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Abstract

MXenes, a rapidly emerging family of two-dimensional transition metal carbides and nitrides, have
attracted considerable attention in recent years for their potential in next-generation energy storage
technologies. In solid-state batteries (SSBs), they combine metallic-level conductivity (>10° S cm™),
adjustable surface terminations, and mechanical resilience, which makes them suitable for diverse
functions within the cell architecture. Current studies have shown that MXene-based anodes can
deliver reversible lithium storage with Coulombic efficiencies approaching ~98% over 500 cycles,
while their use as conductive additives in cathodes significantly improves electron transport and rate
capability. As interfacial layers or structural scaffolds, MXenes effectively buffer volume fluctuations
and suppress lithium dendrite growth, contributing to extended cycle life. In solid polymer and
composite electrolytes, MXene fillers have been reported to increase Li* conductivity to the 10°-10-2
S ecm™ range and enhance Li* transference numbers (up to ~0.76), thereby improving both ionic
transport and mechanical stability. Beyond established Ti-based systems, double transition metal
MXenes (e.g., Mo,TiC,, Mo0,Ti:C3) and hybrid heterostructures offer expanded opportunities for
tailoring interfacial chemistry and optimizing energy density. Despite these advances, large-scale
deployment remains constrained by high synthesis costs (often exceeding USD 200—400 kg for
TisC,Tx at lab scale), restacking effects, and stability concerns, highlighting the need for greener
etching processes, robust quality control, and integration with existing gigafactory production lines.
Addressing these challenges will be crucial for enabling MXene-based SSBs to transition from
laboratory prototypes to commercially viable, safe, and high-performance energy storage systems.

Keywords: MXene; all-solid-state batteries (ASSBs); energy storage; interfacial engineering; lithium
metal anode; solid electrolyte

1. Introduction

Solid-state batteries (SSBs) are widely regarded as one of the most promising next-generation
energy storage technologies, driven by the urgent need for safer, higher-energy-density, and longer-
lasting solutions for electric vehicles (EVs), portable electronics, and grid-scale applications. The
rapid growth of electrified transportation and renewable integration imposes stringent demands on
battery systems, including high energy density, fast charging, long cycle life, and reliable safety under
harsh operating conditions.

Conventional lithium-ion batteries (LIBs), despite dominating the market for nearly three
decades, rely on flammable liquid electrolytes that introduce risks such as leakage, volatility, and
thermal runaway under mechanical stress or overcharge scenarios [1,2]. These inherent limitations
have stimulated worldwide efforts to replace liquid electrolytes with solid-state electrolytes (SSEs),
which offer enhanced safety and improved performance. By enabling the use of lithium metal as the
anode, providing a theoretical specific capacity of 3860 mAh g™ and the lowest electrochemical
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potential (-3.04 V vs. SHE)—SSEs can potentially double the energy density of state-of-the-art LIBs
[3,4]. In addition, their superior mechanical properties help mitigate lithium dendrite formation, a
major failure mode in liquid-based cells, while their broad electrochemical stability window supports
the integration of high-voltage cathode materials [5][6]. Nevertheless, the practical deployment of
SSBs is still hindered by critical bottlenecks, particularly moderate ionic conductivities (often ~10-3 S
cm! for oxide-based electrolytes such as Li;La;Zr,O12) [7,8]. Sulfide-based solid electrolytes, such as
Li;oGeP,S12, exhibit conductivities approaching those of liquid electrolytes (~10-2 S cm™) but are
chemically unstable against moisture, forming toxic H,S gas upon exposure, posing handling and
processing challenges [9]. Second, high interfacial resistance at electrode—electrolyte interfaces
remains a bottleneck, as the rigid nature of solids limits intimate contact and induces void formation
during cycling, which leads to impedance growth and capacity fading [2]. In particular, the lithium
metal-solid electrolyte interface suffers from poor wetting and interfacial instability, resulting in
dendrite penetration along grain boundaries or defects even in dense ceramic electrolytes [10]. Third,
chemical incompatibility between SSEs and electrodes can cause interfacial decomposition, forming
resistive interphases that degrade performance. For instance, sulfide electrolytes can be reduced by
lithium metal or oxidized at high-voltage cathodes, consuming active lithium and electrolyte
components [11].

Overcoming these challenges requires innovative materials that combine high ionic
conductivity, chemical and electrochemical stability, mechanical robustness, and interfacial
compatibility. Recent advances in materials chemistry have introduced two-dimensional (2D)
materials as promising candidates to address these issues. Among them, MXenes, a family of 2D
transition metal carbides, nitrides, and carbonitrides, have attracted considerable attention due to
their unique combination of properties. First discovered by Gogotsi and Barsoum in 2011 through
selective etching of the A-layer (typically Al) from MAX phases, MXenes possess the general formula
Mn+XnTx, where M represents an early transition metal (such as Ti, V, Nb, Mo), X is carbon and/or
nitrogen, and Tx denotes surface terminations (e.g., -OH, —O, —F) introduced during synthesis [12,13].
The structural diversity, tunable surface chemistry, and metallic conductivity (up to ~20,000 S cm™
for Ti3C,Tx) of MXenes make them ideal for electrochemical applications [14].

MXenes exhibit hydrophilic surfaces and flexible layered structures with tunable interlayer
spacing, enabling efficient ion transport and intercalation. Their excellent electronic conductivity
facilitates fast charge transfer, which is crucial for battery electrodes and interfacial layers [15].
Furthermore, their mechanical flexibility and processability allow the fabrication of dense films and
coatings, overcoming limitations of brittle ceramic materials. In energy storage, MXenes have
demonstrated exceptional performance as supercapacitor electrodes due to their high volumetric
capacitance [16], as lithium-ion battery anodes with high rate capability and cycling stability [17], and
more recently as sodium-ion and potassium-ion battery electrodes [18]. Their unique ability to
combine surface redox (pseudocapacitance) and intercalation mechanisms enables fast kinetics and
high power densities, characteristics desirable for advanced batteries [19].

Beyond their direct application as electrodes, MXenes have shown potential in other functional
roles within SSB architectures. As conductive additives in cathodes, MXenes can form electronic
percolation networks, enhancing conductivity without sacrificing volumetric energy density,
outperforming traditional carbon-based additives [20]. As protective layers or host scaffolds for
lithium metal anodes, MXenes can suppress dendrite growth due to their mechanical strength and
lithiophilic surfaces, improving interfacial stability and safety [11]. Moreover, incorporation of
MXenes into solid polymer or composite electrolytes enhances ionic conductivity by promoting
segmental motion of polymer chains and creating interconnected pathways for ion transport. Their
mechanical reinforcement effect also improves the flexibility and durability of polymer electrolytes
[21].

Recent studies have also explored MXene-based interfacial engineering strategies to address
high interfacial resistance in SSBs. MXene interlayers between electrodes and solid electrolytes can
improve interfacial contact, reduce impedance, and accommodate volume changes during cycling,
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mitigating mechanical degradation [22]. Their rich surface chemistry allows tailoring of interfacial
compatibility through functional group modification or composite formation with sulfide, oxide, or
polymer electrolytes [23]. Despite these promising features, challenges remain in terms of MXene
scalability, environmental stability (e.g., susceptibility to oxidation in humid environments), and
cost-effective integration into battery manufacturing processes [24].

In this review, we aim to provide a comprehensive and critical overview of the multifunctional
roles of MXenes in solid-state batteries. We first summarize their structural characteristics, synthesis
methods, and physicochemical properties relevant to battery applications. We then discuss their
utilization as electrode materials, both as anodes and as conductive additives in cathodes, analyzing
their electrochemical performance and storage mechanisms. Next, we examine their roles as hosts
and protective layers for lithium metal anodes, highlighting strategies for dendrite suppression and
interfacial stabilization. We further explore the incorporation of MXenes in solid polymer and
composite electrolytes, elucidating mechanisms by which they enhance ionic conductivity and
mechanical properties. Finally, we discuss MXene-based approaches for interfacial engineering,
addressing challenges related to interfacial resistance and chemical compatibility, and outline current
limitations, scalability concerns, and future perspectives for practical implementation. By
consolidating these insights, we aim to guide materials scientists, electrochemists, and engineers
towards the development of safer, high-performance solid-state battery systems enabled by MXene
materials, ultimately accelerating the realization of next-generation energy storage technologies.

2. MXenes: Structure, Synthesis, and Properties

Since their discovery in 2011, MXenes have rapidly emerged as a versatile family of two-
dimensional (2D) transition metal carbides, nitrides, and carbonitrides with immense potential for
electrochemical energy storage applications. Their layered structures, high electronic conductivity,
rich surface chemistries, and tunable mechanical properties offer a unique combination of features
rarely found in other 2D materials. In the context of solid-state batteries (55Bs), understanding their
structure, synthesis methods, and physicochemical characteristics is essential to design
multifunctional architectures that leverage MXenes as electrodes, electrolyte fillers, interfacial layers,
and protective coatings.

2.1. Crystal Structure and Surface Terminations

MXenes are a family of two-dimensional (2D) transition metal carbides, nitrides, or carbonitrides
with the general formula Mn«1XnTx, where M denotes an early transition metal (e.g., Ti, V, Nb, Mo), X
is carbon and/or nitrogen, and Tx represents surface terminations such as -O, -OH, and -F. These
materials are derived by selective etching of the A-group element from their parent MAX phases,
Mn+#1AXn, where A typically belongs to groups 13 or 14 (e.g., Al, Si) [10,25]. The MAX phases exhibit
a layered hexagonal structure (space group P6;/mmc) comprising M-X octahedra stacked along the
c-axis, with the A atoms interleaved between Mn+1Xn slabs. Upon etching, the A-layers are
selectively removed, resulting in exfoliated Mn+1XnTx layers that retain the in-plane crystallinity of
the parent phase while introducing surface functional groups originating from the etching medium
(e.g., HF, LiF/HCI, or molten salts) [11,26]. The most studied MXene, TisC,Tx, features a trilayer
structure composed of a central carbon layer sandwiched between two titanium layers. After etching,
terminations bind to the exposed Ti atoms on the surface, forming Ti-O, Ti-F, or Ti-OH bonds
depending on the etchant and post-treatment. High-resolution transmission electron microscopy
(HRTEM) and synchrotron X-ray diffraction (XRD) studies have confirmed the presence of well-
defined interlayer distances ranging from ~0.9 to 2.0 nm, depending on the nature and amount of
surface terminations [27,28] (see Figure 1).
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Figure 1. Conversion of Ti3AlC; into Ti3C,T, with surface terminations and interlayer water (a); SEM images of
TisC, T, prepared by HF etching (b), showing an accordion-like shape, and LiF-HClI etching (c), yielding a more
compact form; XRD patterns of TisAlC, and TizC, T, (d); green lines mark MAX phase peaks, while grey bands
correspond to crystalline Si (10 wt% standard). (Adapted with permission from ref. [28], Royal Society of
Chemistry 2016).

Surface terminations critically influence the structural stability and electronic properties of
MXenes. Density Functional Theory (DFT) studies show that bare (non-terminated) MXene surfaces
tend to be metallic, but oxygen terminations can induce semiconducting behavior by opening a small
bandgap, while fluorine and hydroxyl terminations typically preserve metallicity but modify the
density of states near the Fermi level [15,29]. These electronic modifications are strongly dependent
on the specific termination sites (top, hollow, bridge) and their distribution across the surface.

Experimentally, X-ray photoelectron spectroscopy (XPS) is widely employed to quantify and
identify surface terminations. The relative intensities of Ti-O, Ti-OH, and Ti-F peaks provide insight
into the chemical environment of surface atoms and confirm that termination ratios vary substantially
with synthesis conditions [30]. Raman spectroscopy and solid-state nuclear magnetic resonance
(NMR) further support the structural assignment of functional groups and help track degradation or
oxidation over time [31,32]. Importantly, the type and density of surface terminations affect interlayer
interactions, spacing, and surface energy. These factors play a decisive role in colloidal stability,
mechanical flexibility, and ion intercalation capabilities, which are addressed in later sections. For
example, hydroxyl-rich MXenes exhibit enhanced hydrophilicity and swelling in aqueous media,
while fluorine terminations lead to more compact structures due to reduced hydrogen bonding
potential [33].

Understanding and controlling surface terminations is thus central to tailoring MXene
performance across a wide range of applications. In solid-state battery systems, these terminations
will later be shown to influence interfacial compatibility, ionic transport, and electrochemical
behavior (see Sections 2.3, 4, and 5).

2.2. Synthesis Methods

MXenes are typically synthesized by selectively etching out the A-layer from MAX phases
(Mn1AXn), which are layered ternary carbides or nitrides. The choice of etching method greatly
influences the structure, surface terminations, and physicochemical properties of the resulting
MXene, and thus determines its performance in applications such as energy storage, sensing, and
catalysis. Below we describe the three major synthesis routes: HF etching, in situ acid etching
(including fluorine-free methods), and molten salt synthesis.

2.2.1. HF Etching

Hydrofluoric acid (HF) etching is the earliest and most widely used method for MXene
synthesis. The typical procedure involves immersing powdered MAX phase (e.g., TizAlC;) in

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0018.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2025 d0i:10.20944/preprints202509.0018.v1

5 of 42

concentrated HF solution (40-50%) at room temperature for 12-48 hours. This process removes the
A-site atoms (e.g., Al), following the reaction:
Ti;AlC, + 3HF — TisC, + AlF; + 1.5H,1

The product is a multilayered MXene (e.g., TisC.Tx), where Tx represents surface functional
groups like —F, -OH, and =O that originate from the HF medium. These terminations are covalently
bonded to the surface Ti atoms and play a critical role in tuning hydrophilicity, conductivity, and
interlayer spacing [10,11]. To obtain delaminated single- or few-layer MXene sheets, intercalation
agents such as dimethyl sulfoxide (DMSQO), tetrabutylammonium hydroxide (TBAOH), or Li+ are
introduced. This is followed by mild sonication to overcome the van der Waals forces between MXene
layers, resulting in stable colloidal suspensions [33,34]. Despite its effectiveness, HF etching poses
significant limitations:

-Toxicity and corrosiveness of HF require stringent safety protocols.

