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HIGHLIGHTS

e Oriented to the understanding of MAX series materials, the research timeline, structure diversity, and synthesis are systematically reviewed.
e The prediction, properties, and functional applications of MAX series materials are summarized.

e This review emphasizes research challenges for the future development of MAX series materials.
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trification, and aerospace in the new era,

how to accelerate MAX series materials
into new quality productive forces? The
systematic enhancement of knowledge about MAX series materials is intrinsic to understanding its low-dimensional geometric structure char-
acteristics, and physical and chemical properties, revealing the correlation of composition, structure, and function and further realizing rational
design based on simulation and prediction. Diversity also brings complexity to MAX materials research. This review provides substantial tabular
information on (I) MAX’s research timeline from 1960 to the present, (II) structure diversity and classification convention, (III) synthesis route
exploration, (IV) prediction based on theory and machine learning, (V) properties, and (VI) functional applications. Herein, the researchers can
quickly locate research content and recognize connections and differences of MAX series materials. In addition, the research challenges for the

future development of MAX series materials are highlighted.
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1 Introduction

Oriented to the functional requirements of information,
intelligence, electrification, and aerospace in new era,
materials science research is the cornerstone of supporting
technological innovation, which can endow equipment and
systems with new functions and characteristics in various
fields, accelerating the realization of technological break-
throughs. Due to their similar atomic arrangements, a series
of transition metal carbides, nitrides, and carbonitrides are
categorized as MAX series materials (MAXs), once named
H-phases in 1960s [1]. Up to now, over 383 different types
of MAXs have been reported based on synthetic strategy
innovation on solid-state reaction sintering, melting reac-
tion, and physicochemical deposition. Meanwhile, a series
of novel MAXs are predicted by theoretical simulation and
machine learning. The diversity investigations in elemental
composition and structure bring the adjustable properties:
ceramic characteristics (high-temperature resilience [2],
strength [3], and oxidation resistance [4]); metallic proper-
ties (conductivity [5], thermal conduction [6], machinability
[7], and impact durability [8]). MAXSs are intended in the
potential function requirements in rail transportation lubri-
cation [9], heating components [10], electrical contacts [11,
12], electromagnetic shielding [13], microwave absorption
[14], high-level radioactive waste solidification [15], and
electrochemical energy storage [16, 17]. MXene series mate-
rials, as the low-dimensional derivatives, showed potential
applications in electrochemical energy storage [18], lumi-
nescence [19], catalysis, and other fields [20, 21]. Figure 1
shows the high-frequency keywords of MAX’s research.
However, MAXs are not a material cornerstone to future
industrialization prospects. How to accelerate MAXs into
new quality productive forces? It is intrinsic to understand
its low-dimensional geometric structure characteristics, and
physical and chemical properties, to reveal the correlation of
composition, structure, and function and further to realize
rational design based on simulation and prediction.

Herein, oriented toward structure and function correla-
tion, the information retrieval on (I) MAX’s research time-
line from 1960 to the present, (II) structure diversity and
classification convention, (III) synthesis route exploration,
(IV) prediction based on theory and machine learning, (V)
properties, and (VI) functional applications are described in
categories to help readers quickly understand the research

© The authors

progress of MAXs. Moreover, by integrating advanced syn-
thesis and characterization techniques and machine learning,
some existing problems are addressed, and future research
directions are prospected.

2 Historic Milestones and Timeline

Reviewing the history of MAXs helps understand the limita-
tions of science, technology, and society on the innovative
research, as shown in Fig. 2. Back to 1960, Rohde et al. [22]
found Ti,S,C, and Zr,S,C, by heat treatment of Ti, S, C,
and Zr at 1600 °C. Between 1960 and 1967, Nowotny et al.
[23-26] synthesized a series of ternary layered carbides/
nitrides, including Ti,AlC, V,AIC, Cr,AlC, and Nb,AIC,
which were named as H-phases. In 1970s, Nickl et al. [27]
prepared Ti;SiC, by chemical vapor deposition (CVD).
In 1994, Pietzka et al. [28] synthesized Ti;AlIC, by a cold
pressing sintering method and proposed the thermochemi-
cal stability limitation based on the formation free energy
of the binary intermediate phases of TiAl, TiC, and AIC.
In 1996, Prof. Barsoum et al. [8] achieved a dense Ti;SiC,
MAX bulk by reactive hot pressing (HP) technology. In
2000s, a review article entitled "The My, AXy Phases: A
New Class of Solids; Thermodynamically Stable Nanolami-
nates" was published in Prog. Solid St. Chem. The concept
of "M, ,;AX, phases (MAX)" was proposed based on the
unique structural features and properties, which opened a
new era of MAXs [1].

In 2002, Palmquist et al. [29] employed DC magnetron
sputtering technique to prepare the oriented Ti;SiC, and
Ti,SiC; MAX single-crystal thin films; in addition, two
previously unknown compounds of Ti;Si,C; and Ti,;Si,Cs
MAXs were observed. In 2006, Lin et al. [30] found a pre-
viously unknown TagAlCjs in the ternary Ta-Al-C system.
In 2008, Tian et al. [31] prepared high-purity Cr,AlC using
molten salt sintering, which reduce the sintering temperature
by 200 °C. This is a breakthrough in the MAX prepara-
tion strategy. In 2009, Zhang et al. [32] determined a new
MAX phase (716-phase Ti;SnC). In 2011, Naguib et al.
[33] found "MXene," "MX" stands for the element left after
MAX etching, and "ene" stands for the 2D material structure
features. In 2014, Liu et al. [34] reported the first out-of-
plane ordered MAX phase exhibiting perpendicular to the
M-layer, called o-MAX. In 2017, another type of ordered
MAX called in-plane ordered MAX (i-MAX) was first

https://doi.org/10.1007/s40820-025-01673-9
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Fig. 1 High-frequency keywords of MAX series materials

discovered by Tao et al.[35]. In 2019, Huang et al. [36, 37]
used Lewis acid molten salt to realize the element replace-
ment and created a series of new MAXs containing Zn and
Cu elements at A-sites. In 2019, Li et al. [38] synthesized
V,(A,Sn,_,)C MAX (A=Fe, Co, Ni, Mn or their binary/
ternary/quadratic combinations) based on alloying-guided
reactions. In 2022, by pressureless sintering at 1500 °C, Du
et al. [39] developed a series of high-entropy MAXs and fur-
ther the high-entropy MXene. In 2023, Ding et al. [40] pro-
posed a chemical scissor-mediated structural editing strategy
to allow the unconventional elements into interlayer atom
vacancies to form new MAXs, thus revolutionizing tradi-
tional metallurgic reactions. In 2024, Li et al. [41] reported

a universal method of A-site preferential alloying to form
noble metal MAXs.

Thanks to the fine structural analysis of the MAXs by
early researchers, this is the foundation for discovering struc-
tural similarities. Contributions to the development of prepa-
ration methods allow us to see the diversity of MAXs. Upon
application requirements, the chemical and physical proper-
ties, as well as the functional applications, are investigated.
In the past 60 years, progress in basic research of MAXs
comes alongside successes in preparation, characterization,
property, and function.
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Fig. 2 Timeline of MAX series materials
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3 Diversity and Classification Convention
3.1 Element Diversity

In the up-to-date periodic table of the elements, 28 M, 29 A,
and 6 X-site elements are found that can be utilized to form
MAXs. This means that MAXs can contain nearly 50% of
elements, as shown in Fig. 3. So why do MAX show such
strong elemental inclusiveness? This is due to the unique
layered structure, as well as the bonding and arrangement
between M-A and M-X, which gives the atoms a high free-
dom degree of spatial and chemical coordination in their
arrangement and bonding. Of course, the reported elemental
composition also reflects the rules.

In the M-site, there are 28 kinds of elements that can par-
ticipate in the composition, and the elements in the M-site
have been extended from the previously well-known transi-
tion metallic elements, such as Ti, V, and Cr [23-25], to the
rare-earth elements, such as Ce, Pr, and Nd [42—44]. Among
them, lanthanide elements can participate in the M-site with
MM’ as an ordered solid solution state. Fe, Ni, Cu, and Pd
can only exist in solid solution at the M-site with other ele-
ments [45-47]. The element of W can participate in both
ordered and disordered solid solutions but cannot exist at
the M-site alone [44, 48]. Hf, Ta can appear in M-site disor-
dered MAX [49, 50]. Mn, Zr, Sc, and Y have been added to
the M-site element [51-53]. Meanwhile, a series of i-MAXs

containing Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu
also are introduced in the M-sites [44].

For A-site, there are 29 kinds of elements that can partici-
pate in the composition, including group IIIA, group IVA,
and transition metal elements such as Au, Ir, Zn, Cu, Fe, Co,
Ni, Sb, and Pt [40, 41, 54]. In addition, P, S, As, Te, and Tl
are reported to participate in the formation of ternary A-site
[23, 55-57]. Mn, Rh, Pd, and Ag are reported to appear
at A-site with other elements as solid solutions [38, 40,
41]. Au, Ir, and Zn are introduced by substitution reaction
at the A-site [36, 54]. These magnetic elements of Fe, Co,
Ni, and Mn were utilized to prepare V,(A Sn;_,)C [38]. Fe
was introduced to form Ta,FeC, Ti,FeN, and Nb,FeC [58].
Relying on a chemical structure editing strategy, the uncon-
ventional elements (Bi, Sb, Fe, etc.) can be intercalated into
A-sites [40]. A series of noble metal elements were intro-
duced to prepare M,(A,_,A’)C (where M=Ti, V, or Nb;
A =Sn, Al, Ge, Ga, and In; and A’=Ru, Rh, Pd, Pt, Ir, and
Au, with 0 <x<0.4) by the method of A-site alloying-guided
strategy [41].

X-sites include C, N, B, P, O, and Se. C, N, and B can
exist independently. Relying on the partial substitution strat-
egy of X, Ti,AlIC,_,O,, Nb,SB,C,_,, Zr,Se(B,_,Se,) show
that elements O and Se can only be combined with C and B
at X-site [59-61]. The B-containing MAXs with a symmetry
of P6;/mmc are different from MAB materials [62-64]. In
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Fig. 3 Periodic table of the elements in the MAX series materials
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addition, Hf,SB, Ti,SbP, Zr,SbP, and Hf,SbP containing P
MAXSs are reported.

Based on the combination of different elements, MAXs
show great element compatibility. The inherent features of
different elements induced the diversity of MAX in struc-
ture, properties, and functions. The element combination
rules are essential for expanding the types of MAXs. To
facilitate the search, the reported MAXs are classified in
Table 1.

3.2 Structure Diversity and Classification
3.2.1 Structure Classification

Herein, to more precise structural identification, MAXs are
classified into three main types:

e Typel: M, AX, (n=1~6), hexagonal (P6;/mmc)

e Typell: M, ,A,X, (n=3, or 5), cubic (R 3 m)

e Typelll: M, ,A,X, (n=1, or 2), hexagonal (P6;/mmc)/
cubic (R 3 m)/ hexagonal (P 3 ml)

Type I: the ternary MAXs, as M, ;AX,, (n=1~6), exhibit
a hexagonal layered structure within the P6;/mmc space
group (Fig. 4a). Each X atom occupies the center of an octa-
hedron formed by six tightly packed M atoms, with A atoms
positioned between layers of MX. This results in a layered
structure comprising alternating MgX and A atom layers. n
signifies the number of MX octahedral layers between the
A atom layers; the values of n=1~6 allow for further clas-
sification [1, 28, 178, 181, 202, 203]. Moreover, Mo,VAIC,
is found to be a symmetric structure of herringbone P 6 m2
with the disordered solid solution [200]. The structure of
(Mo, _,V,)sAIC, was studied in depth by Snyder et al. by
using high-resolution X-ray diffraction and TEM images,
and the Rietveld refinement showed that the most suitable
space group for (Mo, _,V,)sAlC, is the P-6¢2 rather than the
conventional P6,/mmc space group [199].

Type II: intergrown ternary MAXs, MsA,X; and M;A, X,
show the crystal structure’s space group of R 3 m due to the
disrupted symmetry owing to the sequence and thickness of
the alternating M, , X, layers. Ti5Si,C; and Ti,Si,Cs were
reported with a longer c-axis of 30.4 and 40.4 A, respec-
tively [29]. Type I MAXs are essentially combinations of
Type I subunit cells; for instance, the 523 phase is a merger
of the 312 and 211 phase subunits. The 725 phase represents

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

a hybrid of the 312 and 413 phase subunits, with layers
of 3- and 4-layer carbides alternating between A layers
(Fig. 4b). To date, Ti5Si,C;, Ti;Si,Cs, TisAL,Cs, TisGe,Cs,
and Ti,Ge,C5 have been identified, as Type Il MAXs [29,
154, 183, 194].

Type III MAXs are defined as M, A, X, n=10r2. M
atomic layers are spaced by double A atomic layers (Fig. 4c).
A series of Mo,Ga,C, Nb,Bi,C, Ti;Cd,C,, Nb,S,C,
Ti,Au,C, and TizAu,C, MAX are found [40, 196, 204].
Notably, Mo,Ga,C exhibits hexagonal symmetry (space
group P6,;/mmc), akin to Type I [196, 205]. In addition, the
space symmetry group of hexagonal/ P 3 ml were first iden-
tified at 1 s-Nb,S,C, and 3 s-Nb,S,C is cubic R 3m [195].
Ti,Au,C and Ti;Au,C, show a trigonal crystal structure,

n’

with space group P 3 ml [197].

Objective to study structure isomerism, the M-X octa-
hedrons are found to appear slightly deviation from their
standard position. This induced a formation of a, f, and y
MAX polymorphs, respectively, with distinctions primarily
in the stacking patterns of adjacent M-X segments [202,
206]. According to the principle of minimum energy, 211
phases exhibit a single-crystal form (a-M,AX), 312 phases
exhibit two (a-M;AX, and -M;AX,), and 413 phases
exhibit three (a-M,AX;, f-M AX;, and y-M,AX). A-layer
atomic slippage induces structural transformation from a to
p to y MAXs, accompanied by changes in atomic positions.
For detailed atomic occupancy information, please refer to
Chapter 2 in “MAX Phases: Properties of Machinable Ter-
nary Carbides and Nitrides,” Michel W. Barsoum [207].

3.2.2 Solid Solutions

Multi-element occupations at the M, A or X sites create the
solid solution MAXs in Table 1. Due to the mutual modula-
tion between various elements, these atoms show two kinds
of arrangement states: disordered and ordered. An ordered
arrangement is that each M’ and M" atom occupies, respec-
tively, a separate atomic layer and shows the out-of-plane
ordered structure. Within a single atomic layer, there is only
one type of M atom. M’ atomic layers envelop one or two
layers of M" atomic layers (as shown in Fig. 5a). This type
of ordered solution of MAXs is marked as o-MAXs and
remains hexagonal (P6;/mmc) [164]. The ideal 0-MAXSs of
312M’, M”AX, and 413 M’, M”’,AX; present a relatively
accurate proportion of M’/M”’ [208]. Recently, the third

@ Springer
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metal element was introduced as doping atoms in M’/M’’-
site in disordered form [166]. A series of correlations were
discovered, (i) M’ near the A atomic layer does not form
the corresponding binary rock salt MC structure, (ii) M’
and M’ atomic sizes are similar, and (iii) the electronega-
tivity between M’ and A is different [209, 210]. The other
ordered arrangement is that M’ and M"’ atoms appear in the
same atomic layer and exhibit the in-plane ordered structure
(i-MAX) [35]. It is worth noting that i-MAX showcases a
blend of monoclinic (C2/m and C2/c) and orthorhom-
bic (Cmcm) crystal structures (as shown in Fig. 5b). The
deviation from hexagonal symmetry in the i-MAX structure
arises from the atomic size difference between the two met-
als being greater than 0.2 A (tM’ <rM’*), which causes the
M’ and M’ atoms to no longer occupy the same planes.
The M’ atoms move closer to the A-layer, influencing the
structure of the A-layer and causing it to deviate from a
hexagonal lattice toward a Kagomé-like lattice. However,
the three types of i-MAX structures still maintain the same
Al-M’ 3 M’’, 5-Al subunit, with only the stacking arrange-
ment along the c-axis differing [122]. The solid solution
orderly structure of i-MAXs is significantly influenced by
the mass and atomic radii of their constituent elements. The
i-MAX enriched with lighter elements like Ce and Pr tends
to adopt the C2/m structure, while those with heavier ele-
ments such as Tb, Nd, Gd, Dy, Ho, Er, and Tm favor the
C2/c structure [42]. It is driven by atomic radius differences,
particularly among M elements with larger radii. The vary-
ing distances of M elements to A elements and the structural
configurations of M" and M" elements are key factors in this
differentiation [43, 52].

Explorations into A-site and X-site solid solutions offer
a strategic avenue for tuning the structures and function-
alities of MAXs. Ge, Fe, Co, Ni, Mn, Au, Pt, Ru, Sb, Ir,
Pd, Rh, Bi, and Cu are introduced into A-site [38, 40, 41].
Dual-site solid solution MAXSs, where element solid solu-
tions occur at two sites among M, A, or X, with those sites
occupied by multiple elements, predominantly take place
at the M- and A-sites. This is because the X site is usually
filled by C and N [78, 138], while a broader selection of
elements for M- and A-sites facilitates the formation of
dual-site solutions [141, 143].

There is no doubt that great achievements have been
made in the study of the element and structural diversity of
MAXs, which laid the foundation for the development of

© The authors

properties and functions. At the same time, it also made us
realize that MAXs is an extremely complex material sys-
tem, and it is necessary to systematically understand the
internal relationship between its elements and structures.

4 Synthesis Strategy

MAXSs’ synthesis is a multi-level and complex process,
involving multiple physical and chemical phenomena such
as atomic diffusion, chemical bond breaking and forma-
tion, and so on, which lies in the reconstitution of chemical
bonds and atomic structures to a specific layered structure.
M-X bonds help maintain the structure’s stability, while
the weak M—A bonds provide a large degree of freedom
for the diffusion of A atoms. This weak bond property
enables rapid migration of A atoms, which promotes the
formation of the MAXs. The synthesis strategies of solid,
molten salt, and vapor systems are described.

4.1 Solid-State Reaction

Solid-state reaction sintering typically employs solid pow-
der particles including M powders or their metal hydrides,
elemental A metal powders, graphite powders, and metal
nitrides, as the precursors. Relying on a high-temperature
and pressure environment (Fig. 6a—f), the diffusion kinet-
ics of the constituent atoms is accelerated, and form Mny,
or M\A, at the interface of these precursor particles. Upon
increased temperature, M, X, and M, A, react to form MAX.

4.1.1 Pressureless Sintering

Pressureless sintering employs high-temperature devices like
tubes and muffle furnaces (Fig. 6a). The precursor’s particle
size, chemical stoichiometry, heating rate, peak temperature,
and duration are critical for MAXs formation. This method
produces MAXs with lower densities, facilitating their con-
version into powders. Its benefits include straightforward
operation, versatile precursor selection, and adaptability
for mass production. However, it requires extended dura-
tion at high temperatures, results in lower densities, and
necessitates ball milling for particle size adjustment. This
approach has been successfully applied in the synthesis of

https://doi.org/10.1007/s40820-025-01673-9
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materials such as V,SnC, Ti;AlC,, Ti;GaC,, among others
[28, 89, 145, 211]. Carbon materials can be employed to
reduce metal oxides at high temperatures. Therefore, these
conventional oxides are expanded as the precursor powders
of MAXs. Utilizing Cr,05, V,0s5, Ga, Ge, and C, a series of

) SHANGHAI JIAO TONG UNIVERSITY PRESS

high-purity MAXs (Cr,GeC, Cr,GaC, V,GeC) are prepared;
the initial carbon content crucially influenced Cr,GaC’s con-
version rate [212]. Ti;SiC, is also prepared by TiO, and
Si0,, highlighting cost-effectively [213].

@ Springer
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4.1.2 Hot Press Sintering

Hot pressure is introduced via a hot press furnace. The pro-
cess involves ball milling precursors for uniform mixing,
followed by hot pressing (low pressure at 1000-1500 °C
and high pressure at 1200-2000 °C) to aid the synthesis
and densification processes (Fig. 6b). This technique’s merit
lies in its ability to directionally advance precursor reactions
under pressure, preventing precursor loss through sublima-
tion in a sealed environment, making it ideal for creating
dense MAX bulk materials. However, this technology also
has some drawbacks, such as potential carbon pollution from
graphite molds, scalability challenges, and high stability
requirements for equipment due to long-term high-pressure
conditions [70].

