors.

Further development of MXene materials for aqueous EESSs
requires understanding their properties and energy storage
mechanisms at the atomic scale. Compared to experimental
methods, theoretical calculations and modeling are indispensable
tools with the advantages of low cost, high efficiency, and
precision.***' Computational methods such as density functional
theory (DFT) and molecular dynamics (MD), multi-physics fields,
etc. provide valuable insights into the electronic structure and
synthesis, electric field regulation, surface interactions, and charge
storage mechanisms of MXene.”>****7*> However, comprehensive
reviews of theoretical calculations for understanding and design-
ing MXene materials for aqueous EESSs are rare. Therefore, we
review the current status, challenges, and perspectives in this field
to promote the development of more efficient aqueous EESSs.

2. Structural composition, synthesis,
and properties of MXene
2.1. Structural composition of MXene

MXene is a class of 2D materials composed of transition metal
(TM) carbides and nitrides, attracting widespread attention for
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their unique layered structure and tunable chemical
composition.**® As shown in Fig. 1(a), MXene typically has a
multi-layer structure, obtained by selectively etching A elements
(e.g, Al, Ga, Sn) in the MAX phases, which can then be further
peeled into a single-layer structure.®® MXene shares a similar
hexagonal close-packed crystal structure and P63/mmc symmetry
with the MAX phases.”* In Fig. 1(b), the general chemical formula
of MXene is M,+41X, Ty, where M represents the early TM, which
can be a single metal or an ordered/disordered mixture of metals;
X is carbon and/or nitrogen, and » ranges from 1 to 4 depending
on the number of TM layers; T, indicates the surface functional
groups determined by the preparation method.*® This structural
and compositional diversity endows MXenes with varied physical,
chemical, electronic, and optical properties, giving them signifi-
cant potential in energy storage applications.'"*??**%°

The compositional diversity of MXene underpins their
unique properties. MXene can be composed of various TMs,
such as I1I B (Sc, Y), IV B (Ti, Zr, and Hf), V B (V, Nb, and Ta), VI
B (Cr, Mo, and W), and VII B (Mn, verified only by calculation)
elements.”****1*? These metals can be present as single-layer,
double-layer, or multi-layer in the MXene structure.*® Besides a
single metal composition, various TM elements can be intro-
duced at the metal site, including bimetallic and high-entropy
MXene.**3***% The metals in bimetallic MXenes can form
ordered and solid solution MXene.*>*® Ordered bimetallic
MXene are divided into in-plane ordered (i-MXene) and out-of-
plane ordered (o-MXene) structures. Selective etching of TM
elements in i-MXene can produce non-stoichiometric in-plane
ordered vacancy-type MXene.?” High entropy alloy MXenes con-
tain more than 4 TM elements occupying the M site.>° So far,
only a few high-entropy MXenes have been successfully synthe-
sized, but their unique mechanical and electrochemical proper-
ties show great potential in batteries and supercapacitors.***”*®

The X element in MXene is generally C, N, or a mixture of
both. Currently, experimentally synthesized MXenes are mainly
carbides, with only a few nitrides.*® Although a few nitrides
have been synthesized, they exhibit some special properties.
For example, compared to Ti,CT,, Ti,NT, exhibits better struc-
tural stability as well as electrocatalytic N, reduction reaction
(NRR) activity.>® Additionally, the choice of X element affects
the electronic structure and conductivity of MXenes, with
nitrides generally exhibiting higher band gaps than
carbides.”” For carbonitrides, the occupation of C and N atoms
at the X site is generally random, independent of their stoichio-
metric ratio. Carbonitrides have been proven useful in EESSs.”!

The surface termination group of MXene is very important,
which greatly affects the interface properties and thus its
performance in electrocatalysis and EESSs."**>® MXene also
has a wide range of surface functional groups, including VA,
VIA, and VIIA group elements.>**® The type and distribution of
these surface functional groups can be adjusted through dif-
ferent synthesis methods. The surface groups can be mixed
functional groups such as OH, O, and F atoms, or mixed F, O,
and Cl atoms; they can also be single functional groups, such as
Ti,CO,, Ti,CCl,, etc.*®*" Furthermore, in-plane or out-of-plane
ordering at surface sites has not been observed experimentally.

Nanoscale Horiz., 2025,10, 78-103 | 79
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Fig. 1 (a) Schematic illustration of two approaches to produce MXene by removal of A layers from MAX phases and related layered compounds.?*
Reproduced with permission ref. 24. Copyright 2021, AAAS. (b) Periodic table showing compositions of MXene. Elements used to build MXene are color-
coded. The schematics of four typical structures of MXene are presented at the bottom.* Reproduced with permission ref. 39. Copyright 2021, American

Chemical Society.

However, theoretical calculations show that out-of-plane
ordered MXenes based on surface functional group atoms are
stable (often called Janus MXene) and have special electronic,

magnetic, and optical properties.>*

2.2. Synthesis of MXene

2.2.1. Experimental synthesis of MXene. MXene synthesis
typically employs a top-down strategy, using MAX phase pre-
cursors (or MAX phase-like compounds, such as Mo,Ga,C) by
selective etching of A-layer atoms, as shown in Fig. 1(a). Since
the M atoms and A atoms in the MAX phase are strongly
bonded, obtaining MXene phases through mechanical peeling
is difficult.”” M-A bonds are generally weaker than M-X bonds,
allowing MXene to be obtained by selectively dissolving A
elements through thermodynamically and kinetically favorable

80 | Nanoscale Horiz., 2025, 10, 78-103

chemical reactions, such as chemical or electrochemical etch-
ing. Initially, a strong acid (e.g. HF) was used to etch the A layer
in the MAX phase to peel off the MXene layer.”® After
that, Chidiu et al. used a LiF and HCI mixture to selectively
etch the A layer atoms, avoiding the direct use of HF."® To
develop a simple, low-cost, environmentally friendly, and mass-
producible MAX etching method, researchers have developed
various methods including NH,HF,, NaOH, Lewis acid molten
salt, and electrochemical etching methods.*”**">° The micro-
structure and surface properties of MXene are affected by many
factors, including the choice of etchant, precursor, synthesis
conditions, and intercalation process.*®>”**®! These factors
ultimately affect the chemical properties of the prepared
MXene, determining its applications. It is important to empha-
size that we focus on how researchers predict the synthesis of

This journal is © The Royal Society of Chemistry 2025
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MXene through theoretical calculations, rather than specific
experimental synthesis routes, which other excellent reviews
have summarized.*®4:6>764

2.2.2. Theoretical prediction of MAX to MXene phase
synthesis

Screening and prediction of MAX phases. As mentioned pre-
viously, MXene is synthesized from the precursor MAX phase.
Therefore, the composition, structural characteristics, and sta-
bility of MAX directly affect the properties of MXene.*® To date,
monometallic, bimetallic ordered, bimetallic solid solution and
high entropy alloy MAX precursors (shown in Fig. 2(a)) have
been synthesized experimentally.***>~°® However, as the types
of sites (M, A, X sites) and disorder increase, the chemical space
of MAX phases expands significantly. Computational screening
and prediction can discover new thermodynamically stable
MAX phase structures with various compositions, guiding the
synthesis of MXene with special properties.

To predict the stability of MAX phases, researchers often use
formation energy (AEg) and formation enthalpy (AH.;,) as evalua-
tion indicators.®®”*77® Their calculation equations are as follows:

AEf(MrHlAXn) = E(Mn+1AXn) - (ﬂ + 1),“M — Ha — NUx (1)
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where AE¢(M,,.1AX,,) is the formation energy of the MAX phase;
E(M,+1AX,,) is the total energy of the MAX phase, fiy, pa, and pix
are the chemical potential of element M, A, and X, respectively.

AH ,(MAX) = E(MAX) — E(set of most competing phases)

(2)

where AH ,(MAX) is the formation enthalpy of the MAX phase;
E(MAX) is the total energy of a MAX phase and E (set of most
competing phases) is a combination of the set of most compet-
ing phases at the same composition as MAX.

Calculating AE; involves comparing the total energy of the
MAX phase with the chemical potential of its constituent
elements (generally regarded as the ground state crystal structure
energy of the elements). As shown in Fig. 2(b), Wu et al. evaluated
the stability of 288 MAX phases based on formation energy
through high-throughput computational screening, finding that
222 of these phases have negative formation energy.® In addition,
the formation energy is related to the number of valence electrons
of the M-site metal, with S,C and Ti,C MAX showing the best
stability. However, experimental results show that only 50 MAX
phases have been synthesized, indicating that this is not a suitable
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Fig. 2 (a) Schematic illustration of the MXene structures.?* Reproduced with permission ref. 24. Copyright 2021, AAAS. (b) AE; for 288 M,AC phases
displayed as a heatmap for 9 metals and 32 different elements at the A site.®® Reproduced with permission ref. 69. Copyright 2023, Elsevier. (c) Formation
energies for solid-solution Mo4VAIC, configurations (black dots) compared to ordered Mo4VAIC, (purple diamond). (d) DFT calculated formation
energies of ordered M’'4;M”AlC, MAX phases. Most are predicted to be stable except for some Mo and W compositions.”® Reproduced with permission ref.
70. Copyright 2019, American Chemical Society. (e) Calculated formation enthalpy AH as a function of formation energy AE; for ternary M,,,1AX,, phases
with n =1, 2, 3. Hypothetical MAX phases are given by grey circles and synthesized MAX phases by blue squares (bottom-up synthesis) and red hexagons
(top-down synthesis). The green area marks the region of thermodynamic stability fulfilling AH., < 0 (and AE; < 0).”* Reproduced with permission, ref.
71. Copyright 2024, Elsevier. (f) Feature importance ranking for MAX. Layer distances and bond lengths are labeled in the unit cell diagrams.”® Reproduced
with permission, ref. 72. Copyright 2017, American Chemical Society.
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stability criterion. Because only the energy change of MAX decom-
posing into elemental phases is considered, this method over-
estimates stability.® Similarly, various research groups use
formation energy to assess the stability of MAX phases.”>””
Notably, this method is reasonable when evaluating the stability
of MAX phases with the same elements. Fig. 2(c) and (d) show
stable ordered/disordered multi-metal (M site) MAX phases can be
quickly discovered by this method.”®