-Environmental hazards due to fluorinated byproducts.

-Limited control over termination chemistry and delamination yield.

For example, Ti;C,Tx obtained via HF etching typically exhibits high fluorine content, which
may be undesirable for certain applications, such as biomedical systems or devices requiring low
electronic impedance [35].

2.2.2. In Situ Acid Etching (Fluorine-Free or Reduced-Fluoride Methods)

To mitigate the hazards associated with concentrated HF, a milder alternative involves
generating HF in situ by mixing a fluoride salt (e.g., LiF, NaF, or KF) with hydrochloric acid. This
reaction proceeds as:

LiF + HCl — HF + LiCl

This method, pioneered by Ghidiu et al. [36], uses 1 M LiF + 6 M HCI at 35-40 °C for 24 h and
yields Ti;C;Tx with lower fluorine content and enhanced electrochemical performance. The presence
of Li* ions facilitates spontaneous intercalation during etching, leading to expanded interlayer
distances (often >1.2 nm), which simplifies delamination and promotes ion transport in applications
like batteries and supercapacitors [37].

In situ etching methods offer several advantages, including improved safety through the use of
milder reagents, better control over the composition of surface functional groups, and a higher yield
of delaminated MXenes facilitated by spontaneous intercalation. For example, TisC;Tx synthesized
using a LiF/HCI mixture demonstrates enhanced pseudocapacitive behavior and reduced charge
transfer resistance compared to MXenes obtained via direct HF etching [17]. Additionally, fully
fluorine-free methods are emerging. These typically employ alkaline hydrothermal etching using
NaOH, KOH, or LiOH at elevated temperatures (120-200 °C). This produces hydroxyl-terminated
MXenes, such as Ti;C(OH)x, without introducing fluorinated residues. Li et al. demonstrated that
hydrothermal etching with 10 M NaOH at 180 °C for 48 h effectively removes the Al layer and yields
MXenes with promising structural integrity and electrochemical behavior [38]. Although fluorine-
free routes are more environmentally friendly, they are still under development and face several
limitations, including their applicability to a narrow range of MAX phases (primarily Ti;AlC; and
Nb,AIC), challenges related to incomplete etching or the formation of residual oxides, and limited
scalability due to the high temperatures and pressures typically required during synthesis.

2.2.3. Molten Salt Synthesis

Molten salt etching represents a promising HF-free method for MXene synthesis, where MAX
phases are exposed to Lewis acidic molten salts such as ZnCl,, CuCl,, or FeCl; at high temperatures
(typically 500-600 °C). Through cation exchange and volatilization of the A-layer, this process yields
MXenes with non-fluorinated surface terminations like —Cl, or even with metal decoration [39]. For
instance, Wang et al. demonstrated that etching TizAlC, with molten ZnCl, at 550 °C produces
TisCoCl,, a Cl-terminated MXene exhibiting high electrical conductivity (up to 15,000 S/cm) and
enhanced environmental stability [40], thus broadening the scope of MXene surface chemistries
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beyond traditional —-F and —-OH terminations. This technique avoids the use of hazardous HF or
fluoride salts and offers potential for scalable batch processing, while enabling access to unique
surface terminations not achievable through wet chemical routes. Nevertheless, the requirement for
elevated temperatures may restrict compatibility with certain substrates, and there is a risk of phase
decomposition or unwanted side reactions. Additionally, thorough post-processing is needed to
eliminate residual salts and impurities. Despite these challenges, molten salt synthesis is particularly
attractive for producing metal-decorated MXenes and tuning surface chemistry via in-situ doping
strategies [41].

2.3. Physicochemical Properties Relevant to Solid-State Batteries (5SBs)

MXenes exhibit a unique set of physicochemical properties that make them exceptionally well-
suited for applications in solid-state batteries (SSBs). These properties—namely, high electrical
conductivity, tunable surface chemistry, and excellent mechanical behavior—address many of the
limitations encountered with traditional electrode and interfacial materials. Their two-dimensional
morphology also allows seamless integration into multi-layered battery architectures, enabling
structural coherence and minimizing interfacial resistance, which are critical for the performance and
durability of SSBs. One of the most outstanding features of MXenes is their metallic or near-metallic
electrical conductivity. Pristine TisC,Tx, the most studied member of the MXene family, can reach in-
plane conductivities exceeding 15,000 S/cm in its multilayer form and above 20,000 S/cm in
delaminated films, depending on processing conditions and termination chemistry [17,27]. This
exceptional conductivity arises from delocalized d-electrons across the transition metal layers and is
preserved even in the presence of surface terminations such as -OH, -F, or -O, albeit with subtle
modifications to the density of states near the Fermi level [12,29,42]. Importantly, this high
conductivity is maintained even when MXenes are embedded in composite matrices or applied as
thin films, enabling their use as both active materials and conductive additives without relying on
carbon black or metallic fillers. In the context of SSBs, where solid electrolytes inherently exhibit low
ionic conductivities, especially at room temperature, the addition of highly conductive MXene
networks can significantly reduce internal resistance and enhance rate performance. Equally critical
to MXene performance is their rich surface chemistry, which is intrinsically tied to the synthesis
method. Unlike graphene and other inert 2D materials, MXenes naturally bear a variety of functional
groups such as -OH, —O, -F, and in some cases —Cl or even metal terminations (e.g., Zn), introduced
during HF, LiF/HCI, or molten salt etching processes [33,39]. These functional groups significantly
affect electrochemical reactivity, ion accessibility, and interfacial adhesion. For example, hydroxyl-
and oxygen-terminated surfaces demonstrate high affinity for Li* and Na* ions, facilitating fast ion
intercalation and enabling pseudocapacitive charge storage behavior [43]. These terminations also
impact the wettability of MXene surfaces, improving compatibility with solid polymer electrolytes
(SPEs) such as PEO, PAN, or PVDF, and inorganic—polymer hybrid electrolytes. Moreover, the
presence of polar groups enhances dispersion in polar solvents, allowing solution processing
techniques to be used for large-area film fabrication, which is pivotal in scale-up and flexible battery
configurations [44]. Beyond their electronic and surface properties, MXenes also demonstrate
remarkable mechanical behavior that is advantageous for integration in solid-state devices. Their
high in-plane stiffness (with reported Young’'s modulus values of ~300-500 GPa for TisC,Tx)
combines with their nanoscale thickness and flexibility to produce robust, conformal coatings capable
of accommodating strain without cracking [26]. When assembled into films, MXenes maintain
structural integrity under repeated electrochemical cycling and mechanical deformation, a key
requirement for flexible or wearable SSBs. Their lamellar structure also allows interlayer engineering
through the intercalation of ions or molecules (e.g., Li*, DMSO, urea), which can expand the interlayer
spacing and reduce ion diffusion barriers. This is particularly relevant for enhancing ionic
conductivity in solid electrolytes or improving rate capability in composite electrodes [32,45]. In
summary, the physicochemical profile of MXenes—combining metallic conductivity, reactive surface
functionality, hydrophilicity, mechanical robustness, and facile processability—enables their
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versatile application in SSBs as conductive scaffolds, interfacial layers, or redox-active hosts. These
attributes make them fundamentally different from most other 2D materials and position them as
multifunctional building blocks for next-generation energy storage systems.

2.4. Comparative Advantages Over Other 2D Materials (Graphene, MoS,, BN)

Over the last decade, various two-dimensional (2D) materials have been explored for battery-
related applications, each offering unique features. However, when evaluated comprehensively for
use in solid-state batteries, MXenes offer a superior combination of properties not found in graphene,
transition metal dichalcogenides (TMDs) such as MoS,, or insulating materials like h-BN. Graphene
is often cited for its outstanding electrical conductivity (~10* S/cm) and large surface area, but its
chemical inertness severely limits its ability to interact with other components in SSBs. To render
graphene functional, extensive chemical treatments such as oxidation (producing graphene oxide,
GO) and subsequent reduction (rGO) are necessary. These processes introduce defects that
deteriorate conductivity and structural integrity. By contrast, MXenes naturally possess a high
density of chemically active sites due to their surface terminations, allowing spontaneous bonding or
hydrogen bonding interactions with polymer and inorganic electrolytes [46]. These intrinsic
functional groups not only enhance ion transport and interfacial adhesion but also allow for tunable
surface properties without the need for harsh post-synthesis modifications. In terms of redox activity
and ionic storage capability, MXenes are particularly advantageous over MoS,. While MoS; provides
lithium-ion storage through intercalation and conversion mechanisms, it suffers from poor electrical
conductivity and significant volume expansion during cycling, which can cause structural
degradation. MXenes, on the other hand, operate primarily through intercalation pseudocapacitance
with minimal structural changes, allowing for better cycling stability, particularly in the case of
Ti3C;Tx and Nb,CTx, which have shown excellent rate capabilities and cycle life in both Li* and Na*
systems [47]. Furthermore, MXenes often exhibit higher volumetric capacity due to their dense
packing, a critical metric for practical solid-state devices where volumetric energy density is
paramount. h-BN, known for its thermal stability and insulating behavior, has been proposed as a
protective interfacial layer in battery systems. However, its lack of electrical conductivity makes it
unsuitable as an electrode or conductive additive. MXenes, by contrast, offer similar thermal and
mechanical stability while also serving as efficient electron conductors and Li-ion hosts. Additionally,
h-BN’s non-reactive surface hinders its integration into multi-material systems, whereas MXenes’
polar terminations facilitate adhesion and charge transfer across interfaces [48,49]. Processability is
another domain where MXenes outperform their 2D counterparts. While graphene, MoS;, and BN
often require surfactants or binders to form uniform films or coatings, MXenes can be dispersed in
water or polar solvents without surfactants, yielding stable colloidal solutions. These can be
processed into thin films via simple techniques like vacuum filtration, drop-casting, spin coating, or
inkjet printing, enabling scalable and uniform deposition for battery electrodes and solid-electrolyte
interfaces [37]. This high processability, combined with the tunable thickness and surface chemistry
of MXene films, facilitates the formation of continuous, conformal interfacial layers essential for
reducing interfacial resistance in SSBs. Finally, in terms of interfacial engineering, MXenes offer a
distinct advantage through their inherent hydrophilicity and high surface energy. These properties
promote excellent wettability and strong contact with both polymer and ceramic electrolytes. This is
particularly beneficial in SSBs, where poor electrode—electrolyte contact is a major bottleneck to
achieving low interfacial resistance and high ionic conductivity. Graphene and MoS,, being more
hydrophobic, require chemical modification to achieve similar levels of integration, which
complicates fabrication and may introduce variability. Taken together, the properties of MXenes—
particularly their high electrical conductivity, active surface terminations, redox capacity, mechanical
flexibility, and superior processability —combine to offer a multifunctional platform for solving
multiple challenges simultaneously in solid-state battery development. Their dual role as both
structural and electrochemical components gives them an edge over more limited-functionality 2D
materials.
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3. MXenes as Electrode Materials

The integration of MXenes into solid-state battery architectures has garnered significant
attention due to their unique combination of properties, including high electronic conductivity,
tunable surface chemistry, layered morphology, and mechanical flexibility. These features make
MXenes promising candidates not only as active anode materials but also as conductive additives or
structural components in composite electrodes. Their ability to accommodate alkali-ion intercalation
with minimal structural degradation, along with their compatibility with both polymeric and
inorganic solid electrolytes, offers strategic advantages in overcoming interfacial and transport
limitations commonly encountered in solid-state batteries (SS5Bs). This section explores the role of
MXenes in electrode design, with emphasis on their function as anode materials, their electrochemical
performance metrics, and the underlying ion storage mechanisms that govern their behavior in solid-
state configurations.