4.1.3 Hot Isostatic Pressure Sintering

Hot isostatic pressing sintering uses an inert gas as a pressur-
izing medium in a high-pressure environment. The workflow
involves ball milling to blend precursor powders, pre-press-
ing into solid bulks, sealing in inert gas, and then sintering.
Operating within a temperature range of 1000-2000 °C and

© The authors

under inert gas pressures reaching 200 MPa, this method
ensures uniform compression of MAX at high temperatures
and pressures, resulting in superior density and uniformity
(Fig. 6¢). This technique is valued for its rapid production
time, streamlined process, reduced energy usage, and lower
material wastage. However, the reaction scalability of this
method is limited due to the requirement of encapsulating
the precursor powder in a specific glass or metal container
[88].

4.1.4 Self-Spreading High-Temperature Synthesis

Relying on the exothermic reaction, self-spreading high-
temperature synthesis leverages to facilitate solid-state
reactions. The procedure involves pre-pressing precursor
materials into compact particles, igniting these particles
with tungsten or molybdenum wire in a vacuum to avoid
oxidation, and conducting the self-propagating sintering
process where temperatures can soar up to 2000 °C, with
combustion wave speeds reaching 25 cm s~!. This leads to
the creation of porous MAX particles (Fig. 6d) [214, 215].
The benefits include its straightforward execution, fast reac-
tion, and minimal energy requirements. Nonetheless, it faces

https://doi.org/10.1007/s40820-025-01673-9



Nano-Micro Lett. (2025) 17:173

Page 13 0f42 173

a Pressureless Sintering b Hot Press Sintering C Hot Isostatic Pressure Sintering
End ca
g
c Pressure head
< I . S £
Precursor 3 e ' te e
=3 °
Ar S 2
— | — «Q ]
2 e Precursor o =
A A A <. 8 g
(v (v (v 9 ‘ = =
o 5 2
@ ]
H
-
(]
=

d Self-propagating High-temperature

e

Microwave Sintering

\ S\f{nthesis
v - 4
4T T Prriipe
' Igniting |
electrode,
! N
DC
I
Reacted area | ! ? power
S +~/ _Precursor,
ometer — Combustion zone | f k Precursor 3 3 supply
| e ! A e
D Preheating zone | S
Sands | T .
Unreacted zone © Cooling
______ 4 » # water
Microwave feed in
i s -
Graphite Oxidelcarbon‘
C°o|ing anode cathode |
Ses5sess _ I o W
0350000 > — 02 -
— - (SN
___Molten salt Pure CaCl

©00000 co0o0o0o0o0 Qe
‘0000 o °F 0 0 ‘osd o 00000 o® &, oeoxidation
©00000 o oo oooy‘ﬁooooooo 00 —> %
.0 .0 °° 00 .0 .o .o .o °g °° °. 0' °. 0. °. A .'. Carbonization _
(-] °° .° '0 °° °° o °° °° °° .0 °° © 0 0 0 00 .crzo3 © AL, @C Cr,AlC
000’00 0 JF~ 0000 © ‘e °0°0 ‘0’0
©c0o0o00o0 @ © 0040 —0 @ocooooo
0,000 0 ©C ,9) 0,0®00 @ 00000
]

000000 g ©co0o0o000 O ©o0o0000

©Ti ©Al C 02Zn %° znCl, @Zn*

ocr oe QAR 33; zncl> 0 AlC),

TOCPY ol PORRY Rl PUeee
©000O0O0
© 00 0nf LAMS scissors oood Atomic replacement,
0 00O0O
$<0 0 00 (i perrcyr... OO OO gpauptpdrn..

LY

TS

Fig. 6 a Pressureless sintering. b Hot press sintering. ¢ Hot isostatic pressure sintering. d Self-spreading high-temperature synthesis. e Micro-
wave. f Spark plasma sintering. g Lewis acidic molten salt routes. h Structural editing based on chemical scissor-mediated intercalation protocol.
i Molten salt electrolysis. j lon beam sputtering. k Low-pressure CVD system

@ Springer

SHANGHAI JIAO TONG UNIVERSITY PRESS

)
@)
&/{ﬁ 45




173 Page 14 of 42

Nano-Micro Lett. (2025) 17:173

challenges such as difficulty in controlling the reaction, a
high and uncontrollable amount of secondary phases, and
poor repeatability.

4.1.5 Microwave

Microwave heating’s rapid process stems from the intense
interaction between solids and microwave radiation, reach-
ing exceedingly high temperatures (Fig. 6e). Despite its
advantages of easy operation, fast reaction speed, and high
cost-effectiveness, microwave sintering still faces many bot-
tlenecks that need to be overcome, such as the type limita-
tions of MAX, difficulties in thermal management, precision
issues in temperature monitoring and control, uneven heat-
ing, cracking of sintered parts, and challenges of uniform
heating over large areas [105, 109, 203].

4.1.6 Spark Plasma Sintering

Spark plasma sintering employs electric currents and local-
ized high-temperature heating to foster plastic deformation
and diffusion among precursor powders, facilitating bonding
and sintering (Fig. 6f), which were utilized for the preparation
of Zr;InC,, Hf;InC,, Zr;SnC,, and Hf;SnC,. Spark plasma
sintering combines plasma activation, hot pressing, and
resistance heating to offer benefits such as quick tempera-
ture escalation, brief sintering durations, lower temperatures,
and grain uniformity, aiding in precise microstructure control
and achieving high-density materials. Despite its operational
simplicity and repeatability, its drawbacks include significant
energy demands, complex machinery, challenging mainte-
nance, and elevated equipment costs [147, 148, 216].

4.2 Melting Reaction
4.2.1 Molten Salt Sintering

The molten salt sintering technique leverages the flow prop-
erties of low melting point salts to enhance the delivery and
spread of precursor materials for MAXs, improving the
interaction among reactants to control reaction kinetics,
the nucleation and growth processes [87]. These key pro-
cedures include: (1) the types of molten salts; (2) sintering
temperature, rate, and duration; (3) isolation and purification
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of products. The selection of an appropriate molten salt is
pivotal; the salt’s melting point should be lower than the
metal precursors to ensure a liquid state; in addition, the
cost-effectiveness, solubility in water, and the diffusion rate
of reactants are considerable. Furthermore, an inert envi-
ronment can prevent oxidation of metal precursors. The
advantage lies in high purity, uniform size, and low sintering
temperature based on recycled molten salt. However, there
are disadvantages such as high cost and environmental pollu-
tion. Future research will focus on environmentally friendly
molten salts, sintering optimization, and functional ceramic
development [217, 218]. In addition, molten salts are also
employed as electrolytes to assist the electrochemical syn-
thesis of MAXs (Fig. 6i) [219].

4.2.2 Lewis Salt Substitution Strategy

Lewis acid molten salts (LAMS) enable the A-site atoms to
bond with the molten salt’s anions, while the molten salt’s
cations migrate into the vacancies left by the A atoms (as
shown in Fig. 6g). To obtain high-quality MAXs, these pro-
cesses should be strictly controlled: (1) the proportion of
MAX and LAMS; (2) the reaction temperature and envi-
ronment; (3) the separation and purification of products.
Based on the LAMS, a series of MAXs with new A-sites
are prepared, such as Ti;ZnC,, Ti,ZnC, Ti,ZnN, and V,ZnC
[36], Tiy(Al,Cu,;_)N and Nb,CuC, Ti,CuNj; [182]; some
transition metals, like Fe, Co, Ni, Cu, etc. are incorporated
into new MAXs via homologous substitution reactions
[40]. Meanwhile, an innovative method of interlayer chemi-
cal reaction mediated by "chemical scissors" was further
reported, significantly expanding the element types of
MAXs, as shown in Fig. 6h. Route I: LAMS cations act as
"chemical scissors" to etch A-site atoms of MAXs, open-
ing non-van der Waals gaps and forming interlayer atomic
vacancy structures; Route II: solvated intercalation atoms in
molten salt diffuse into interlayer atomic vacancies to form
MAXSs. The synergistic effect of the "chemical scissors" and
the guest ions offers greater space for interlayer composition
and structural regulation, resulting in a series of new MAXs
containing conventional A-site elements (Al, Ga, In, and
Sn) and unconventional A-site elements (Bi, Sb, Fe, Co,
Ni, Cu, Zn, Pt, Au, Pd, Ag, Cd, and Rh) [220]. Lewis salt
replacement strategy realizes the structure editing of MAXs,
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interlayers unconventional elements into the A atomic layer
of MAXs, breaks through the traditional metallurgical reac-
tion bound, and expands the types and application range of
MAX family. However, due to the limited types of Lewis
salt, the complex reaction process and high cost make large-
scale preparation impossible. In the future, how to develop
the new Lewis salts, further study the reaction mechanism,
and optimize the sintering process is crucial to form new
quality productivity based on MAXs.

4.3 Vapor Deposition

4.3.1 Physical Vapor Deposition

Physical vapor deposition (PVD) is reported for prepar-
ing MAX thin films with high purity, controllable com-
position, and wide applicability. Under high vacuum
conditions, PVD can effectively avoid the introduction of
impurities and achieve precise control of the thickness and
composition of films. As shown in Fig. 6j, the processes
include (1) the selection of substrates and MAX targets;
(2) PVD deposition of the thin film under a protective
atmosphere; and (3) annealing treatment. However, due
to the specific crystal structure required for MAXs, PVD-
deposited films often exhibit amorphous or mixed phases
and require high-temperature annealing (usually 600-1200
°C) to crystallize [221, 222]. In addition, the high equip-
ment requirements limit the large-scale production of
PVD, and the internal stress during the deposition process
affects the quality and adhesion of the films.

4.3.2 Chemical Vapor Deposition

Chemical vapor deposition primarily involves creating thin
films by chemical reactions of gaseous compounds or ele-
ments on the substrate surface. The process entails several
critical steps: (1) selecting and cleaning the substrate is
pristine to ensure a clean surface; (2) choosing the appro-
priate reactive gases to match the MAX targets’ require-
ments; (3) managing the reaction by placing the substrate
in a reaction chamber, introducing selected gases, and
heating to the desired temperature; (4) modifying depo-
sition rates and film quality by adjusting the deposition
duration and gas flow; (5) cooling the films. A mixture of
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TiCl,, SiCl,, CCl,, and H, gases are employed to fabricate
polycrystalline Ti;SiC, MAX films [223] (Fig. 6k).

383 variants with diverse elemental compositions, and
crystalline structures are prepared through methods like
reaction sintering and molten salt techniques. These meth-
ods can precisely manipulate the microstructure, shape,
and defects of MAXs. Efforts are ongoing to enhance
the purity of the outcomes, boost preparation efficiency,
streamline the process, and cut down on energy use and
environmental impact.

Despite the growing variety of methods to prepare MAXs,
the process encounters several hurdles. Primarily, the synthesis
of MAXs requires high-temperature and high-pressure envi-
ronments, posing a challenge for scaling up and industrial pro-
duction. Synthesis often occurs at temperatures ranging from
1000 to 1700 °C and pressures from 1 to 50 MPa, necessitating
special equipment and techniques that increase costs and risks.
Frequently, the synthesis results in incomplete reactions, lead-
ing to products with impurities and defects that compromise
their purity and functional properties. For instance, excessive
reactions between the M element with A or X elements can
result in unwanted MA or MX phases, or internal diffusion
of the A element can disrupt the A-layer structure, diminish-
ing the electrical and thermal conductivity and the oxidation
resistance of MAXs. Moreover, controlling MAXs’ geometri-
cal morphology and crystal structure is challenging, limiting
their utility. Typically as powders or bulks, it is challenging to
fabricate MAXs into coatings, films, or fibers. Their layered
structure complicates the creation of heterogeneous or com-
posite configurations, thus limiting their potential applications
across various application scenarios.

5 Simulation and Prediction

Due to their intricate crystal structures and complex elemen-
tal makeup, high costs, low efficiency, limitations on shape,
harsh synthesis conditions, and complex equipment hindered
the advancement of novel MAXs. Simulation and prediction
can aid scientists in delving into the physical and chemical
essences and linking composition, structure, and properties.
The synergy between experimental validation and computer
simulation enriches the developmental insights and guidance
for MAXs. Expedited exploration of new MAXs necessitates
the leverage of supercomputing power. Techniques such as
introducing new elements, cluster expansion, random crystal
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structure prediction, and evolutionary algorithms open up new
avenues in understanding MAX structures, compositions, and
properties. It is crucial to explore the MAXs with unknown
element compositions and new structures based on the ther-
modynamic stability principle.

5.1 Prediction Types of MAXs

Currently, high-precision computational methods are exten-
sively employed, including density functional theory for
electronic structure calculations, Monte Carlo simulations,
molecular dynamics simulations, phase field methods, and
finite element analysis. With the continuous development of
MAXs experimental research and theoretical foundations, a
large amount of observation and simulation data has been
obtained through these methods. By utilizing these extensive
datasets, machine learning techniques have provided more
accurate and efficient predictions for the new MAXs. The
approach promises to greatly speed up the design process of
new materials and shorten the time needed for materials to
be converted from laboratory research to industrial applica-
tions. Through their training and optimization, machine learn-
ing models offer enhanced understanding and forecasting of
MAXSs’ performances and behaviors, marking a novel and
efficient avenue for advancing materials science research and
development.

This research methodically examined the MAXSs’ struc-
tural stability, lattice parameters, mechanical characteristics,
electronic properties, and thermal conductivity using den-
sity functional theory principles. These analyses provide a
theoretical basis for identifying promising MAXs and have
informed experimental synthesis efforts [209, 224-227]. In
2021, Khaldi Alidusti et al. [228] utilized density functional
theory to analyze 1122 MAX candidates and found that 466
MAX and 26 MXene may be prepared. In 2023, Martin et al.
[208] conducted a more detailed investigation into the phase
stability of MAXs. Figure 7a shows the stability heat maps
of the C-based MAX. The 3705 different MAXs, with vari-
ous combinations of M, A, and N, B, and P elements, were
evaluated based on the stability and identified 180 ternary
MAXs that were theoretically predicted to be stable but not
synthesized in the laboratory. In 2022, Dahlqvist et al. [229]
utilized DFT and PBE-parameterized GGA for insights into
electronic exchange and correlation within MAXs (Fig. 7b).
Notably, there are 23 thermodynamically stable i-MAX,
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with 9 already verified experimentally, and highlighted
48 stable disordered solid solution MAXs (Fig. 7c). The
synthesis and theoretical predictions of MAXs are counted
(Fig. 7d), illustrating how the ordered or disordered nature
is influenced by the size disparity between M- and A-site
elements [210].

5.2 Functional Development of MAXs

Benefiting from ceramic and metal features and their char-
acteristics like low density, high modulus, excellent elec-
trical and thermal conductivity, thermal shock resistance,
and resistance to high-temperature oxidation, MAXs dem-
onstrate exceptional potential for applications under extreme
conditions such as high temperatures, severe corrosion, and
radiation exposure. The diversity of MAXs, however, intro-
duces significant challenges in researching their properties,
with the current lack of comprehensive and systematic stud-
ies hindering broader application. Through in-depth knowl-
edge of factors like composition, microstructure, crystal
structure, and processing parameters, combined with ele-
ments’ physical and chemical properties, leveraging theo-
retical material science to create physical models and math-
ematical calculations enables effective prediction of MAXs’
performance parameters (Fig. 7e).

In 2016, Wang et al. [230] employed density func-
tional theory-based first-principles calculations to thor-
oughly investigate the lattice structure, stability, elec-
tronic structure, and mechanical and thermal properties
of Ti;(Sn,Al,_,)C, solid solutions across varying Sn con-
centrations. Their research indicates that increasing Sn
content minimally impacts the crystal structure, and these
solid solutions behave as metallic, stable, and brittle mate-
rials both thermodynamically and mechanically. Notably,
the maximum bulk modulus was observed at the Sn dop-
ing concentration of 0.75, and the maximum shear modu-
lus was observed at the Sn doping concentration of 0.5.
Moreover, these solid solutions boast high melting points
and Debye temperatures, with their lattice thermal conduc-
tivity at room temperature exceeding 40 W m~! K~! for x
values of 0, 0.25, and 0.5, indicating superior thermal con-
ductivity. In 2021, Ahams et al. [231] first applied DFT to
analyze the structure, elasticity, and electronic properties
of novel MAXs such as (V) ,5Zr; 75),PbC, (V, 571, 5),PbC,
(Vo.75Zr 5),PbC, and V,PbC and studied the effects of
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sion from Ref. [229]. Copyright 2022, Royal Society of Chemistry. e
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changes in V and Zr concentrations on the properties of
Zr,PbC. Their research revealed that the structural integ-
rity of these new MAXs remains stable within the P65/
mmc space group as the V element ratio increases, with
the 25% V-containing samples showing improved plastic-
ity, compressibility, brittleness, and hardness. Elastic con-
stants rose with higher V concentrations, and the atomic
concentration also influenced the MAXSs’ electronic band
structure and total density of states (TDOS), offering cru-
cial insights for predicting and understanding the perfor-
mance of MAXs. In 2022, Zeng et al. [232] employed den-
sity functional theory (DFT) to explore the Nb,AN (A =Si,
Ge, Sn) MAXs compounds, focusing on their structure,
mechanical attributes, electronic structure, and thermal
behavior. The study revealed that these compounds not
only maintain strong structures but also maintain dynamic
mechanical stability. Notably, the Nb,SnN phase stood out
for its superior thermal shock resistance, even though it
didn’t have the highest melting point among the group.
Due to its thermal expansion coefficient in the temperature
range of 300-1452 K being very close to that of nickel-
based alloys, coupled with the lowest lattice thermal con-
ductivity, it has become a promising candidate for thermal
barrier coating (TBC) applications. The Nb,SnN phase is
distinguished by its mechanical resilience, attributed to the
minimal deformation of its octahedral structure, high duc-
tility, and low anisotropy. Electronic analyses pinpointed
the phase’s low Debye temperature ® to its high ionic
character and minimal covalency. Further extending the
scope, in 2024, Tian et al. [233] delved into the impact of
pressure on V,ZnC'’s crystal structure, elasticity, electronic
framework, and thermodynamic steadiness through DFT
investigations. They discovered that V,ZnC transitions
from brittleness to ductility at a pressure of 20 GPa, with
its elastic constants and modulus escalating in response to
increased pressure.

These findings underscore the pivotal role of theoretical
computations in paving the way for novel materials, ena-
bling the anticipation of diverse material characteristics
such as optical, magnetic, and electronic transport proper-
ties. Through advanced simulations, scientists gain deeper
insights into materials’ band structures, Fermi levels, and
electron density distributions, which facilitate predictions
about their performance under specific conditions. These
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insights are invaluable to material developers, which guide
the selection of material composition, synthesis methods,
and processing parameters, thereby simplifying the creation
and optimization of new materials.

6 Properties and Performances

MAXs demonstrate mechanical properties, thermal prop-
erties, electrical properties, magnetism, high-temperature
oxidation resistance, and corrosion resistance, owing to
their layered structure consisting of alternating M-X layers
bonded by strong covalent bonds and M-A layers bonded
by weak metal bonds, endowing them with high hardness,
strength, toughness, and excellent electrical and thermal
conductivity. This structure enables the material to maintain
good mechanical and chemical stability even at high tem-
peratures. For specific application fields, the performance
of MAXs can be further adjusted and optimized through
methods such as alloying, nanomaterialization, and surface
modification.

6.1 Mechanical Properties

MAXs exhibit a unique combination of mechanical advantages,
including high strength, moderate hardness (4—6 GPa), excel-
lent fracture toughness (3—5 MPa m"?), superior wear resist-
ance, and exceptional thermal shock resistance. These perfor-
mances can be maintained even at high temperatures due to
the stable layered crystal structure. The mechanical properties
stem from the hybrid bonding, with strong covalent M-X bonds
contributing to hardness and high-temperature stability, and
metallic M-A bonds providing ductility. The layered structure
also allows for self-lubrication and crack resistance, ensuring
enhanced durability. This unique interplay of ceramic-like and
metallic features gives MAXs a significant edge in demanding
applications like aerospace, automotive, and energy systems.
Table 2 summarizes the mechanical properties.