To ensure accurate predictions, the energy difference between
the MAX phase and all possible competing phases in the M-A-X
system must be evaluated. One possible solution is to evaluate the
AH_,. This method can accurately evaluate the stability of existing
MAX phases and guide the synthesis of new ones. In Fig. 2(e),
Dahlqvist et al. evaluated the stability of 3705 MAX phases by
calculating the AHCP.71 The green area is a theoretically stable area
based on the criteria of AE < AH, < 0. This shows that using
AH,, to judge the possibility of MAX phase synthesis is more
consistent with the experimental results compared to AE:. In
addition, for MAX phases of mixed elements, such as bimetallic
ordered/disorder phases and high entropy phases, configurational
entropy caused by the element arrangement needs to be consid-
ered. Dahlqvist et al. also used a special quasi-random structure
method to simulate the distribution of chemically disordered
bimetallic sites at M sites.*> When configurational entropy was
not considered (at 0 K), the solid solution MAX phase was
unstable. However, after introducing configurational entropy
(at 1173 K), a stable disordered MAX phase with the lowest energy
was found. Through predicting stable MAX phases, bimetallic
MAX phases and high entropy phases have been synthesized
successfully in experimental work,*®7578

Machine learning (ML) is a branch of artificial intelligence
that focuses on building models that analyze and predict data.
In materials science, ML is used to accelerate the discovery
of new materials and predict material properties, thereby chan-
ging traditional research methods. For example, experimental
testing and computational modeling are often time- and
resource-intensive and therefore inefficient for exploring the vast
space of possible material configurations. ML leverages large
datasets generated by experiments or high-throughput computa-
tions to more quickly identify new materials with desirable
properties. Researchers could use ML methods to accelerate
the discovery of stable MAX phases. Frey et al. adopted a positive
and unlabeled ML framework to predict the MAX phase.””
Positive and unlabeled machine learning is used to deal with
training models using only positive and unlabeled data. This
method is beneficial in scenarios where negative examples are
scarce or unavailable. By leveraging the available positive
instances and treating unlabeled data with sophisticated tech-
niques, this method effectively identifies patterns and makes
predictions.®" Characteristics related to thermodynamic stabi-
lity, bond strength, and charge distribution were found to be
most important in model predictions. In particular, as shown in
Fig. 2(f), formation energy, number of layers, Bader charge of the
M atoms, mass of MAX, and cohesive energy were key features
for predicting the likelihood of MAX phase synthesis. Through
prediction, 111 MAX phases were found to be synthesized.

82 | Nanoscale Horiz., 2025, 10, 78-103
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However, using AEr as an important descriptor introduces bias
in the composition predictions.*®

Computationally driven synthesis of MXene. Once a thermo-
dynamically stable MAX phase is identified, the next step is the
synthesis of MXenes. This process involves selective stripping of
the A element from the MAX phase to obtain a 2D MXene
structure.>® Computational studies are crucial for understanding
and optimizing the processes of converting MAX phases into
MXene. This includes modeling the chemical exfoliation process,
assessing the thermodynamic stability of MXene, and predicting
the feasibility of synthesizing new MXenes.

Similar to calculating the stability of the MAX phase, the AE;
of MXene can be calculated by taking into account the chemical
potentials of its constituent elements. Hu et al. used this calcula-
tion method to obtain a negative AE; for Sc,C, suggesting it is
stable and can be synthesized.*> However, synthesizing this
MXene experimentally remains unachievable. As another exam-
ple, Wyatt et al. predicted 20 bimetallic 0-MXenes that could be
synthesized through this calculation method, but most MXenes
still cannot be synthesized.** As stated above, this calculation
method is flawed and needs to consider competing phases.
Afterward, Ashton et al calculated the formation energies of
54 MXenes considering competing phases, as shown in
Fig. 3(a). However, all formation energies are positive (unstable),
attributed to the metastable properties of 2D materials. Moreover,
there is a lack of correlation between the calculated formation
energy trends and experimental results.** In fact, MXene synthesis
involves stripping the MAX phase, a process ignored by these two
calculation methods.

Therefore, some studies consider the MAX to MXene synth-
esis process as being achieved by mechanical exfoliation.*® The
calculation formula of this process is as follows:

AGexf = AEexf = [E(Mn+1Xn) + E(A) - E(Mn+1AXn)]/N (3)

where E(M,11AX,), (M,,.1X,,), and E(A) are the total energies of
the MAX phase, the MXene, and the A element in its elemental
phase, respectively.

This process does not take into account real reactions, such
as the formation of functional groups. Therefore, predicting
MXene synthesis using this calculation method is difficult. For
example, Kahazaei et al. calculated 82 MAX phases and predicted
13 MAX phases that are easily exfoliated, but they could not
experimentally synthesize the corresponding MXene phases.®®

To obtain more accurate predictions, a correct description of
the experimental synthesis process is necessary, fully considering
the chemical potential of the etched elements A and T,. Jonas
et al. considered how to construct chemical potential in HF, and
also considered the stripping energy with or without functional
groups.”> The results in Fig. 3(b) showed that regardless of
functional groups, most MXene phases can be synthesized
through exfoliation, differing from the experimental results. This
discrepancy arises because MAX may always dissolve to form new
species instead of MXene when etched by HF (as shown in
Fig. 3(c) and (d)). As another example, Seong et al. considered
AlF;, SiF,, and H, molecules during the HF etching process of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Formation energies for M,;1X,0,, MXene relative to the lowest energy mixture of competing bulk phases. The green region highlights the

general 0.2 eV per atom threshold observed for 2D material stability, and the yellow region highlights the 0.285 eV per atom formation energy of the
V,CO, MXene, the highest of those that have been synthesized.?* Reproduced with permission, ref. 84. Copyright 2016, American Chemical Society. (b)

Exfoliation free energies for the chemical exfoliation of MAX phases (left) when including termination groups (AGXE"T) on the resulting MXene compared

to the exfoliation free energy without terminations (AGRS) and (left) the solvation free energies (AGso).2° Reproduced with permission, ref. 85. Copyright
2023, Springer Nature. Etching Pourbaix diagram for Mo, TiAlC,, showing regions where (c) Mo, TiC,0,, and (d) Mo, TiC,F, are stable (orange segments).
The dashed black lines indicate the stability range of water. The solid white line shows PZC.8® Reproduced with permission, ref. 86. Copyright 2020,
American Chemical Society. (e) Etching diagrams of 2D Mo,CO, for Mo,GaC. The PZC values are shown by the dashed black lines.®” Reproduced with

permission, ref. 87. Copyright 2019, American Chemical Society. (f) Feature importance ranking for MXene models. Layer distances and bond lengths are

labeled in the unit cell diagrams.” Reproduced with permission, ref. 72. Copyright 2019, American Chemical Society.

high-entropy MAX phase (A = Si, Al).*® The results show that the
chemical exfoliation of Al is thermodynamically favorable, while
the opposite is true for Si. Despite the successful synthesis of new
MXene phases, the etching process still does not consider com-
peting phases (i.e., dissolved products).

The Pourbaix diagram is a calculation method that fully
considers competing phases and explores the electrochemical
stability of materials. Ashton et al. considered the stability of
MXene and MAX phases under the influence of electrode
potential (U) and pH (Fig. 3(e)).*” The Pourbaix diagram reveals
the potential and pH conditions under which Mo,CO, is stable
and can be synthesized. Tsounis et al. considered the overall
stability of MXene materials. By calculating the Pourbaix dia-
grams of Mo,CO, and V,CO,, MXene has the best thermo-
dynamic stability in the region of high pH and negative
potential.’® In another work, Caffery et al used Pourbaix

This journal is © The Royal Society of Chemistry 2025

diagrams to predict the possibility of electrochemical etching to
improve o-MXene production.®® They found that high yields
of (Mo, Ti),CT, were possible because they were stable over a
wide range of pH and U. Meanwhile, the stability window of F-
functionalized MXene is higher than that of an O-functionalized
one. Although electrochemical etching is not a universal method
for synthesizing MXene, these works can give valuable informa-
tion on the etching reaction process.