3.1. MXenes as Anodes in Solid-State Batteries (SSBs)

The search for efficient and stable anode materials remains a central challenge in the
development of high-performance solid-state batteries (55Bs). Conventional anodes such as graphite,
lithium metal, or silicon face significant limitations when integrated into solid-state configurations
due to issues such as poor interfacial contact, limited Li* mobility, and severe volume changes during
cycling. MXenes have recently emerged as a promising class of 2D transition metal carbides and
nitrides that offer a unique combination of metallic conductivity, intercalation pseudocapacitance,
and mechanical resilience, which make them particularly suitable as anode materials in SSB systems.
One of the primary advantages of MXenes as anodes is their ability to deliver competitive specific
capacity through reversible intercalation of Li* and Na* ions. For example, Ti;C,Tx has demonstrated
a reversible capacity of ~370 mAh/g in organic liquid electrolytes, which corresponds to the insertion
of up to 1 mol of Li* per formula unit of TizC; [50]. In solid-state configurations, where ion transport
is restricted by the rigid electrolyte matrix, TisC,Tx still exhibits capacities in the range of 150-250
mAh/g depending on the processing conditions, termination groups, and cell architecture [51,52].
The high volumetric capacity of MXenes, stemming from their dense layered stacking (typically >4
g/cm?), makes them even more appealing for solid-state applications, where space optimization is
critical. The cycling stability of MXene-based anodes is also noteworthy. The robust layered structure
of TizC;Tx and its strong Ti—C bonds enable the accommodation of Li* insertion/extraction with
minimal lattice distortion, reducing the risk of pulverization and mechanical degradation. Several
studies have demonstrated that TisC,Tx retains over 90% of its initial capacity after more than 500
cycles at moderate current densities in SSB configurations using PEO- or Lii.5Alo.sGe1.5(PO4)s-based
solid electrolytes [53,54]. This cycling stability is further enhanced by the surface functional groups
that facilitate Li* diffusion across the MXene-electrolyte interface and by the inherent flexibility of
MXene nanosheets, which can buffer mechanical stress during repeated cycling. Furthermore, self-
healing behavior has been reported in MXene electrodes where cracks formed during cycling are
mitigated by van der Waals re-adhesion of neighboring flakes, a phenomenon not typically observed
in brittle bulk anode materials [55]. Understanding the mechanisms of Li* and Na* storage in MXenes
is essential to fully leverage their potential in SSBs. In contrast to intercalation in graphite or
conversion in metal oxides, MXenes operate via an intercalation pseudocapacitance mechanism—a
hybrid behavior that combines fast surface redox reactions with ion intercalation between the layers.
This mechanism is characterized by capacitive-like kinetics with diffusion-controlled contributions,
which enables rapid charge/discharge and high-rate capability [56]. In situ electrochemical
dilatometry and ex situ XRD have shown that Li* insertion into TizC;Tx induces only a modest
expansion of ~2-3% in the interlayer distance, allowing for stable structural reversibility [57].
Moreover, DFT calculations and operando spectroscopic techniques (XPS, NMR) have demonstrated
that Li* ions preferentially bind near surface oxygen or hydroxyl terminations and interact weakly
with fluorinated sites, highlighting the importance of termination engineering in optimizing storage
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behavior [58]. Na* storage in MXenes has also gained attention due to the relevance of sodium-ion
SSBs as a cost-effective alternative to lithium-based systems. While the larger ionic radius of Na* (1.02
A) compared to Li* (0.76 A) poses challenges for intercalation, MXenes with expanded interlayer
spacing and suitable terminations have been shown to accommodate Na* with good reversibility. For
example, Na* intercalation capacities of ~200 mAh/g and stable cycling over 300 cycles have been
reported in TisC,Ix-based solid-state systems using NasZr,Si,PO12 (NASICON) or Na-p-alumina
electrolytes [59,60]. Termination groups play an even more crucial role in Na* storage than in Li*
systems, as hydroxyl-rich surfaces promote stronger ion-surface interactions, enhancing ion retention
and suppressing sluggish diffusion kinetics. Additionally, the high electronic conductivity of MXenes
eliminates the need for separate conductive additives in the anode composite, simplifying electrode
fabrication and reducing interfacial resistance. This is particularly advantageous in SSBs, where the
number of interface layers should be minimized to preserve ionic and electronic transport continuity.
Some studies have also explored MXene-based hybrid anodes, where Ti;C,Tx is combined with Si
nanoparticles, Sb,Ss, or SnO, to synergistically combine intercalation and conversion mechanisms,
yielding capacities >500 mAh/g while maintaining good structural integrity [61,62]. In conclusion, the
multifunctional character of MXenes—combining fast pseudocapacitive intercalation, high
volumetric capacity, cycling robustness, and excellent processability —positions them as highly
promising anode materials in the context of solid-state batteries. Their ability to interface directly
with solid electrolytes, their tolerance to volume changes, and their tunable surface chemistry allow
for flexible electrode design and improved long-term performance. Future directions may include
further control of interlayer spacing, exploration of double-transition-metal MXenes for higher
capacities, and computational screening of new compositions to enhance Na*/Li* selectivity and
transport kinetics in solid-state environments.

3.2. MXenes as Conductive Additives in Cathodes

While MXenes have garnered much attention as active anode materials, their utility extends
beyond redox participation. Due to their excellent electronic conductivity, high surface area, and
solution-processability, MXenes are increasingly being employed as conductive additives in cathodes
for solid-state batteries (SSBs). In these systems, MXenes play a crucial role in constructing electronic
percolation networks and promoting synergistic interactions with active cathode materials, thereby
enhancing electrochemical performance without sacrificing volumetric or gravimetric energy
density. In conventional lithium-ion batteries using liquid electrolytes, conductive additives such as
carbon black, Super P, or carbon nanotubes are routinely introduced to ensure sufficient electron
transport throughout the composite cathode. However, in solid-state configurations, the challenge is
more acute due to the inherently lower ionic and electronic conductivity of many solid electrolytes,
combined with rigid electrode structures that can hinder particle connectivity. Here, MXenes offer
distinct advantages. Their metallic conductivity (up to ~20,000 S/cm), combined with a 2D sheet-like
morphology, allows them to form interconnected conductive networks throughout the cathode, even
at very low loadings (~2-5 wt%), significantly outperforming traditional carbon additives in
maintaining electronic percolation [50,63]. These percolative networks reduce the electronic
resistance of the cathode and facilitate rapid charge transport, especially under high-rate conditions
or in thick electrodes designed for high energy density. Unlike spherical or fibrous carbon additives
that often require random packing to establish percolation thresholds, MXene sheets can align or
interpenetrate active material particles, creating continuous charge transport pathways that bridge
isolated regions of the electrode. Moreover, their high aspect ratio and flexibility allow them to
conform to the geometry of the surrounding particles and interface intimately with the solid
electrolyte, promoting compact and homogeneous electrode structures [36].

Beyond conductivity enhancement, synergistic effects between MXenes and cathode active
materials have been reported, particularly in layered oxides and conversion-type materials. For
instance, Ti;C,Tx incorporated into LiFePO, (LFP) composite cathodes not only improved
conductivity but also enhanced Li* diffusion kinetics by stabilizing the electrode—electrolyte interface
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and suppressing polarization, resulting in higher rate capability and better capacity retention [4]. In
other studies, MXenes blended with high-voltage cathode materials such as LiCoO, or
LiNio.sC00.1Mnp.10, (NCMB811) improved cycling performance by mitigating interfacial degradation
and promoting mechanical cohesion within the electrode layer [5]. These effects are attributed to the
interfacial compatibility of MXenes, enabled by their surface terminations (-OH, -O, —F), which can
form hydrogen bonds or electrostatic interactions with the cathode particles or solid electrolyte
components. Furthermore, DFT calculations suggest that MXenes can act as electron-rich substrates,
promoting surface redox reactions and stabilizing the cathode-electrolyte interface under high-
voltage operation [6]. Another critical benefit of MXenes in cathode composites is their potential to
reduce the amount of inactive material. Conventional carbon additives, while electronically
conductive, do not participate in charge storage and occupy space that could otherwise be filled with
energy-storing material. Because MXenes can provide both electrical connectivity and partial
capacitive contribution, their inclusion may enable more compact electrode designs with higher
energy density. Additionally, MXenes show excellent adhesion properties, which improve the
mechanical integrity of composite cathodes under the stress of cycling and temperature fluctuations
in SSBs [64,65].

The processability of MXenes also contributes to their appeal as conductive additives. Their
stable aqueous dispersions enable facile integration with cathode slurries through solution-based
processing techniques such as blade coating, vacuum filtration, or inkjet printing. This is particularly
advantageous for the fabrication of thick or multi-layered cathodes in solid-state architectures, where
uniform dispersion and adhesion to the solid electrolyte are essential to ensure electrochemical and
mechanical stability over long-term operation [66]. In summary, the inclusion of MXenes as
conductive additives in solid-state cathodes offers multiple performance benefits: superior electronic
percolation, improved interfacial contact, enhanced Li* transport kinetics, and better structural
integrity. These multifunctional roles enable the design of high-energy, high-rate solid-state batteries
with improved long-term stability. As such, MXenes represent a powerful alternative to traditional
carbon-based conductive agents and pave the way toward more efficient and integrated cathode
architectures.

3.3. MXene-Based Composites for Enhanced Electrode Performance

In the realm of solid-state batteries (SSBs), MXenes demonstrate enhanced electrode
functionality not only in pure form but, crucially, when integrated into composite architectures. By
combining MXenes with complementary materials — such as chalcogens, silicon, selenium, and
conversion-type compounds — researchers have developed MXene-based composites that deliver
synergistic gains in capacity, rate performance, mechanical stability, and interfacial behavior. One
notable example is the Se@MXene composite cathode for all-solid-state Li-Se batteries. In this
architecture, selenium nanocrystals are homogeneously distributed within the interlaminar spaces
and surfaces of Ti3C; MXene via a novel melt-diffusion approach. Such Se@MXene cathodes achieve
high specific capacity (~632 mAh g at 0.05 A g1), outstanding rate capability (up to 4 A g™'), and
excellent cycling stability over 300 cycles at 1 A g-! [43,67] (see Figure 2). The performance stems from
structural reinforcement by the conductive MXene layers, which preserve electrode integrity during
redox transitions between Se and Li,Se, and ensure electron percolation throughout the solid-state
matrix [67].
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Figure 2. (a) Schematic representation of the preparation steps for the Se@MXene composite. SEM micrographs
of (b) pristine TisC,Tx layers and (c, d) Se@MXene, showing the morphological transformation after selenium
incorporation. Electrochemical performance of the Se@MXene cathode in a solid-state Li-In/Li* cell operating
between 0.4 and 2.4 V: (e) cyclic voltammetry at 0.2 mV s, (f) comparison of specific capacities of Se@MXene
versus pure Se at different current densities, and (g) cycling stability evaluated at 1 A g'. (Adapted with
permission from ref. [67], Elsevier 2024).

In a different class of composites, Si/MXene nanocomposites have been explored to overcome
the challenges of silicon anodes—namely, poor electronic conductivity and large volumetric
expansion. Recent work reviews the strategies for fabricating Si/MXene composites, where MXene
layers serve as conductive hosts and flexible buffers that mitigate silicon’s mechanical stress during
cycling [68]. Experimental results support that MXene-enhanced silicon electrodes achieve higher
reversible capacity, better cyclability, and improved rate capability compared to silicon-alone
electrodes [69]. Beyond Si and Se, hybrid MXene composites with conversion-type active materials
also show exceptional electrochemical performance. For instance, a VM-MXene hybrid
nanostructure —where a MXene backbone supports vanadium-derived active material —exhibits a
high initial specific capacity (~460mAhg? at 0.1 Ag?) and retains respectable performance
(~290mAh g1) even at 1 Ag? [70]. These results highlight the dual role of MXenes as electron-
conducting frameworks and structural stabilizers. Moreover, MXene composites have been leveraged
to improve rate-capacitive behavior in systems requiring fast kinetics. An example includes porous
MXene structures engineered via mild chemical oxidation to introduce nanoscale porosity, achieving
a porous MXene (PM) anode with high-rate capability: 247 mAh g at 0.1 A g™ and 114 mAh g! at
10 A g1, with outstanding long-term cycling stability (>1,000 cycles at 5 A g'), particularly in sodium-
ion systems [71]. In contrast, the application of MXene composites in cathodes such as quasi-solid-
state lithium—iodine batteriesdemonstrates how MXene layers—when combined with catholyte
materials—enable high energy/power densities, stable cycling, and robust electrode integrity under
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semi-solid-state conditions [72]. Collectively, these studies illustrate that MXene-based composites
boost electrode performance through multiple synergistic effects:

¢ Conductive scaffolds that reinforce electron and ion transport paths,

e Structural buffering that accommodates active material expansion and mechanical strain,
e Enhanced redox kinetics by providing accessible electroactive surfaces,

¢ Improved interface chemistry in solid-state configurations.

Such composites extend the practical utility of MXenes beyond standalone anodes or additives,
positioning them as foundational components in high-performance SSB electrode design.

4. MXenes for Metal Anode Protection and Dendrite Suppression

The implementation of metallic lithium and sodium anodes in solid-state batteries (55Bs) holds
tremendous promise for achieving ultrahigh energy densities, owing to their low electrochemical
potentials and exceptionally high specific capacities. However, the full realization of these benefits
remains elusive due to severe interfacial challenges—most notably, the growth of metal dendrites
that compromise safety and cycling stability. Dendritic protrusions can propagate through even rigid
solid electrolytes, triggering internal short circuits and catastrophic failure. This issue arises from a
combination of factors, including interfacial instability, void formation during stripping, current
density inhomogeneities, and the presence of microstructural defects in the electrolyte. Overcoming
these obstacles requires materials that can effectively regulate ion deposition, suppress filament
growth, and maintain intimate contact between the metal anode and the solid electrolyte throughout
extended cycling. MXenes, with their distinctive two-dimensional structure, metallic conductivity,
high mechanical strength, and tunable surface chemistry, have emerged as promising candidates to
address these challenges. Their ability to serve as protective interfacial layers, dendrite-blocking
coatings, or host matrices for metal anodes opens new opportunities to stabilize metal—electrolyte
interfaces, promote uniform ion flux, and mechanically suppress dendritic intrusion. This section
explores the multifaceted roles of MXenes in mitigating dendrite formation in SSBs, beginning with
an overview of the underlying mechanisms of dendrite growth and followed by strategies involving
MXenes as protective coatings and structural hosts.

4.1. Challenges of Dendrite Growth in Solid-State Batteries (SSBs)

The integration of lithium (Li) or sodium (Na) metal anodes into SSBs offers tremendous
potential due to their high theoretical capacities (3,860 mAh g for Li and 1,160 mAh g for Na) and
low electrochemical potentials. However, the formation and propagation of metal dendrites,
filament-like structures that penetrate the solid electrolyte, remain one of the most critical limitations
to their widespread implementation. Initially, solid electrolytes were expected to mechanically
suppress dendrites due to their high elastic moduli. According to the Monroe-Newman criterion,
dendrite suppression is possible if the solid electrolyte has a shear modulus at least twice that of
lithium metal [73]. Yet, empirical studies have shown that even rigid electrolytes such as garnet-type
LLZO and sulfide-based Li10GeP»S5:2 (LGPS) can still permit dendrite growth under certain conditions
[6,74]. This discrepancy arises due to a variety of microstructural and interfacial factors. One major
challenge is interfacial instability, particularly void formation during lithium stripping. As lithium is
removed from the anode, poor contact with the solid electrolyte leads to regions of high local current
density during subsequent plating. This current focusing triggers dendrite nucleation and growth,
even at low global current densities, when the critical current density (CCD) is locally exceeded
[75,76]. Another key mechanism is grain boundary and defect-mediated growth. In polycrystalline
electrolytes, lithium prefers to migrate along grain boundaries or through microcracks and pores,
pathways that are mechanically weaker and offer less resistance to dendrite penetration [77]. These
defects serve as initiation points for filament formation and compromise the integrity of the
electrolyte over time. The mismatch in mechanical properties and interfacial chemistry between the
Li metal and solid electrolyte further exacerbates dendrite propagation. Differences in thermal
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expansion coefficients and mechanical moduli induce stress accumulation at the interface during
cycling. These stresses can cause delamination, interfacial degradation, and a rise in cell impedance
[78]. Recent operando and cryo-microscopy studies have visualized dendrite nucleation and
penetration in real-time. Synchrotron X-ray tomography and cryo-FIB/SEM have confirmed that
voids and cracks precede dendrite growth and are correlated with the loss of interfacial contact and
mechanical cohesion [79,80]. In the case of sodium metal, the challenges are even more pronounced.
Due to its larger ionic radius and lower melting point, Na exhibits worse interfacial wetting and
increased susceptibility to non-uniform deposition. Fewer chemically stable solid electrolytes exist
for Na systems, making interfacial engineering an even more pressing challenge [81]. In summary,
the challenges associated with dendrite growth in SSBs include:

e Interfacial void formation during stripping and plating,

e Current density heterogeneity and local overpotentials,

e Mechanical stress accumulation and interfacial delamination,

o Defect-assisted propagation through grain boundaries and pores,

¢ Electrochemical instability and formation of resistive interphases,

e Low critical current density thresholds, often below 1 mA c¢cm=2 in practice.