Typically, MAXSs have a brittle-plastic transition tempera-
ture (BPTT), which is the transition temperature from typi-
cal brittle fracture (traditional ceramics) to fracture tough-
ness (metals). When the environment temperature is higher
than BPTT, the bending strength rapidly decreases. As
the temperature increases, the Young’s modulus of MAXs

https://doi.org/10.1007/s40820-025-01673-9
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Table 2 Mechanical properties of MAXs at RT

MAX Phases Density [g cm™] Vickers hardness Young’s modu-  Flexural strength Compressive Fracture tough-
[GPa] lus [GPa] [MPa] strength [MPa] ness [MPa
m'?]
211 phase
Ti,SC [234] 4.6 * 290 * * *
Ti,AIC [235] 4.1 58+0.5 271 432+12 952+6 6.5+0.2
Ti,SnC [236] 4.7 35+04 * * * *
Ti,AIN [237] 43 * 285 * * *
Ti,AlC) 5Ny 5 [237] 4.2 * 290 * * *
V,AIC [66] 4.0 22+0.1 235 270+ 12 527+12 57+0.2
Cr,AlIC [67, 238] 5.17 4.9 282 469 +27 949 + 22 62+0.3
Cr,GeC [239] 52 * 208 * * *
Nb,AIC [69] 6.44 45+03 294 481 +42 * 59+03
Nb,SnC [236] 8.0 3.8+0.2 216 * * *
Ta,AlC [70] 11.46 44+0.1 292 360 + 19 804 77+0.2
Zr,SnC [236] 6.9 39+03 178 * * *
Hf,SnC [236] 11.2 35+04 237 * * *
312 phase
Ti;SiC, [8] 4.5 4.0 320 260 + 20 600 *
Ti;AlC, [235] 421 2.7-3.2 297 340 760 6.9-7.2
Ti;GeC, [240, 241] 5.22 5.0 340 * 1277 *
Ti;(S1,Ge)C, [241] 5.02 * 322 * * *
Ti;AICN [237] 45 * 330 * * *
413 phase
Nb,AlIC; [242] 6.97 26+0.2 306 346 + 38 515+44 7.1+03
Ta,AlC; [243] 13.18 51+0.1 324 372 +20 821 +97 7.7+0.5
Ti,AIN; [243] 4.6 2.5 3102 350+ 15 475+ 15 *

2The symbol * indicates that MAXs data have not yet been reported

decreases, but the high stiffness remains [66]. Thermal sta-
bility is also an important criterion. MAXs can sustain the
structure integrity, and the strength increases upon quench-
ing in the air at 1300 °C. In addition, larger grain sizes can
achieve higher thermal stability [244]. Attributed to the
microplastic behavior and quasi-metallic damage tolerance
(KBs) during quenching, MAXs can maintain excellent
mechanical properties and thermal stability even in high-
temperature environments.

6.2 Thermal Properties
6.2.1 Thermal Conductivity
MAXs are good thermal conductors, with thermal con-

ductivities ranging from 12 to 60 W m~! K~! at RT. The
total thermal conductivity (k) is determined by both the

SHANGHAI JIAO TONG UNIVERSITY PRESS

electronic thermal conductivity (xk,) and the phonon thermal
conductivity (k). In general, for non-S- or Al-containing
MAXs, the phonon thermal conductivity (k) is lower than
the electronic thermal conductivity (k,). However, MAX con-
taining S and Al is good phonon conductors; the k, value of
Ti;AICN at RT is up to 36 W m~! K™, the highest value in
MAXs [245]. MAX”’ Kph is related to their defect concentra-
tion, which can be evaluated by the residual resistance ratio
(RRR). As the RRR value increases, the Kph value increases
[246]. However, the point defects and the rattler effect sup-
press the contribution of k., to the thermal conductivity in
part of MAXSs, which refers to the vibration atoms at their
equilibrium positions leading to phonon scattering. Many
elements, with atomic numbers > S, tend to "rattle," which
explains why the phonon thermal conductivity of Ti,InC,
Hf,InC, Nb,SnC, and other compounds contributes less to
the overall thermal conductivity.
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6.2.2 Heat Capacity and Thermal Expansion Coefficient

The heat capacity of MAXs depends on the following fac-
tors: temperature, chemical composition, crystal structure,
and potential phase transitions. At low temperatures, the
heat capacity increases nonlinearly, governed by the Debye
model, while at high temperatures it approaches the classi-
cal limit (~ 3R per atom). At high temperatures, it tends to
be constant, approaching the Dulong Petit limit. Variations
in M, A, and X significantly influence phonon spectra and
thus heat capacity. The layered structure results in unique
lattice vibrations, with defects and doping further modify-
ing thermal properties. Despite metallic behavior, MAXs
exhibit low electronic contributions to heat capacity, with
phonons being dominant. These properties, combined
with high thermal conductivity and stability, make MAXs
suitable for high-temperature applications such as ther-
mal management, energy storage, aerospace, and nuclear
systems [7, 8].

The coefficient of thermal expansion (CTE) describes
the variation in volume with temperature. A low CTE can
reduce internal stress caused by thermal expansion and
contraction, thereby improving the thermal cycling stabil-
ity and service life. The thermal expansion behavior is ani-
sotropic due to the relatively weak interlayer bonds (MA
or van der Waals forces) and relatively strong intra-layer
bonds (MX). This unique bonding characteristic limits the
thermal expansion of the lattice, allowing MAX to main-
tain stable volume in high-temperature environments and
reduce the damage of thermal stress to the structure [8].

6.3 Electrical Properties

6.3.1 Resistivity

MAXSs exhibit metallic conductivity because: (1) The high
density of electronic states near the Fermi level provides a
large number of conductive electrons. (2) The unique lay-
ered structure of MAX, alternating M-X layers and A lay-
ers, facilitates the free electron migration within the M-X
layers, while reducing scattering and thereby enhancing
conductivity. (3) The weak interlayer interactions result in
lower electron scattering rates, thereby maintaining higher
electron mobility. Meanwhile, the scattering effects of
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impurities, vacancies, or other defects may lead to a higher
residual resistivity and a lower RRR at low temperatures.
The solid solution MAXs show a higher resistivity than
the corresponding MAXs due to the stronger scattering
effect, leading to a decrease in electron mobility. Since
N(EF) predominates in the d-orbitals of the solid solution
elements, the impact of substitutions at different positions
(M, A, X) on resistivity is not equal [247]. In addition, the
morphology of MAX also affects resistivity, mainly due
to different surface areas of MAX with different appear-
ances, with a larger specific surface area providing more
surface area. During the contact process between electrons
and external electrodes or other materials, it increases the
contact points for electron transmission and improves con-
ductivity efficiency [248].

6.3.2 Superconductivity

Owing to the strong covalent and ionic bonding interactions,
coupled with weaker metallic or van der Waals interactions,
this structural characteristic enables electrons to maintain long-
range coherence at low temperatures, facilitating the forma-
tion of Cooper pairs, thereby promoting the frictionless flow
of superconducting current, which is one of the fundamental
principles of superconductivity. MAXs exhibit a higher den-
sity of electronic states near the Fermi level, which enhances
electron—phonon coupling. The d-electron states of elements
such as Ti, Mo, and Nb significantly contribute to supercon-
ductivity, such as the superconductivity of Mo,GaC [249] and
Nb,SnC [250] which has been demonstrated. The introduction
of C or N atoms provides additional electronic states, which
promotes the formation of stable electron—phonon coupling
systems, thereby improving superconductivity. Experiments
have found that certain MAXs exhibit a superconducting
transition within a specific low-temperature range, similar
to the behavior of traditional superconductors. For instance,
the superconducting transition temperature for Mo,GaC is
3.7-4.1 K [249], while Nb,SC is below 5 K [250]. In addition,
Nb,SnC, at 7.8 K, exhibits a higher superconducting transition
temperature [250].

6.4 Magnetic Properties

By introducing a magnetic element component into M- or
A-site, MAXs can realize magnetic properties. Cr,GeC is
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antiferromagnetic [251]; (Cr,_Mn,),GeC formed by par-
tially replacing Cr with Mn induces ferromagnetic polari-
zation. The average magnetic moment and Curie tempera-
ture increase with the increase in Mn doping content. The
magnetic properties of (Cr;_,Mn,),GeC depend on the con-
centration of Mn and the atomic configuration of Cr and
Mn in the crystal lattice [252]. The competition outcome
between ferromagnetic and antiferromagnetic states depends
on the local chemical composition and the ordered state of
the M sites, including (Cr,Mn),AlC [253], (Cr,Mn),GeC
[252], (Cr,Mn),GaC [113, 114], (Mo,Mn),GaC [115],
(V,Mn);GaC, [162], Cr,AlC [67], Cr,GeC [239], and
Mn,GaC [80]. (Mo,;;RE;/3),AIC, a series of the magnetic
i-MAXs, with RE standing for Ce, Pr, Nd, Sm, Gd, Tb, Dy,
Ho, Er, Tm, and Lu, exhibit a special microstructure of
quasi-two-dimensional magnetically frustrated triangular
lattice layers covering the Mo honeycomb structure [42].
The introduction of A-site elements also provides a new
pathway for the modulation of magnetic properties [38].
Fe, Ni, Co, and Mn with 3d electrons have been generally
added into the A-site. V,(A Sn,_,)C exhibits hysteresis lines
with an "S" shape at low temperatures, and the saturation
magnetization intensity gradually decreases with increasing
temperature, which indicates that it is a typical soft magnetic
material. This strong magnetic modulation that relies on ele-
ment combinations can precisely control the magnetism of
MAXs.
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6.5 High-Temperature Oxidation Resistance

The oxidation resistance of MAX at high temperatures pri-
marily stems from the diffusion behavior of their specific
metal elements, especially those containing Al elements. At
high temperatures, the Al atoms tend to diffuse to the sur-
face, forming a dense Al,O, protective layer that effectively
prevents oxygen penetration (as shown in Fig. 8a) [254].
However, the grain size of MAXs significantly affects the
diffusion rate of the Al element. For Ti,AlC with small grain
size, Al atoms can quickly diffuse to the surface of the grain
and uniformly form an Al,O; protective layer. On the con-
trary, for Ti,AlC with large grain sizes, Al atoms are difficult
to precipitate inside the grain and form a continuous Al,O;
protective layer, resulting in weaker oxidation resistance.
Additionally, when large grain Ti,AlC precipitates Al at
high temperatures, the matrix does not directly transform
into TiC, but instead forms a sandwich structure of Ti;AlC,
and TiC. This transformation is accompanied by volume
contraction, leading to surface cracks that facilitate oxygen
infiltration, thus significantly reducing oxidation resistance
[255]. Replacing Al with low melting point elements (such
as Sn) can lower the temperature of crack healing caused
by oxidation, as the oxidation reaction temperature of Sn is
lower than that of Al. Specifically, SnO, can form at 460 °C,
whereas Al,O; requires 900 °C. The high diffusivity and flu-
idity of Sn facilitate crack repair through oxidation reactions
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[256]. Nevertheless, these properties can also lead to the
diffusion of Sn to the sample surface, promoting the growth
of unprotected SnO,. Moreover, the small Al/Ti atom’s ratio
promotes the growth of a non-protective rutile-TiO, scale
(as illustrated in Fig. 8b), which in turn affects the alloy’s
oxidation resistance [254].

Surface roughness also has a significant impact on oxida-
tion resistance. A rough surface increases stress concentra-
tion points, making the Al,O; protective layer more suscep-
tible to thermal stress during the initial stages of oxidation,
resulting in uneven distribution of stress and the phenom-
enon of rumpling. Wrinkles can exacerbate the accumulation
of compressive stress, causing unstable deformation of the
oxide layer in these high stress areas, gradually forming a
bubble structure. The irregular morphology of the rough
surface makes these bubble structures more likely to form.
When bubbles burst under external stress or mechanical dis-
turbance, the exposed matrix in the rough area becomes a
pathway for oxygen, accelerating the infiltration of oxygen
and leading to the formation of a porous mixed oxide layer
(as shown in Fig. 8c) [257].

6.6 Corrosion Resistance

The A element can form a stable oxide or nitride protec-
tive layer in the corrosive environment, such as aluminum
forming an alumina layer and silicon forming a silica layer,
which effectively isolates the corrosive medium. In addi-
tion, MAXs have a high melting point and excellent thermal
stability allowing them to maintain their structural integ-
rity at high temperatures and are not susceptible to thermal
decomposition or phase transformation. However, corrosion
remains a key factor limiting their long-term use and reli-
ability. In acidic and alkaline environments, MAXs show
ceramic material properties with good corrosion resist-
ance, which is mainly related to the elemental composi-
tion, whether the M/A element reacts chemically with acid
and alkali, and in addition, whether the surface passivation
layer can be formed quickly or not, which also determines
the corrosion resistance of MAXs in acidic and alkaline
environments. It was shown that Ti;SiC, is very stable in
NaOH, HCI, and H,SO, concentrated/dilute solutions with
negligible mass loss (<2 um yr~') over six months. The
corrosion rates in dilute HF and concentrated HNO; were
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5 and 13 mm/yr, respectively. However, in the dilute HNO;
solution, the corrosion rate was as high as 250-320 mm yr‘l,
which was mainly due to the dissolution of Ti elements into
the corrosive medium, leaving behind a Si-rich layer that
was oxidized to SiO, in HNO; [258]. Cyclic polarization
and chrono-current tests in HCI and H,SO, dilute solutions
showed that an irreversible electrically insulating layer was
generated on the surface of Ti;SiC,, and this protective
film may be responsible for its corrosion resistance. Due to
the complex Lewis acid reaction at high temperatures, dis-
solved A-site elements diffuse into the atomic layer toward
the inward molten salt and fluoride salt, resulting in poor
corrosion resistance of MAXs in molten salt and fluoride
salt environments [259].

7 Functional Applications

MAXs, due to their unique layered structure, combine the
advantages of metals and ceramics and have excellent high-
temperature resistance, oxidation resistance, thermal shock
resistance, mechanical strength, and electrical conductivity,
providing support for technological progress and innovation
in fields such as aerospace, automotive, electronics, energy,
and chemical engineering, as shown in Fig. 9.
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7.1 Powders of MAXSs

Powder materials exhibit significant advantages in processing
flexibility, material performance improvement, rapid reactivity,
lightweight and high strength, and microstructure controllabil-
ity. In addition, the physical and chemical properties of powder
MAXSs can be regulated and controlled by adjusting the parti-
cle size and morphology, thereby improving their functional
performance. Therefore, powder MAXSs are widely utilized in
fields such as electromagnetic shielding and absorption, energy
storage and conversion, composite material construction, cata-
lytic reaction regulation, and 3D printing materials.

7.1.1 Electromagnetic Interference

Electromagnetic pollution generated by mobile phones,
antennas, and security devices also harms human health.
Therefore, there is an urgent need to develop high-per-
formance shielding and absorbing materials for electro-
magnetic protection or electromagnetic compatibility
management of electronic components in both military
and civilian electromagnetic interference management.
MAXSs exhibit unique advantages in electromagnetic
interference shielding and absorption due to their layered
structure, band structure, electronic properties, controlled
planar structure, and a wide range of element composition
choices.

The EMI performance of MAX powders exhibits signifi-
cant microstructure dependence [260]. When the particle
size of MAX powders decreases, the number of particles
per unit volume increases, and the average distance O
between particles decreases, which helps to form a more
effective conductive network and promote absorption per-
formance [14]. In addition, as the amount of MAX pow-
ders increases, the free electron density and electron trans-
fer efficiency increase, resulting in enhanced dielectric
loss, reduced reflection loss, and thus improved absorp-
tion performance. Future research focuses on how to real-
ize the geometric configuration design via the structure
orientation control technology and composite material
construction methods. To understand the electromagnetic
interference shielding mechanism of MAX enables the
enhancement of EMI performance. In addition, the hol-
low rod-shaped MAX phase exhibits excellent microwave
absorption performance due to its unique microstructure,
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which facilitates impedance matching and dielectric loss
[261].

7.1.2 Electrochemical Energy Storage

Based on the fully adjustable physicochemical properties
induced by the multi-element composition and layered struc-
ture of MAX powder, it exhibits potential as a functional
material for electrochemical energy storage electrodes.
Due to its layered structure, the large theoretical capacity
of A-site atoms, and good conductivity, it was once highly
anticipated as an anode material [262]. Still, its performance
did not meet expectations. Recent studies have revealed that
the layered structure advantage of micron-sized (or larger)
MAX particles, coupled with the inability of A-site elements
with high specific capacity to function, significantly reduces
electrochemical performance. According to theoretical cal-
culations and experimental results, reducing particle size can
effectively harness the advantages of the MAX and enhance
its energy storage performance [263, 264]. Compared to tra-
ditional electrochemical electrode materials, MAX particles
exhibit a higher density and stable lattice valence bond rela-
tionships, which makes it challenging for electrolyte ions to
migrate and transform the valence bonds of MAXs under
potential fields. Additionally, MAX particles are predomi-
nantly prepared using a top-down method, making it difficult
to obtain nanoscale ultrafine particles. This results in the
inability of active elements inside the particles to contribute
to reaction charges. Therefore, the development of nanoscale
MAX powder particle preparation technology is crucial [16,
17].

7.1.3 Catalysis

MAX powder materials can provide a larger specific surface
area, allowing more constituent metals M to participate in
catalytic reactions and promote reaction rates. In addition,
the ceramic properties exhibited by MAXs enable them to
maintain catalytic activity even in high-temperature and cor-
rosive environments. The rich elemental composition and
structure of MAX also provide a foundation for the regu-
lation of catalytic function. The Cr,AIC MAX phase as a
catalyst has significant advantages in catalyzing wet per-
oxide oxidation (CWPO), including significantly reducing
the generation of carbon monoxide (CO), excellent chemical
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stability, and reusability [265]. Its unique surface structure
and lower metal leaching further enhance the environmental
friendliness of the catalyst. MAX catalysts can also improve
hydrogen storage performance; adding 7 wt% Ti;AlIC, to
MgH, can lower the dehydrogenation starting temperature
to 205 °C [266]. Meanwhile, the apparent activation energy
(104.7 kJ mol™') of MgH, sample with 7 wt% Ti,AlC,
addition was significantly lower than that of the original
MgH, sample (50.4 kJ mol™"). The high catalytic activity
of Ti;AlC, is attributed to the ability of H atoms to bind to
the interstitial positions of the Ti—Al layer.

7.1.4 Composite Material Reinforcing Agents

Based on the synergy of properties and functions, MAX
powders are utilized as additives in composite materials to
enhance various mechanical properties, including strength,
high-temperature resistance, and corrosion resistance.
Metal-based composites incorporating MAX powder exhibit
not only high strength, modulus, and hardness but also dem-
onstrate excellent machinability, friction, and wear resist-
ance, as well as significant damping capacity. There exists a
certain contradiction between the mechanical properties and
damping capacity of composite materials [267, 268]. Spe-
cifically, while the addition of hard and brittle dispersed par-
ticles (such as SiC) can enhance the mechanical properties
of composites, it can also pin dislocation movement, thereby
affecting damping performance. Therefore, it is proposed
that by replacing traditional hard and brittle reinforcements
with MAX powders possessing plastic deformation and high
toughness, the pinning effect on dislocation movement can
be minimized, thus achieving a synergistic enhancement of
both strength and damping capacity [269].

7.1.5 Precursor of MXene

The geometric structure (particle size, morphology) of MAX
powder materials directly affects the preparation method of
MXene and the morphology of the obtained MXene materi-
als. In addition, the M-A/M-X bond energy of MAXs also
determines the difficulty of MXene etching. The smaller
grain size of the MAX usually has a larger specific surface
area, which helps accelerate the acid etching reaction and
accelerate the synthesis process of MXene. The obtained
MXene has richer active sites and a larger specific surface
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area, which can enable MXene to exhibit higher reaction
activity and efficiency in catalysis, sensing, and energy stor-
age [270]. Large-sized MAX grains typically contribute to
the formation of a uniform MXene layer structure while
maintaining more consistent surface properties and higher
electrochemical conductivity [271, 272]. In addition, larger-
sized MXene can provide higher mechanical strength [273].
Therefore, regulating the grain/particle size of MAX is key
to optimizing the preparation and functionality of MXene.
Exploring new MAXs, guiding the control of the geometric
structure and valence bond relationships of MAX powder
materials, and developing environmentally friendly MXene
synthesis methods are the foundation for promoting the com-
mercial application of MXene materials.

Although MAX powder materials have demonstrated
potential applications in various fields owing to their unique
physical and chemical properties, reducing preparation costs,
controlling uniformity, and improving surface stability are
serious challenges for large-scale applications. Therefore,
developing MAX powder materials with unique geometric
shapes, adjusting the surface and interface properties of
MAX powder, optimizing the interface bonding strength
with the matrix material, and comprehensively improving
the functional performance of MAX powder materials are
crucial for the application of MAX in specific environments.

7.2 Bulk of MAXs

Bulk materials exhibit a denser overall morphology, typi-
cally possessing higher mechanical strength, hardness, and
toughness, capable of withstanding greater external impact
or compression. Usually, traditional mechanical process-
ing such as cutting, drilling, and forging, can be used to
shape and structure them, making it easier to manufacture
complex structural components. Due to the continuity of
its internal structure, it can form a complete electronic con-
duction path, usually with good thermal and electrical con-
ductivity, excellent thermal stability, oxidation resistance,
and electrical conductivity. In a radiation environment, bulk
materials can more effectively resist high-energy radiation
(such as neutrons, electrons, ions, X-rays, and gamma rays)
due to their dense structure and layered crystal arrange-
ment. These advantages make bulk MAXs widely used in
important fields such as mechanical structural components,
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building materials, electronic components, etc. that require
high mechanical strength and stability.