ML is also used in the synthetic discovery of MXene. Instead
of constructing the correct synthesis reaction process, ML
needs to provide easily accessible descriptors. Frey et al. used
ML methods to obtain 20 MAX/MXene combinations that were
predicted to be synthesized (Fig. 3(f)).”> The most important
features include M-X bond length, cohesive energy and for-
mation energy, atomic mass, and Bader charge of M and X
atoms. However, this result is considered controversial due to
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the mechanical peeling energy involved. More precise descrip-
tors such as vacancy formation, chemical stripping energy, etc.
need to be developed in the future.*

2.2.3. Properties of MXene. As previously mentioned,
MXene is synthesized through the selective etching of the MAX
phase. Due to the diverse MAX phase compositions and etching
methods, MXene possesses a broad chemical composition space,
granting it tunable physicochemical, electronic, optical, and
mechanical properties.'"**°%°! This review focuses on the prop-
erties of MXene that are beneficial for aqueous batteries and
supercapacitors. We outline the advantages of MXene in EESS,
categorized as follows:

(1) Adjustability. The general chemical formula of MXene is
M,,.1X, Ty, where any variable can be altered, providing a wide
chemical composition space. This is the primary distinction from
other 2D materials.”* Therefore, MXene can serve as the cathode,
anode, separator, or electrolyte additive in EESSs.'*'h!393

(2) High specific surface area. MXenes have extremely high
specific surface areas, providing more active sites per unit of
mass or volume. For EESSs, this enhances the contact area
between the electrode material and the electrolyte, increasing
the rate and efficiency of the chemical reaction, and boosting
the theoretical capacity of energy storage.’*

(3) Excellent mechanical flexibility. The structure of MXene
materials remains intact even under strong bending and
stretching, crucial for flexible energy storage devices.”> When
MXene is used as an intercalation electrode, volume changes
during ion insertion and extraction are mitigated and their
lifetime is enhanced.’®®” In addition, theoretical calculations
show that tensile strain imparts additional physical and
chemical properties to MXene, such as improving electrocata-
Iytic water splitting reactions.”®

(4) Layered structure and fast ion diffusion. The layered
structure of MXene provides a convenient diffusion channel for
ions, crucial for the rapid insertion and de-intercalation of charge
carriers. This improves the rate performance and cycle stability of
the battery, extending the battery life. For example, DFT calcula-
tions show that MXene can provide a lower ion diffusion barrier
(i.e., rate capability) for aqueous Zn-ion batteries.>”

(5) Excellent electronic conductivity. Compared to other 2D
materials, MXene has superior electronic conductivity.” This
property is crucial for energy storage systems, ensuring rapid
electron transfer, reducing energy loss, and increasing the
charge and discharge rate.'®°

(6) Excellent hydrophilicity. The surface of MXene can be
occupied by -OH and -O functional groups, giving it excellent
hydrophilicity and better wettability between the MXene elec-
trode and the aqueous electrolyte. Additionally, the hydrophilic
MXene surface can induce uniform metal nucleation, inhibit-
ing dendrite formation."

(7) Abundant redox sites. TM sites in MXene can provide
oxidative activity. Besides, MXene provides additional pseudo-
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capacitance in acidic electrolyte supercapacitors due to abun-
dant O surface sites.”

In short, due to these excellent characteristics, MXene
materials can be used to design high-capacity, long-life, and
high-rate aqueous EESSs, providing valuable strategies for
other fields.

3. Aqueous metal-ion batteries

Aqueous metal ion battery systems are divided into monovalent
metal ion systems (e.g. Li*, Na', K') and multivalent metal ion
(e.g. Mg™", Zn®", AI*") systems according to the valence state of the
charge carrier.'®"” Among them, although monovalent metal ions
have mature battery technology, their relatively low theoretical
capacity and higher reactivity with water limit their application in
aqueous batteries.">" Multivalent metal ions are gaining attention
due to their cost advantages from high abundance and capacity
benefits from multi-electron transfer processes, making them
suitable for large-scale energy storage devices.">'® However, as
shown in the Pourbaix diagram of Fig. 4(a)-(c), the narrow
electrochemical window of the aqueous electrolyte (~1.23 V) limits
the use of metals (e.g. Al) as anodes."®" Only metallic Zn is an ideal
candidate for aqueous batteries due to its high theoretical capacity
(5851 mA h cm™?), low potential (—0.76 V vs. SHE), high abun-
dance, environmental friendliness, and nontoxicity.'®'>1%?
However, aqueous Zn-ion batteries (AZIBs) still face issues such
as side reactions (e.g. hydrogen evolution reaction (HER), corro-
sion), uncontrollable dendrites, host material structural degrada-
tion and slow diffusion kinetics.">"**™%” Recently, MXene was
found to alleviate the problems of AZIBs.'°®'° Therefore, we
explore the role of MXene in AZIBs from a theoretical calculation
perspective.

3.1. MXene in cathodes

Commonly used AZIB cathode materials include organic materials,
metal oxides, Prussian blue analogs, etc."> However, these materials
mainly face problems such as structural phase transition and
degradation, poor conductivity, and poor rate performance."”"'"?
The main reasons are: (1) highly active materials cause side
reactions like water decomposition and metal dissolution.'*'*?
(2) The insertion and extraction of high charge density Zn>* cause
structural bending and collapse. Additionally, the slow diffusion of
Zn** and subsequent ion accumulation lead to irreversible phase
transition,"*"**'* (3) Materials like organic compounds inherently
have low electronic conductivity.""> Therefore, developing new
materials is an effective way to alleviate these problems.

3.1.1. MXene compositions for cathode materials. MXene
materials have excellent conductivity and open intercalation
structures. Combining them with other cathode materials, such
as TM oxide, metal-organic frameworks (MOF), and organic
cathodes etc., can significantly improve battery performance.

Liu et al. proposed using highly conductive V,CT, materials and
generating high-valent VO, by an in situ electrochemistry method
to address the low conductivity and the ion diffusion rate issues of
V-based cathode materials."™ In Fig. 4(d), theoretical calculations
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Fig. 4 Pourbaix diagram of (a) aqueous electrolyte, metallic (b) Al and (c) Zn in aqueous electrolyte at 25 °C.** Reproduced with permission, ref. 13.
Copyright 2022, Elsevier. Zn?* adsorption energy, charge density difference (d), and DOS (e) of VoCT,, V,CO,, VO,/V,CT,, and V,0s. (V: orange; C:
greyish-green; H: red; F: grey; O: purple; Zn: pink).*! Reproduced with permission, ref. 111. Copyright 2021, John Wiley and Sons. Charge density
difference (f) of TAP/TizC,T,. DOS of TizCoTy (g), TAP (h), and TAP/TizC,T, ().>® Reproduced with permission, ref. 93. Copyright 2022, John Wiley and
Sons. Diffusion energy barriers (j) and absorption energies (k) of H™ and Zn®* on the surface of MnO, and MnO,/MXene. (l) DOS for MnO, and MnO,/
MXene 12 Reproduced with permission, ref. 112. Copyright 2023, American Chemical Society.

showed that original V,CT, has difficulty adsorbing Zn>*
(adsorption energy +1.01 eV). When a VO,/V,CT, heterostruc-
ture forms, the adsorption energy for Zn>* is —0.84 eV, which
accelerates the redox kinetics of stored Zn ions. Moreover, in
Fig. 4(e), the high electronic state occupancy near the Fermi level
indicates that the electrode has high electronic conductivity. The
material achieved a specific capacity of 358 mA h g~ at a high
current density of 30 A g~ . Wang et al. designed imine-based
tris(aza)pentacene (TAP)/MXene composites to alleviate the pro-
blems of poor conductivity and structural degradation of organic
electrodes.”® In Fig. 4(f), theoretical calculations reveal that the
strong electron transfer interaction between Ti;C,T, and TAP

This journal is © The Royal Society of Chemistry 2025

helps maintain the structure of TAP. The density of state (DOS)
results in Fig. 4(g-i) show that introducing Ti;C,T, enhances the
conductivity of the electrode. Ultimately, the electrode achieves a
long cycle life (10000 times) and a high-capacity retention rate
(81.6%). Besides, Wang et al. used MXene to synergistically
improve the ion/electron transfer kinetics and structural stability
of MnO, (Fig. 4(j and k))."" Calculation results showed that
MXene/MnO, has a strong adsorption capacity and low diffusion
energy barrier for H'/Zn”". Besides, the heterostructure increases
the electronic state density of electrons at the Fermi level and
promotes the transfer of electrons. Wang et al. constructed a
MOF/MXene heterostructure material to achieve durable and
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fast Zn-ion batteries. Although porous 2D MOF is an ideal
storage and transport material for Zn ions, its inherent low
conductivity leads to low capacity and power density. Theoretical
calculations show that MXene can improve the conductivity of
MOFs. Therefore, MOF/MXene exhibited a superior electroche-
mical performance (260.1 mAh g ' at 0.1 A g ")."®

3.1.2. MXene as the host material of charge carriers. To
improve Zn ion affinity and ion diffusion kinetics in F-
functionalized MXene, Chen et al. synthesized V,CT, MXene
with rich ~OH functional groups and an interlayer K* pillar."*’
Fig. 5(a) shows that there is stronger bonding of Li*/Zn** on
V,C(OH), than that on V,CF,. The lower electronegativity of
-OH weakens the interaction between ions and host materials.

View Article Online
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Consequently, the calculated migration energy barrier in
Fig. 5(b) of Li* and Zn** in V,C(OH), is much lower than that
in V,CF,. As a result, excellent rate performance and outstand-
ing cycle life for V,C(OH), MXene are achieved.