These multifactorial limitations highlight the urgent need for advanced interfacial engineering
strategies. Materials capable of homogenizing current distribution, maintaining interfacial contact,
and blocking dendritic intrusion, such as 2D materials like MXenes, are promising solutions. Their
specific roles in this context are addressed in the following sections.

4.2. MXenes as Protective Layers

The application of protective interfacial layers has emerged as a critical strategy to mitigate
dendrite formation in solid-state batteries (55Bs) employing lithium metal anodes. These artificial
coatings aim to enhance interfacial stability, regulate lithium-ion flux, and mechanically suppress
dendritic growth. Among various candidate materials, MXenes have shown exceptional promise due
to their metallic conductivity, high mechanical stiffness, tunable surface chemistry, and excellent
processability. Recent studies have demonstrated the effectiveness of MXene-based coatings in
constructing robust artificial solid-electrolyte interphases (SEIs) or interlayers. For example, Liu et al.
engineered a three-dimensional current collector by integrating Ti;C,T« MXene with boron nitride
(BN) on a copper substrate [82]. During repeated lithium plating and stripping, a uniform interphase
rich in LisN and LiF was generated at the MXene-BN/Cu interface, which accommodated volume
changes and effectively blocked dendritic growth. This design enabled more than 500 highly stable
cycles with a Coulombic efficiency of approximately 98%, even under high current densities. Figure
3 displays representative in situ optical microscopy images comparing Li* deposition on MXene-BN
with that on 3D Cu foam, clearly showing homogeneous coverage on the MXene surface and the
absence of pronounced dendrite formation. These observations demonstrate that the synergistic
effect of MXene and BN promotes uniform nucleation, effectively suppressing dendrite formation
and enhancing interfacial stability in lithium metal anodes.

In another approach, Wang et al. introduced a dual-protective interface combining MXene
nanosheets with covalent organic frameworks (COFs). This composite design leverages the rigidity
of MXene and the softness of COFs to create a structurally compliant yet mechanically robust buffer
layer. The hybrid layer provided aligned ion-conductive channels and suppressed lithium dendrite
growth by homogenizing the Li* flux and alleviating interfacial stress. The resulting full cells
exhibited improved cycling performance and reduced impedance evolution over extended cycling
[83]. Mechanistically, MXenes function through multiple dendrite-inhibiting pathways:

e Uniform Li* flux distribution: The polar surface terminations of MXenes (e.g., -O, -OH, —F) act as

lithiophilic sites, lowering the nucleation barrier for lithium deposition and facilitating uniform
plating beneath the coating.
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¢ Mechanical suppression: Due to their high Young’s modulus (~300-500 GPa), MXene layers can
physically resist dendrite protrusion, acting as a mechanical shield without impeding ionic
transport.

o Electric field regulation: The excellent electronic conductivity of MXenes helps to redistribute local
current densities at the Li—electrolyte interface, thereby mitigating field inhomogeneities that
often trigger dendrite nucleation.

e Chemical stability: MXene-based interlayers are relatively inert in contact with both lithium metal
and solid electrolytes, reducing interfacial side reactions and preserving long-term interfacial
integrity.

5

500 pm |

Figure 3. In situ optical microscopy images comparing Li plating and stripping on MXene-BN and bare Cu
substrates at different time intervals. While lithium deposition on Cu leads to uneven growth and the formation
of dendritic structures (highlighted by dashed circles), the MXene-BN hybrid surface enables homogeneous Li
distribution and smooth interface evolution over 60 minutes. (Adapted with permission from ref. [82], ACS
2023).

Furthermore, stoichiometrically engineered Ti;C,Tx coatings have been used directly on lithium
metal surfaces or on current collectors to pre-condition nucleation sites and stabilize initial lithium
deposition. These coatings act as artificial SEIs that preemptively form a conformal, ion-permeable
protective layer, avoiding the uncontrolled growth of native SEI and inhibiting dendrite evolution
[84]. Altogether, MXene-based protective layers represent a powerful platform to control lithium
deposition behavior in solid-state batteries. Their combination of lithiophilicity, mechanical strength,
and electrochemical stability positions them as multifunctional interfacial materials capable of
dramatically extending the cycle life and safety of Li-metal SSBs.

4.3. MXenes as Hosts for Metal Anodes

Achieving stable and dendrite-free metal anodes in solid-state batteries (55Bs) demands more
than just protective coatings—it requires thoughtful structural host design. MXenes, with their
layered architecture, exceptional conductivity, modifiable surface chemistry, and mechanical
resilience, are emerging as a sophisticated class of scaffolding materials that accommodate metal
deposition, buffer volumetric changes, and sustain cycling robustness. One inspiring example
involves 3D MXene aerogel scaffolds. These porous, self-supporting networks possess abundant
lithiophilic sites—thanks to their surface dipoles—and offer pathways that guide uniform lithium
ingress and deposition. Such architecture significantly mitigates volume expansion during cycling
and dramatically curtails dendrite formation, enabling high-rate performance in Li metal systems
[85,86]. Likewise, scaffolds incorporating MXene/rGO hybrids have demonstrated galvanic synergy
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between MXene conductivity and graphene flexibility. These conductive frameworks provide
homogenous electron pathways and buffer mechanical strain, resulting in smooth Li plating across
the host matrix [87]. Another compelling structural innovation centers on MXene-COF composite
hosts. By interlacing rigid MXene sheets with soft but ordered, porous COF spheres, researchers
crafted a host that merges mechanical strength with ionic accommodation. The COF micropores serve
as ion channels and buffer zones, while MXene components ensure electrical percolation and
structural stability. Full cells with these hybrid hosts displayed uniformly dense lithium deposition
and excellent cycling performance [85]. Chemically functionalizing MXenes to act as artificial solid-
electrolyte interphases (SEIs) on lithium surfaces is another potent approach. Stoichiometric Ti;C,Tx
coatings enhance lithiophilicity, reduce nucleation overpotentials, and encourage homogeneous
deposition by predefining favorable nucleation sites [88]. Collectively, these structural host strategies
offer multiple electrochemical performance enhancements. The scaffolds distribute current density
over larger surface areas, markedly lowering local currents and suppressing dendrite initiation. Their
intrinsic conductivity minimizes reliance on additional conductive additives, streamlining electrode
architecture while maintaining rapid charge/discharge dynamics. Mechanically robust but flexible
frameworks accommodate volumetric stress, preserving interfacial integrity and curbing impedance
growth. Moreover, the tunable nature of MXenes allows interlayer spacing optimization for ion
transport and supports straightforward integration into manufacturing-friendly formats like freeze-
cast composites, printable inks, or freestanding films. This processability supports scalable
production of high-performance SSB anodes.

5. MXenes in Solid Electrolytes

Solid electrolytes are key enablers of next-generation all-solid-state batteries (SSBs), offering
safer, more stable ionic transport compared to liquid counterparts. Among them, composite solid
polymer electrolytes (SPEs) represent a compelling balance of flexibility, processability, and
electrochemical performance. Here, we explore how MXenes, two-dimensional transition metal
carbides/nitrides with fascinating structural and surface properties, enhance SPE functionality. In this
section, we focus on their role as nanofillers to boost ionic conductivity and as mechanical
reinforcements that elevate SPE robustness.

5.1. MXenes in Solid Polymer Electrolytes (SPEs)

Solid polymer electrolytes (SPEs) have long been recognized for their potential to replace
flammable liquid electrolytes in next-generation solid-state batteries, owed to their inherent safety
and mechanical flexibility. Nevertheless, issues such as low room-temperature ionic conductivity and
limited mechanical strength have hindered their practical deployment. The incorporation of
MXenes —two-dimensional transition metal carbides and nitrides with high surface area, hydrophilic
terminations, and excellent electrical conductivity—has emerged as a transformative approach.
When dispersed within polymer matrices such as poly(ethylene oxide) (PEO), MXenes can
simultaneously address ionic transport limitations and mechanical fragility. Early pioneering work
by Pan et al. introduced Ti;C,Tx MXene nanosheets into a PEO/LiTFSI matrix using a green, aqueous
blending approach. At a loading as low as 3.6 wt%, the MXene fillers effectively disrupted PEO
crystallization, promoted amorphous regions, and enhanced segmental chain dynamics. These
changes led to a remarkable rise in ionic conductivity to around 2.2x10-5 S cm™ at room temperature,
substantially outperforming composites with zero- or one-dimensional fillers. Even a modest 1.5 wt%
of MXene resulted in full cells with rate performance and stability matching state-of-the-art SPE-
based lithium-metal batteries [89]. More recently, Xu et al. reported a composite SPE combining PEO
and succinonitrile (SN) with MXene fillers, achieving ion conductivities as high as 2.17x10- S cm™ at
35 °C, a dramatic improvement that brings SPEs closer to practical operating conditions [54]. These
enhancements are attributed to the multifunctional role of MXenes: their polar surface terminations
aid in salt dissociation, their planar morphology fosters extended amorphous domains, and they may
create fast conductive pathways within the polymer matrix. MXenes also significantly bolster the
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mechanical properties of SPEs. A standout example is a “sandwich” structure where PEO-based SPE
is reinforced with TisC,Tx MXene within a glass-fiber cloth support. This composite demonstrates a
tensile strength of 43.4 MPa, more than twelve times that of pristine PEO, and a Young’s modulus
reaching 496 MPa, over sixtyfold higher, while doubling ionic conductivity at 60 °C to 5.01x102 S m™".
Lithium symmetric cells using this composite electrolyte exhibited stable cycling for over 800 h, and
full cells maintained robust capacity across temperatures from 25 to 60 °C [90]. These dramatic
improvements reflect the “stiffness confinement effect,” where rigid fillers constrain polymer chain
mobility near interfaces, enhancing both mechanical stiffness and dimensional stability [91].
Additionally, MXenes are easily processed via solution methods, enabling scalable manufacturing of
thin-film or laminated SPEs. Their hydrophilic surfaces and layered morphology enable uniform
dispersion in polar solvents, preventing aggregation and preserving both mechanical flexibility and
ionic pathways. Finally, several synergistic mechanisms underpin the simultaneous improvement in
ionic transport and mechanical strength. MXenes reduce crystallinity and activate more mobile
polymer domains; their polar surfaces facilitate Li* dissociation; they serve as structural
reinforcements that resist deformation; and their conductive pathways enhance interfacial stability
with electrode materials, potentially lowering interfacial impedance.

5.2. MXenes in Inorganic/Polymer Composite Electrolytes

Composite solid electrolytes that combine inorganic fillers with polymer matrices represent a
promising strategy for achieving solid-state electrolytes that are both ionically conductive and
mechanically robust. These hybrid systems aim to leverage the high mechanical modulus and ionic
conductivity of ceramic fillers, while maintaining the processability and flexibility of polymers such
as PEO or PVDF. In this context, MXenes have emerged as particularly effective multifunctional
additives. Their layered morphology, metallic conductivity, and rich surface functionalization (-O, —
OH, —F) make them uniquely suited to promote long-range ion transport and to improve interfacial
and structural stability under operating conditions. One of the most impactful contributions of
MXenes to these hybrid systems lies in their ability to form efficient and continuous ionic pathways.
This is accomplished through several synergistic mechanisms: MXenes reduce polymer crystallinity,
enhance the dissociation of lithium salts, and promote segmental mobility. Furthermore, their surface
terminations act as Lewis bases that interact strongly with Li*, effectively increasing the Li*
transference number and promoting faster ion migration across the bulk and interfacial regions. For
example, Yang et al. demonstrated that MXene-based polymer composites —specifically PEO/LiTFSI
with 2D TisC,Tx—displayed higher ionic conductivity and reduced activation energy due to
improved chain mobility and anion immobilization, with conductivities reaching up to 10 S cm™ at
30 °C [92]. Another notable case is the incorporation of MXene quantum dots (MX-QDs) into starch-
acetate-based solid polymer matrices. In a recent study by Hadad et al., the click-chemistry-assisted
composite showed a record ionic conductivity of 14.8 mS cm™, a lithium-ion transference number of
0.91, and an electrochemical stability window of 5.2 V. These exceptional values were achieved with
only 0.4 wt% MX-QD content, attributed to the formation of percolating anion migration networks
and uniform Li* flux regulation across the membrane. Most importantly, full cells using this
composite retained 90% of their capacity after 1,000 cycles, even under elevated temperatures—
strong evidence of the operational stability imparted by MXene-based architecture [93]. The
mechanical reinforcement imparted by MXenes is also critical to the performance of
inorganic/polymer hybrid electrolytes. A study by Likitaporn et al. reported on electrospun
PAN/polyurethane (PU) membranes enhanced with Ti;C,Tx MXenes, which showed a 2214% increase
in electrolyte uptake, thermal stability up to 180 °C, and ionic conductivity of 3.35 x 103 S cm™. These
membranes not only showed superior dimensional and thermal integrity under operational
conditions but also enabled uniform lithium plating/stripping over 500 hours in symmetric cell
configurations without dendrite formation [94]. MXenes also contribute to the long-term
environmental and chemical stability of solid electrolytes. A multi-year aging study by Lee et al.
examined TisC;Tx MXene films stored under ambient conditions for 4 to 9 years. Remarkably, even
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after such prolonged exposure, the MXene structures retained a large fraction of their electrical
conductivity, and their electrochemical performance could be restored via simple vacuum annealing.
This level of resilience suggests that MXenes may play a vital role in improving the durability and
manufacturability of solid-state battery electrolytes, particularly for devices exposed to ambient
processing environments or prolonged storage [95].