7.2.1 High-Temperature Structural Materials

MAX bulk materials exhibit excellent high-temperature
stability, oxidation resistance, corrosion resistance, and
self-healing properties under high and rapid tempera-
ture changes, which are used in the aerospace industry
for gas turbine blades, aircraft engine components, and
spacecraft insulation layers. MAX can increase the maxi-
mum operating temperature by 200 °C [274]. Moreover,
MAX shows a good CTE match with standard TBC and
thermal growth oxide (TGO) material at high tempera-
tures, which reduces its thermal stress, thereby extend-
ing the service life [10, 220]. In the nuclear industry,
MAXSs are utilized in fourth-generation nuclear reactor
components and nuclear fuel cladding materials, owing
to their radiation resistance, creep resistance, and self-
healing capabilities [275, 276]. The high thermal con-
ductivity and high-temperature resistance of MAX are
harnessed in heat exchangers for gas turbine components
and solar thermal power generation systems [277]. Fur-
thermore, MAX material serves as a corrosion-resistant
reactor liner, high-temperature corrosion-resistant pipe-
line material, high-temperature furnace lining, and molten
metal processing equipment, due to its corrosion resist-
ance, oxidation resistance, and wear resistance at extreme
temperatures [13, 278, 279]. The MAX bulk material
exhibits high conductivity and a low thermal expansion
coefficient, rendering it ideal for high-temperature elec-
trode materials and electromagnetic shielding materials
[13, 264, 280]. Leveraging its high-temperature creep
resistance, MAX bulk material is also suitable for wear-
resistant components of engines and thermal management
systems of electric vehicles [281]. As manufacturing tech-
nology evolves, MAX bulk materials are poised to play
an increasingly significant role in these fields that require
high temperature, corrosion, and high strength.

7.2.2 Electrical Contact Materials

The primary function of electrical contacts is to establish
reliable contact points within the circuit, ensuring efficient
current conduction while enduring extreme conditions such
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as wear, corrosion, and arcing during operation. MAXs are
renowned for their exceptional conductivity, wear resistance,
corrosion resistance, and high-temperature stability. These
attributes render MAXs highly effective in high-current and
high-frequency applications, particularly during frequent
switching and contact separation processes. They effectively
minimize arc and contact point wear, thereby prolonging
equipment lifespan. Furthermore, the antioxidant properties
of MAXs ensure stable electrical contact performance in
harsh environments, such as humidity and corrosive gases
[12, 282]. Notably, silver-based electrical contact compos-
ite materials containing 10% Ti;AlC, (by volume) exhibit
performance comparable to commercial AgCdO compos-
ite materials [11, 283-285]. Additionally, incorporating
Ti;AlC, MAX significantly enhances the welding resistance
and simplifies the processing of electrical contact materials.
The pursuit of non-toxic, high-performance electrical con-
tact materials has emerged as a focal point in this field [286].

7.2.3 Connecting Materials

Connecting materials are used to bond two or more compo-
nents together. MAX bulk materials can provide stronger
mechanical properties and thermal stability when connecting
complex ceramic, composite materials, and metal compo-
nents, especially exhibiting significant advantages in high
temperatures and harsh environments. By solid-state diffu-
sion, Ti;SiC, MAX bulk can bond to Ti;AlC, directly [287].
During the bonding process of Ti;SiC, and Ti;AlC,, it was
found that Si and Al undergo mutual diffusion, forming a
Ti,(Si,_,Al)C, solid solution in a pulse current sintering
furnace using the rapid current heating method, without the
need for any filler compounds or welding agents [288]. It
provides a new possibility to seal nuclear fuel cladding tubes
onto MAXs.

Despite their excellent mechanical properties, the bulk
MAX still exhibits brittleness under certain conditions, par-
ticularly in stress concentration points or high-impact envi-
ronments. While the bulk MAX demonstrates good thermal
stability at high temperatures, it still faces oxidation issues
in extremely high-temperature environments. Long-term
exposure to such environments may lead to performance
degradation; therefore, there is an urgent need to improve
their antioxidant properties. Additionally, the insufficient
interfacial bonding strength between the bulk MAX and

@ Springer



173 Page 26 of 42

Nano-Micro Lett. (2025) 17:173

other materials during the preparation of composite materi-
als could potentially diminish the mechanical properties of
the composites. Furthermore, the bulk MAX encounters dif-
ficulties in cutting and forming during processing, especially
when manufacturing complex-shaped components, resulting
in relatively high production costs and potentially limiting
their promotion in certain low-cost applications. To address
these issues, future research could concentrate on enhanc-
ing the antioxidant properties of the materials, strengthening
interfacial bonding, and developing more efficient process-
ing technologies, thereby expanding the application areas
of the bulk MAX.

7.3 Film of MAXs

MAX films combine the small particle characteristics of
powders and the continuity characteristics of bulks in two
dimensions. The self-lubricating, mechanical properties,
conductivity, and thermal conductivity make MAX thin
films represent the application potential in electronics and
electrical engineering. Moreover, MAX thin films exhibit
extremely high thermal stability and oxidation resistance
under high-temperature conditions, making them highly
durable in corrosive and radiation environments. The depo-
sition of MAX on various substrate materials through physi-
cal vapor deposition (PVD) and chemical vapor deposition
(CVD) has promoted the development of a new generation
of high-performance materials.

7.3.1 Friction-Reducing Lubrication Coating

Although pure metal coatings are widely used in various
industries, their weak atomic bonding forces render them
susceptible to wear and corrosion in frictional and chemi-
cal environments. Moreover, they tend to oxidize in high
temperatures and corrosive media, thereby diminishing their
performance. In contrast, MAX thin film materials exhibit
exceptional wear resistance and corrosion resistance, owing
to their unique layered structure and strong covalent bond-
ing. The M-A-X bonding endows the material with high
hardness and friction resistance, while its chemical stabil-
ity maintains its structural integrity in acidic and alkaline
environments. MAXs retain excellent oxidation resistance
even at high temperatures. Therefore, when combined with
metals, they significantly enhance the wear and corrosion
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resistance of coatings, offering more reliable protection and
extending the service life of coatings under harsh conditions.
Jamshidi et al. [289] explored the tribological and corrosion
behavior of Al/Ti;SiC, composite coatings and discovered
that AI-MAX composite coatings exhibit higher corrosion
potential and lower corrosion current density compared to
pure aluminum coatings. Additionally, the dense oxide film
formed by the MAX not only enhances the surface friction
reduction performance of the coating but also prevents exter-
nal material erosion in certain high-temperature extreme
environments, significantly broadening the application range
and service environment of this type of composite coating.

MAX films are superior to traditional graphite in terms
of self-lubricating performance, thermal conductivity, and
high-temperature oxidation resistance, making them signifi-
cantly advantageous as friction lubrication components in
extreme environments such as strong acids, strong bases,
and high temperatures [290, 291]. Shi et al. [292] studied
the tribological behavior of NiAI-Ti;SiC,-MoS, composite
materials and found that MoS, + Ti;SiC,/NiAl-based com-
posite lubricating materials achieved good synergistic lubri-
cation in a wide temperature range from room temperature to
800 °C. The friction coefficient at 400 °C was only 0.13, and
the lubrication effect was supported by a friction film com-
posed of oxide film. MoS, had the main lubrication effect
at medium and low temperatures, while the MAX provided
a lubrication effect at high temperatures. This type of com-
posite material is expected to perform well in continuous
heating environments and is a promising wear-resistant and
high-temperature application material. The research results
of Zhou et al. [293] show that an increased MAX content
can improve the anti-friction performance of composite
coatings. In addition, due to the introduction of MAX, the
Al,O; oxide film generated on the surface of the coating at
high temperatures not only improves the surface anti-friction
performance but also enhances the high-temperature oxida-
tion resistance of the coating.

7.3.2 High-Temperature Protective Coating

High-temperature protective coatings play a crucial role
in various fields, including aerospace, energy, chemical,
automotive, and electronics. Compared to traditional coat-
ings, MAXs demonstrate exceptional thermal stability and
oxidation resistance at elevated temperatures. Additionally,
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their superior thermal conductivity and self-lubricating
properties enable them to effectively reduce friction under
extreme operating conditions, thereby significantly enhanc-
ing the durability and reliability of the coatings [294, 295].
The composite oxides formed by the oxidation of metal ele-
ments in the coating at high temperatures, such as TiO, and
Al, 03, can effectively enhance the bonding strength between
the coating and the substrate. Especially after the formation
of multi-layer structures, the interface bonding between the
coating and the substrate becomes even more compact [2].
MAX coating films serve as a protective coating for refrac-
tory alloys and a bonding coating in thermal barrier coat-
ings (TBC) systems. The coefficient of thermal expansion
is crucial for reducing stress and avoiding coating peeling.
Specifically, the CTE of Cr,AIC (12.0-13.3x 107° K1)
is relatively high, making it suitable for protective layers
in metal systems. The thermal expansion coefficients of
Ti,AlC and Ti;AlC, are relatively low, ranging from 8.2 to
9.0x 107° K=, and they exhibit better thermal expansion
matching with TBC compounds, making them more suit-
able for use as bonding layers in thermal barrier coatings
[274, 296, 297].

7.3.3 Nuclear Protective Coating

MAX, with excellent radiation resistance, oxidation resist-
ance, corrosion resistance, strong mechanical properties, and
chemical stability, is regarded as potential accident-tolerant
fuel (ATF) cladding candidate materials for third-generation
light water reactors (LWRs) and future fourth-generation
fission devices [275, 298, 299]. The neutron irradiation
activity of MAX, including Ti;SiC,, Ti;AlC,, and Ti,AlC,
is comparable to that of SiC materials and is three orders of
magnitude lower than that of Alloy 617 nickel-based alloys
[300, 301].

V,AIC coating exhibits a unique gradient structure along
its growth direction. In the region close to the substrate sur-
face, the grains are smaller with more interfaces, whereas
in the region farther from the substrate surface, the grains
gradually grow larger. This gradient distribution effectively
suppresses the excessive aggregation and growth of helium
bubbles, thereby enhancing the protective performance of
the coating [302]. Ti3AlC, and Ti;SiC, demonstrate remark-
able radiation tolerance upon exposure to high-energy ions
like Xe and Kr. Despite being irradiated at high doses, such
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as 25-30 dpa (displacement per atom), they retain their crys-
tal structure and exhibit rapid self-healing capabilities [303].
Ti;AlC, demonstrates a stronger resilience against radiation
damage, exhibiting excellent radiation resistance at both low
(50 K) and room temperature (300 K) conditions. Although
Ti;SiC, also exhibits high radiation resistance, it tends to
undergo amorphization at higher doses. This amorphization
primarily stems from the weaker bonding of Si—C bonds,
whereas the Ti—Al and Ti—C bonds in Ti;AlC, are more
stable, enabling them to withstand radiation damage and
recover swiftly. Additionally, both Ti;AlC, and Ti;SiC, con-
sist of elements with low atomic number (Z), ensuring they
do not significantly activate radioactivity under prolonged
radiation, which is crucial in nuclear protective materials.

7.3.4 Metal Plate Protective Coating

Metal plates are extensively utilized in various fields, such as
electrochemistry, corrosion protection, aerospace, and more,
owing to their optimized current distribution, enhanced reac-
tion efficiency, and superior corrosion resistance. Introduc-
ing coatings can enhance their durability, corrosion resist-
ance, and stability in high-temperature and high-pressure
environments, thereby ensuring reliable performance under
various extreme conditions. It is crucial to screen coating
materials with exceptional corrosion resistance, strength,
and stability suitable for extreme environments. Compared
to commonly used coating materials such as metals, poly-
mers, and ceramics, MAX films exhibit excellent corrosion
resistance, good conductivity thermal conductivity, and
flexible machinability. The MAX film coatings on the sur-
face of metal bipolar plates can significantly improve their
corrosion resistance and conductivity, presenting consider-
able application prospects in commercial fuel cells [304].
The MAX film coating exhibits extremely low interfacial
contact resistance (ICR) and demonstrates excellent cor-
rosion resistance and durability [305]. In the future, it is
necessary to further improve the chemical bonding force
and mechanical anchoring effect between the coating and
the substrate, such as nitriding or the introduction of transi-
tion layers and gradient composite layers. By controlling
the changes in composition and structure, gradual transition
can be achieved, reducing stress concentration between the
coating and the substrate, thereby enhancing the bonding
force between the interface, breaking through the interface
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bonding between MAX coating and substrate materials, con-
structing integrated electrode materials, and optimizing their
functionality.

7.3.5 Electrical Contact Coating

Contact materials play a pivotal role in electrical contact
materials, directly influencing the operational reliability
and service life of equipment. Although pure copper has
excellent conductivity and thermal conductivity, its weld-
ing resistance is limited. During the surface melting process
triggered by arc discharge and Joule heating, the contacts
tend to bond, making separation challenging, which in turn
compromises the equipment’s disconnection capability. Cur-
rently, copper alloys, copper-based composite materials, and
copper—ceramic composite materials are widely used as new
electrical contact materials, particularly in applications such
as pantograph slides, high-voltage switch contacts, and
conductive slip rings. MAX films possess strong oxidation
resistance, allowing them to maintain performance in high-
temperature oxidation environments. These characteristics
enable MAXs to provide long-term reliable performance
under harsh working conditions. Furthermore, the layered
structure endows them with exceptional mechanical strength
and toughness, enhancing their durability underwear and
impact conditions, particularly suitable for electrical contact
applications involving repeated insertion and high-frequency
operations. For instance, Ti,AIN [306], Ti;SiC, [307], and
a series of MAX [308] are sputtered on n-type GaN, SiC, or
Cu substrates and demonstrate a low ohmic contact resistiv-
ity. The deposited MAX film coating serves as an oxygen
barrier, preventing potential oxidation, contamination, or the
need for any cleaning steps, thereby enhancing the long-term
stability of the device. MAX film coating exhibits a higher
thermal capacity and a lower thermal conductivity. Under
the influence of an arc, the pure metal coating undergoes
significant melting and recrystallization, whereas the com-
posite MAX film coating remains largely unaffected, indi-
cating that MAX film coatings have the potential to serve as
protective materials for electrical contact surfaces.

In order to better apply MAX film to practice,
the advanced synthesis and characterization technology
should be applied to achieve the accurate control of the com-
position, geometric structure, density, uniformity and inter-
face strength of MAX film, so as to improve its functional
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performance in new energy, sensors, optoelectronic devices,
self-healing, and strain response functions.

MAXs have demonstrated significant application potential
in multiple fields due to their unique physical and chemical
properties. Their conductivity and high surface area make
them excellent in lithium-ion batteries and supercapacitors.
Their high melting point, excellent mechanical properties,
and oxidation resistance make them suitable for high-tem-
perature structural materials, such as aerospace and turbine
components. Corrosion resistance and self-healing proper-
ties apply to protective coatings and wear-resistant materials.
Thoroughly studying the microstructure and performance
characteristics of MAXs is key to understanding their struc-
ture—activity relationship and driving behavior. Specifically,
through in-depth analysis of the crystal structure, defect dis-
tribution, interface behavior, and stress—strain relationship of
MAXs, the mechanism of performance changes in different
environments can be revealed. This not only helps optimize
the design of materials, but also guides their performance
prediction and reliability evaluation in practical applications.
Optimizing the preparation process to achieve mass produc-
tion and cost control is the key to large-scale applications.
By improving synthesis parameters and increasing yield,
costs can be reduced and economics can be improved. In
the future, MAXs are expected to be widely applied in the
fields of energy, aerospace, and environmental protection,
promoting the development of related industries. Despite
facing challenges, continuous research and technological
advancements will enable MAXs to achieve widespread
applications soon.

8 Conclusions and Perspectives

This review comprehensively explores the development
trajectory, elemental composition, crystalline structure,
preparation techniques, formation mechanisms and com-
putational simulation advancements, physical and chemi-
cal properties, and applications of MAX series materials.
It provides a thorough and accessible guide for researchers
in the MAX domain to comprehend the latest developments
in preparation technologies, structural decipherment, and
functional innovation within MAX series materials. MAX
series materials still face unresolved challenges that hinder
their widespread applications:

https://doi.org/10.1007/s40820-025-01673-9
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(1) How to construct a machine learning system to support
MAX innovation research?

Gathering data on the chemical compositions, struc-
tures, and both physical and chemical properties of
known MAX series materials and merging this with
current experimental practices, computational mod-
eling, machine learning, and deep learning can aid sci-
entists and engineers in predicting structure stability
and performance under extreme environments. This
may minimize the experimental scope, and acceler-
ate the development of MAX series materials through
computational insights and empirical validations. By
integrating expertise from materials science, computer
science, chemistry, and physics, data sample collec-
tion is quickly enriched, and the machine learning sys-
tems are updated and refactored. The vision is to create
an Al-driven autonomous system for MAX creation,
incorporating robotics for synthesis and characteriza-
tion, and Al for interpreting results and suggesting new
experiments, thus achieving a fully automated innova-
tion cycle for MAX series materials.

(2) How to address scientific and rational control synthesis
of MAX series materials?

To answer this issue, the exploration of the reac-
tion mechanism is the foundation; in situ characteriza-
tion may be a key to addressing how to control purity,
density, geometrical morphology, and microstructure.
In our opinion, the precision preparation should be
transformed from solid-phase sintering into molten
salt-assisted and vapor deposition. However, to our
knowledge, most production enterprises of MAX
series materials are using a solid-phase sintering strat-
egy, which makes it difficult to control nucleation and
growth processes based on interfacial atomic diffusion
by solid interfaces. High temperature and high pressure
can accelerate diffusion dynamics; however, it leads
an unavoidable energy consumption. The preparation
strategies of pressureless, low-temperature sinter-
ing based on solid-phase reactions, and cost-effective
molten salt processes should be pushed into mass pro-
duction as soon as possible. Moreover, the vapor depo-
sition technology should be promoted for use in high-
end manufacturing, aviation, and military industries,
which are not subject to cost control. The synthesis of
MAX series materials via aqueous solution reaction is
expected.
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(3) How to establish an industrial ecosystem for MAX
series materials, leading to their practical application?
Creating an industrial ecosystem for MAX series
materials hinges on recognizing and integrating their
unique attributes into existing industrial workflows,
overcoming challenges in synthesis, property exploita-
tion, and identifying new application domains. In aero-
space, MAX series materials can endure extreme tem-
peratures, which are the ideal components in engines
and spacecraft. Their resistance to wear and corro-
sion also suits for protective coatings in space launch
vehicles and marine engineering. How to discover the
unique characteristics of MAX series materials, the
indispensable properties in specific application sce-
narios can form competitiveness in a variety of func-
tional materials. It is an important option to develop
the functional applications of MAX series materials
in aerospace and deep-sea exploration. In addition, the
balance of function and cost is also a key parameter that
limits practical applications.

As a multi-element material system, how to design
the atomic architecture and micro-geometry of MAX
series materials is the basis for regulating its proper-
ties and functions. The development of new preparation
technology is the premise of realizing its large-scale
application. Navigating the innovation investigations
by cross-disciplinary may unlock a new era of MAX
series materials.

Acknowledgements The authors gratefully acknowledge the finan-
cial support by the Development Plan of Science and Technology
of Jilin Province (No. YDZJ202201ZYTS305), the Natural Sci-
ence Foundation of Jilin Province (No. YDZJ202401316ZYTS),
the Innovation Laboratory Development Program of Education
Department of Jilin Province and Industry and Information Tech-
nology Department of Jilin Province, China (The Joint Laboratory
of MAX / MXene Materials).

Author Contributions Jian Zhang involved in investigation, writ-
ing—original draft, writing—review & editing, visualization; Ru
Jia took part in writing—review& editing; Kar Ban Tan involved
in writing—review & editing; Jiaming Li involved in writing—
review& editing; Shichong Xu took part in writing—review & edit-
ing, supervision, investigation; Guobing Ying involved in concep-
tualization, writing—review & editing, supervision; Wenjuan Han
took part in conceptualization, writing—review & editing, supervi-
sion, funding acquisition; Ming Lu took part in conceptualization,
writing—review& editing, supervision, funding acquisition.