In addition, MXene electrodes usually exhibit capacitive
behavior, leading to a rapid drop in output voltage during
discharge, which limits their energy density. Li et al. activated
MXene battery behavior by 2.4 V high-voltage scanning, and the
Nb,CT, cathode gradually showed stable Zn>* storage
behavior."'® The battery behavior of MXene results in a 92%
higher capacity compared to capacitive behavior. To under-
stand how high-voltage scanning triggers the voltage platform,
MD simulation was used. By applying classical mechanics, MD

(3)08 05T eV AR (b —+—Zn?"V,CF,
| 4 \ Zn?.V,C(OH), 7% “% _ —*— LI"V,CF,
2 0.0} ) i ) S —e— Zn?*V,C(OH),
3 - —3le Li*-V,CF = Li*-V,C(OH),
b Mo 2CF2 & j 5
208 b PA '?(G} TR ® £ ‘3
o g ¢ “» 9 © Top

L ; o o Top V.
s 2 2 |2 p
- N 2 8 3 D
g P Zn*-V,CF, Y Aede 5 L3

= ¢

e 7 3 J] Li*-V,C(OH), w
S40} X el Y Mo
< —eb v 4.02eV

DOs

1.7 a-Zn density
11.4
11.14

10.8 4

—e—Interlayer distance 103 -

Interlayer distance (&)

0.3
-0.4- 9
0 o
. -0.51 o
" 0.6
0.7
0.8 o
A B

Fig. 5 (a) The absorption energies of Li*/Zn?* with V,CF, and V>C(OH), models. Insets provide the corresponding differential charge density diagrams,
where the yellow and blue domains represent electron accumulation and depletion, respectively. (b) The migration energy barriers of Li*/Zn?* in V,CF»
and V,C(OH), lattices.*”” Reproduced with permission ref. 117. Copyright 2024, John Wiley and Sons. Configurations of the Nb,CT, cathode were
assigned with a charge density of (c) 15 pC cm™2, (d) 20 pC cm~2, and (e) 30 pC cm~2, where the purple, grey, cyan, red, yellow, and green spheres
represent Zn, C, Nb, O, F, and S atoms, respectively. (f) Dependence of interlayer distance and inserted Zn density on the charge density of the Nb,CT,
cathode. Zn?* can only enter the interlayer when the charge density increases to 20 nC cm~2.1'8 Reproduced with permission, ref. 118. Copyright 2021,
Cell Press. Electronic structure of (g) TisC,Br, and (h) TisCal».'° Reproduced with permission, ref. 119. Copyright 2021, American Chemical Society. (i)
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86 | Nanoscale Horiz., 2025, 10, 78-103 This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4nh00305e

Published on 29 oktober 2024. Downloaded on 2/05/2025 10:49:59.

Review

is a computational simulation method used to study the physical
movements of atoms and molecules, and provides insights into
the structure, dynamics, and thermodynamics of complex mole-
cular systems over time. Simulation results in Fig. 5(c-f) showed
that Zn** ions can only enter the cathode interlayer when the
applied charge density increases to 20 pC cm 2. At lower charge
density, the ions cannot overcome the resistance to achieve
insertion/extraction and are only adsorbed on the surface or edge
area, showing typical pseudocapacitive behavior. In short, high
voltage triggers the initial insertion/extraction of Zn>* ions, achiev-
ing the high energy density of the MXene positive electrode.

3.1.3. Halogenated and halide-containing MXene as cath-
ode materials. Aqueous Zn-halide batteries have attracted the
interest of researchers due to the low cost and safety of halide
production at the cathode and the high redox potential (such as
1% of 0.62 V, I%T" of 0.99 V, Br%Br~ of 1.08 V versus
SHE).'*°"'**> However, halides exhibit low electronic conductiv-
ity and are prone to shuttle effects, necessitating strong bond-
ing with conductive carriers.'>**?*

Li et al. proposed a new method to directly synthesize Ti;C,
MXene with single, binary, and ternary halogen end groups
(such as -Cl, -Br, -1, -Brl, and -CIBrI). Among these, TizC,Br,
and Ti;C,I, showed clear discharge platforms and high specific
capacities."™ The calculated band structure in Fig. 5(g) and (h)
shows strong hybridization of Ti d, C p, and Br/I p orbitals in
the energy range of —2 to —6 eV, indicating that the outermost
Ti atoms form strong coordination bonds with carbon and
halogen atoms. In addition, Li et al. used a simple electrode-
position strategy to insert and confine iodine species between
MXene layers, effectively suppressing the shuttle effect.'®°
Calculation results in Fig. 5(i) and (j) showed that the adsorp-
tion of I species on the MXene surface is spontaneous due to
high adsorption stability. Fig. 5(k-m) shows that differential
charge density results indicate a strong electronic interaction
between I species and the MXene surface, beneficial for achiev-
ing fast redox kinetics. Finally, the long cycle life and high-rate
capability of Zn-I, aqueous batteries were achieved. Similarly,
they found that this method can be applied to the Zn-Br,
aqueous battery system, achieving high energy density and low-
temperature cycle stability.** Calculation results showed that
this is due to the strong electronic interaction between the
MXene surface and the Br species, which benefits the fixation
of Br, and the rapid transfer of electrons.

3.2. MXene in anodes

Metallic Zn is an ideal anode for AZIBs due to its high abundance,
safety, suitable potential, and high capacity. However, there are
still some challenges for Zn metal anodes: (1) uneven nucleation
of metal Zn can lead to dendrite formation and promote
side reactions.'*'**'?* (2) Acidic solutions can exacerbate metal
corrosion, HER, and passivation effects.'*> Among them, the
uncontrollable dendrite problem of Zn anode is the main obstacle
for AZIBs. At present, various strategies, such as regulating the
interfacial electric field, Zn deposition process, Zn coordination
environment, etc., are used to solve this problem."”>"*” Recently,
researchers have applied MXene materials to anodes to enhance

This journal is © The Royal Society of Chemistry 2025
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Zn metal anode performance, mitigate Zn dendrite growth and
side reactions, and elucidate the mechanism of MXene action
through computational simulation,?629:3%109:128

3.2.1. MXene regulates the interfacial electric field. Zhang
et al. developed an in situ spontaneous reduction/assembly strat-
egy to directly assemble an ultra-thin and uniform MXene layer on
the surface of the Zn anode.'” To understand how MXene
materials modulate electric fields to affect Zn deposition, they
used COMSOL simulation methods. It provides a platform for
simulating physical phenomena across various domains, such as
electromagnetics, structural mechanics, fluid dynamics, and heat
transfer, using a multiphysics approach. COMSOL simulation
results in Fig. 6(a) show that the favorable charge redistribution
effect of MXene achieved a uniform electric field distribution,
providing a lower Zn nucleation energy barrier for the Zn anode. In
contrast, Fig. 6(b) shows that the pure metal surface exhibited a
locally enhanced electric field distribution, promoting more Zn>"
deposition nucleation and leading to the tip effect. Ultimately, the
local Zn nuclei form larger dendrite flakes, causing battery failure.
Yu et al. used the MXene-porous polydopamine (MPP) interface
layer to control the electric field distribution to inhibit the
generation of Zn dendrites.>> COMSOL simulation results showed
that the MPP’s moderate electronic conductivity can form a uni-
form electric field, thereby avoiding the tip effect of Zn deposition.
Zhu et al. proposed that the charge redistribution effect and
electronic conductivity of MX-TMA (tetramethylammonium) coat-
ing helps to homogenize the interfacial electric field on the Zn,
achieving uniform Zn ion deposition on its surface.'*®

3.2.2. MXene regulates Zn adsorption and diffusion. The
adsorption and diffusion capabilities of Zn ions on the substrate
material determine the subsequent evolution of Zn metal deposi-
tion. Researchers have regulated the adsorption and diffusion of
Zn ions by changing the surface functional groups and doping
metals of MXene. Li et al. designed Ti;C,T, (T = F, Cl, Br, I)
materials with different surface functional groups for Zn negative
electrodes.”® They used DFT calculations to understand the
interaction between halogenated MXene and Zn®** ions. This
calculation method uses electron density to perform quantum
calculations, which can more efficiently study the electronic
structure of multi-body systems. DFT calculations can study the
structure and physical and chemical properties of materials at the
atomic scale.”®" Fig. 6(c) shows that all halogenated MXenes
exhibit good affinity for Zn ions (adsorption energy less than 0).
Meanwhile, there was a high lattice match (90%) between
the calculated optimized halogenated MXene and Zn crystals.
The regulatory effect of these two helps to form a consistent
heterogeneous interface region during the early deposition stage.
To prove this, Fig. 6(d) shows that subsequent Zn ions are more
likely to adsorb on MXene rather than on existing Zn deposits,
meaning Zn tends to form a coherent heterogeneous interface.
Experimental results showed that halogenated MXene extended
the life of the Zn anode by more than 12 times. Li et al. proposed a
Cu-modified Ti;C,Cl, as a Zn anode with high Zn affinity and
hydrophobicity.”” Theoretical calculations in Fig. 6(e and f) showed
that Cu-modified MXene has higher adsorption energy for Zn
atoms (—1.74 eV) than that of TizC,Cl, (—0.61 eV). This means that
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the modified MXene provides a large number of Zn nucleation
sites for the Zn electrode to achieve uniform deposition. Secondly,
the lower migration energy barrier on Cu-MXene means faster Zn>*
transport, which accelerates the Zn>" deposition process from 2D
diffusion to stable 3D accumulation with minimal dendrite for-
mation. Experimental results confirm that Cu-modified MXene
achieves stable and reversible Zn deposition and stripping.

88 | Nanoscale Horiz., 2025, 10, 78-103

MZXene has shown an important role in protecting Zn metal
anodes, but the protection mechanism of different functional
groups is still unclear. Therefore, Luo et al. used DFT calcula-
tions and MD simulations to study the protection mechanism
of MXene with nine different surface functional groups (—O,
-OH, -8, -Se, -Te, -F, -Cl, -Br, and -1).>® The study found that
all tested MXene materials showed good electrical conductivity,
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structural stability, and stronger adsorption capacity for Zn ions
relative to water molecules (Fig. 6g). In particular, MXene contain-
ing sulfur (-S) and oxygen (-O) functional groups showed high
adsorption energy for Zn>*, promoting uniform Zn ion deposition
and reduced water contact with the anode, thus enhancing the
stability of the anode. In terms of HER side-reaction, as shown in
Fig. 6(h), halogen-terminated MXene showed a strong inhibitory
effect with a higher absolute value of AG. In short, by rationally
designing the surface functional groups of MXene, a dendrite-free
and side-reaction-free Zn anode can be achieved.