Taken together, these findings affirm that MXenes serve as more than passive fillers: they
actively engineer ion transport networks, enhance mechanical resilience under strain, and ensure
long-term stability in chemically demanding environments. Their versatility as nanostructured
additives in inorganic/polymer composite electrolytes makes them an indispensable component in
the roadmap toward high-performance, flexible, and durable all-solid-state lithium batteries.

5.3. Impact on electrochemical stability window and interfacial compatibility

The effectiveness of electrolyte materials in solid-state batteries (55Bs) hinges not only on their
ionic conductivity and mechanical stability, but critically on two interrelated factors: their ability to
maintain a wide electrochemical stability window (ESW)—enabling compatibility with high-voltage
cathodes and reactive anodes—and their capacity to form robust interfaces with electrode materials,
which minimize impedance and suppress electrochemical degradation over cycling. MXenes have
demonstrated unique advantages in both areas. Thanks to their chemically inert surface terminations
(<O, -OH, -F) and tunable work function, they remain stable within broad voltage ranges. For
instance, Wang et al. developed a multifunctional MXene-bonded conductive network embedded in
a polymer electrolyte for solid-state zinc batteries. This network maintained electrochemical stability
across a wide voltage range while supporting high-rate cycling, highlighting MXene’s chemical
resilience under demanding electrochemical conditions [47]. Further evidence comes from composite
membrane systems. Likitaporn and colleagues reported that TisC,T-integrated PAN/polyurethane
membranes maintained structural integrity and electrochemical stability in Zn symmetric cells, even
under fast charge—discharge cycles—indicative of stable MXene behavior within the ESW in both Li
and Zn battery chemistries [94]. Beyond ESW stability, MXenes play a crucial role in improving
electrode—electrolyte compatibility, particularly at typically problematic interfaces like lithium anode
or high-voltage cathode surfaces. Their layered, conductive structure, combined with a high-affinity
surface chemistry, allows them to adhere effectively and form conformal, lithiophilic coatings that
reduce interfacial resistance and extend cycle life. A recent review noted MXenes” potential to form
ionically permeable and chemically benign interlayers that mitigate interfacial degradation, serving
both as mechanical buffers and electron-conducting layers without generating resistive byproducts
[96]. Computational and spectroscopic studies further attest to how MXenes contribute to interfacial
stabilization. For example, DFT studies of MXene-Si interfaces revealed that hydroxyl-terminated
TisC,; (TisC,~OH) forms significantly stronger adhesion to amorphous silicon than F-terminated
variants, implicating surface chemistry in modulating interface mechanical robustness—a proxy for
minimizing delamination under stress [97]. Moreover, MXene composites with oxide layers (e.g.,
TiO;) show substantial interfacial electron transfer and hydrogen bonding, enhancing adhesion
through specific surface terminations—an effect that can reduce charge transfer resistance at
electrode—electrolyte junctions [98]. Ultimately, MXenes expand the electrochemical operation
envelope of composite solid electrolytes, allowing for stable operation across elevated voltages and
reactive interfaces. Their interfacial functionality, stemming from customizable terminations and
layered morphology, provides both chemical passivation and mechanical compliance, enabling long-
term integrity in SSBs subjected to cycling, thermal stress, or harsh chemical environments.

6. MXene-Based Interfacial Engineering in SSBs

In the relentless pursuit of high-energy-density, safe, and durable solid-state batteries (SSBs),
one of the most formidable hurdles is the persistent challenge of interfacial resistance. But simply
integrating high-conductivity solid electrolytes does not guarantee optimal performance, as
mismatches in chemical stability, mechanical compliance, and ion transport behavior often result in
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significant impedance growth during cycling. These limitations highlight the importance of
interfacial engineering, where the objective is not only to facilitate efficient charge transfer across
solid-solid contacts but also to stabilize the dynamic electrochemical environment in the presence of
lithium dendrites, volume fluctuations, and reactive interfaces. Within this context, MXenes emerge
as uniquely capable interfacial materials. Their metallic conductivity ensures continuous electron
pathways, while their surface terminations and two-dimensional morphology enable strong
adhesion to both solid electrolytes and electrodes. Moreover, their mechanical flexibility and ability
to host functional modifications (e.g., oxide coatings, polymer grafting, or hybridization with other
2D materials) allow MXenes to buffer stresses and mitigate degradation processes. As a result,
MXene-based interfacial engineering represents a multifunctional approach that directly addresses
the bottlenecks of SSBs, laying the foundation for subsequent discussions on specific strategies
ranging from Li* transport enhancement to scalable integration methods.

6.1. Interfacial Resistance Issues in SSB Architectures

In solid-state battery (SSB) architectures, the interface between electrode and electrolyte is often
the Achilles” heel. Despite continuous progress in the development of solid electrolytes, such as
LGPS, LLZO, or halide conductors like LizInCle, the actual performance of full cells is frequently
limited by the persistent and multifactorial problem of interfacial resistance. While bulk ionic
conductivities of these materials can rival or even surpass those of traditional liquid electrolytes, their
integration with electrodes remains far from ideal. Factors such as poor physical contact, chemical
incompatibility, and interfacial polarization collectively give rise to high-resistance regions that
severely hinder charge transport and cycle life. Mechanical contact loss is among the primary sources
of interfacial resistance. Solid electrodes and electrolytes tend to exhibit mismatched Young’s moduli
and thermal expansion coefficients, leading to void formation or delamination during cycling or
temperature fluctuations. Contact loss reduces the effective area for ion transport, creating
bottlenecks and current constriction points. Recent modeling and experimental work have shown
that the increase in resistance with reduced contact area follows a super-linear scaling, which cannot
be fully corrected by applying pressure alone due to limitations in interface compliance and material
elasticity [99]. Chemical degradation also plays a significant role. At the interface, reactive
combinations between electrode and electrolyte can result in the formation of unstable solid
electrolyte interphases (SEIs) or cathode electrolyte interphases (CEls) that are ionically or
electronically resistive. This is particularly problematic with sulfide-based electrolytes, which are
prone to redox reactions with both lithium metal and high-voltage oxide cathodes, generating
decomposition products such as Li,S, P,Ss, or intermetallics that interrupt ion conduction pathways
[100,101].

Beyond physical and chemical factors, electrostatic mismatches at the interface can induce space-
charge layers or internal fields that alter ion migration behavior. These energy level discontinuities
between solid electrolyte and electrode materials lead to undesired charge accumulation and
potential barriers that further suppress interfacial lithium-ion mobility. Such effects have been
observed even in ostensibly stable oxide-oxide systems, indicating that electrochemical stability
alone does not guarantee low interfacial resistance [102]. In this complex scenario, MXenes have
emerged as highly effective materials for interfacial engineering in SSBs. Their intrinsic metallic
conductivity (up to 20,000 S/cm), rich surface chemistry (e.g., -O, -OH, -F terminations), and 2D
lamellar morphology enable them to fulfill multiple roles simultaneously. When applied as thin
interfacial layers, MXenes conformally coat rough electrode surfaces, filling voids and smoothing
contact irregularities at the nanoscale. This helps maintain intimate mechanical contact even under
dynamic conditions such as lithiation-induced volume changes or temperature cycling. Moreover,
MXenes can chemically passivate unstable interfaces by physically separating incompatible materials
while allowing ion transport to proceed. Their terminations can be tuned to selectively interact with
specific solid electrolyte chemistries, thereby minimizing undesirable reactions and suppressing
interphase formation. Additionally, recent studies have shown that MXenes can modulate local
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interfacial electric fields through dipole layer formation, thus lowering ion migration barriers and
promoting uniform Li* flux across interfaces. When functionalized appropriately or embedded into
polymeric matrices, they can also suppress parasitic electronic conduction pathways that would
otherwise trigger electrolyte decomposition. These combined properties make MXenes uniquely
suited to reduce the multifactorial resistance network at SSB interfaces, enhancing both rate
performance and long-term cycling stability. A compelling example was reported by Wang et al.,
who employed a Ti3C;Tx-based artificial interlayer at the lithium—electrolyte interface in a solid-state
Zn battery. The MXene layer maintained structural integrity, preserved chemical stability, and led to
dramatic improvements in both Coulombic efficiency and impedance spectra over 500 cycles [47].
Similarly, in polymer-ceramic hybrid electrolytes, MXene-modified membranes have demonstrated
superior interfacial adhesion, lower charge-transfer resistance, and improved tolerance to high
current densities [94]. These findings underscore that interfacial resistance in SSBs arises from a
confluence of mechanical, chemical, and electrostatic mismatches, and cannot be solved by one-
dimensional solutions. MXenes, through their multifunctional nature, offer an advanced platform for
holistic interfacial engineering. Their use marks a shift from passive interface stabilization to active,
tunable interfacial architectures that enhance ion conduction, suppress degradation, and maintain
structural cohesion throughout battery operation.

6.2. MXenes as Interlayers Between Electrodes and Electrolytes

When designing solid-state batteries (SSBs), achieving robust electrode—electrolyte interfaces is
pivotal —and MXene materials offer an exceptional solution as thin, multifunctional interlayers. Their
flat, conductive nature and rich surface chemistries allow them to conformally coat uneven electrode
surfaces, rectify contact loss, and provide persistent, ion-conductive bridges. A compelling
demonstration comes from the development of a lithium-MXene composite anode tailored for
garnet-type solid electrolytes, where the MXene interlayer reduced interface resistance from over
1291 Q-cm? to just 5 Q-cm?, a dramatic improvement that stems from enhanced contact and in situ
formation of LiF, which suppresses dendritic growth between Li and garnet [103]. The intrinsic
interlayer spacing of TisC, MXenes further accelerates Li* transport while buffering mechanical strain,
acting akin to molecular “pillars” that stabilize interfacial architecture during repeated cycling. This
‘pillar effect’ allows for strain-free charge storage, enabling MXene-based electrodes to sustain
excellent structural integrity and interface coherence under dynamic electrochemical conditions, a
phenomenon directly observed via operando STEM imaging [104]. In composite electrodes
combining porous silicon and MXene (PSi@C), a MXene interlayer creates conductive cross-link
networks and omnidirectional Li* pathways, maintaining electronic continuity and minimizing
charge-transfer impedance. Experimental results showed notable enhancements in both capacity
retention and rate performance over comparable electrodes without MXene intervention [105].
Surface chemistry tuning of MXenes propels interfacial performance even further. For instance,
nitrogen-doped MXene (N-MXene) layers placed adjacent to silicon anodes create preferential Li*
transport routes and dramatically reduced interfacial resistance, significantly boosting high-rate
capacity and cycle life for alloying anode systems [106]. In high-voltage sulfide—oxide interfaces,
MXene interlayers undergo in situ transformation into lithium titanate (Li,TiO;), forming a stable
chemical buffer that mitigates detrimental redox reactions and extends the operational window to
~4.5V while preserving ionic conductivity, cycling stability, and rate capability [107].

Beyond material chemistry, MXenes enhance interfacial adhesion. DFT analyses of MXene-TiO,
heterostructures reveal that -OH terminated MXene forms nearly 0.9 electrons per nm? of charge
transfer to TiO,, fostering strong hydrogen-bond-reinforced adhesion and exceptional electronic
overlap—key for stabilizing mechanically sensitive interfaces [98]. Related modeling of Si-MXene
interfaces shows that fully hydroxylated TisC, MXene exhibits significantly higher interface strength
(0.6J/m?) with amorphous silicon than oxygen- or fluorine-terminated variants, highlighting how
surface functionalization tailoring can optimize mechanical resilience and Li* adhesion [97]. Even
under harsh operating conditions, MXene interlayers retain their functional performance. For

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0018.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2025 d0i:10.20944/preprints202509.0018.v1

20 of 42

instance, advancements in separator engineering using MXene coatings improve electrolyte
wettability and mechanical integration without sacrificing ionic conductivity or long-term stability
[108]. These qualities reinforce MXene’s appeal for scalable, durable SSB production.

6.3. Chemical Compatibility and Suppression of Interfacial Reactions

Even under optimal contact conditions, chemical incompatibility at electrode—electrolyte
interfaces pose a persistent threat to solid-state battery (SSB) performance. Specifically, sulfide
electrolytes—widely appreciated for their high ionic conductivity —commonly undergo reductive
breakdown in contact with lithium metal or oxidative degradation at high-voltage cathodes,
generating resistive interphases and elevating impedance. Ren et al. thoroughly explore these issues,
identifying both the root causes and potential strategies to suppress harmful interfacial reactions,
including buffer layers and surface coatings [109]. MXene interlayers offer multiple safeguards
against such degradation pathways. First, they act as chemically inert buffer layers. When a Ti;C, T
MXene is placed between lithium and a garnet-type solid electrolyte, it consistently fosters the in-situ
formation of a thin LiF-rich interphase. This self-generated layer substantially retards electronic
leakage and dendrite penetration, leading to extraordinarily low interfacial resistance and enabling
a critical current density up to 1.5mA/cm? [103]. MXenes also exhibit inherent chemical stability
toward both lithium and high-voltage oxides, further preventing destructive interphases. Wang et al.
demonstrated that MXene-bonded conductive networks embedded in polymer electrolytes maintain
interface integrity across full cycling in solid-state Zn batteries, without succumbing to parasitic
interfacial reactions [47].

On a molecular level, surface-engineered MXenes (e.g., -OH terminated) can establish strong,
hydrogen-bonded interfaces with oxide-based materials. Xu et al. used first-principles calculations to
show that there is ~0.9 electrons/nm? of interfacial electron transfer from OH-terminated MXene to
TiO,, with robust adhesion a result of both charge transfer and hydrogen bonding, underscoring how
MXenes chemically stabilize interfaces [98]. Furthermore, the ionic affinities of MXene surfaces help
anchor reactive species, suppressing their migration and chemical degradation. In the context of
lithium—selenium batteries, DFT studies reveal that S- and O-terminated TisC> MXenes bind strongly
to intermediate polyselenides like Li,Se, anchoring them and preventing shuttle effects that
otherwise lead to capacity loss—while preserving their own conductivity [110]. These functionalities
collectively stabilize electrode—electrolyte interfaces across multiple dimensions: mechanically,
chemically, and electronically. MXenes, through a blend of passive buffering, selective chemical
interaction, and conductive passivation, suppress harmful interfacial chemistry, unlike traditional
interfacial coatings that can degrade or delaminate over time.