@ Springer



173 Page 30 of 42

Nano-Micro Lett. (2025) 17:173

Declarations

Conlflict of Interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. M.W. Barsoum, The My, ;AXy phases: a new class of solids.
Prog. Solid State Chem. 28, 201-281 (2000). https://doi.org/
10.1016/s0079-6786(00)00006-6

2. E. Drouelle, V. Gauthier-Brunet, J. Cormier, P. Villechaise,
P. Sallot et al., Microstructure-oxidation resistance relation-
ship in Ti;AlC, MAX phase. J. Alloys Compd. 826, 154062
(2020). https://doi.org/10.1016/j.jallcom.2020.154062

3. Z.H. Tian, P.G. Zhang, W.W. Sun, B.Z. Yan, Z.M. Sun,
Vegard’s law deviating Ti,(Sn,Al,_,)C solid solution with
enhanced properties. J. Adv. Ceram. 12, 1655-1669 (2023).
https://doi.org/10.26599/jac.2023.9220779

4. M.W. Barsoum, T. EIRaghy, L. Ogbuji, Oxidation of Ti;SiC,
in air J. Electrochem. Soc. 144, 2508-2516 (1997). https://
doi.org/10.1149/1.1837846

5. S. Kuchida, T. Muranaka, K. Kawashima, K. Inoue, M.
Yoshikawa et al., Superconductivity in Lu,SnC. Phys. C 494,
77-79 (2013). https://doi.org/10.1016/j.physc.2013.04.050

6. K. Chen, X. Bai, X. Mu, P. Yan, N. Qiu et al., MAX phase
Zr,SeC and its thermal conduction behavior. J. Eur. Ceram.
Soc. 41, 4447-4451 (2021). https://doi.org/10.1016/j.jeurc
eramsoc.2021.03.013

7. Z.M. Sun, Progress in research and development on MAX
phases: a family of layered ternary compounds. Int. Mater.
Rev. 56, 143-166 (2011). https://doi.org/10.1179/17432
80410y.0000000001

8. M.W. Barsoum, T. ElRaghy, Synthesis and characterization
of a remarkable ceramic: Ti;SiC,. J. Am. Ceram. Soc. 79,
1953-1956 (1996). https://doi.org/10.1111/j.1151-2916.
1996.tb08018.x

9. C. Magnus, J. Sharp, W.M. Rainforth, The lubricating prop-
erties of spark plasma sintered (SPS) Ti;SiC, MAX phase
compound and composite. Tribol. Trans. 63, 38-51 (2020).
https://doi.org/10.1080/10402004.2019.1657534

© The authors

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

N.P. Padture, M. Gell, E.H. Jordan, Thermal barrier coatings
for gas-turbine engine applications. Science 296, 280-284
(2002). https://doi.org/10.1126/science.1068609

D.D. Wang, W.B. Tian, J.X. Ding, A.B. Ma, Y.F. Zhu et al.,
Anisotropic arc erosion resistance of Ag/Ti;AlC, compos-
ites induced by the alignment of Ti;AlC,. Corros. Sci. 171,
108633 (2020). https://doi.org/10.1016/j.corsci.2020.108633

X.C. Huang, Y. Feng, J.L. Ge, L. Li, Z.Q. Li et al., Arc ero-
sion mechanism of Ag-Ti;SiC, material. J. Alloys Compd.
817, 152741 (2020). https://doi.org/10.1016/j.jallcom.2019.
152741

P.W. Bai, S. Wang, B. Zhao, X.H. Wang, J.B. Ma et al.,
Electrically conductive and corrosion resistant MAX
phases with superior electromagnetic wave shielding
performance. J. Eur. Ceram. Soc. 42, 7414-7420 (2022).
https://doi.org/10.1016/j.jeurceramsoc.2022.09.009

P. Yao, Y.H. Qian, W.C. Li, C.S. Li, J. Zuo et al., Explora-
tion of dielectric and microwave absorption properties of
quaternary MAX phase ceramic (Cr,,;3Ti;/3);A1C,. Ceram.
Int. 46, 22919-22926 (2020). https://doi.org/10.1016/j.
ceramint.2020.06.065

C.X. Wang, C.L. Tracy, R.C. Ewing, Radiation effects
in M, ,;AX, phases. Appl. Phys. Rev. 7, 041311 (2020).
https://doi.org/10.1063/5.0019284

X.Q. Xu, D.W. Sha, Z.H. Tian, F.S. Wu, W. Zheng et al.,
Lithium storage performance and mechanism of nano-
sized Ti,InC MAX phase. Nanoscale Horizons 8, 331-337
(2023). https://doi.org/10.1039/d2nh00489%¢

Y.B. Li, G.L. Ma, H. Shao, P. Xiao, J. Lu et al., Elec-
trochemical lithium storage performance of molten salt
derived V,SnC MAX phase. Nano-Micro Lett. 13, 158
(2021). https://doi.org/10.1007/s40820-021-00684-6

X. Liu, M. Du, S. Zheng, T. Kar Ban, Z. Cuimei et al.,
Understand the effect of the confined trifluoromethane sul-
fonate (OTf™) anions by the adjacent MXene nanosheets
on oriented design of Zn ion storage. Carbon 219, 118828
(2024). https://doi.org/10.1016/j.carbon.2024.118828

C. Zhou, K.B. Tan, W. Han, L. Wang, M. Lu, A review of
MXene derived quantum dots: synthesis, characterization,
properties and applications. Particuology 91, 50-71 (2024).
https://doi.org/10.1016/j.partic.2023.12.016

Q.H. Gu, Y.Q. Cao, J.N. Chen, Y.J. Qi, Z.F. Zhai et al.,
Fluorine-modulated MXene-derived catalysts for mul-
tiphase sulfur conversion in lithium-sulfur battery. Nano-
Micro Lett. 16, 266 (2024). https://doi.org/10.1007/
$40820-024-01482-6

A.V. Mohammadi, J. Rosen, Y. Gogotsi, The world of two-
dimensional carbides and nitrides (MXenes). Science 372,
1165 (2021). https://doi.org/10.1126/science.abf1581

H. Rohde, H. Kudielka, Strukturuntersuchungen an carbo-
sulfiden von titan und zirkon. Z. Krist. Cryst. Mater. 114,
447-456 (1960). https://doi.org/10.1524/zkri.1960.114.16.
447

23. W. Jeitschko, H. Nowotny, F. Benesovsky, Carbides of for-

mula T,MC*. Monatsh. Chem. 95, 33-38 (1963). https://
doi.org/10.1016/0022-5088(64)90055-4

https://doi.org/10.1007/s40820-025-01673-9


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/s0079-6786(00)00006-6
https://doi.org/10.1016/s0079-6786(00)00006-6
https://doi.org/10.1016/j.jallcom.2020.154062
https://doi.org/10.26599/jac.2023.9220779
https://doi.org/10.1149/1.1837846
https://doi.org/10.1149/1.1837846
https://doi.org/10.1016/j.physc.2013.04.050
https://doi.org/10.1016/j.jeurceramsoc.2021.03.013
https://doi.org/10.1016/j.jeurceramsoc.2021.03.013
https://doi.org/10.1179/1743280410y.0000000001
https://doi.org/10.1179/1743280410y.0000000001
https://doi.org/10.1111/j.1151-2916.1996.tb08018.x
https://doi.org/10.1111/j.1151-2916.1996.tb08018.x
https://doi.org/10.1080/10402004.2019.1657534
https://doi.org/10.1126/science.1068609
https://doi.org/10.1016/j.corsci.2020.108633
https://doi.org/10.1016/j.jallcom.2019.152741
https://doi.org/10.1016/j.jallcom.2019.152741
https://doi.org/10.1016/j.jeurceramsoc.2022.09.009
https://doi.org/10.1016/j.ceramint.2020.06.065
https://doi.org/10.1016/j.ceramint.2020.06.065
https://doi.org/10.1063/5.0019284
https://doi.org/10.1039/d2nh00489e
https://doi.org/10.1007/s40820-021-00684-6
https://doi.org/10.1016/j.carbon.2024.118828
https://doi.org/10.1016/j.partic.2023.12.016
https://doi.org/10.1007/s40820-024-01482-6
https://doi.org/10.1007/s40820-024-01482-6
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1524/zkri.1960.114.16.447
https://doi.org/10.1524/zkri.1960.114.16.447
https://doi.org/10.1016/0022-5088(64)90055-4
https://doi.org/10.1016/0022-5088(64)90055-4

Nano-Micro Lett.

(2025) 17:173

Page 31 0f42 173

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

W. Jeitschko, H. Nowotny, F. Benesovsky, Kohlenstoff-
haltige ternire Verbindungen (H-Phase). Monatsh. Chem.
94, 672-676 (1963). https://doi.org/10.1007/BF00913068
W. Jeitschko, H. Nowotny, F. Benesovsky, Kohlenstoff-
haltige ternare Verbindungen (V-GeC, Nb-Ga-C, Ta-Ga-
C, Ta-Ge-C, Cr-Ga-C und Cr-Ge-C). Monatsh. Chem. 94,
844-850 (1963). https://doi.org/10.1007/6f00902358

W. Jeitschko, H. Nowotny, F. Benesovsky, Die H-Phasen
Ti,InC, Zr,InC Hf,InC und Ti,GeC. Monatsh. Chem. 94,
1201-1205 (1963). https://doi.org/10.1007/bf00905711

J.J. Nickl, K.K. Schweitzer, P. Luxenberg, Gasphasenab-
scheidung im system Ti-Si-C. J. Less-Common Met. 26,
335-353 (1972). https://doi.org/10.1016/0022-5088(72)
90083-5

M.A. Pietzka, J.C. Schuster, Summary of constitutional data

on the aluminum-carbon-titanium system. J. Phase Equilib.
15, 392-400 (1994). https://doi.org/10.1007/BF02647559

J.P. Palmquist, S. Li, P. Persson, J. Emmerlich, O. Wil-
helmsson et al., M, ;AX|, phases in the Ti-Si-C system stud-
ied by thin-film synthesis and ab initio calculations. Phys.
Rev. B 70, 165401 (2004). https://doi.org/10.1103/PhysRevB.
70.165401

Z. Lin, M. Zhuo, Y. Zhou, M. Li, J. Wang, Microstructures
and theoretical bulk modulus of layered ternary tantalum alu-
minum carbides. J. Am. Ceram. Soc. 89, 3765-3769 (2006).
https://doi.org/10.1111/j.1551-2916.2006.01303.x

W.B. Tian, P.L. Wang, Y.M. Kan, G.J. Zhang, Cr,AlC pow-
ders prepared by molten salt method. J. Alloys Compd. 461,
L5-L10 (2008). https://doi.org/10.1016/j.jallcom.2007.06.
094

J. Zhang, B. Liu, J.Y. Wang, Y.C. Zhou, Low-temperature
instability of Ti,SnC: A combined transmission electron
microscopy, differential scanning calorimetry, and x-ray
diffraction investigations. J. Mater. Res. 24, 39-49 (2009).
https://doi.org/10.1557/jmr.2009.0012

M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J.J. Niu et al.,
Two-dimensional nanocrystals produced by exfoliation of
Ti;AIC,. Adv. Mater. 23, 4248-4253 (2011). https://doi.org/
10.1002/adma.201102306

Z.M. Liu, E.D. Wu, J.M. Wang, Y.H. Qian, H.M. Xiang
et al., Crystal structure and formation mechanism of
(Cry3Ti,3)3A1C, MAX phase. Acta Mater. 73, 186-193
(2014). https://doi.org/10.1016/j.actamat.2014.04.006

Q.Z. Tao, M. Dahlqvist, J. Lu, S. Kota, R. Meshkian et al.,
Two-dimensional Mo, 33C MXene with divacancy ordering
prepared from parent 3D laminate with in-plane chemical
ordering. Nat. Commun. 8, 14949 (2017). https://doi.org/10.
1038/ncomms 14949

M. Li, J. Lu, K. Luo, Y. Li, K. Chang et al., Element replace-
ment approach by reaction with lewis acidic molten salts to
synthesize nanolaminated MAX phases and MXenes. J. Am.
Chem. Soc. 141, 4730-4737 (2019). https://doi.org/10.1021/
jacs.9b00574

Y.B.Li, M. Li, J. Lu, B.K. Ma, Z.P. Wang et al., Single-atom-
thick active layers realized in nanolaminated Ti;(Al,Cu,_,)C,

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

and its artificial enzyme behavior. ACS Nano 13, 9198-9205
(2019). https://doi.org/10.1021/acsnano.9b03530

Y.B. Li, J. Lu, M. Li, K.K. Chang, X.H. Zha et al., Multiel-
emental single—atom-thick A layers in nanolaminated V,(Sn,
A)C (A = Fe Co, Ni, Mn) for tailoring magnetic properties.
Proc. Natl. Acad. Sci. U.S.A. 117, 820-825 (2020). https://
doi.org/10.1073/pnas. 1916256117

Z. Du, C. Wu, Y. Chen, Z. Cao, R. Hu et al., High-entropy
atomic layers of transition-metal carbides (MXenes). Adv.
Mater. 33, 2101473 (2021). https://doi.org/10.1002/adma.
202101473

H.M. Ding, Y.B. Li, M. Li, K. Chen, K. Liang et al., Chemical
scissor-mediated structural editing of layered transition metal
carbides. Science 379, 1130-1135 (2023). https://doi.org/10.
1126/science.add5901

Y. Li, S. Zhu, J.-B. Le, J. Lu, X. Wang et al., A-site alloying-
guided universal design of noble metal-based MAX phases.
Matter 7, 1-16 (2024). https://doi.org/10.1016/j.matt.2023.
12.006

Q.Z. Tao, J. Lu, M. Dahlqvist, A. Mockute, S. Calder et al.,
Atomically layered and ordered rare-earth i-MAX Phases: a
new class of magnetic quaternary compounds. Chem. Mater.
31, 2476-2485 (2019). https://doi.org/10.1021/acs.chemm
ater.8b05298

R. Meshkian, M. Dahlqvist, J. Lu, B. Wickman, J. Halim
et al., W-based atomic laminates and their 2D derivative
W, 335C MXene with vacancy ordering. Adv. Mater. 30,
1706409 (2018). https://doi.org/10.1002/adma.201706409
J. Yang, R. Liu, N. Jia, K. Wu, X. Fu et al., Novel W-based
in-plane chemically ordered (W,;3R,3),AlIC (R = Gd, Tb,
Dy, Ho, Er, Tm and Lu) MAX phases and their 2D W, 3;C
MXene derivatives. Carbon 183, 76—83 (2021). https://doi.
org/10.1016/j.carbon.2021.07.010

Z.X. Zhang, W.L. Wang, J.T. Zhang, J.Q. Chen, X.N. Sun
et al., Influence of elements (Zr, Mo, Cr, Fe, and Ni) dop-
ing on the electromagnetic wave absorption performance
of TizAlC,-based ceramics. Ceram. Int. 49, 28660-28673
(2023). https://doi.org/10.1016/j.ceramint.2023.06.121

G.W. Bentzel, M. Sokol, J. Griggs, A.C. Lang, M.W. Bar-
soum, On the interactions of Ti,AlC, Ti;AlC,, Ti;SiC, and
Cr,AlIC with palladium at 900 °C. J. Alloys Compd. 771,
1103-1110 (2019). https://doi.org/10.1016/j.jallcom.2018.
08.127

M. Nechiche, V. Gauthier-Brunet, V. Mauchamp, A. Joulain,
T. Cabioc’h et al., Synthesis and characterization of a new
(Ti,_ Cuy)s(Al, Cu)C, MAX phase solid solution. J. Eur.
Ceram. Soc. 37, 459-466 (2017). https://doi.org/10.1016/j.
jeurceramsoc.2016.09.028

L. Zheng, Q. Hua, X. Li, M. Li, Y. Qian et al., Exploring a
novel ceramic (Ti, W);SiC, for interconnect of intermediate
temperature solid oxide fuel cell. Int. J. Hydrogen Energy 43,
7483-7491 (2018). https://doi.org/10.1016/j.ijhydene.2018.
02.162

L. Chen, Y.B. Li, B. Zhao, S.S. Liu, H.B. Zhang et al., Mul-
tiprincipal element M,FeC (M = Ti, V, Nb, Ta, Zr) MAX
phases with synergistic effect of dielectric and magnetic loss.

@ Springer


https://doi.org/10.1007/BF00913068
https://doi.org/10.1007/bf00902358
https://doi.org/10.1007/bf00905711
https://doi.org/10.1016/0022-5088(72)90083-5
https://doi.org/10.1016/0022-5088(72)90083-5
https://doi.org/10.1007/BF02647559
https://doi.org/10.1103/PhysRevB.70.165401
https://doi.org/10.1103/PhysRevB.70.165401
https://doi.org/10.1111/j.1551-2916.2006.01303.x
https://doi.org/10.1016/j.jallcom.2007.06.094
https://doi.org/10.1016/j.jallcom.2007.06.094
https://doi.org/10.1557/jmr.2009.0012
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1016/j.actamat.2014.04.006
https://doi.org/10.1038/ncomms14949
https://doi.org/10.1038/ncomms14949
https://doi.org/10.1021/jacs.9b00574
https://doi.org/10.1021/jacs.9b00574
https://doi.org/10.1021/acsnano.9b03530
https://doi.org/10.1073/pnas.1916256117
https://doi.org/10.1073/pnas.1916256117
https://doi.org/10.1002/adma.202101473
https://doi.org/10.1002/adma.202101473
https://doi.org/10.1126/science.add5901
https://doi.org/10.1126/science.add5901
https://doi.org/10.1016/j.matt.2023.12.006
https://doi.org/10.1016/j.matt.2023.12.006
https://doi.org/10.1021/acs.chemmater.8b05298
https://doi.org/10.1021/acs.chemmater.8b05298
https://doi.org/10.1002/adma.201706409
https://doi.org/10.1016/j.carbon.2021.07.010
https://doi.org/10.1016/j.carbon.2021.07.010
https://doi.org/10.1016/j.ceramint.2023.06.121
https://doi.org/10.1016/j.jallcom.2018.08.127
https://doi.org/10.1016/j.jallcom.2018.08.127
https://doi.org/10.1016/j.jeurceramsoc.2016.09.028
https://doi.org/10.1016/j.jeurceramsoc.2016.09.028
https://doi.org/10.1016/j.ijhydene.2018.02.162
https://doi.org/10.1016/j.ijhydene.2018.02.162

173

Page 32 of 42

Nano-Micro Lett. (2025) 17:173

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Adv. Sci. 10, 2206877 (2023). https://doi.org/10.1002/advs.
202206877

L. Chen, Y. Li, K. Chen, X. Bai, M. Li et al., Synthesis and
characterization of medium-/high-entropy M,SnC (M=Ti/V/
Nb/Zr/Hf) MAX phases. Small Struct. 4, 2200161 (2022).
https://doi.org/10.1002/sstr.202200161

C.-C. Lai, Q. Tao, H. Fashandi, U. Wiedwald, R. Salikhov
et al., Magnetic properties and structural characterization of
layered (Cr, sMn, 5),AuC synthesized by thermally induced
substitutional reaction in (Cry sMn, 5),GaC. APL Mater. 6,
026104 (2018). https://doi.org/10.1063/1.5006304

J. Lu, A. Thore, R. Meshkian, Q. Tao, L. Hultman et al.,
Theoretical and experimental exploration of a novel in-
plane chemically ordered (Cr,;3M,/3),AlC i-MAX Phase
with M = Sc and Y. Cryst. Growth Des. 17, 5704-5711
(2017). https://doi.org/10.1021/acs.cgd.7b00642

K. Chen, Y. Chen, J. Zhang, Y. Song, X. Zhou et al.,
Medium-entropy (Ti, Zr, Hf),SC MAX phase. Ceram. Int.
47, 7582-7587 (2020). https://doi.org/10.1016/j.ceramint.
2020.11.096

H. Fashandi, M. Dahlqvist, J. Lu, J. Palisaitis, S.I. Simak
et al., Synthesis of Ti;AuC,, Ti;Au,C, and Ti;IrC, by noble
metal substitution reaction in Ti;SiC, for high-temperature-
stable Ohmic contacts to SiC. Nat. Mater. 16, 814-818
(2017). https://doi.org/10.1038/nmat4896

Q.Q. Zhang, Y.C. Zhou, X.Y. San, D.T. Wan, Y.W. Bao et al.,
Thermal explosion synthesis of first Te-containing layered
ternary Hf, TeB MAX phase. J. Eur. Ceram. Soc. 43, 173-176
(2023). https://doi.org/10.1016/j.jeurceramsoc.2022.09.051

H. Boller, H. Nowotny, Rontgenographische untersuchungen
im system: Vanadin-Arsen-Kohlenstoff. Monatsh. Chem. 97,
1053-1058 (1966). https://doi.org/10.1007/BF00903553

O. Beckmann, H. Boller, H. Nowotny, Neue H-phasen.
Monatsh. Chem. 99, 1580-1583 (1968). https://doi.org/10.
1007/b£f00902709

Y.B. Li, J.H. Liang, H.M. Ding, J. Lu, X.L. Mu et al., Near-
room temperature ferromagnetic behavior of single-atom-
thick 2D iron in nanolaminated ternary MAX phases. Appl.
Phys. Rev. 8, 031418 (2021). https://doi.org/10.1063/5.00590
78