3.3. MXene for separators and electrolytes additives

In addition to being used in cathode and anode electrodes of
AZIBs, MXene can also be used as separators and electrolyte
additives to improve the performance of AZIBs. To address the
inevitable zinc dendrite formation of AZIBs, Bu et al. proposed
using a polypropylene separator wrapped with mesoporous Ti;C,
MXene with active edge sites to eliminate dendrites.'”® The edge
sites in TizC, can convert the formed dead zinc (Zn°) dendrites
back into electroactive zinc ions (Zn**) through spontaneous redox
reactions. DFT calculation results in Fig. 6(i) show that the binding
energy between the edge Ti-O sites and Zn atoms is the highest,
and the Bader charge results show that Zn transfers more electrons
to MXene. This means that they can extract electrons from Zn°
dendrites more effectively, promoting the dendrite digestion pro-
cess. This method enables AZIB to exhibit an ultra-long cycle life of
2200 hours. Sun et al. explored the role of Ti;C,T, as an electrolyte
additive in AZIBs.**° They found that MXene additives provide
abundant Zn-affinity groups (such as -OH, -F, and -O) and good
conductivity. DFT calculations in Fig. 6(j) and (k) show that all
functionalized MXene have a strong binding ability with Zn,
among which O-terminated MXene can provide seed sites for
uniform nucleation of Zn ions. The weak binding energy between
Zn ions and substrates induces only a small number of nucleation
sites. In short, MXene electrolyte additives can control the Zn ion
nucleation and growth to inhibit the formation of zinc dendrites.

4. Aqueous supercapacitors

In addition to batteries, supercapacitors are also a key compo-
nent of electrochemical energy storage systems."*>'** Due to
the fast charge response, supercapacitors show higher power
density, although the energy density is low."*> For aqueous
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supercapacitors, although they have advantages in price, safety, and
environmental protection, the inherent narrow electrochemical
window further limits the improvement of energy density."**
To achieve wider applications, they still need to make break-
throughs in energy density."”> In recent years, MXene has greatly
improved the performance of aqueous supercapacitors due to its
unique advantages (as described in Section 2.2.3)."**'**'*7 First,
most MXenes are highly conductive metallic materials character-
ized by a high density of states at the Fermi level.>

Second, the layered two-dimensional structure of MXenes
facilitates rapid ion transport and provides redox reaction sites,
resulting in high rates and long cycle life.'* Additionally, the
transition metal sites and surface functional groups of MXenes
are adjustable, allowing for both double-layer capacitance and
rapidly reversible redox reactions at or near the surface (ie.,
pseudo-capacitor).’® Finally, the hydrophilic surface of MXenes
facilitates efficient charge storage and enables rapid charge and
discharge cycles.”® Table 1 summarizes the capacitance data for
various materials in aqueous electrolytes. The results indicate that
MXenes exhibit ultra-high capacitance and rate performance.
Given the promising potential of MXenes in aqueous supercapa-
citors, a thorough understanding of their energy storage mechan-
isms is essential for advancing supercapacitor technology.
Therefore, this discussion begins with the charge storage mecha-
nism of supercapacitors, exploring the capacitance mechanism of
MXenes in detail through theoretical calculations.

4.1. Supercapacitor charge storage mechanism

Battery systems can store higher energy density based on Faraday
reactions but are limited by the diffusion capacity of charge
carriers, resulting in low charge and discharge rates."*® In con-
trast, supercapacitors achieve fast charge and discharge rates due
7 Super-
capacitors can be classified into electrical double-layer capacitors
(EDLCs) and pseudo-capacitors according to the charge storage
mechanism of the electrodes."**'*

The charge storage of EDLCs is not a Faraday process.
Charge is stored and released only by physical adsorption and

to a fast charge response but have low energy density.

desorption of electrolyte ions on the surface of electrode
materials (as shown in Fig. 7(a)). In this energy storage conver-
sion process, the formation of the electrical double-layer (EDL)
takes a very short time, and no electron exchange occurs on the
EDL, so high power density and fast charging and discharging

Table 1 Comparison of electrochemical performance of different electrode materials in aqueous supercapacitors

Stability (retention/cycles/scan

Energy density (W h

Materials Electrolyte Capacitance (scan rate) rate) kg™ Power density (W h kg™") Ref.
C0,Ss 3MKOH 1775at4Ag! 91.4% after 2000 cycles at 16 Ag~ ' 49.9 at 4 A g ' 900 at4 A g’ 138
MoS, 0.5MLi,SO; 350 Fg " at 5 mV s~ ' 88.0% after 10000 cyclesat 5Ag ' 50 at 1 Ag " 1000 at 1A g " 139
PEDOT 1 M KCl 117 Fg ' at 100 mV s~ ' 86.0% after 1000 cycles at 0.2 A g’1 11.4 at 0.2 A g’1 100 at 0.2 A g~* 140
PPy/Graphene 1M H,SO; 626 Fg ' at0.22 Ag ' 75.4% after 5000 cycles at 4 Ag ' 21.7 110 141
Co-MOF 3MKOH 534Fg'at1Ag '  99% after 5000 cycles at 5 mV s~ 9.62 at 4 mA cm > 1454 at 4 mA cm > 142
ZnCo,0,~ 3MKOH 2057Fg lat1Ag ' 99% after 5000 cycles at 15 A g™ ' — 143
MnO,

TizCyoTy 3MH,SO, 210Fg 'at10Vs ' — 144
TizC, Ty 1MH,S0, 429Fg 'at1Ag '  89% after 5000 cyclesat 10 Ag™ " 29.2at1Ag "’ 320at1Ag " 145

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Electrochemical charge-storage mechanisms: (a) ELDC, (b) Redox pseudo-capacitance and (c) intercalation pseudo-capacitance.**® Reproduced
with permission, ref. 149. Copyright 2020, Springer Nature.

Cation

can be achieved. This surface charge storage process will cause
only slight volume changes in the electrode material during long-
term operation, thereby achieving excellent cycle stability.'**

Pseudo-capacitors achieve capacitive charge storage through
the Faraday process. Because the charge transfer process occurs
on or near the surface and is not controlled by semi-infinite
diffusion, its charge and discharge rate are comparable to that
of EDLCs. Pseudo-capacitors are mainly divided into two types
according to their working mechanism: redox pseudo-
capacitors and intercalation pseudo-capacitors.'*® Redox capa-
citors are when ions are adsorbed on the interface of electrode
materials and undergo a charge transfer process with nearby
electrode materials (i.e., the redox reaction process shown in
Fig. 7(b)), thereby achieving energy storage.

Intercalation pseudo-capacitors are capacitors that store
energy by inserting electrolyte ions into the interlayer or pores
of electrode materials, which involves a charge transfer process
(as shown in Fig. 7(c)). The electrode reaction of the battery is
also an ion intercalation process similar to that of the intercala-
tion pseudo-capacitor. Unlike the electrode reaction of the
battery, the intercalation pseudo-capacitor does not involve a
phase change reaction during the Faraday redox reaction and is
not diffusion-controlled due to the rapid ion transport process.*?

4.2. Computational understanding of MXene for aqueous
supercapacitors

4.2.1. Theoretical mechanism of charge storage in differ-
ent electrolytes. MXene has shown excellent capacitive perfor-
mance in aqueous supercapacitors.'®'"*® Understanding the
energy storage mechanism in aqueous supercapacitors through
theoretical calculations can inspire new designs and optimiza-
tions of high-performance aqueous EESSs. Here we review the
computational insights into the charge storage mechanism of
MXene in different solution electrolytes.

Neutral and alkaline electrolytes. The hydrated metal cations
confined in 2D MXene nanosheets are believed to improve
capacitance by forming an EDL. First, Sugahara et al. found
that water molecules confined in the MXene slits can enhance
the EDLC, with the larger-size Li'-hydration layer providing the
most capacitance (Fig. 8(a))."”° Besides, they used the three-
dimensional reference interaction site model (3D-RISM) to

90 | Nanoscale Horiz., 2025, 10, 78-103
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evaluate the hydration structure of various alkali ions in the
MXene microslit. 3D-RISM is a computational approach used to
study molecular solvation and interactions at the atomic level.
It allows for detailed analysis of solvation structures, free
energies, and molecular interactions.'”" The results show that
the highest water density is found in the Li'-intercalated MXene
in Fig. 8(b and c). Also, in Fig. 8(d and e), they observed that the
direction of the electric field of Li intercalation was reversed
inside the intercalation hydration layer, meaning a negative
dielectric constant of the hydration layer, leading to enhanced
capacitance. This phenomenon is caused by the resonance
effect between the dipole polarization of water molecules and
the external electric field, excessively shielding the external
electric field. Ando et al. revealed the charge storage mechanism
of MXene electrodes intercalated with hydrated metal cations
through DFT calculations.®® From an electronic perspective, fully
hydrated metal cation intercalation only produces EDL capaci-
tance behavior, attributed to the hydrated shell shielding the
orbital coupling between cations and MXene (Fig. 8(f), left).
In contrast, partially or completely de-solvated cations are
coupled with MXene electronic orbits, resulting in pseudo-
capacitance (as shown in the right figure of Fig. 8(g)). Besides,
Simon et al. pointed out that due to the small number of
intercalated metal cations, the resulting pseudo-capacitance
can be ignored compared to EDLC."**

Acidic electrolytes. Compared with alkaline (or neutral) elec-
trolytes, MXene electrodes under acidic electrolytes exhibit
higher capacitance due to pseudo-capacitance. This is because
the proton undergoes a rapid redox reaction with the MXene
surface. Jiang’s group revealed the surface redox process of
TizC,T, (T = O, OH) MXene in 1 M H,SO, electrolyte at constant-
electrode potential through DFT calculations and implicit
solvation models.** The calculation results in Fig. 8(h) showed
that based on the experimental electrochemical window (0.5 V
to —1.0 V vs. SHE), the net surface charge of 0.2|e| per unit
MXene was observed, which means that the redox reaction
dominates the capacitance. After that, they further investigated
the redox process of Ti;C,0, with protons under the explicit
solvent model (acidic electrolyte).>® As shown in Fig. 8(i), the
study found that in interlayer-restricted water, protons are
rapidly and reversibly exchanged between the MXene surface