6.4. Integration Strategies for Scalable Fabrication

Developing reliable and scalable manufacturing techniques for MXene interlayers in solid-state
batteries (SSBs) is pivotal for translating lab-scale innovations into real-world applications.
Techniques such as roll-to-roll processing, solution-based deposition, template engineering, and
vapor-phase fabrication enable controlled, area-scalable MXene integration—each with tradeoffs in
film quality, throughput, and interfacial functionality. Solution-processable MXene inks form the
backbone of many scalable interfacial deposition strategies. MXenes disperse effectively in aqueous
or polar organic solvents such as water, ethanol, DMF, and propylene carbonate, facilitating uniform
deposition through methods like spin coating, spray coating, dip coating, vacuum filtration, and roll
casting. This versatility supports conformal film formation across electrodes and electrolytes with
complex topology, while achieving controlled thickness and coverage [111]. Blade coating, in
particular, has emerged as a practical method for producing uniform MXene interlayers on a large
scale. In a recent study, Guo et al. demonstrated that blade-coated Ti;C, T\ films exhibit consistent
electrical properties and environmental stability over extended periods, which is vital for practical
SSB manufacturing workflows [112]. The ability to control coating thickness down to nanometer
precision enables the fine-tuning of interfacial resistance and ionic accessibility. Other innovative
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approaches include the formation of liquid crystalline MXene phases, which promote alignment of
2D flakes during deposition. Yuk et al. developed biologically inspired “surface-bridging” structures
that self-organize into aligned films with enhanced conductivity and mechanical resilience, offering
promise for scalable fabrication of MXene-based separators and interlayers [113]. In multi-layered
electrode systems or composite solid-state architectures, vacuum-assisted filtration (VAF) has been
used to create densely packed MXene films with tunable porosity and high adhesion to polymeric
and inorganic substrates. This method is particularly attractive when high areal loading and minimal
solvent residue are required [111]. On the chemical vapor deposition (CVD) front, emerging studies
have begun to explore vapor-phase synthesis routesfor MXenes, particularly for carbide or nitride
variants that may bypass hazardous etching processes. While these techniques currently lack the
throughput of wet methods, they enable high crystallinity, precise control over stoichiometry, and
exceptional compatibility with microfabrication workflows [114].

One of the main obstacles during the scale-up of MXene-based films is their strong tendency to
restack, which reduces interlayer spacing and severely limits Li* transport. To mitigate this problem,
several approaches have been proposed, including the introduction of molecular or ionic pillars (e.g.,
CTAB, Sn*) and the pre-intercalation of species such as Li* or DMSO, which help to preserve
interlayer galleries and maintain porosity during film processing. A particularly effective solution
has been reported by Abdolhosseinzadeh et al., who designed porous Ti;C, Ty films with tunable
density using a urea-assisted, template-based strategy. Removal of the template yielded
interconnected pores that prevented dense restacking, facilitated ion diffusion, and improved
mechanical integrity. These porous architectures demonstrated excellent -electrochemical
performance and robustness, both of which are critical for solid-state integration [115]. Figure 4
illustrates this approach, showing SEM cross-sections of MXene films with varying densities,
photographs and surface views of pristine and porous samples, as well as profilometry and nitrogen
adsorption data confirming the increased porosity and surface area after template removal [115].
MXene interlayers have also demonstrated remarkable long-term storage stability under ambient
conditions. In a recent study, Lee et al. reported that Ti;C, T\ films stored for up to 5-9 years in sealed
environments retained over 90% of their conductivity, making them well-suited for incorporation
into production chains where shelf life and robustness are vital [95].

Taken together, these scalable integration methods —ranging from solution-based deposition to
vapor-phase growth and alignment strategies—enable the deployment of MXene interlayers across
large-format SSB components with exceptional control over thickness, adhesion, ionic pathways, and
chemical functionality. Overcoming technical obstacles such as sheet aggregation, oxidation, and
interfacial delamination through smart processing design is critical to the commercial realization of
MXene-enabled SSBs.
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Figure 4. Cross-sectional SEM images of MXene films with progressively reduced densities: pristine (2.11 g cm3)
(a), 1.78 g cm™ (b), 1.44 g cm™ (), and 1.15 g cm™ (d). All micrographs use a 2 um scale bar. Panels (e-g) display
photographs (top, scale bar: 2 cm) and surface SEM views (bottom, scale bar: 30 um) of the pristine film, the
MXene—urea composite, and the porous MXene obtained after urea removal, respectively. Profilometry
measurements of film thickness for samples treated with water, water/acetone, and untreated controls,
confirming increased porosity after urea dissolution (h). Nitrogen adsorption—-desorption isotherms of films with
different densities, showing a direct correlation between reduced density and higher specific surface area (95.6
m?2 g for 1.15 g cm™3, down to 10.5 m? g™* for 2.11 g cm™®) (i). (Adapted with permission from ref. [115], Chemistry
Europe 2021).

7. Challenges and Limitations

Despite the remarkable multifunctionality and versatility of MXenes in solid-state batteries
(SSBs), their practical deployment at the industrial scale remains far from trivial. While laboratory-
scale studies have demonstrated impressive electrochemical performance, enhanced interfacial
compatibility, and improved mechanical resilience, several critical challenges hinder the transition
from proof-of-concept to manufacturable, commercially viable systems. These limitations are
multifaceted, encompassing materials chemistry, environmental safety, engineering integration, and
economic feasibility. The complexity of MXene synthesis, the instability of their surface chemistry
under ambient conditions, and the intrinsic cost associated with both raw precursors and
downstream processing all contribute to a performance-scalability gap. Furthermore, while most
reports focus on short-term cycling and idealized cell architectures, far less attention has been
devoted to the long-term chemical stability, environmental footprint, and compatibility of MXene-
enabled systems with existing battery manufacturing infrastructure.

This section outlines the major bottlenecks that currently limit the large-scale application of
MXenes in SSBs. It is structured into three subsections: (i) synthesis scalability and environmental
concerns, (ii) chemical stability and oxidation resistance, and (iii) cost and integration barriers in
manufacturing. Together, these challenges represent the “non-electrochemical” dimension of MXene
research —factors that will ultimately determine whether these materials can bridge the gap between
laboratory discovery and industrial reality.

7.1. Material Synthesis Scalability and Environmental Concerns

The majority of MXene-based studies to date rely on small-batch synthesis routes, typically
involving either hazardous etching chemistries (e.g., concentrated HF or in-situ HF from LiF/HCl
mixtures) or energy-intensive molten-salt processes. While these approaches yield high-quality
materials suitable for academic investigation, they pose significant barriers to large-scale
manufacturing from both a safety and sustainability perspective.

7.1.1. Limitations of Conventional Wet-Etching Routes

The earliest and most widely used synthesis method for MXenes remains direct HF etching of
MAX phases, as introduced by Naguib et al. [10]. Although HF etching produces highly crystalline,
delaminated TizC,Tx with good yield and reproducibility, the use of concentrated HF (typically 40—
50 wt %) raises serious occupational and environmental hazards. HF is acutely toxic, highly corrosive,
and requires dedicated infrastructure for handling, neutralization, and waste treatment. Scaling this
chemistry to kilogram or ton-scale production introduces disproportionate risks and costs. In
response to these concerns, in-situ HF generation methods using LiF + HCI or NaF + HCl have become
popular alternatives. These routes are milder, safer to handle, and allow simultaneous Li*
intercalation, which facilitates delamination and increases interlayer spacing [36]. However, the
environmental footprint remains non-negligible. Recent life-cycle assessments (LCA) by revealed
that LiF/HCl-based etching still involves significant fluoride waste generation and requires
substantial water and energy input for neutralization and purification [116]. Moreover, these aqueous
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etching methods are inherently batch-limited: the reaction kinetics are slow (typically 12-48 h), yield
large volumes of acidic effluent, and are difficult to continuously scale due to non-linear delamination
behavior. As a result, industrial adoption would require expensive modular reactors or continuous-
flow systems with in-line neutralization —technologies that are still in early development stages [35].

7.1.2. Challenges of Molten-Salt and Fluorine-Free Synthesis

Molten-salt etching (e.g., ZnCl,, CuCl,, FeCls) has emerged as a promising HF-free alternative
capable of producing Cl-terminated MXenes with enhanced environmental stability [117]. These
reactions occur at elevated temperatures (500700 °C) and avoid the use of liquid acids altogether.
Nevertheless, molten-salt methods face several scalability challenges:

¢ Energy intensity: High-temperature operation results in elevated energy costs and requires
corrosion-resistant reactors.

e Post-processing complexity: Residual salts must be thoroughly removed via extensive washing
or vacuum annealing, generating additional wastewater and prolonging processing time.

¢ Control over stoichiometry: Non-uniform etching or incomplete removal of A-layer elements can
produce MXenes with heterogeneous surface chemistry and mixed phases, which impairs
reproducibility [118].
Fully fluorine-free hydrothermal methods using NaOH or KOH are attractive from a green
chemistry standpoint but remain largely limited to Ti-based MAX phases and suffer from incomplete
etching or oxide contamination [38].

7.1.3. Raw Material and Precursor Considerations

Another factor affecting scalability is the availability and cost of MAX phase precursors. High-
purity TizAlC; or Nb,AIC powders are typically synthesized via high-temperature solid-state
reactions (1,300-1,500 °C) from metallic powders and carbon sources. These processes are energy-
intensive and require careful stoichiometric control to avoid secondary phases. MAX phase synthesis
represents >40 % of the total energy footprint of MXene production [116]. Furthermore, the cost of
transition metals such as Nb, V, or Mo can significantly impact the price per gram of specialty
MXenes.

7.1.4. Environmental Impact and Sustainability

From an environmental perspective, the main sustainability concerns include:
e Fluoride waste management: Effluents containing LiF, AlF;, and other fluorides require
specialized neutralization and disposal.
e Water consumption: Washing and delamination steps consume large quantities of deionized
water, with up to 50-100 L of rinse water per gram of MXene reported in some protocols [116].

¢ Energy footprint: Both MAX phase synthesis and post-etching treatments (e.g., freeze-drying,
annealing) are energy-intensive, raising concerns about the net carbon footprint of MXene
production.

A recent comparative LCA concluded that the global warming potential (GWP) of conventional
TisC, T, synthesis is approximately 75-100 kg CO,-eq per kg of product, substantially higher than that
of carbon black or graphene oxide, and far exceeding the sustainability benchmarks for battery-grade
materials [119].

7.1.5. Pathways Toward Scalable and Sustainable Synthesis

To address these barriers, several strategies are being actively explored:

¢ Continuous-flow microreactors for LiF/HCl etching have been demonstrated to reduce batch time
and improve yield consistency, as reported by Kim et al. [120].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0018.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 September 2025 d0i:10.20944/preprints202509.0018.v1

24 of 42

e Molten-salt recycling and closed-loop HF recovery systems have been proposed to reduce
chemical waste and improve sustainability metrics [121].

¢ Low-temperature plasma etching and mechanochemical exfoliation are emerging as dry
alternatives that bypass liquid etching entirely, although scalability and termination control
remain under investigation [122].

¢ Green chemistry frameworks integrating solvent recovery, fluoride capture, and water reuse are
essential to reduce the overall environmental impact and cost.

In summary, while MXenes offer unmatched multifunctionality for SSB architectures, their
current synthesis methods present significant obstacles to large-scale, environmentally responsible
production. Overcoming these challenges will require coordinated innovation across materials
chemistry, chemical engineering, and sustainability science.

7.2. Chemical Stability and Oxidation Resistance of M Xenes

The usefulness of MXenes in solid-state batteries ultimately hinges on preserving their high
electronic conductivity and interfacial functionality under processing and operating conditions that
are often dry, moderately hot, and oxygen-exposed. Oxidation is the dominant degradation pathway
for Ti-based MXenes (e.g., TizC,Ty), proceeding via nucleation and growth of TiO, at edges and defect
sites, accompanied by loss of metallic conductivity and structural delamination. Recent mechanistic
work has clarified that confined water, that is, water trapped between layers and at surface
terminations, plays a catalytic role in initiating and accelerating this transformation, even when films
are nominally “dry.” Removal of confined water prior to air exposure substantially slows oxide
formation, directly linking hygroscopicity to ambient degradation kinetics and offering a practical
handle for stabilization during SSB fabrication steps [123]. Beyond moisture, the storage medium and
physical state strongly modulate oxidation rates. A multi-media study showed that TisC,Tx oxidizes
fastest in aqueous dispersions, more slowly in organic solvents, and slowest in solid films and
polymer composites, yet color or colloidal appearance can remain deceptively unchanged while
conductivity plummets, underlining the need for quantitative monitoring during materials handling.
These observations rationalize why aqueous inks that are convenient for coating electrodes or
interlayers can be counterproductive unless oxygen is excluded or chemical scavengers are present.
In practice, deoxygenated, low-temperature handling and fast drying are essential whenever wet
steps are unavoidable [124].

Chemical mitigation strategies that are compatible with battery-grade processing have emerged.
Antioxidants such as sodium L-ascorbate effectively suppress oxidation in aqueous colloids for
extended periods by scavenging dissolved oxygen and reactive intermediates, enabling formulation,
transport, and deposition of MXene inks with far less degradation. While such additives are typically
removed or minimized before final cell assembly, the underlying principle, quenching solution-phase
oxidants to preserve surface terminations, provides a generalizable route to maintain MXene
integrity through wet steps that precede SSB dry-room integration [125].

Long-term and thermal stressors relevant to SSB manufacturing introduce additional
constraints. In ambient storage spanning years, free-standing TisC, T, films exhibit conductivity loss
largely attributable to water uptake rather than irreversible lattice collapse; importantly, vacuum
annealing can restore much of the conductivity by desorbing moisture. This result suggests that some
“aging” labeled as oxidation in the literature is, in practice, a reversible hydration effect, with obvious
implications for warehouse storage, electrode preconditioning, and hot-press steps. Nonetheless,
once crystalline TiO, forms, conductivity losses are not recoverable, emphasizing the importance of
keeping both water activity and oxygen partial pressure low throughout the processing window [95].