Z.Q. Li, E.X. Wu, K. Chen, X.D. Wang, G.X. Chen et al.,
Chalcogenide MAX phases Zr,Se(B_,Se,) (x = 0-0.97) and
their conduction behaviors. Acta Mater. 237, 118183 (2022).
https://doi.org/10.1016/j.actamat.2022.118183

J. Rosen, P.O.A. Persson, M. Ionescu, A. Kondyurin, D.R.
McKenzie et al., Oxygen incorporation in Ti,AlC thin films.
Appl. Phys. Lett. 92, 064102 (2008). https://doi.org/10.
1063/1.2838456

P.P. Michalowski, M. Anayee, T.S. Mathis, S. Kozdra, A.
Woéjcik et al., Oxycarbide MXenes and MAX phases iden-
tification using monoatomic layer-by-layer analysis with
ultralow-energy secondary-ion mass spectrometry. Nat.
Nanotechnol. 17, 1192 (2022). https://doi.org/10.1038/
s41565-022-01214-0

© The authors

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

B.K. Zhang, J. Zhou, Z.M. Sun, MBenes: progress, chal-
lenges and future. J. Mater. Chem. A 10, 15865-15880
(2022). https://doi.org/10.1039/d2ta03482d

T. Rackl, L. Eisenburger, R. Niklaus, D. Johrendt, Syntheses
and physical properties of the MAX phase boride Nb,SB and
the solid solutions Nb,SB,C,_, (x = 0-1). Phys. Rev. Mater.
3, 054001 (2019). https://doi.org/10.1103/PhysRevMaterials.
3.054001

M. Ade, H. Hillebrecht, Ternary borides Cr,AlB,, Cr;AlB,,
and Cr,AlBg: The first members of the series (CrB,),CrAl
with n =1, 2, 3 and a unifying concept for ternary borides as
MAB-phases. Inorg. Chem. 54, 6122-6135 (2015). https://
doi.org/10.1021/acs.inorgchem.5b00049

V.I. Ivchenko, M.I. Lesnaya, V.F. Nemchenko, T.Y.
Kosolapova, Preparation and some properties of the ternary
compound Ti,AIN. Sov. Powder Metall. Met. Ceram. 15,
293-295 (1976). https://doi.org/10.1007/bf01178200

C.F. Hu, L.F. He, M.Y. Liu, X.H. Wang, J.Y. Wang et al.,
In situ reaction synthesis and mechanical properties of
V,AIC. J. Am. Ceram. Soc. 91, 4029-4035 (2008). https://
doi.org/10.1111/j.1551-2916.2008.02774.x

G.B. Ying, X.D. He, M.W. Li, W.B. Han, F. He et al., Synthe-
sis and mechanical properties of high-purity Cr,AlC ceramic.
Mater. Sci. Eng. A 528, 2635-2640 (2011). https://doi.org/
10.1016/j.msea.2010.12.039

T. Lapauw, K. Lambrinou, T. Cabioc’h, J. Halim, J. Lu et al.,
Synthesis of the new MAX phase Zr,AlC. J. Eur. Ceram. Soc.
36, 1847-1853 (2016). https://doi.org/10.1016/j.jeurcerams
0c.2016.02.044

W. Zhang, N. Travitzky, C.F. Hu, Y.C. Zhou, P. Greil, Reac-
tive hot pressing and properties of Nb,AIC. J. Am. Ceram.
Soc. 92, 2396-2399 (2009). https://doi.org/10.1111/j.1551-
2916.2009.03187.x

C.F. Hu, L.F. He, J. Zhang, Y.W. Bao, J.Y. Wang et al.,
Microstructure and properties of bulk Ta,AlC ceramic syn-
thesized by an in situ reaction/hot pressing method. J. Eur.
Ceram. Soc. 28, 1679-1685 (2008). https://doi.org/10.1016/].
jeurceramsoc.2007.10.006

T. Lapauw, B. Tunca, T. Cabioc’h, J. Lu, P. Persson et al.,
Synthesis of MAX phases in the Hf-Al-C system. Inorg.
Chem. 55, 10922-10927 (2016). https://doi.org/10.1021/acs.
inorgchem.6b01398

H. Boller, H. Nowotny, Die kristallstruktur von V,PC und
VsP;N. Monatsh. Chem. 99, 672-675 (1968). https://doi.org/
10.1007/bf00901220

T. Rackl, D. Johrendt, The MAX phase borides Zr,SB and
Hf,SB. Solid State Sci. 106, 106316 (2020). https://doi.org/
10.1016/j.solidstatesciences.2020.106316

X. Wang, K. Chen, Z. Li, H. Ding, Y. Song et al., MAX
phases Hf,,(Se,S,_,)C (x = 0—1) and their thermal expansion
behaviors. J. Eur. Ceram. Soc. 43, 1874-1879 (2022). https://
doi.org/10.1016/j.jeurceramsoc.2022.12.026

Y.B.Li, S.R. Zhu, E.R. Wu, H.M. Ding, J. Lu et al., Nanolam-
inated ternary transition metal carbide (MAX phase)-derived

https://doi.org/10.1007/s40820-025-01673-9


https://doi.org/10.1002/advs.202206877
https://doi.org/10.1002/advs.202206877
https://doi.org/10.1002/sstr.202200161
https://doi.org/10.1063/1.5006304
https://doi.org/10.1021/acs.cgd.7b00642
https://doi.org/10.1016/j.ceramint.2020.11.096
https://doi.org/10.1016/j.ceramint.2020.11.096
https://doi.org/10.1038/nmat4896
https://doi.org/10.1016/j.jeurceramsoc.2022.09.051
https://doi.org/10.1007/BF00903553
https://doi.org/10.1007/bf00902709
https://doi.org/10.1007/bf00902709
https://doi.org/10.1063/5.0059078
https://doi.org/10.1063/5.0059078
https://doi.org/10.1016/j.actamat.2022.118183
https://doi.org/10.1063/1.2838456
https://doi.org/10.1063/1.2838456
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1038/s41565-022-01214-0
https://doi.org/10.1039/d2ta03482d
https://doi.org/10.1103/PhysRevMaterials.3.054001
https://doi.org/10.1103/PhysRevMaterials.3.054001
https://doi.org/10.1021/acs.inorgchem.5b00049
https://doi.org/10.1021/acs.inorgchem.5b00049
https://doi.org/10.1007/bf01178200
https://doi.org/10.1111/j.1551-2916.2008.02774.x
https://doi.org/10.1111/j.1551-2916.2008.02774.x
https://doi.org/10.1016/j.msea.2010.12.039
https://doi.org/10.1016/j.msea.2010.12.039
https://doi.org/10.1016/j.jeurceramsoc.2016.02.044
https://doi.org/10.1016/j.jeurceramsoc.2016.02.044
https://doi.org/10.1111/j.1551-2916.2009.03187.x
https://doi.org/10.1111/j.1551-2916.2009.03187.x
https://doi.org/10.1016/j.jeurceramsoc.2007.10.006
https://doi.org/10.1016/j.jeurceramsoc.2007.10.006
https://doi.org/10.1021/acs.inorgchem.6b01398
https://doi.org/10.1021/acs.inorgchem.6b01398
https://doi.org/10.1007/bf00901220
https://doi.org/10.1007/bf00901220
https://doi.org/10.1016/j.solidstatesciences.2020.106316
https://doi.org/10.1016/j.solidstatesciences.2020.106316
https://doi.org/10.1016/j.jeurceramsoc.2022.12.026
https://doi.org/10.1016/j.jeurceramsoc.2022.12.026

Nano-Micro Lett.

(2025) 17:173

Page 33 0f42 173

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

core-shell structure electrocatalysts for hydrogen evolution
and oxygen evolution reactions in alkaline electrolytes. J.
Phys. Chem. Lett. 14, 481-488 (2023). https://doi.org/10.
1021/acs.jpclett.2c03230

H.M. Ding, Y.B. Li, J. Lu, K. Luo, K. Chen et al., Synthe-
sis of MAX phases Nb,CuC and Ti,(Al, ;Cu,y¢)N by A-site
replacement reaction in molten salts. Mater. Res. Lett. 7,
510-516 (2019). https://doi.org/10.1080/21663831.2019.
1672822

W. Jeitschko, H. Nowotny, Die H-Phasen: Ti,CdC, Ti,GaC,
Ti,GaN, Ti,InN, Zr,InN und Nb,GaC Monatsh. Chem. 95,
178-179 (1963). https://doi.org/10.1007/BF00909264

N. Kubitza, A. Reitz, A.-M. Zieschang, H. Pazniak, B. Albert
et al., From MAX phase carbides to nitrides: synthesis of
V,GaC, V,GaN, and the carbonitride V,GaC,_,N,. Inorg.
Chem. 61, 10634-10641 (2022). https://doi.org/10.1021/acs.
inorgchem.2¢00200

O. Beckmann, H. Boller, H. Nowotny, Einige Komplexcar-
bide und-nitride in den Systemen Ti-{Zn, Cd, Hg}-{C, N}
und Cr-Ga-N. Monatsh. Chem. 100, 1465-1470 (1969).
https://doi.org/10.1007/BF00900159

A.S. Ingason, A. Petruhins, M. Dahlqvist, F. Magnus, A.
Mockute et al., A nanolaminated magnetic phase: Mn,GaC.
Mater. Res. Lett. 2, 89-93 (2014). https://doi.org/10.1080/
21663831.2013.865105

W. Jeitschko, H. Nowotny, F. Benesovsky, Die H-phasen
Ti, TIC, Ti,PbC, Nb,InC, Nb,SnC und Ta,GaC. Monatsh.
Chem. 95, 431-435 (1964). https://doi.org/10.1007/BF009
01306

W. Jeitschko, H. Nowotny, F. Benesovsky, Ternire carbide
und nitride in systemen: Ubergangsmetall-Metametall-
Kohlenstoff (Stickstoff). Monatsh. Chem. 95, 156-157
(1964). https://doi.org/10.1007/BF00909261

S.H. Li, Z.N. Yang, R. Khaledialidusti, S. Lin, J. Yu et al.,
High-throughput study and machine learning on MAX and
MAB phases: new materials and fingerprints of superior lat-
tice thermal conductivities. Acta Mater. 254, 119001 (2023).
https://doi.org/10.1016/j.actamat.2023.119001

A. Bouhemadou, Calculated structural, electronic and elastic
properties of M,GeC (M=Ti, V, Cr, Zr, Nb, Mo, Hf, Ta and
W). Appl. Phys. A Mater. Sci. Process. 96, 959-967 (2009).
https://doi.org/10.1007/s00339-009-5106-5

Q.Q. Zhang, Y.C. Zhou, X.Y. San, W.B. Li, Y.W. Bao et al.,
Zr,SeB and Hf,SeB: Two new MAB phase compounds with
the Cr,AlC-type MAX phase (211 phase) crystal structures. J.
Adv. Ceram. 11, 1764-1776 (2022). https://doi.org/10.1007/
s40145-022-0646-7

X.D. Wang, K. Chen, E.X. Wang, Y.M. Zhang, H.M. Ding
et al., Synthesis and thermal expansion of chalcogenide MAX
phase Hf,SeC. J. Eur. Ceram. Soc. 42, 2084-2088 (2021).
https://doi.org/10.1016/j.jeurceramsoc.2021.12.062

Y.B. Li, Y.Q. Qin, K. Chen, L. Chen, X. Zhang et al., Molten
salt synthesis of nanolaminated Sc,SnC MAX phase. J. Inorg.
Mater. 36, 773-778 (2021). https://doi.org/10.15541/jim20
200529

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

M.W. Barsoum, G. Yaroschuk, S. Tyagi, Fabrication and
characterization of M,SnC (M = Ti, Zr, Hf and Nb). Scr.
Mater. 37, 1583-1591 (1997). https://doi.org/10.1016/S1359-
6462(97)00288-1

Q. Xu, Y.C. Zhou, H.M. Zhang, A.N. Jiang, Q.Z. Tao
et al., Theoretical prediction, synthesis, and crystal struc-
ture determination of new MAX phase compound V,SnC.
J. Adv. Ceram. 9, 481-492 (2020). https://doi.org/10.1007/
s40145-020-0391-8

A. Roumili, Y. Medkour, D. Maouch, Elastic and electronic
properties of Hf,SnC and Hf,SnN. Int. J. Mod. Phys. B 26,
5155-5161 (2009). https://doi.org/10.1142/s021797920
9053370

H. Boller, Gemischte Pnictide mit geordnetem TiP-Typ
(Ti,SC-Typ)*. Monatsh. Chem. 104, 166—171 (1973). https://
doi.org/10.1007/BF00911157

C.-C. Lai, H. Fashandi, J. Lu, J. Palisaitis, P.O.A. Pers-
son et al., Phase formation of nanolaminated Mo,AuC and
Mo,(Au,_,Ga,),C by a substitutional reaction within Au-
capped Mo,GaC and Mo,Ga,C thin films. Nanoscale 9,
17681-17687 (2017). https://doi.org/10.1039/c7nr03663a

Q.Q. Zhang, B. Wen, J. Luo, Y.C. Zhou, X.Y. San et al., Syn-
thesis of new rare earth containing ternary laminar Sc,PbC
ceramic. J. Eur. Ceram. Soc. 43, 1735-1739 (2023). https://
doi.org/10.1016/j.jeurceramsoc.2022.11.056

J.C. Schuster, H. Nowotny, C. Vaccaro, The ternary systems:
Cr-Al-C, V-AI-C, and Ti-Al-C and the behavior of H-phases
(M,AIC). J. Solid State Chem. 32, 213-219 (1980). https://
doi.org/10.1016/0022-4596(80)90569-1

B. Tunca, T. Lapauw, O.M. Karakulina, M. Batuk, T.
Cabioc’h et al., Synthesis of MAX phases in the Zr-Ti-Al-C
system. Inorg. Chem. 56, 3489-3498 (2017). https://doi.org/
10.1021/acs.inorgchem.6b03057

I. Salama, T. El-Raghy, M.W. Barsoum, Synthesis and
mechanical properties of Nb,AlC and (Ti, Nb),AlIC. J. Alloys
Compd. 347, 271-278 (2002). https://doi.org/10.1016/s0925-
8388(02)00756-9

R. Pan, J. Zhu, Y. Liu, Synthesis, microstructure and prop-
erties of (Ti,_,, Mo,),AlC phases. Mater. Sci. Technol. 34,
1064-1069 (2018). https://doi.org/10.1080/02670836.2017.
1419614

S. Sridharan, H. Nowotny, Studies in the ternary sys-
tem Ti-Ta-Al and in the quaternary system Ti-Ta-Al-C. Z.
Metallkd. 74, 468-472 (1983). https://doi.org/10.1515/
ijmr-1983-740711

L. Wei, L. Yi, W. Chuangye, Z. Dan, Y. Xiaoyan et al., Sac-
rificial template synthesis of (V 3Ti, ,Cr, ;),AlC and carbon
fiber@(V,Ti, ;Cr, ),AlC microrods for efficient microwave
absorption. J. Mater. Sci. Technol. 111, 236-244 (2021).
https://doi.org/10.1016/j.jmst.2021.10.018

G.Q. He, Y. Zhang, P. Yao, X.C. Li, K. Ma et al., A novel
medium-entropy (TiVNb),AIC MAX phase: Fabrication,
microstructure, and properties. J. Mater. Sci. Technol. 137,
91-99 (2022). https://doi.org/10.1016/j.jmst.2022.07.037

@ Springer


https://doi.org/10.1021/acs.jpclett.2c03230
https://doi.org/10.1021/acs.jpclett.2c03230
https://doi.org/10.1080/21663831.2019.1672822
https://doi.org/10.1080/21663831.2019.1672822
https://doi.org/10.1007/BF00909264
https://doi.org/10.1021/acs.inorgchem.2c00200
https://doi.org/10.1021/acs.inorgchem.2c00200
https://doi.org/10.1007/BF00900159
https://doi.org/10.1080/21663831.2013.865105
https://doi.org/10.1080/21663831.2013.865105
https://doi.org/10.1007/BF00901306
https://doi.org/10.1007/BF00901306
https://doi.org/10.1007/BF00909261
https://doi.org/10.1016/j.actamat.2023.119001
https://doi.org/10.1007/s00339-009-5106-5
https://doi.org/10.1007/s40145-022-0646-7
https://doi.org/10.1007/s40145-022-0646-7
https://doi.org/10.1016/j.jeurceramsoc.2021.12.062
https://doi.org/10.15541/jim20200529
https://doi.org/10.15541/jim20200529
https://doi.org/10.1016/S1359-6462(97)00288-1
https://doi.org/10.1016/S1359-6462(97)00288-1
https://doi.org/10.1007/s40145-020-0391-8
https://doi.org/10.1007/s40145-020-0391-8
https://doi.org/10.1142/s0217979209053370
https://doi.org/10.1142/s0217979209053370
https://doi.org/10.1007/BF00911157
https://doi.org/10.1007/BF00911157
https://doi.org/10.1039/c7nr03663a
https://doi.org/10.1016/j.jeurceramsoc.2022.11.056
https://doi.org/10.1016/j.jeurceramsoc.2022.11.056
https://doi.org/10.1016/0022-4596(80)90569-1
https://doi.org/10.1016/0022-4596(80)90569-1
https://doi.org/10.1021/acs.inorgchem.6b03057
https://doi.org/10.1021/acs.inorgchem.6b03057
https://doi.org/10.1016/s0925-8388(02)00756-9
https://doi.org/10.1016/s0925-8388(02)00756-9
https://doi.org/10.1080/02670836.2017.1419614
https://doi.org/10.1080/02670836.2017.1419614
https://doi.org/10.1515/ijmr-1983-740711
https://doi.org/10.1515/ijmr-1983-740711
https://doi.org/10.1016/j.jmst.2021.10.018
https://doi.org/10.1016/j.jmst.2022.07.037

173

Page 34 of 42

Nano-Micro Lett. (2025) 17:173

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

H.W. Seong, M.S. Lee, H.J. Ryu, First-principles study for
discovery of novel synthesizable 2D high-entropy transition
metal carbides (MXenes). J. Mater. Chem. A 11, 5681-5695
(2023). https://doi.org/10.1039/d2ta09996a

L. Bo, L.G. Zu, X.L. Liu, D.Z. Wang, A multicomponent
porous MAX phase (Tij 5571 ,5Nb »5Ta, 55),AlC: reaction
process, microstructure and pore formation mechanism.
Ceram. Int. 49, 2167-2173 (2023). https://doi.org/10.1016/j.
ceramint.2022.09.183

C. Liu, Y.Y. Yang, Z.F. Zhou, C.W. Nan, Y.H. Lin,
(Tig2V2Crg 2Nbg 2 Tag 2), AIC~(Tig Vo ,Crg 2Nby ,Tag 5)C
high-entropy ceramics with low thermal conductivity. J. Am.
Ceram. Soc. 105, 2764-2771 (2021). https://doi.org/10.1111/
jace.18252

W.C. Bao, X.G. Wang, H.J. Ding, P. Lu, C.X. Zhu et al.,
High-entropy M,AIC-MC (M=Ti, Zr, Hf, Nb, Ta) composite:
synthesis and microstructures. Scr. Mater. 183, 33-38 (2020).
https://doi.org/10.1016/j.scriptamat.2020.03.015

C.M. Hamm, M. Diirrschnabel, L. Molina-Luna, R. Salik-
hov, D. Spoddig et al., Structural, magnetic and electrical
transport properties of non-conventionally prepared MAX
phases V,AIC and (V/Mn),AlC. Mater. Chem. Front. 2,
483-490 (2018). https://doi.org/10.1039/c7qm00488e

M. Naguib, G.W. Bentzel, J. Shah, J. Halim, E.N. Caspi
et al., New solid solution MAX phases: (Tij 5, V5 5);A1C,,
(Nby 5, V5),AIC, (Nby 5, V(5)4A1C; and (Nb) 5, Zr ,),AlC.
Mater. Res. Lett. 2, 233-240 (2014). https://doi.org/10.
1080/21663831.2014.932858

H. Nowotny, P. Rogl, J.C. Schuster, Structural chemistry
of complex carbides and related compounds. J. Solid State
Chem. 60, 850-850 (1981). https://doi.org/10.1016/0022-
4596(82)90409-1

H.L. Li, S.B. Li, H. Mao, Y. Zhou, Synthesis and mechani-
cal and thermal properties of (Cr, Mn),AlC solid solutions.
Adv. Appl. Ceram. 116, 165-172 (2017). https://doi.org/10.
1080/17436753.2016.1278511