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) Orders of bare-ion size, hydrated ion size, and observed capacitance. (b) and (c) 3D-RISM calculation results for the hydrated ions confined in
the MXene microslit. Hydrogen and oxygen atomic density profiles along the ¢ axis (perpendicular to the MXene layers) in Rb* intercalated and Li*
intercalated Ti,CT,-nH,O. The optimized n values are 0.8, and 1.35 for the Rb™ intercalated and Li* intercalated MXene, respectively. (d) and (e)
Theoretical calculation for the electrostatic potential profile of Rb*- and Li*-intercalated Ti,CT,-nH,0.1%° Reproduced with permission, ref. 150.
Copyright 2019, Springer Nature. (f) Schematic pictures of the capacitive and pseudocapacitive conditions formed inside the MXene electrodes. Green
sphere represents a cation. Purple, yellow, red, and blue spheres indicate orbitals of an electrode, orbital of the ion, hybridized orbital of the electrodes
and cations, and the hydration shell.>* Reproduced with permission, ref. 94. Copyright 2020, John Wiley and Sons. (g) Average H coverage of TisC,T in
1 M H,SO, at different electrode potentials. (h) Faradaic charge (blue, to balance proton transfer), EDL charge (black, due to surface net charge), and total
charge (red, net electron transfer number) stored at different electrode potentials.** Reproduced with permission, ref. 34. Copyright 2018, American
Chemical Society. (i) The average number of water molecules hydrogen-bonded to the hydronium ion for different layers of water with protons confined
in TizC,O, layers. The inset is a schematic diagram of the structure of the intercalated water-MXene model.?> Reproduced with permission, ref. 25.
Copyright 2019, American Chemical Society.

and interfacial water molecules. In addition, the surface redox
rate is related to the number of intercalated water layers, and
single-layer water has the highest redox rate.

4.2.2. Approaching real capacitance through the theoretical
calculation method. Calculating capacitance through theoretical
models is crucial for designing aqueous EESSs. Simulation
allows researchers to predict the capacitance behavior of materi-
als without experiments, accelerating the screening and optimi-
zation of new materials. Here, we summarize several theoretical
models to estimate the theoretical capacitance of MXene.

Ji et al. calculated the work function consistent with a
standard hydrogen electrode (SHE) and DOS to obtain the
intrinsic capacitance (i.e., quantum capacitance) of Ti,CT,.">
The calculation results show that the predicted pseudo-

This journal is © The Royal Society of Chemistry 2025

capacitance of O-functionalized MXene is 56.69 F g ' in a
neutral solution. In addition, they calculated the integrated
capacitance of Ti,CF, and Ti,CO, in Na ion capacitors
(Fig. 9(a)), reaching 291 F ¢~' and 252.2 F g, respectively.
Combined with the low diffusion barrier of Na ions, MXene is
considered to be a good intercalation pseudo-capacitor material.
In another work, they used a similar method to explore the
effects of terminals (F, O, and OH) and coordinated atoms on
capacitance. The results showed that O-functionalized MXene
mainly exhibits pseudocapacitive behavior in aqueous electro-
Iytes due to a large number of unoccupied partial DOS (PDOS) of
Ti atoms above the Fermi level within the electrolyte window
(Fig. 9(b)). In contrast, bare-, F-, and OH-functionalized MXene
exhibit EDL characteristics. In addition, the calculation method
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Fig. 9 (a) Specific capacitance of Ti,CO, and Ti,CF, nanosheets, and the calculated method is illustrated as the inset.*>? Reproduced with permission,
ref. 152. Copyright 2016, Royal Society of Chemistry. (b) Relative PDOS and integral DOS of the d-orbitals of Ti atoms referenced to SHE. The yellow and red
lines show the PDOS of C atoms and N atoms, respectively. The red dot lines are the Fermi level positions. The blue region represents the electrolyte window.
The Fermi level of TizCN(OH), cannot be marked due to outside of the y-axis range, which lies approximately 1.82 eV relative to the vacuum level*’
Reproduced with permission, ref. 157. Copyright 2016, Royal Society of Chemistry. (c) Schematics showing the electronic impact of the MXene electrode
surface on EDL capacitances depending on the surface functional groups.!>® Reproduced with permission, ref. 158. Copyright 2022, American Chemical
Society. (d) Surface Pourbaix diagram of MXene surfaces with various —OH groups as a function of the concentration of hydrogen ions. (e) Dashed-rectangle
box-highlighted Pourbaix diagram of MXene surfaces under strongly acidic conditions. The formation energy of each surface is indicated by thin lines, while the
most stable surfaces are represented by bold lines. The Pourbaix diagram of the most stable surface with different -OH group distributions TizC>Og/o(OH)10/9-(l,
I, 11l or IV) is the inset. (f) Predicted capacitance performance.*®® Reproduced with permission, ref. 159. Copyright 2024, American Chemical Society.

of quantum capacitance has been used to explore other MXene
materials.'>* "¢

The real charging and discharging process is more compli-
cated and requires additional constraints. Cheng et al. introduced
implicit solvent models and constant electrode potentials into the
theoretical calculations of supercapacitors.** They examined the
point of zero charge (PZC) of MXene electrodes at different
hydrogen coverage ratios. The results showed that in the redox-
dominated region (<0.5 V vs. SHE in Fig. 8(h)), the integrated
capacitance of TizC,T, was ~230 F g~ " close to the experimental
value. In subsequent work, they used this method and combined
it with high-throughput computational screening to find a series
of MXene electrodes with high capacitance, among which Ti,N
exhibited the highest specific capacitance of over 450 F g~ '.'*°
Shimada et al calculated the EDLC of halogen (F, Cl, Br, I)
functionalized MXene by the ESM-RISM method (a hybrid DFT-
solvation method)."*®"®! The results showed that the capacitance
per unit surface area increases with the increase of the halogen
atomic number (F < Cl < Br < I). This is because the functional
groups with low electronegativity help introduce electrode elec-
trons into the EDL region, thereby increasing the capacitance

92 | Nanoscale Horiz., 2025, 10, 78-103

(Fig. 9(c)). Zheng et al. then used Pourbaix diagrams in Fig. 9(d
and e) to study the distribution of functional groups on the
surface of MXene in acidic electrolytes and calculated the EDLC
and pseudo-capacitance based on the real surface. The results in
Fig. 9(f) showed that the theoretical capacitance of MXene was in
strong acid ranges from 200 F g~ to 233 F g~ . In addition, Wang
et al. considered the charge storage and release process during
capacitor operation.'®® They predicted that the capacitance of the
original Ti;C, could be as high as 2131 F g ",

4.2.3. Transport of charge carriers. Understanding the trans-
port process of charge carriers in aqueous supercapacitors aids in
understanding the charge storage mechanism of electrode mate-
rials. First, as shown in Fig. 10(a-g), Shao et al used MD
simulation to explore the pseudocapacitive behavior of pristine
MXene (P-MXene) and 500 °C annealed MXene (500-MXene) in
acidic electrolytes.’®® The results in Fig. 10(d, f, and g) show that a
well-organized monolayer of water molecules was formed within
the 500-MXene layer, which facilitated the rapid proton transfer.
However, P-MXene had numerous -OH functional groups on the
surface, which destroyed this ordered structure and led to low-rate
performance, as shown in Fig. 10(c, e, and g). Jiang’s group used

This journal is © The Royal Society of Chemistry 2025
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ab initio molecular dynamics (AIMD) to explore the transport
mechanism of protons in different numbers of water layers
restricted in the MXene interlayer.”> Unlike classical MD, AIMD
combines principles of quantum mechanics with molecular
dynamics to simulate the behavior of atoms and molecules. AIMD
uses electronic structure calculations to determine forces, provid-
ing highly accurate insights into molecular systems. The results in
Fig. 8(f) showed that as the number of intercalated water layers
increased, the exchange rate of protons with the O-terminals on
the MXene surface decreased, but its transfer rate in water
increased. When the water layer thickness reaches three layers,
the proton transfer rate in the water is close to that of the bulk
phase. The group then used the same method to study the
graphene-Ti;C,0, heterogeneous system.'®® The results in
Fig. 10(h-j) showed that the proton transfer rate at this

This journal is © The Royal Society of Chemistry 2025

heterogeneous interface is higher than that of similar interfaces
between Ti;C,0, layers, which is caused by the interfacial electric
field of the heterogeneous structure. The study by Wen et al.
revealed different diffusion mechanisms of hydrated protons and
K' ions between TizC,T, layers.'®® They calculated the migration
energy barriers of K" and H' in the presence and absence of water,
and the results showed that water molecules can not only stabilize
charged ions but also improve the diffusion of ions.

5. Challenges

Researchers have demonstrated that using MXene as electrodes
can significantly improve the performance of aqueous energy
storage systems.'™*'3® However, some issues remain to be
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addressed. On the one hand, the highly active surface of MXene
further promotes the water-splitting side reaction, resulting in
a shortened effective electrochemical window. On the other
hand, the structure of MXene is unstable and dynamic under
conditions of solution and electric field. In response to these
challenges, we reviewed computational studies on MXene in
water splitting reactions and stability, which will help to
rationally design MXene electrodes for aqueous EESSs.

5.1. Water-splitting reaction of MXene

A major challenge in aqueous energy storage systems is the
water-splitting reaction.'®'?*'3> Ag a side reaction, it consumes
energy and produces gas during charging and discharging,
leading to electrolyte decomposition and corrosion of electrode
materials and reducing the electrochemical window and
stability."* Moreover, the good performance of MXene materi-
als in the HER further limits the performance of energy storage
devices.'**'% Therefore, a deep understanding of the behavior
of MXene in the HER is crucial for the design and optimization
of aqueous batteries and supercapacitors.