At elevated temperatures, oxidation accelerates; however, materials design can extend the
usable thermal window. Composite architectures that physically and chemically hinder oxygen
access to MXene surfaces have achieved remarkable high-temperature stability in air (>400 °C)
without catastrophic loss of function, pointing to barrier-layer and encapsulation strategies that may
be adapted to SSB interlayers which experience thermal excursions during drying, calendaring, or
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lamination. From a practical standpoint, this means that thin, conformal barriers deposited prior to
heat treatment can be worth the added processing complexity if they preserve MXene conductivity
through the thermal budget of SSB electrode and electrolyte consolidation [126].

Surface chemistry also controls intrinsic stability. Theory and experiment indicate that the
identity and coverage of terminations (~O/~OH/-F vs. halide or chalcogen species) determine
adsorption energetics for O./H,O and, by extension, oxidation susceptibility. Halogen-terminated
MXenes prepared in Lewis-acid molten salts (e.g., Ti3C2Cl,) have been obtained with high termination
purity and show altered oxidation behavior relative to conventional aqueous-etched TisCTy,
providing a complementary route to stability via synthetic control of surface chemistry rather than
only post-processing protection. For SSBs, where polar polymer or oxide electrolytes contact MXene
interlayers, tuning terminations to balance stability with interfacial ion transport (and avoiding
hydrolyzable groups) is a rational design axis [127,128].

Finally, robust process recommendations emerge from this body of evidence: minimize
residence time in water and oxygenated solvents; use deoxygenated media and antioxidants during
unavoidable wet processing but remove residues before cell closure; prefer film-first or dry-transfer
routes; store powders/films under dry inert gas or vacuum and, when needed, restore conductivity
by brief vacuum anneals; design barrier architectures (e.g., ultrathin Metal-Organic Framework or
MOF, or oxide passivation layers) that limit O,/H,O ingress during heating; and, when compatible
with the target electrolyte, leverage termination engineering (including molten-salt approaches) to
intrinsically slow oxidation while maintaining electronic percolation at the interface. Together, these
measures have already enabled real gains: slower ambient degradation, preserved conductivity
during processing, and greater tolerance to thermal steps typical of SSB manufacturing, all
prerequisites for translating MXene-enabled interfaces from lab-scale prototypes to durable,
manufacturable SSB stacks [129-131].

7.3. Cost and Integration Barriers in SSB Manufacturing

While MXenes offer remarkable multifunctionality in solid-state batteries (SSBs), serving as
conductive additives, protective interlayers, and structural reinforcements, their transition from
laboratory demonstrations to industrial-scale production is constrained not only by synthesis and
stability challenges but also by economic and manufacturing integration barriers. The scalability of
MXene technologies requires balancing performance benefits with practical considerations such as
cost of raw materials, process throughput, compatibility with established battery fabrication lines,
and long-term reliability.

One of the foremost barriers lies in the economic cost of MXene synthesis. High-purity MAX
precursors such as TisAlC; or Nb,AIC typically require high-temperature solid-state reactions (above
1400 °C) and high-purity metallic precursors, leading to energy-intensive and expensive production
steps. For Ti-based MXenes, the use of hydrofluoric acid (HF) or LiF/HCI etching routes further
increases costs due to the need for specialized facilities, acid handling protocols, and waste treatment
systems. Recent techno-economic analyses of MXene synthesis suggest that the cradle-to-gate
production cost of TisC,Tx can exceed USD 200400 per kilogram at laboratory scale, largely due to
precursor synthesis and chemical consumption [132]. Although this figure may decline with scale-up
and process optimization, it still compares unfavorably with the cost of carbon additives such as
Super P (< USD 20 per kilogram) or conventional ceramic fillers [133]. Another major challenge is the
integration of MXenes into SSB manufacturing lines, which are themselves evolving from liquid
electrolyte processing to dry or solvent-assisted routes. Traditional slurry coating processes in
lithium-ion battery production are optimized for carbon black or graphene-based conductive agents
dispersed in N-methyl-2-pyrrolidone (NMP) or water-based systems. MXenes, although dispersible
in aqueous or polar solvents, are highly sensitive to oxygen and moisture, making their use in existing
electrode fabrication facilities difficult without significant adaptation. Advanced strategies, such as
roll-to-roll vacuum-assisted filtration or spray deposition of deoxygenated MXene inks, have been
proposed for scalable electrode and separator coatings, but these require substantial capital
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investment in inert-gas handling systems and solvent recycling units [112,134,135].In addition, the
restacking tendency of MXene nanosheets during drying or calendaring leads to performance
variability and non-uniform interfaces when scaling to large-format electrodes. Overcoming this
requires the introduction of spacers (e.g., polymers, metal cations, or small organic molecules) to
maintain interlayer distances, but such modifications add processing steps and may increase costs.
Similarly, the integration of MXenes with brittle ceramic electrolytes demands controlled lamination
pressures and sometimes interfacial adhesives or secondary buffer layers, which complicates the
manufacturing sequence and may reduce throughput.From a supply-chain perspective, the limited
number of large-scale MXene producers and the reliance on specific MAX phase precursors (often
requiring vanadium, niobium, or molybdenum) raise questions about resource availability and price
volatility. For example, the global production of Nb,Os, a key raw material for Nb-based MXenes, is
geographically concentrated, which introduces potential risks of supply disruption [136].
Furthermore, while Ti-based MXenes are relatively abundant, achieving consistent high-quality
batches with controlled terminations remains non-trivial, necessitating stringent quality assurance
measures that increase overall cost. Environmental compliance also intersects with manufacturing
feasibility. Large-volume fluoride-containing effluents from HF or in situ etching require energy-
intensive neutralization and disposal, which can significantly raise operating expenditures and pose
regulatory barriers, particularly under the European Union’s REACH framework or U.S.
Environmental Protection Agency (EPA) guidelines [63,137,138]. In this context, greener etching
methods, including fluoride-free hydrothermal processes and molten-salt routes with recycling
schemes, are gaining attention as potential pathways to improve environmental sustainability and
lower long-term costs [38].

Ultimately, the successful deployment of MXenes in SSB manufacturing will depend on process
integration with existing gigafactory infrastructure. Approaches that enable scalable deposition (such
as slot-die or blade coating of MXene-based slurries), restacking mitigation through rational
interlayer engineering, and closed-loop chemical management will be crucial. Recent work has
shown that hybrid deposition strategies combining MXenes with polymer matrices can be adapted
to roll-to-roll processes, offering a feasible transition route from laboratory demonstrations to
industrial production [134]. Nevertheless, the economic gap between laboratory-scale MXenes and
conventional carbon-based additives remains a significant obstacle. Without substantial advances in
precursor synthesis efficiency, waste minimization, and supply-chain development, the cost of
MXene-enabled SSBs is likely to remain prohibitive for widespread commercial deployment.

8. Future Perspectives

Although MXene-based solid-state batteries (SSBs) have made significant progress in recent
years, several scientific and technological hurdles remain before they can be fully implemented in
commercial devices. Current research has demonstrated that MXenes offer exceptional electrical
conductivity, mechanical robustness, and surface tunability, all of which are valuable for improving
electrode—electrolyte interfaces and enabling high-rate capabilities. However, challenges such as
material cost, large-scale manufacturing, environmental stability, and compatibility with both
polymeric and inorganic solid electrolytes still limit their deployment in practical systems. Future
efforts must focus on designing engineered MXene heterostructures and hybrid materials that can
synergistically combine the advantages of MXenes with other functional phases (e.g., polymers, metal
oxides, metal-organic frameworks). By tailoring surface chemistry, layer spacing, and composite
architectures, it is possible to enhance ionic transport, suppress dendrite formation, and achieve long-
term electrochemical stability under operating conditions. These directions, detailed below, represent
crucial opportunities for advancing MXene-based SSBs from laboratory demonstrations toward
scalable, commercial energy storage solutions.
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8.1. Design of MXene Heterostructures and Hybrids for SSBs

The next performance jump for MXene-enabled solid-state batteries (SSBs) will likely come from
heterostructures and hybrids that decouple electronic and ionic transport, suppress interfacial
degradation, and preserve microstructural integrity under manufacturing and cycling stresses.
Pristine Ti3C,Tx offers outstanding metallic conductivity but is susceptible to restacking and ambient
oxidation, both of which raise interfacial resistance and diminish long-term stability; systematic
studies show oxidation proceeds fastest in liquid media and slowest in solids, while antioxidant
additives can markedly retard degradation during processing, a practical consideration when
formulating inks for scalable coatings [124,125]. A first design axis is MXene-polymer/MOF
composites that convert 2D sheets into mixed ion—electron scaffolds with mechanical compliance. In
polymer electrolytes, MXene-based hybrids can raise salt dissociation and create percolative ion-
transport pathways when surface terminations are judiciously controlled and restacking is mitigated.
For example, ZIF-8@MXene reinforced polymer electrolytes reached ~4.4 mS cm™ ionic conductivity
and a Li* transference number = 0.76, while also improving tensile strength and flame retardancy,
attributes directly relevant to safe, thin solid electrolytes. Earlier reviews established that MXenes are
particularly efficient nanofillers in composite polymer electrolytes compared with 0D/1D additives,
clarifying the mechanistic basis for these gains [89,139]. A complementary direction is multi-phase
hybrids that bridge polymer and inorganic SSEs. Recent work combining Ti;C,T,/PAN nanofibers
with Lithium Lanthanum Zirconium Tantalum Oxide (LLZTO) particles inside a PEO matrix
produced solid electrolytes with improved ionic transport and interface quality to Li metal,
exemplifying how a MXene sub-network can couple mechanically compliant polymers to fast-ion
ceramic fillers—an architecture that is particularly attractive for SSB stacks where oxide SSEs are
laminated to Li or to high-loading cathodes [140]. Because heterostructure performance is inseparable
from surface chemistry, a second design axis is termination engineering using Lewis-acid molten-salt
(LAMS) routes that yield Cl-terminated MXenes (e.g., TisC2Cly) with more uniform termination
populations and altered environmental reactivity relative to aqueous-etched TizC,T. Critically, new
delamination protocols for LAMS-MXenes preserve their halide termination, enabling solution
processing without reverting to HF chemistry; comprehensive reviews now frame these LAMS
approaches as scalable, HF-free pathways that can better align with dry-room SSB manufacturing
[39,117]. Mechanical robustness at scale is the third lever. Bridging-induced densification produces
compact, strong MXene membranes with high conductivity and toughness, suitable as ultra-thin
current-collectors or interfacial “shock absorbers” between rigid ceramic SSEs and active layers—
useful wherever lamination, calendaring, or thermal steps would otherwise fracture a brittle
interface. At the same time, ink design for blade/slot-die coating of MXene films provides a practical
route to integrate these layers into roll-to-roll lines, easing translation from lab coupons to large-area
electrodes and interlayers [112,135]. Putting these threads together, a target MXene heterostructure
for SSBs might combine (i) a LAMS-derived, oxidation-resistant MXene film that maintains electronic
percolation; (ii) a MOF-decorated or polymer-tethered interface that furnishes Lewis-acid sites and
ordered nanochannels for Li*; and (iii) a densified MXene sub-layer that equalizes current and
absorbs mechanical mismatch with oxide or sulfide SSEs. Reporting standards should emphasize
interfacial resistance and its stability (R_int vs. time/temperature), CCD, Li* transference number, and
tortuosity-normalized effective ionic conductivity in full solid-state stacks, not only in half-cell
surrogates. Given the maturing toolset—antioxidant processing to preserve flakes, LAMS chemistry
for termination control, densification for mechanics, and printable inks for scale—the design space
for MXene hybrids is now concrete enough to support gigafactory-compatible SSB prototypes
[117,125,135].

8.2. Theoretical Insights and Computational Studies Guiding Material Optimization

Computational modeling and theoretical studies play an increasingly influential role in guiding
the rational design of MXene-based materials for solid-state batteries (SSBs). Across scales, ranging
from first-principles DFT to continuum-level simulations, these methodologies help us understand
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ionic transport mechanisms, surface chemistry effects, and interfacial stability. At the atomic scale,
first-principles investigations have been invaluable in identifying promising MXene compositions
and terminations for ion storage and transport. A comprehensive review highlighted how theoretical
screening enables rapid exploration of the vast MXene compositional space and predicts which
structures offer high lithium-ion capacity, favorable adsorption sites, and optimal redox potentials
for electrode applications [141]. Another key study examining mixed termination effects (-O, —F, —
OH) showed that structural simplifications used in many models can still approximate real behavior
surprisingly well, explaining deviations between theoretical predictions and experimental
performance [142]. Beyond monolayer transport phenomena, theoretical modeling informs the
behavior of MXene hybrids and heterostructures. For instance, calculations on Ti;C,Tx combined with
1T-MoS, revealed that oxygen- or fluorine-terminated MXenes significantly lower lithium ion
diffusion barriers—down from ~0.80 eV to as low as ~0.22 eV —and increase diffusion coefficients by
multiple orders of magnitude, directly indicating the importance of surface functionalization in
accelerating ion transport in SSB interfaces [143]. Complementary to atomistic modeling, multiscale
simulations have begun to quantify how MXene-based architectures perform at the device level. An
exemplary case is a solid polymer electrolyte (SPE) reinforced with surface-engineered MXenes,
where DFT, COMSOL simulations, and experimental data were combined to demonstrate stable
lithium plating/stripping for over 2,100 hours, ionic conductivity of ~1.49 x 10 S/cm at 30 °C, and a
Li-ion transference number of approximately 0.59—illustrating how theory and experiment can
reinforce each other to validate material designs [144]. Overall, theoretical and computational work
is shaping three principal directions:

¢ High-throughput compositional discovery, enabling the identification of MXene stoichiometries
and terminations with advantageous ion transport, redox, and stability profiles.

¢ Interface modeling and hybrid architecture optimization, quantifying the roles of termination,
heterostructure design, and ion conduction pathways in interfacial layers and solid electrolytes.

e Multiphysics validation, combining DFT with continuum methods (e.g. finite element or phase-
field models) to evaluate macroscale stability, throughput potential, and manufacturability.