C.M. Hamm, J.D. Bocarsly, G. Seward, U.I. Kramm, C.S.
Birkel, Non-conventional synthesis and magnetic properties
of MAX phases (Cr/Mn),AlC and (Cr/Fe),AIC. J. Mater.
Chem. C 5, 5700-5708 (2017). https://doi.org/10.1039/
c7tc00112f

J. Halim, J. Palisaitis, J. Lu, J. Thornberg, E.J. Moon et al.,
Synthesis of two-dimensional Nb, ;3C (MXene) with ran-
domly distributed vacancies by etching of the quaternary
solid solution (Nb,;;Sc;,3),AIC MAX phase. ACS Appl.
Energy Mater. 1, 2455-2460 (2018). https://doi.org/10.
1021/acsanm.8b00332

M. Griseri, B. Tunca, S.G. Huang, M. Dahlqvist, J. Rosén
et al., Ta-based 413 and 211 MAX phase solid solutions
with Hf and Nb. J. Eur. Ceram. Soc. 40, 1829-1838 (2020).
https://doi.org/10.1016/j.jeurceramsoc.2019.12.052

N. Kubitza, R.W. Xie, I. Tarasov, C. Shen, H.B. Zhang et al.,
Microwave-assisted synthesis of the new solid-solution
(V,_,Cr,),GaC (0 < x < 1), a pauli paramagnet almost match-
ing the stoner criterion for x=0.80. Chem. Mater. 35, 4427—
4434 (2023). https://doi.org/10.1021/acs.chemmater.3c00591

© The authors

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

A. Petruhins, A.S. Ingason, J. Lu, F. Magnus, S. Olafs-
son et al., Synthesis and characterization of magnetic
(Cry sMn, 5),GaC thin films. J. Mater. Sci. 50, 4495-4502
(2015). https://doi.org/10.1007/s10853-015-8999-8

S. Lin, P. Tong, B.S. Wang, Y.N. Huang, W.J. Lu et al.,
Magnetic and electrical/thermal transport properties of Mn-
doped M, , ;AX phase compounds Cr, Mn GaC (0 <x <
1). J. Appl. Phys. 113, 053502 (2013). https://doi.org/10.
1063/1.4789954

R. Meshkian, A.S. Ingason, U.B. Arnalds, F. Magnus, J. Lu
et al., A magnetic atomic laminate from thin film synthesis:
(Mo, sMn, 5),GaC. APL Mater. 3, 076102 (2015). https://
doi.org/10.1063/1.4926611

L. Chen, Y. Li, K. Liang, K. Chen, M. Li et al., Two-dimen-
sional MXenes derived from medium/high-entropy MAX
phases M,GaC (M = Ti/V/Nb/Ta/Mo) and their electro-
chemical performance. Small Methods 7, 2300054 (2023).
https://doi.org/10.1002/smtd.202300054

S. Kerdsongpanya, K. Buchholt, O. Tengstrand, J. Lu, J.
Jensen et al., Phase-stabilization and substrate effects on
nucleation and growth of (Ti, V),,,GeC, thin films. J. Appl.
Phys. 110, 053516 (2011). https://doi.org/10.1063/1.3631087
S. Lin, Y.A. Huang, L. Zu, X.C. Kan, J.C. Lin et al., Alloying
effects on structural, magnetic, and electrical/thermal trans-
port properties in MAX-phase Cr, ,M,GeC (M= Ti, V, Mn,
Fe, and Mo). J. Alloys Compd. 680, 452-461 (2016). https://
doi.org/10.1016/j.jallcom.2016.04.197

B. Manoun, O.D. Leaffer, S. Gupta, E.N. Hoffman, S.K. Sax-
ena et al., On the compression behavior of Ti,InC, (Ti s,
Zr,5),InC, and M,SnC (M = Ti, Nb, Hf) to quasi-hydrostatic
pressures up to 50 GPa. Solid State Commun. 149, 1978—
1983 (2009). https://doi.org/10.1016/j.s5¢.2009.05.043

M.W. Barsoum, J. Golczewski, H.J. Seifert, F. Aldinger,
Fabrication and electrical and thermal properties of Ti,InC,
Hf,InC and (Ti, Hf),InC. J. Alloys Compd. 340, 173-179
(2002). https://doi.org/10.1016/s0925-8388(02)00107-x

J. Thornberg, J. Halim, J. Lu, R. Meshkian, J. Palisaitis et al.,
Synthesis of (V,;3S¢,3),AlC i-MAX phase and V,_,C MXene
scrolls. Nanoscale 11, 14720-14726 (2019). https://doi.org/
10.1039/¢9nr02354b

M. Dahlqvist, J. Lu, R. Meshkian, Q.Z. Tao, L. Hultman
et al., Prediction and synthesis of a family of atomic laminate
phases with Kagome-like and in-plane chemical ordering.
Sci. Adv. 3, 1700642 (2017). https://doi.org/10.1126/sciadv.
1700642

L. Chen, M. Dahlqvist, T. Lapauw, B. Tunca, F. Wang et al.,
Theoretical prediction and synthesis of (Cr,;5Zr,/3),AlC
i-MAX phase. Inorg. Chem. 57, 6237-6244 (2018). https://
doi.org/10.1021/acs.inorgchem.8b00021

S. Sun, Z. Ma, Z. Chen, P. Liu, Y. Song et al., The crystal-
lographic structure and properties of novel quaternary nanol-
aminated rare-earth-Cr-based i-MAX phases. Acta Mater. 242,
118479 (2022). https://doi.org/10.1016/j.actamat.2022.118479
Z. Chen, H. Chong, S. Sun, J. Yang, G. Yao et al., Synthe-
sis and characterizations of solid-solution i-MAX phase
(W,;sMo, 3R 3),AIC (R = Gd, Tb, Dy, Ho, Er and Y) and

https://doi.org/10.1007/s40820-025-01673-9


https://doi.org/10.1039/d2ta09996a
https://doi.org/10.1016/j.ceramint.2022.09.183
https://doi.org/10.1016/j.ceramint.2022.09.183
https://doi.org/10.1111/jace.18252
https://doi.org/10.1111/jace.18252
https://doi.org/10.1016/j.scriptamat.2020.03.015
https://doi.org/10.1039/c7qm00488e
https://doi.org/10.1080/21663831.2014.932858
https://doi.org/10.1080/21663831.2014.932858
https://doi.org/10.1016/0022-4596(82)90409-1
https://doi.org/10.1016/0022-4596(82)90409-1
https://doi.org/10.1080/17436753.2016.1278511
https://doi.org/10.1080/17436753.2016.1278511
https://doi.org/10.1039/c7tc00112f
https://doi.org/10.1039/c7tc00112f
https://doi.org/10.1021/acsanm.8b00332
https://doi.org/10.1021/acsanm.8b00332
https://doi.org/10.1016/j.jeurceramsoc.2019.12.052
https://doi.org/10.1021/acs.chemmater.3c00591
https://doi.org/10.1007/s10853-015-8999-8
https://doi.org/10.1063/1.4789954
https://doi.org/10.1063/1.4789954
https://doi.org/10.1063/1.4926611
https://doi.org/10.1063/1.4926611
https://doi.org/10.1002/smtd.202300054
https://doi.org/10.1063/1.3631087
https://doi.org/10.1016/j.jallcom.2016.04.197
https://doi.org/10.1016/j.jallcom.2016.04.197
https://doi.org/10.1016/j.ssc.2009.05.043
https://doi.org/10.1016/s0925-8388(02)00107-x
https://doi.org/10.1039/c9nr02354b
https://doi.org/10.1039/c9nr02354b
https://doi.org/10.1126/sciadv.1700642
https://doi.org/10.1126/sciadv.1700642
https://doi.org/10.1021/acs.inorgchem.8b00021
https://doi.org/10.1021/acs.inorgchem.8b00021
https://doi.org/10.1016/j.actamat.2022.118479

Nano-Micro Lett.

(2025) 17:173

Page 350f42 173

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

derivated i-MXene with improved electrochemical properties.
Scr. Mater. 213, 114596 (2022). https://doi.org/10.1016/j.
scriptamat.2022.114596

A. Petruhins, M. Dahlqvist, J. Lu, L. Hultman, J. Rosen,
Theoretical prediction and experimental verification of
the chemically ordered atomiclaminate i-MAX phases
(Cry3S¢y/3),GaC and (Mn,3Sc,3),GaC. Cryst. Growth Des.
20, 55-61 (2020). https://doi.org/10.1021/acs.cgd.9b00449

M. Dahlqvist, A. Petruhins, J. Lu, L. Hultman, J. Rosen,
Origin of chemically ordered atomic laminates (i-MAX):
expanding the elemental space by a theoretical/experimental
approach. ACS Nano 12, 7761-7770 (2018). https://doi.org/
10.1021/acsnano.8b01774

A. Petruhins, J. Lu, L. Hultman, J. Rosen, Synthesis of atomi-
cally layered and chemically ordered rare-earth (RE) i-MAX
phases; (Mo,;RE,3),GaC with RE = Gd, Tb, Dy, Ho, Er,
Tm, Yb, and Lu. Mater. Res. Lett. 7, 446-452 (2019). https://
doi.org/10.1080/21663831.2019.1644684

Z.H. Tian, B.Z. Yan, F.S. Wu, J.W. Tang, X.Q. Xu et al.,
Synthesis of Ti,(In,Al,_,)C (x = 0—1) solid solutions with
high-purity and their properties. J. Eur. Ceram. Soc. 43,
5915-5924 (2023). https://doi.org/10.1016/j.jeurceramsoc.
2023.06.060

L. Yushuang, L. Chengjie, C. Yue, H. Miaoyan, L. Ying et al.,
Mitigation of metal whisker growth from MAX phases by
A-site alloying strategy. Appl. Surf. Sci. 632, 157486 (2023).
https://doi.org/10.1016/j.apsusc.2023.157486

J. Etzkorn, M. Ade, D. Kotzott, M. Kleczek, H. Hillebrecht,
Ti,GaC, Ti,GaC; and Cr,GaC—Synthesis, crystal growth and
structure analysis of Ga-containing MAX-phases M, ,;GaC,
with M = Ti, Cr and n = 1, 3. J. Solid State Chem. 182, 995—
1002 (2009). https://doi.org/10.1016/j.jss¢.2009.01.003

W. Yu, S. Li, W.G. Sloof, Microstructure and mechanical
properties of a Cr,Al(Si)C solid solution. Mater. Sci. Eng. A
527, 5997-6001 (2010). https://doi.org/10.1016/j.msea.2010.
05.093

T. Cabioch, P. Eklund, V. Mauchamp, M. Jaouen, M.W. Bar-
soum, Tailoring of the thermal expansion of Cr,(Al,, Ge,_,)
C phases. J. Eur. Ceram. Soc. 33, 897-904 (2012). https://doi.
org/10.1016/j.jeurceramsoc.2012.10.008

D. Horlait, S. Grasso, A. Chroneos, W.E. Lee, Attempts to
synthesise quaternary MAX phases (Zr, M),AlC and Zr,(Al,
A)C as a way to approach Zr,AlC. Mater. Res. Lett. 4, 137—
144 (2016). https://doi.org/10.1080/21663831.2016.1143053
D. Horlait, S.C. Middleburgh, A. Chroneos, W.E. Lee, Syn-
thesis and DFT investigation of new bismuth-containing
MAX phases. Sci. Rep. 6, 18829 (2016). https://doi.org/10.
1038/srep18829

B. Tunca, T. Lapauw, C. Callaert, J. Hadermann, R. Delville
et al., Compatibility of Zr,AlIC MAX phase-based ceramics
with oxygen-poor, static liquid lead-bismuth eutectic. Corros.
Sci. 171, 32067 (2020). https://doi.org/10.1016/j.corsci.2020.
108704

C.-C. Lai, A. Petruhins, J. Lu, M. Farle, L. Hultman et al.,
Thermally induced substitutional reaction of Fe into Mo,GaC

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

thin films. Mater. Res. Lett. 5, 533-539 (2017). https://doi.
org/10.1080/21663831.2017.1343207

M.A. Pietzka, J.C. Schuster, Phase equilibria in the quater-
nary system Ti-Al-C-N. J. Am. Ceram. Soc. 79, 2321-2330
(1996). https://doi.org/10.1111/j.1151-2916.1996.tb08979.x
B. Tunca, T. Lapauw, R. Delville, D.R. Neuville, L. Hennet
et al., Synthesis and characterization of double solid solution
(Zr, Ti),(Al, Sn)C MAX phase ceramics. Inorg. Chem. 58,
6669-6683 (2019). https://doi.org/10.1021/acs.inorgchem.
9b00065

T. Lapauw, B. Tunca, D. Potashnikov, A. Pesach, O. Ozeri
et al., The double solid solution (Zr, Nb),(Al, Sn)C MAX
phase: a steric stability approach. Sci. Rep. 8, 12801 (2018).
https://doi.org/10.1038/s41598-018-31271-2

B. Tunca, S. Huang, N. Goossens, K. Lambrinou, J. Vleugels,
Chemically complex double solid solution MAX phase-based
ceramics in the (Ti, Zr, Hf, V, Nb)-(Al, Sn)-C system. Mater.
Res. Lett. 10, 52-61 (2022). https://doi.org/10.1080/21663
831.2021.2017043

X. Zhang, Y.B. Li, K. Chen, H.M. Ding, L. Chen et al., Tai-
loring MAX phase magnetic property based on M-site and
A-site double solid solution. J. Inorg. Mater. 36, 1247-1255
(2021). https://doi.org/10.15541/jim20210126

Z. Du, C. Wu, Y. Chen, Q. Zhu, Y. Cui et al., High-entropy
carbonitride MAX phases and their derivative MXenes. Adv.
Energy Mater. 12, 2103228 (2021). https://doi.org/10.1002/
aenm.202103228

T. Lapauw, J. Halim, J. Lu, T. Cabioc’h, L. Hultman et al.,
Synthesis of the novel Zr;AlC, MAX phase. J. Eur. Ceram.
Soc. 36, 943-947 (2016). https://doi.org/10.1016/j.jeurc
eramsoc.2015.10.011

D.T. Cuskelly, E.R. Richards, E.H. Kisi, V.J. Keast, Ti;GaC,
and Ti;InC,: First bulk synthesis, DFT stability calculations
and structural systematics. J. Solid State Chem. 230, 418-425
(2015). https://doi.org/10.1016/j.jssc.2015.07.028

H. Wolfsgruber, H. Nowotny, F. Benesovsky, Die Kristall-
struktur von Ti;GeC,. Monatsh. Chem. 98, 2403-2405
(1967). https://doi.org/10.1007/bf00902438

Q.Q. Zhang, J. Luo, B. Wen, Y.C. Zhou, L.S. Chu et al.,
Determination of new a-312 MAX phases of Zr;InC, and
Hf;InC,. J. Eur. Ceram. Soc. 43, 7228-7233 (2023). https://
doi.org/10.1016/j.jeurceramsoc.2023.07.015

T. Lapauw, B. Tunca, T. Cabioc’h, J. Vleugels, K. Lam-
brinou, Reactive spark plasma sintering of Ti;SnC,, Zr;SnC,
and Hf;SnC, using Fe, Co or Ni additives. J. Eur. Ceram. Soc.
37, 4539-4545 (2017). https://doi.org/10.1016/j.jeurcerams
0c.2017.06.041

Q.Q. Zhang, B. Wen, J. Luo, Y.C. Zhou, X.Y. San et al., Syn-
thesis ofnew lead-containing MAX phases of Zr;PbC, and
Hf;PbC,.J. Am. Ceram. Soc. 106, 6390-6397 (2023). https://
doi.org/10.1111/jace.19332

ZM. Liu, L.Y. Zheng, L.C. Sun, Y.H. Qian, J.Y. Wang et al.,
(Cr,,3Ti}3)3A1C, and (CrsgTis5),AlC;: New MAX-phase
compounds in Ti-Cr—Al-C system. J. Am. Ceram. Soc. 97,
67-69 (2014). https://doi.org/10.1111/jace.12731

@ Springer


https://doi.org/10.1016/j.scriptamat.2022.114596
https://doi.org/10.1016/j.scriptamat.2022.114596
https://doi.org/10.1021/acs.cgd.9b00449
https://doi.org/10.1021/acsnano.8b01774
https://doi.org/10.1021/acsnano.8b01774
https://doi.org/10.1080/21663831.2019.1644684
https://doi.org/10.1080/21663831.2019.1644684
https://doi.org/10.1016/j.jeurceramsoc.2023.06.060
https://doi.org/10.1016/j.jeurceramsoc.2023.06.060
https://doi.org/10.1016/j.apsusc.2023.157486
https://doi.org/10.1016/j.jssc.2009.01.003
https://doi.org/10.1016/j.msea.2010.05.093
https://doi.org/10.1016/j.msea.2010.05.093
https://doi.org/10.1016/j.jeurceramsoc.2012.10.008
https://doi.org/10.1016/j.jeurceramsoc.2012.10.008
https://doi.org/10.1080/21663831.2016.1143053
https://doi.org/10.1038/srep18829
https://doi.org/10.1038/srep18829
https://doi.org/10.1016/j.corsci.2020.108704
https://doi.org/10.1016/j.corsci.2020.108704
https://doi.org/10.1080/21663831.2017.1343207
https://doi.org/10.1080/21663831.2017.1343207
https://doi.org/10.1111/j.1151-2916.1996.tb08979.x
https://doi.org/10.1021/acs.inorgchem.9b00065
https://doi.org/10.1021/acs.inorgchem.9b00065
https://doi.org/10.1038/s41598-018-31271-2
https://doi.org/10.1080/21663831.2021.2017043
https://doi.org/10.1080/21663831.2021.2017043
https://doi.org/10.15541/jim20210126
https://doi.org/10.1002/aenm.202103228
https://doi.org/10.1002/aenm.202103228
https://doi.org/10.1016/j.jeurceramsoc.2015.10.011
https://doi.org/10.1016/j.jeurceramsoc.2015.10.011
https://doi.org/10.1016/j.jssc.2015.07.028
https://doi.org/10.1007/bf00902438
https://doi.org/10.1016/j.jeurceramsoc.2023.07.015
https://doi.org/10.1016/j.jeurceramsoc.2023.07.015
https://doi.org/10.1016/j.jeurceramsoc.2017.06.041
https://doi.org/10.1016/j.jeurceramsoc.2017.06.041
https://doi.org/10.1111/jace.19332
https://doi.org/10.1111/jace.19332
https://doi.org/10.1111/jace.12731

173

Page 36 of 42

Nano-Micro Lett. (2025) 17:173

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

E. Zapata-Solvas, M.A. Hadi, D. Horlait, D.C. Parfitt, A.
Thibaud et al., Synthesis and physical properties of (Zr,_,,
Ti,);AlC, MAX phases. J. Am. Ceram. Soc. 100, 3393-3401
(2017). https://doi.org/10.1111/jace.14870

H. Zhang, Z.J. Li, C. Zhang, J.L. Li, X.H. Wang et al., Nb
doping in Ti;AlC,: Effects on phase stability, high-tempera-
ture compressive properties, and oxidation resistance. J. Eur.
Ceram. Soc. 37, 3641-3645 (2017). https://doi.org/10.1016/j.
jeurceramsoc.2017.04.026

M.T.P. Rigby, V. Natu, M. Sokol, D.J. Kelly, D.G. Hopkin-
son et al., Synthesis of new M-layer solid-solution 312 MAX
phases (Ta,_,Ti,);AlC, (x = 0.4, 0.62, 0.75, 0.91 or 0.95),
and their corresponding MXenes. RSC Adv. 11, 3110-3114
(2021). https://doi.org/10.1039/d0ra09761f

Y.C. Zhou, F.L. Meng, J. Zhang, New MAX-phase com-
pounds in the V-Cr—Al-C system. J. Am. Ceram. Soc. 91,
1357-1360 (2008). https://doi.org/10.1111/j.1551-2916.
2008.02279.x

W.S. Ma, M. Wang, QJ. Yi, D.J. Huang, J. Dang et al., A
new Ti,V,¢Cry C,T, MXene with ultrahigh gravimetric
capacitance. Nano Energy 96, 107129 (2022). https://doi.
org/10.1016/j.nanoen.2022.107129

C.F. Du, Y.Q. Xue, C.C. Wang, Q.Y. Zeng, J.J. Wang et al.,
Synthesis of a high-entropy (TiVCrMo);AIC, MAX and
its tribological properties in a wide temperature range. J.
Eur. Ceram. Soc. 43, 4684—4695 (2023). https://doi.org/10.
1016/j.jeurceramsoc.2023.04.027

L. Qu, G. Bei, B. Stelzer, H. Ruess, J.M. Schneider et al.,
Synthesis, crystal structure, microstructure and mechani-
cal properties of (Ti;_,Zr,);SiC, MAX phase solid solu-
tions. Ceram. Int. 45, 1400-1408 (2019). https://doi.org/
10.1016/j.ceramint.2018.10.030