5.1.1. The HER reaction. The HER is a half-reaction in
water splitting, primarily following the Volmer-Heyrovsky and
Volmer-Tafel mechanisms (Fig. 11(a))."®” Although there are
only two mechanisms in the HER, it shows pH dependence due

View Article Online
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to changes in the properties of aqueous solutions."®® Normally,
acidic aqueous solutions facilitate the Volmer reaction due to
the presence of extra protons, resulting in higher HER activity.
In neutral and alkaline solutions, the lack of free protons, which
must be generated through additional water dissociation, inhi-
bits the HER process. In aqueous energy storage devices using
protons as charge carriers, the HER on MXene electrodes cannot
be ignored due to their experimentally proven excellent electro-
chemical activity.'®*™”*

Generally, researchers evaluate the HER performance by calcu-
lating the Gibbs free energy (AG) of MXene hydrogen adsorption
intermediates, as it is considered the rate-controlling step of the
reaction based on the Sabatier principle and Brgnsted-Evans-
Polanyi relationship.'”>™”” The closer AG is to 0, the higher the
HER catalytic activity."”> Some research showed that O-terminated
MXene tends to exhibit higher HER performance. In Fig. 11(b),
Yang et al. found that O-functionalized Ti,N;O, MXene showed
higher HER activity than Pt catalysts at low H coverage.'”* Besides,
Abraham et al. compared the HER activity of F, Cl, O, S functio-
nalized MXene and found that the AG value of MXene with an O
functional group was mainly distributed around 0."”® Moreover,
the surface compositions of MXene under real conditions are
often a mixture of multiple elements, such as O, F, and OH, which
play an important role in the HER process. Meng et al. used DFT
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calculations to investigate the surface composition of MXene at
specific pH and U. In Fig. 11(c), they found that the surface
functional groups are usually mixed, and the higher the oxygen
concentration in the mixed functional groups, the better the HER
activity.'”?

Adjusting the M site, X site, and layer thickness of MXene
will also significantly affect HER activity. In Fig. 11(d), Gao et al.
found that when the proton coverage was 1, the HER activity of
Nb,CO,, Nb,C;0,, and V,CO, was lower than that of Ti;C,O,
and Ti,CO,."”* Bai et al. calculated the HER performance of a
series of O-functionalized carbides and nitrides by changing
the metal elements. The results indicated that Nb,NO, and
Ti,NO, are promising HER electrocatalysts."”®

5.1.2. The OER. The oxygen evolution reaction (OER) is the
other half-reaction of the water-splitting process. Electroche-
mical OER is considered to be a four-electron transfer process
involving a variety of adsorption-activated intermediates, such as
*O, *OH, and *OOH, making it more complex than the HER
process.® So far, neither bare nor functionalized MXene has
shown effective OER electrocatalytic activity. Anand et al. explored
the different OER mechanisms of M;X,0,type MXene. The
calculation results showed that the original M;X,0,-type MXenes
have poor OER activity."®® Kan et al. also revealed that bare and
terminated MXene are not suitable for the OER based on calcula-
tion results.'®" Although the OER catalytic process can be accel-
erated by doping or supporting single atoms or diatoms, this is
beyond the scope of this review.'®> Here, we focus more on how to
screen MXene electrodes that are far away from water-splitting.

5.1.3. Discovery of non-HER-active MXene by HTC and ML.
As mentioned above, the chemical space of MXene has expanded
due to numerous adjustable components. Screening MXene
electrode materials far from HER activity, particularly highly active
O-terminal MXene, has become challenging. The diversity of
MXene has increased experimental costs. In this case, high-
throughput theoretical calculation (HTC) screening and ML
methods are crucial as they accelerate the development of MXene
electrode materials."”®'8>'%* pandey et al. screened 72 different
MXene and found that controlling the thickness of MXene can
adjust their catalytic activity.'®> Zeng et al. and Jin et al. searched
for materials with the best HER performance by screening oxygen-
functionalized double TM MXene, respectively.'®*'*® Wang et al.
used HTC to screen out 188 catalysts with good mechanical
stability and thermal stability from 2520 candidate catalysts, as
shown in Fig. 12(a)."®” The predicted 110 experimentally unex-
plored MXenes surpass the precious metal platinum in both
thermal stability and HER activity.

In the design of MXene materials, descriptors help understand
the relationship between material properties and structure.'****!
This strategy accelerates materials discovery and provides a deep
understanding of the intrinsic properties, guiding optimization
and application. For example, Ling et al. screened highly active
HER materials based on O-functionalized MXene by establishing
a simple descriptor.'"®® They found a linear relationship in
Fig. 12(b-e) between the number of electrons acquired by surface
oxygen atoms (N.) and the free energy of hydrogen adsorption
(AGy). Moreover, in Fig. 12(f), Jiang et al found a linear
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relationship between the oxygen vacancy AE; and AGy.
over, AE; is also linearly related to the binding strength of Li
atoms on MXene, offering a new perspective in the MXene battery
materials search.

Furthermore, new materials meeting design requirements
can be quickly discovered through ML algorithms and new
descriptors. Wang et al. combined five feature descriptors and
the Adaboost algorithm to identify the HER activity trend of 2D
ordered binary alloy MXene materials."®” The AdaBoost algo-
rithm is a powerful ensemble learning technique that combines
multiple weak classifiers to form a strong classifier, enhancing
the model’s performance.'®® Zheng et al. used the random forest
algorithm by constructing multiple decision trees to efficiently
predict the AGy of MXene materials through simple element
characteristics and screened out active catalysts with a AGy of
close to 0.'°* Besides, as shown in Fig. 12(g-j), Abraham estab-
lished a HER performance data set of 4500 MXenes.'”® The
gradient boosting regressor algorithm with specific parameters
showed the best predictive performance for AGy. This algorithm
combines the predictions of multiple weak learners (usually
decision trees) to improve prediction accuracy by minimizing
the loss function via gradient descent."®* Among descriptors, the
number of valence electrons of terminal atoms is the most
important feature descriptor. In short, HTC and ML methods
play an indispensable role in the screening and design of MXene
electrode materials.

5.2. Stability of MXene in aqueous solution

The stability of MXene in aqueous solutions is crucial as it
directly affects performance and lifespan in energy storage
devices. However, some studies found MXene has poor stability
in aqueous solutions, being corroded by water molecules and
oxidatively degraded into TM oxides.>"**> This structural degra-
dation leads to a loss of electrochemical performance, reducing
device lifespan. To overcome this problem, understanding the
atomic-level mechanisms of the oxidation process is necessary.
In recent years, researchers have used theoretical calculations
to reveal atomic details of MXene degradation. These insights
help design MXene electrodes with enhanced stability in aqu-
eous solutions.

Early experimental studies found that MXene is easily oxi-
dized and degraded in humid air or aqueous solution environ-
ments, hindering its application.'®® Huang et al. found through
spectroscopic characterization that water is the key to MXene
oxidation."®® Water “attacks” the metal in MXene, forming
oxidized Ti species and leading to degradation. Inspired by
this, Wu et al. used first-principles MD to explore how MXene
degrades in water.'®” The results in Fig. 13(a) show that water
molecules attack MXene through adsorption and pull out Ti
atoms. The water molecules are then deprotonated to form Ti-
OH, reconstructing the surface. At the same time, the formed
Ti-OH substances continue to react with water molecules,
causing irreversible degradation.

Hou et al. further studied the oxidation process of MXene in
large aqueous solutions on the nanosecond time scale using a
neural network potential.'*® Deep neural network potentials
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(a) AGy distribution of hydrogen adsorbed by M,M’X, and MaM/X30,, and the black dotted line range represents [AGy| < 0.2 eV of MXene on
equilibrium H coverage *®” Reproduced with permission, ref. 187. Copyright 2020, Royal Society of Chemistry. (b) Schematic of the formation of the H-O

bond on the surface of O-terminated MXene, where the linear combination of a H 1s orbital and an O 2p, orbital forms a fully filled, low-energy bonding

orbital (o) and a partially filled, high-energy antibonding orbital (c*). (c) The derivation of the correlation between the N, of the O atom and the H-O binding
strength. The calculated (d) AEy and (e) |AGH| as a function of the number of electron O atom gains (N,), where the R?is 0.95, indicating the high linear
correlation between the N, and AE,. 288 Reproduced with permission, ref. 188. Copyright 2016, American Chemical Society. (f) Linear relationship between
the oxygen vacancy formation energy (£¢) and free energy of hydrogen adsorption (AGy) of M,41N,O,. The black, red, and blue symbols represent M,XO»,

M3X,0, and M4X30,, respectively. (g) The linear relationship between E; and AG of both M,,1C,0, and M,,;1N,O,. The gray dashed line represents linear

fitting of the data.*® Reproduced with permission, ref. 189. Copyright 2018, American Chemical Society. (h) Mean absolute error (MAE) and coefficient of
determination (R? score) of the ABR, ENR, GBR, KNR, KRR, LAS, PLS, RFR and RDG algorithms using primary (atomistic, structural and electronic indicators)
and statistical function-processed features. (i) Parity plots of the best-performing RFR and GBR models using the DFT dataset of hydrogen adsorption Gibbs
free energies (AGy). The pink-shaded regions indicate a deviation of up to 0.5 eV. (j) Feature importance from the mean decrease in impurity for the GBR

model with RFE-HO-LOO, evaluated via 20-fold cross-validation.”® Reproduced with permission, ref. 178. Copyright 2023, Royal Society of Chemistry.
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Fig. 13 (a) AIMD simulations of two layers of water confined in TizC,O, at 300 K: the figures here are the representative snapshots.**” Reproduced with
permission ref. 197. Copyright 2022, American Chemical Society. (b) The positions of V atoms in vanadium oxides (dark blue atoms). (c) The vanadium
oxide with two water molecules.**® Reproduced with permission, ref. 198. Copyright 2023, John Wiley and Sons.