Together, these approaches form a robust roadmap for optimizing MXene materials—not by
trial and error, but through targeted computational design—paving a faster, more predictable path
from theory to experimental validation to scalable SSB integration.

8.3. Emerging MXene Compositions (e.g. Double Transition Metal MXenes)

The MXene family continues to expand through the design of double transition metal (DTM)
compositions—in which two distinct transition metals occupy the M-sites within the lattice. This
innovation broadens the compositional space beyond monometallic MXenes, facilitating fine-tuning
of electronic, magnetic, and electrochemical properties [145]. Within this class, researchers
distinguish between ordered structures such as M, M"C, or M2 M",C; and solid solutions, both of
which enable improved conductivity, versatile surface terminations, and enhanced chemical stability
[145,146]. First-principles computational studies, particularly those using DFT, have been pivotal for
guiding this optimization. Screening of thousands of candidate DTM MAX phases has identified
materials with favorable formation energies, high Li-ion capacities, and low diffusion barriers, many
of which are cataloged in open-access databases such as nanoHUB’s MXene dataset [147]. For
example, Mo,TiC; and Mo,Ti;Cs have been predicted and experimentally realized, showing high
electrical conductivity and large interlayer spacing beneficial for fast ion transport [146,148].
Theoretical analyses of surface terminations also highlight their role in tuning ion insertion
energetics. Computational work has shown that O- or F-terminated Ti;C; and V,C MXenes can
significantly reduce Li* diffusion barriers—down to ~0.22 eV in certain Mo,TiC;/MoS;
heterostructures—which is promising for accelerating charge—discharge rates [147,148]. Moreover,
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DFT-guided design of MXene-MoS; heterostructures demonstrated synergistic effects: oxygen-
terminated surfaces not only lowered diffusion barriers but also stabilized the interface, addressing
one of the main bottlenecks in solid-state batteries [149]. Beyond electrochemical performance,
mechanical robustness and processability are also critical. Recent work on bridging-induced
densification of TisC,Tx films revealed that strong interflake interactions can yield high strength and
flexibility without sacrificing conductivity, a desirable trait for solid-state battery integration [148].
Overall, emerging DTM MXenes and engineered heterostructures represent a powerful design
frontier. By leveraging computational insights, high-throughput materials databases, and advances
in scalable synthesis, researchers are developing MXenes with tailored properties for high-energy,
long-cycle-life solid-state batteries. At the same time, ensuring compliance with regulatory
frameworks for nanomaterials will be essential to transition these innovations from laboratory
prototypes to industrial deployment [145,149].

8.4. Integration with Emerging Solid Electrolytes (e.g. Sulfide, Halide-Based)

Integrating MXenes with next-generation solid electrolytes —such as sulfide- and halide-based
systems—offers a compelling pathway to address the interfacial compatibility challenges in solid-
state batteries (5SBs). Sulfide electrolytes like argyrodites (e.g., Li_6PS_5Cl) and oxide analogs have
exceptional ionic conductivity (>1 mS/cm) but often suffer from poor interfacial stability and moisture
sensitivity. MXenes, with their metallic conductivity and tunable surface chemistry, can act as
interfacial buffers, preserving electrochemical performance and mechanical integrity. Recent research
demonstrates that Ti;C,Tx MXenes maintain strain-free charge storage behavior when paired with
inorganic solid electrolytes, preserving interfacial contact even during repeated Li* (de)intercalation.
Operando STEM-EELS studies revealed a “pillar effect” from trapped Li* in MXene interlayers,
enabling long-term stability in full SSB architectures [104]. Beyond this, MXene-containing interlayers
(for example, incorporating graphene oxide, carbon nanotubes, and MXene) have been embedded in
LATP (Li1.3Alp.3Ti1.7(PO4)s) solid electrolytes via thermal pulse sintering. These hybrid interfaces
significantly reduce impedance and improve cycle stability at high voltages (e.g., with LiCoO,
cathodes) [96]. Another emerging strategy combines MXenes with composite sulfide/polymer
electrolytes to survive ambient processing conditions. For instance, modifying sulfide electrolyte
surfaces with hydrophobic thiols extends their resistance to moisture and allows stable handling in
humid environments, while preserving ionic conductivity for >2 days [150]. Such surface engineering
techniques are crucial when designing MXene-integrated SSBs using sulfide electrolytes. At a more
fundamental level, DFT and spectroscopic studies are revealing the degradation mechanisms of
sulfide electrolytes at the atomic scale, such as PS, tetrahedron distortion and S-S bond formation
during delithiation, which increases interfacial resistance. Insights from these studies help clarify
how MXene interlayers could mitigate such degradation by offering electronically conductive,
conformal contact layers [151]. Taken together, MXenes represent a versatile toolkit for enhancing
the interface with advanced solid electrolytes. Whether through strain-tolerant interlayers,
conductive hybrid coatings, or surface-protector functionalization for processing resilience, MXenes
hold significant promise for unlocking the full capabilities of sulfide- and halide-based SSBs.

8.5. Roadmap Towards Commercial Implementation

Bringing MXenes into the commercial realm of solid-state batteries (55Bs) requires a multi-stage
roadmap that bridges laboratory innovation with scalable, safe, and economically viable production.
A foundational milestone is achieving scalable, low-cost, and environmentally responsible synthesis
methods. As highlighted by Gogotsi, transitioning away from hazardous HF-based etching toward
greener, greener, and scalable techniques —such as molten-salt or electrochemical routes —is essential
for industrial viability [152]. Simultaneously, techno-economic analyses identifying energy costs,
waste management infrastructure, and cost projections across production scale are urgently needed.
Mim et al. provided a comprehensive lifecycle evaluation that ties lab-scale performance with process
economics and outlines strategic investment points where cost-saving and sustainability intersect
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[153]. Parallel to synthesis advancement is establishing reliable interface engineering protocols. The
UCSD-led commercialization roadmap for all-solid-state batteries prioritizes stable electrode—
electrolyte interfaces, standardized in operando characterization methods, scalable cell architectures,
and recyclability by design [154]. MXenes themselves offer a unique advantage here: their metallic
conductivity, tunable termination chemistry, and mechanical flexibility make them strong candidates
for interfacial coatings or current collectors that preserve contact and reduce resistance, but only if
reproducible manufacturing procedures are developed. The third critical pillar is building
manufacturing processes compatible with gigafactory production. Techniques such as slot-die or
blade coating of MXene inks, roll-to-roll densification, and flexible current collector integration must
be scaled, ideally leveraging insights from existing battery coating lines. At the same time, safety
protocols, especially regarding handling of nanosheets and prevention of inhalation or
environmental release, must align with industrial hygiene standards and regulation. Ensuring a
smooth regulatory and environmental transition is integral. Regulatory frameworks such as REACH
in the EU provide structured oversight for novel materials and must be considered early in process
development. Safety data sheets for MXenes, waste treatment protocols, and end-of-life recovery
plans should be designed in parallel to enable smooth commercialization. Finally, the field needs
cross-disciplinary testbeds and pilot lines where MXene-enabled SSBs are validated at the cell level
under realistic cycling conditions, manufacturing pace, and cost targets. Through iterative testing,
measuring interfacial resistance evolution, critical current density stability, and retention of
performance under thermal and mechanical stress, MXene technologies can mature from academic
curiosity to robust industrial building blocks.

9. Conclusion

9.1. Summary of Key Findings

Over the past decade, MXenes have established themselves as one of the most versatile classes
of two-dimensional materials for solid-state batteries (SSBs). Their unique combination of metallic
electrical conductivity, high specific surface area, tunable surface chemistry, and mechanical
resilience enables functions that extend far beyond those of conventional carbon additives. As this
review has discussed, MXenes have demonstrated remarkable potential in multiple components of
SSB architectures: as anodes, they offer high specific capacities and favorable Li* intercalation
pathways; as cathode additives, they enhance electronic conductivity, alleviate sluggish charge
transport, and enable high sulfur or high-nickel loading; as interfacial layers, they mitigate
mechanical and chemical incompatibilities between Li-metal anodes and solid electrolytes, while also
suppressing dendrite nucleation and growth; and as functional fillers in solid polymer and composite
electrolytes, they contribute to enhanced Li* transference numbers, improved thermal and
mechanical stability, and reduced grain-boundary resistance. The broad compositional versatility of
MXenes further underpins their importance. Titanium-based MXenes remain the most widely
explored due to precursor availability and favorable conductivity, but the emergence of DTM
MXenes has expanded the chemical design space, enabling new opportunities for tuning redox
activity, interlayer spacing, and interfacial affinity. In parallel, theoretical and computational studies,
particularly DFT and high-throughput screening approaches, have clarified how surface
terminations, defect chemistry, and heterostructure design directly influence Li* adsorption
energetics and migration barriers. These insights provide a predictive framework that complements
experimental optimization and reduces reliance on purely empirical trial-and-error strategies.
Equally significant are the advances in synthetic methodologies and stabilization approaches.
Fluoride-free etching strategies, molten-salt routes, and electrochemical methods are actively
mitigating the environmental and safety risks associated with hydrofluoric acid. Meanwhile, the
discovery of termination control, antioxidant-assisted colloidal stabilization, and protective coatings
has substantially extended MXene shelf life, with some hybrid films remaining stable for months
without significant conductivity loss. Together, these developments highlight that MXenes are not
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only functional nanomaterials but also increasingly engineered components with tunable, durable
properties suitable for the stringent demands of SSBs.

9.2. Outlook on MXenes as Enablers of Next-Generation SSB Technologies

Despite their promise, the path toward large-scale industrial implementation of MXene-enabled
SSBs remains challenging. The cost of producing high-quality MXenes, currently estimated at
hundreds of dollars per kilogram at laboratory scale, is still far above the price of conventional
conductive carbons. Achieving cost parity will require breakthroughs in precursor synthesis, waste
minimization, and solvent recycling strategies, as highlighted in recent techno-economic and life-
cycle assessments [132,153]. Parallel to this, establishing reproducible and standardized processing
protocols is critical. While methods such as blade coating and roll-to-roll filtration of MXene inks
have been demonstrated, scaling these techniques under the oxygen- and moisture-free conditions
required for SSB production will demand significant investment in infrastructure and process
optimization [135,155]. At the materials level, synergistic hybrid architectures are expected to
dominate the next stage of development. Incorporating MXenes with polymers, sulfides, halides, and
metal-organic frameworks provides a multi-functional strategy: MXenes can deliver lateral
electronic conductivity, while the co-components provide vertical Li* conduction pathways and
chemical stabilization. For instance, MOF-decorated MXenes have already been shown to combine
high ionic conductivity (~4.4 mS cm™) and Li* transference numbers of ~0.76, alongside mechanical
reinforcement and flame retardancy, directly addressing safety and performance requirements for
SSB electrolytes [144]. Similarly, DTM MXenes such as Mo,TiC, or Ti\Ta;~Cs exhibit expanded
interlayer spacing and enhanced ion transport properties, offering pathways to overcome dendrite
growth and sluggish diffusion [146,148]. The integration of MXenes with sulfide and halide-based
electrolytes represents another frontier. These electrolytes provide exceptional ionic conductivities
(often >10 S cm™) but are highly sensitive to moisture and prone to interfacial degradation. Studies
combining MXene interlayers with sulfide SSEs or hybrid polymer-sulfide matrices have
demonstrated improved interfacial compatibility and reduced interphase resistance [150]. At the
same time, spectroscopic and computational investigations have elucidated how MXene surfaces
interact with sulfide species at the atomic level, pointing toward rational functionalization strategies
that could further extend stability [151]. Ultimately, the roadmap toward commercialization requires
a convergence of multiple factors: (i) the scale-up of fluoride-free and cost-effective MXene synthesis
methods; (ii) integration into existing gigafactory-compatible coating and lamination processes; (iii)
the design of heterostructures and DTM MXenes optimized for electrochemical performance and
interfacial stability; and (iv) the alignment with environmental and regulatory frameworks such as
the EU REACH regulation, ensuring safe production, handling, and end-of-life management [156]. If
these challenges are successfully addressed, MXenes could transition from laboratory research
materials into industrial-grade enablers of high-energy, safe, and durable SSB technologies, paving
the way toward widespread deployment of next-generation batteries.
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Abbreviations

The following abbreviations are used in this manuscript:

ALD — Atomic Layer Deposition

BC - Carbon Black

BN — Boron Nitride

CCD - Critical Current Density

CNT - Carbon Nanotube

COF - Covalent Organic Framework

CTAB - Cetyltrimethylammonium Bromide

CVD - Chemical Vapor Deposition

DE - Delamination Efficiency

DEFT - Density Functional Theory

DMEF - Dimethylformamide

DMSO - Dimethyl Sulfoxide

DTM - Double Transition Metal (MXene subclass)

EC - Ethylene Carbonate (also used for European Commission in regulatory context — clarify in text)
EELS - Electron Energy Loss Spectroscopy

EIS — Electrochemical Impedance Spectroscopy

EMI - 1-Ethyl-3-methylimidazolium (ionic liquid cation)

EPA — United States Environmental Protection Agency

ESW - Electrochemical Stability Window

FEC - Fluoroethylene Carbonate (common electrolyte additive)

GCSE - Garnet-type Ceramic Solid Electrolyte

GO - Graphene Oxide

GWP - Global Warming Potential

LAMS - Lewis Acid Molten Salt (etching route for MXenes)

LATP - Lithium Aluminum Titanium Phosphate (Li1.3Alo.5Ti1.7(PO4)s solid electrolyte)
LCA - Life Cycle Assessment

LFP - Lithium Iron Phosphate

LGPS - Lithium Germanium Phosphorus Sulfide (Li1¢GeP,S:, solid electrolyte)
LLZO - Lithium Lanthanum Zirconium Oxide (Li;LasZr,O1, garnet-type SSE)
LLZTO - Lithium Lanthanum Zirconium Tantalum Oxide (doped garnet-type SSE)
MAX - Layered ternary carbides/nitrides (My+1AX, phases, where M = early transition metal, A = A-group
element, X = C or N)

MOF — Metal-Organic Framework
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