provide accurate potential energy surfaces by learning high-fidelity
quantum mechanical calculations and capturing complex atomic
interactions. These models can achieve quantum mechanics and
MD scale accuracy, observing molecular behavior over long time-
scales and large atomic scales.'”® As shown in Fig. 13(b and c), the
V-0 species formed by MXene and water are evenly distributed.
The outermost O atom of the V-O species can form hydrogen
bonds with two water molecules, preventing the nearby vanadium
atoms from being attacked by water molecules. Besides, H gener-
ated by water decomposition also prevents MXene oxidation.
These protection mechanisms cause the degree of MXene oxida-
tion to decay exponentially over time, consistent with experimental
observations. In another study, Song et al. studied the effects of
vacancies and F functional groups on the stability of Ti;C,0,
MXene.”” They found that F functional groups can slow down
water erosion. In addition, Nesterova et al. used enhanced sam-
pling MD to discover that water attacks on metals in MXene
depend on the coordination environment of the metal site and
the chemical composition of the MXene surface. Edge and defect
sites are believed to enhance water adsorption and subsequent
MXene degradation. Zhao et al. calculated that the oxidation
process preferentially starts from the edge of the nanosheet.””!
Marquize et al. found that MXene with vacancies and edge sites
exhibits strong water chemical adsorption.>*>

The atomic-level mechanism of MXene degradation in aqu-
eous solutions was revealed through theoretical calculations.
Improving the stability of MXene has become increasingly
important. Researchers have proposed promising strategies

This journal is © The Royal Society of Chemistry 2025

from a computational perspective to alleviate MXene degrada-
tion. Some reports suggest that MXene hydrolysis products
such as protons and oxides can prevent water from continuing
to attack the MXene surface and thus slow down the degrada-
tion rate.'””'*® Zhao et al. confirmed that the acidic system is
more beneficial to the stability of MXene.”! Surface modifica-
tion of MXene has proven to be another effective method.
Nesterova et al. proposed that MXene stability can be improved
by reducing the MXene work function and avoiding loosely
anchored oxygen-coordinated Ti sites.””® Song et al. found that
increasing the coverage of F functional groups on the MXene
surface can prevent water oxidation.?°

5.3. Electrochemical stability of MXene

In aqueous batteries and supercapacitors, the electrochemical
stability of MXene electrode materials is significantly affected by
performance at different pH values and potential U.*° The dis-
tribution and composition of MXene surface functional groups,
and the overall structure, change with potential and pH condi-
tions, directly affecting the electrochemical performance of the
electrode. However, it is very difficult to experimentally obtain the
surface composition under real conditions. Therefore, quickly
exploring MXene stability under different conditions through
theoretical calculations is crucial for the design and optimization
of aqueous batteries and supercapacitors.

Ibragimova et al. studied the distribution and composition
of surface functional groups of Ti,C and Ti;C, MXene, finding
that a mixture of O, OH, and F will be formed on the surface.?**
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The composition of MXene depends on pH, temperature, and
work function. Lopez et al. and Meng et al. also concluded that
mixed surface functional groups are beneficial.'”**°* Ibragimova
further studied other MXene and found that the distribution of
mixed functional groups has little to do with the type of metal,
carbon, or nitrogen species, and the number of atomic layers of
MXene (Fig. 14(a)).”°° Wei et al. suggested that the stability of
double-TM ordered MXenes is closely related to the type of TM
atoms in the outermost layer.>*” Gao et al. demonstrated that the
surfaces of Ti,C, V,C, and Ti;C, are composed of O and OH in the
standard state, while Nb,C is completely functionalized by O
atoms.'”* In another study, Fredrickson examined the effects of
water intercalation, various functional groups, and applied
potential on the stability of Ti,C and Mo,C MXenes.>*® They
found that MXenes are always functionalized with a layer of O
functional groups when the external potential is zero, while bare
MXenes are unstable at any external potential (Fig. 14(b and c)).
Bo et al. found that pH controls surface termination."* Acidic pH
produces an initial MXene surface with a specific functional group
distribution beneficial to capacitive performance.

6. Conclusion and perspectives

With the development of high-performance computing and ML,
computational simulations have become crucial for designing and
discovering new materials. This is exemplified by the computa-
tional insights into MXene materials used in aqueous batteries
and supercapacitors. First, theoretical calculations and high-
throughput screening of thermodynamically stable MAX precur-
sors guided the experimental synthesis of new MXene phases.
Second, multi-scale theoretical simulations elucidated MXene’s
working mechanisms in aqueous energy storage systems, includ-
ing Zn deposition inhibition, activation of electrochemical reaction
sites, and pseudocapacitive mechanisms. Finally, new MXene
materials can be rationally designed to address issues in aqueous
energy storage systems, such as the HER. Although computational
simulations have achieved significant success in these fields, a
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substantial gap remains between simulations and actual reactions,
necessitating more advanced and comprehensive calculations and
modeling. To address this challenge, we propose focusing on the
following aspects.

(1) Enhance the complexity of the simulation system. As
computing power increases, the dimensional explosion issue
caused by system complexity will be mitigated, allowing research-
ers to consider more realistic systems. For MXene synthesis,
current computational systems overly simplify reaction condi-
tions, making it challenging to extend to complex experimental
processes. Therefore, additional factors such as etchant type,
solution pH, reaction temperature, and kinetics must be consid-
ered to establish a comprehensive synthesis theory. For energy
storage, simulations must also account for the complexity of
MXene surface chemistry and aqueous solutions, including func-
tional group mixing, electrolyte pH, and intercalation thickness.

(2) Employ advanced computational methods. For electro-
chemical energy storage and catalysis processes, reactions
occur under bias conditions, yet most DFT calculations are
constant electron simulations. Constant potential simulations,
which better mimic electrochemical reactions, allow for clearer
insights into the double-layer effect at interfaces, charge trans-
fer processes, and solvent structures.

(3) ML deep potential. ML deep potential provides an accu-
rate and efficient potential energy surface by learning particle
motion behavior in AIMD, promising to accelerate MXene
research in aqueous energy storage systems. ML potential
achieves quantum mechanics and MD scale accuracy, observing
molecular behavior over long time-scales and large atomic
scales. This understanding aids in comprehending the long-
term evolution of MXene electrodes in aqueous devices. Thus,
developing robust ML potentials to predict MXene behavior
under various electrochemical conditions is crucial. Combining
AIMD with advanced sampling methods like metadynamics
enhances the exploration of unknown potential energy surfaces,
achieving precise descriptions.

(4) Selecting the best descriptors and ML models. Choosing
the best descriptors and ML models is vital for accurately
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Fig. 14 (a) Summary of stable compositions for all systems as a function of the open-circuit potential (at pH O; top panel) and pH (at U-Uspe = 0V;
bottom panel).2°® Reproduced with permission, ref. 206. Copyright 2021, American Chemical Society. Calculated Pourbaix diagrams for (b) Ti»C and (c)
Mo,C MXene. Only the lowest free energies at a given potential are labeled by the functionalization.?°® Reproduced with permission, ref. 208. Copyright

2016, American Chemical Society.
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predicting MXene’s electrochemical properties. Essential descrip-
tors include surface composition, electronic structure, and
chemical composition. Dimensional reduction techniques, such
as recursive feature elimination and principal component analy-
sis, identify the most relevant descriptors, enhancing model
accuracy. Incorporating domain knowledge into descriptors
ensures physical relevance to MXene’s properties. For ML models,
complexity and interpretability must be considered; ensemble
methods like random forests or gradient boosting offer strong
performance and insights. Future research should develop unique
descriptors and interpretable ML models, optimizing hyperpara-
meters to achieve the best prediction performance and promote
rational MXene design in aqueous energy storage systems.

(5) High-throughput computational screening and database
establishment. High-throughput computational screening sys-
tematically explores numerous candidate materials, making it a
powerful strategy for discovering and optimizing materials. For
MXene, this method can identify compositions, surface termi-
nations, and structural modifications with optimal electroche-
mical performance. Building high-throughput computational
data into accessible MXene databases will significantly advance
application research. To enhance usability, researchers should
establish standardized data formats and incorporate real-time
updates of ongoing research. Integrating these databases with
ML tools can predict new MXene compositions for aqueous
batteries and supercapacitors.

(6) Multiscale simulation. Multiscale simulation methods
are crucial for bridging the gap between atomic-scale phenomena
and macroscopic device performance. This review examines how
MXene materials impact the electrochemical behavior of aqueous
energy storage systems using DFT calculations, classical MD
simulations, and COMSOL simulations. Future research should
develop integrated multiscale models that combine quantum
mechanical calculations with continuum-scale simulations. This
integration can provide a comprehensive understanding of
performance-limiting factors and degradation mechanisms in
MXene-based devices, ultimately leading to the design of MXene
materials with enhanced performance and durability.

List of abbreviations

2D Two-dimensional
3D-RISMThree-dimensional reference interaction site model
AIMD  Ab initio molecular dynamics

AZIB  Aqueous Zn-ion batteries

DFT Density functional theory

DOS Density of state

EDLCs Electrical double-layer capacitors
EDL Electrical double-layer

EESS  Electrical energy storage systems
AE; Formation energy

AG Gibbs free energy

AGy Free energy of hydrogen adsorption
HER Hydrogen evolution reaction

HTC High-throughput calculation
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AH.,  Formation enthalpy

i-MXene In-plane ordered MXene

MOF  Metal-organic frameworks
PEDOT Poly(3,4-Ethylenedioxythipohene)
PPy Polypyrrole
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