P.V. Istomin, E.I. Istomina, A.V. Nadutkin, V.E. Grass,
I.A. Karateev et al., Synthesis of novel Zr-rich 312-type
solid-solution MAX phase in the Zr-Ti-Si-C system. J.
Eur. Ceram. Soc. 43, 3122-3130 (2023). https://doi.org/
10.1016/j.jeurceramsoc.2023.02.049

L.-L. Zheng, X.-C. Li, Q.-S. Hua, Z.-Q. Dai, T.-Z. Zhang
et al., Long-term oxidation and electrical behavior of Nb-
doped Ti5SiC, as solid oxide fuel cell interconnects. J. Am.
Ceram. Soc. 100, 3155-3164 (2017). https://doi.org/10.
1111/jace.14843

L. Zheng, Q. Hua, X. Li, M. Li, Y. Qian et al., Investiga-
tion on the properties of Ta doped Ti;SiC, as solid oxide
fuel cell interconnects. RSC Adv. 7, 42350-42356 (2017).
https://doi.org/10.1039/c7ra07215e

A.H. Lashkari, A.O. Moghaddam, M. Naseri, A. Shokuh-
far, Synthesis and characterization of high entropy carbide-
MAX two-phase composites. J. Mater. Res. Technol. 24,
5024-5031 (2023). https://doi.org/10.1016/j.jmrt.2023.04.
125

Q. Tao, R. Salikhov, A. Mockute, J. Lu, M. Farle et al., Thin
film synthesis and characterization of a chemically ordered
magnetic nanolaminate (V, Mn);GaC,. APL Mater. 4, 086109
(2016). https://doi.org/10.1063/1.4961502

© The authors

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

E.N. Caspi, P. Chartier, F. Porcher, F. Damay, T. Cabioc’h,
Ordering of (Cr, V) layers in nanolamellar (Cr, 5V 5),,,AlC,
compounds. Mater. Res. Lett. 3, 100-106 (2015). https://doi.
org/10.1080/21663831.2014.975294

B. Anasori, M. Dahlqvist, J. Halim, E.J. Moon, J. Lu et al.,
Experimental and theoretical characterization of ordered
MAX phases Mo,TiAlC, and Mo, Ti,AlC;. J. Appl. Phys.
118, 094304 (2015). https://doi.org/10.1063/1.4929640

R. Meshkian, Q. Tao, M. Dahlqvist, J. Lu, L. Hultman et al.,
Theoretical stability and materials synthesis of a chemically
ordered MAX phase, Mo,ScAIC,, and its two-dimensional
derivate Mo,ScC, MXene. Acta Mater. 125, 476480 (2017).
https://doi.org/10.1016/j.actamat.2016.12.008

C.F. Du, Y.Q. Xue, Q.Y. Zeng, J.J. Wang, X.Y. Zhao et al.,
Mo-doped Cr-Ti-Mo ternary o-MAX with ultra-low wear at
elevated temperatures. J. Eur. Ceram. Soc. 42, 7403-7413
(2022). https://doi.org/10.1016/j.jeurceramsoc.2022.09.020

C.F. Du, C.C. Wang, H.W. Liang, L.L. Xue, Y.Q. Xue et al.,
In-situ liquid lubrication with bearing effect on a semi-out-
of-plane ordered ternary (TiVCr);AlC, MAX at 800 °C. J.
Eur. Ceram. Soc. 43, 7341-7353 (2023). https://doi.org/10.
1016/j.jeurceramsoc.2023.08.020

B.B. Gou, L.L. Wang, B. Ye, C.M. Meng, X.H. Li et al.,
Low-temperature synthesis of pure-phase Ti;(Al, Fe)C, solid
solution with magnetic monoatomic layers by replacement
reaction. J. Mater. Sci.: Mater Electron. 32, 13081-13088
(2021). https://doi.org/10.1007/s10854-021-05761-5

Y.C. Zhou, J.X. Chen, J.Y. Wang, Strengthening of Ti;AIC,
by incorporation of Si to form Ti;Al,_ Si,C, solid solutions.
Acta Mater. 54, 1317-1322 (2006). https://doi.org/10.1016/j.
actamat.2005.10.057

E. Zapata-Solvas, S.R.G. Christopoulos, N. Ni, D.C.
Parfitt, D. Horlait et al., Experimental synthesis and den-
sity functional theory investigation of radiation tolerance
of Zr;(Al,_,Si,)C, MAX phases. J. Am. Ceram. Soc. 100,
1377-1387 (2017). https://doi.org/10.1111/jace.14742

B. Manoun, S.K. Saxena, G. Hug, A. Ganguly, E.N. Hoffman
et al., Synthesis and compressibility of Ti;(Al, Sn,,)C, and
Ti3Al(C 5, Ny 5)5- J. Appl. Phys. (2007). https://doi.org/10.
1063/1.2733644

J.H. Han, K.D. Nam, S.W. Park, Y.D. Kim, Synthesis and
characterization of Tis(Al,_, Ge,)C, by a reactive hot press-
ing of TiC,, Al, and Ge powder mixture. Solid State Phenom.
124-126, 751-754 (2007). https://doi.org/10.4028/www.
scientific.net/SSP.124-126.751

J. Etzkorn, M. Ade, H. Hillebrecht, Ta;AlC, and Ta,AlC;—
single-crystal investigations of two new ternary carbides of
tantalum synthesized by the molten metal technique. Inorg.
Chem. 46, 1410-1418 (2007). https://doi.org/10.1021/ic062
231y

A. Ganguly, T. Zhen, M.W. Barsoum, Synthesis and mechani-
cal properties of Ti;GeC, and Ti5(Si,Ge,;_,)C, (x =0.5, 0.75)
solid solutions. J. Alloys. Compd. 376, 287-295 (2004).
https://doi.org/10.1016/j.jallcom.2004.01.011

Z.X. Liu, Y.P. Tian, S.Q. Li, L. Wang, B.X. Han et al.,
Revealing high-rate and high volumetric pseudo-intercalation

https://doi.org/10.1007/s40820-025-01673-9


https://doi.org/10.1111/jace.14870
https://doi.org/10.1016/j.jeurceramsoc.2017.04.026
https://doi.org/10.1016/j.jeurceramsoc.2017.04.026
https://doi.org/10.1039/d0ra09761f
https://doi.org/10.1111/j.1551-2916.2008.02279.x
https://doi.org/10.1111/j.1551-2916.2008.02279.x
https://doi.org/10.1016/j.nanoen.2022.107129
https://doi.org/10.1016/j.nanoen.2022.107129
https://doi.org/10.1016/j.jeurceramsoc.2023.04.027
https://doi.org/10.1016/j.jeurceramsoc.2023.04.027
https://doi.org/10.1016/j.ceramint.2018.10.030
https://doi.org/10.1016/j.ceramint.2018.10.030
https://doi.org/10.1016/j.jeurceramsoc.2023.02.049
https://doi.org/10.1016/j.jeurceramsoc.2023.02.049
https://doi.org/10.1111/jace.14843
https://doi.org/10.1111/jace.14843
https://doi.org/10.1039/c7ra07215e
https://doi.org/10.1016/j.jmrt.2023.04.125
https://doi.org/10.1016/j.jmrt.2023.04.125
https://doi.org/10.1063/1.4961502
https://doi.org/10.1080/21663831.2014.975294
https://doi.org/10.1080/21663831.2014.975294
https://doi.org/10.1063/1.4929640
https://doi.org/10.1016/j.actamat.2016.12.008
https://doi.org/10.1016/j.jeurceramsoc.2022.09.020
https://doi.org/10.1016/j.jeurceramsoc.2023.08.020
https://doi.org/10.1016/j.jeurceramsoc.2023.08.020
https://doi.org/10.1007/s10854-021-05761-5
https://doi.org/10.1016/j.actamat.2005.10.057
https://doi.org/10.1016/j.actamat.2005.10.057
https://doi.org/10.1111/jace.14742
https://doi.org/10.1063/1.2733644
https://doi.org/10.1063/1.2733644
https://doi.org/10.4028/www.scientific.net/SSP.124-126.751
https://doi.org/10.4028/www.scientific.net/SSP.124-126.751
https://doi.org/10.1021/ic062231y
https://doi.org/10.1021/ic062231y
https://doi.org/10.1016/j.jallcom.2004.01.011

Nano-Micro Lett.

(2025) 17:173

Page 37 0f42 173

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

charge storage from boron-vacancy doped MXenes. Adv.
Funct. Mater. 33, 2301994 (2023). https://doi.org/10.1002/
adfm.202301994

L.F. Marion, I. Monnet, Saturation of irradiation damage in
(Ti, Zr)5(Si, Al)C, compounds. J. Nucl. Mater. 433, 534-537
(2013). https://doi.org/10.1016/j.jnucmat.2012.07.042
M.W. Barsoum, L. Farber, I. Levin, A. Procopio, T. El-Raghy
et al., High-resolution transmission electron microscopy of
Ti AIN;, or Ti;ALN, revisited. J. Am. Ceram. Soc. 82, 2545—
2547 (1999). https://doi.org/10.1111/.1151-2916.1999.tb021
17.x

C. Hu, J. Zhang, J. Wang, F. Li, J. Wang et al., Crystal struc-
ture of V,AlC;: a new layered ternary carbide. J. Am. Ceram.
Soc. 92, 636-639 (2008). https://doi.org/10.1111/j.1551-
2916.2007.02136.x

J. Etzkorn, M. Ade, H. Hillebrecht, V,AIC, V,AIC; , (x &
0.31), and V,AL;Cq: synthesis, crystal growth, structure, and
superstructure. Inorg. Chem. 46, 7646-7653 (2007). https://
doi.org/10.1021/ic700382y

C. Hu, F. Li, J. Zhang, J. Wang, J. Wang et al., Nb,AlC;: a
new compound belonging to the MAX phases. Scr. Mater. 57,
893-896 (2007). https://doi.org/10.1016/j.scriptamat.2007.
07.038

Z.J. Lin, MJ. Zhuo, Y.C. Zhou, M.S. Li, J.Y. Wang, Struc-
tural characterization of a new layered-ternary Ta,AlC;
ceramic. J. Mater. Res. 21, 2587-2592 (2006). https://doi.
org/10.1557/jmr.2006.0310

X.B. Liu, Y.B. Li, HM. Ding, L. Chen, S.Y. Du et al., Topo-
tactic transition of Ti,AIN; MAX phase in Lewis acid molten
salt. J. Materiomics 9, 1032-1038 (2023). https://doi.org/10.
1016/j.jmat.2023.03.012

H. Hogberg, P. Eklund, J. Emmerlich, J. Birch, L. Hultman,
Epitaxial Ti,GeC, Ti;GeC,, and Ti,GeC; MAX-phase thin
films grown by magnetron sputtering. J. Mater. Res. 20,
779-782 (2005). https://doi.org/10.1557/jmr.2005.0105

J. Gu, L.M. Pan, J. Yang, L. Yu, H.B. Zhang et al., Mechani-
cal properties and oxidation behavior of Ti-doped Nb,AIC;.
J. Eur. Ceram. Soc. 36, 1001-1008 (2016). https://doi.org/10.
1016/j.jeurceramsoc.2015.10.023

R. Syamsai, J.R. Rodriguez, V.G. Pol, Q. Van Le, K.M. Batoo
et al., Double transition metal MXene (Ti,Ta, ,C;) 2D mate-
rials as anodes for Li-ion batteries. Sci. Rep. 11, 688 (2021).
https://doi.org/10.1038/s41598-020-79991-8

D. Pinto, B. Anasori, H. Avireddy, C.E. Shuck, K. Hantana-
sirisakul et al., Synthesis and electrochemical properties of
2D molybdenum vanadium carbides - solid solution MXenes.
J. Mater. Chem. A 8, 8957-8968 (2020). https://doi.org/10.
1039/d0ta01798a

J. Yang, M. Naguib, M. Ghidiu, L.M. Pan, J. Gu et al., Two-
dimensional Nb-based M,C; solid solutions (MXenes). J.
Am. Ceram. Soc. 99, 660-666 (2016). https://doi.org/10.
1111/jace.13922

P. Cai, Q.M. He, L.J. Wang, X.J. Liu, J. Yin et al., Two-
dimensional Nb-based M,C;T, MXenes and their sodium
storage performances. Ceram. Int. 45, 5761-5767 (2019).
https://doi.org/10.1016/j.ceramint.2018.12.042

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

P.V. Istomin, E.I. Istomina, A.V. Nadutkin, V.E. Grass, Syn-
thesis and crystal structure of a novel quaternary Zr;TiSiC;
MAX phase. Ceram. Int. 49, 37034-37039 (2023). https://
doi.org/10.1016/j.ceramint.2023.08.261

Y.Q. Tan, Y.H. Xia, Z. Teng, C. Chen, X.S. Zhou et al., Syn-
thesis and enhanced mechanical properties of composition-
ally complex MAX phases. J. Eur. Ceram. Soc. 41, 4658—
4665 (2021). https://doi.org/10.1016/j.jeurceramsoc.2021.03.
027

S.K. Nemani, B.W. Zhang, B.C. Wyatt, Z.D. Hood, S. Manna
et al., High-entropy 2D carbide MXenes: TiVNbMoC; and
TiVCrMoC;. ACS Nano 15, 12815-12825 (2021). https://
doi.org/10.1021/acsnano.1¢02775

J. Zhou, Q.Z. Tao, B. Ahmed, J. Palisaitis, I. Persson et al.,
High-entropy laminate metal carbide (MAX Phase) and its
two-dimensional derivative MXene. Chem. Mater. 34, 2098—
2106 (2022). https://doi.org/10.1021/acs.chemmater.1c03348

B.C. Wyatt, A. Thakur, K. Nykiel, Z.D. Hood, S.P. Adhikari
et al., Design of atomic ordering in Mo,Nb,C;Tyx MXenes for
hydrogen evolution electrocatalysis. Nano Lett. 23, 931-938
(2023). https://doi.org/10.1021/acs.nanolett.2c04287

N.J. Lane, M. Naguib, J. Lu, L. Hultman, M.W. Barsoum,
Structure of a new bulk TisAl,C; MAX phase produced by
the topotactic transformation of Ti,AlC. J. Eur. Ceram. Soc.
32, 3485-3491 (2012). https://doi.org/10.1016/j.jeurcerams
0c¢.2012.03.035

H. Boller, K. Hiebl, Quaternary pseudo-intercalation phases
T, [Nb,S,C] (T=V, Cr, Mn, Fe Co, Ni, Cu) and metastable
Nb,S,C formed by topochemical synthesis. J. Alloys Compd.
183, 438443 (1992). https://doi.org/10.1016/0925-8388(92)
90765-2

C. Hu, C.C. Lai, Q.Z. Tao, J. Lu, J. Halim et al., Mo,Ga,C:
a new ternary nanolaminated carbide. Chem. Commun. 51,
6560—6563 (2015). https://doi.org/10.1039/c5cc00980d

H. Fashandi, C.C. Lai, M. Dahlqvist, J. Lu, J. Rosen et al.,
Ti,Au,C and Ti;Au,C, formed by solid state reaction of gold
with Ti,AlC and Ti;AIC,. Chem. Commun. 53, 9554-9557
(2017). https://doi.org/10.1039/c7cc04701k

M. Downes, C.E. Shuck, R.W. Lord, M. Anayee, M. Shekhi-
rev et al., MsX,: a family of MXenes. ACS Nano 17, 17158-
17168 (2023). https://doi.org/10.1021/acsnano.3c04967
R.M. Snyder, M. Juelsholt, C. Kalha, J. Holm, E. Mans-
field et al., Detailed analysis of the synthesis and structure
of MAX phase (Mo, 75V ,5)sAIC, and its MXene sibling
(Mo 75V .25)5C4. ACS Nano 17, 12693-12705 (2023).
https://doi.org/10.1021/acsnano.3c03395

G. Deysher, C.E. Shuck, K. Hantanasirisakul, N.C. Frey, A.C.
Foucher et al., Synthesis of MoVAIC MAX phase and two-
dimensional MoVC MXene with 5 atomic layers of transition
metals. ACS Nano 14, 204-217 (2020). https://doi.org/10.
1021/acsnano.9b07708

W.S. Ma, Z.M. Qiu, M. Wang, C.W. Tan, L.W. Hu et al., A
novel high-entropy MXene Ti, |V, ,Cr, sNb; (Mo, oC,T, for
high-performance supercapacitor. Scr. Mater. 235, 115596
(2023). https://doi.org/10.1016/j.scriptamat.2023.115596

@ Springer


https://doi.org/10.1002/adfm.202301994
https://doi.org/10.1002/adfm.202301994
https://doi.org/10.1016/j.jnucmat.2012.07.042
https://doi.org/10.1111/j.1151-2916.1999.tb02117.x
https://doi.org/10.1111/j.1151-2916.1999.tb02117.x
https://doi.org/10.1111/j.1551-2916.2007.02136.x
https://doi.org/10.1111/j.1551-2916.2007.02136.x
https://doi.org/10.1021/ic700382y
https://doi.org/10.1021/ic700382y
https://doi.org/10.1016/j.scriptamat.2007.07.038
https://doi.org/10.1016/j.scriptamat.2007.07.038
https://doi.org/10.1557/jmr.2006.0310
https://doi.org/10.1557/jmr.2006.0310
https://doi.org/10.1016/j.jmat.2023.03.012
https://doi.org/10.1016/j.jmat.2023.03.012
https://doi.org/10.1557/jmr.2005.0105
https://doi.org/10.1016/j.jeurceramsoc.2015.10.023
https://doi.org/10.1016/j.jeurceramsoc.2015.10.023
https://doi.org/10.1038/s41598-020-79991-8
https://doi.org/10.1039/d0ta01798a
https://doi.org/10.1039/d0ta01798a
https://doi.org/10.1111/jace.13922
https://doi.org/10.1111/jace.13922
https://doi.org/10.1016/j.ceramint.2018.12.042
https://doi.org/10.1016/j.ceramint.2023.08.261
https://doi.org/10.1016/j.ceramint.2023.08.261
https://doi.org/10.1016/j.jeurceramsoc.2021.03.027
https://doi.org/10.1016/j.jeurceramsoc.2021.03.027
https://doi.org/10.1021/acsnano.1c02775
https://doi.org/10.1021/acsnano.1c02775
https://doi.org/10.1021/acs.chemmater.1c03348
https://doi.org/10.1021/acs.nanolett.2c04287
https://doi.org/10.1016/j.jeurceramsoc.2012.03.035
https://doi.org/10.1016/j.jeurceramsoc.2012.03.035
https://doi.org/10.1016/0925-8388(92)90765-2
https://doi.org/10.1016/0925-8388(92)90765-2
https://doi.org/10.1039/c5cc00980d
https://doi.org/10.1039/c7cc04701k
https://doi.org/10.1021/acsnano.3c04967
https://doi.org/10.1021/acsnano.3c03395
https://doi.org/10.1021/acsnano.9b07708
https://doi.org/10.1021/acsnano.9b07708
https://doi.org/10.1016/j.scriptamat.2023.115596

173

Page 38 of 42

Nano-Micro Lett. (2025) 17:173

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

M. Sokol, V. Natu, S. Kota, M.W. Barsoum, On the chemi-
cal diversity of the MAX phases. Trends Chem. 1, 210-223
(2019). https://doi.org/10.1016/j.trechm.2019.02.016

C.M. Hamm, T. Schifer, H.B. Zhang, C.S. Birkel, Non-con-
ventional synthesis of the 413 MAX phase V,AIC;. Z. Anorg.
Allg. Chem. 642, 1397-1401 (2016). https://doi.org/10.1002/
zaac.201600370

C.C. Lai, R. Meshkian, M. Dahlqvist, J. Lu, L. Néslund et al.,
Structural and chemical determination of the new nanolami-
nated carbide Mo,Ga,C from first principles and materials
analysis. Acta Mater. 99, 157-164 (2015). https://doi.org/10.
1016/j.actamat.2015.07.063

J. Bjork, J. Halim, J. Zhou, J. Rosen, Predicting chemi-
cal exfoliation: fundamental insights into the synthesis of
MXenes. npj 2D Mater. Appl. 7, 5 (2023). https://doi.org/10.
1038/s41699-023-00370-8

X.D. He, Y.L. Bai, C.C. Zhu, M.W. Barsoum, Polymor-
phism of newly discovered Ti,GaCj: a first-principles
study. Acta Mater. 59, 5523-5533 (2011). https://doi.org/
10.1016/j.actamat.2011.05.025

M.W. Barsoum, MAX Phases: Properties of machinable
Ternary Carbides and Nitrides. (Wiley-VCH, Hoboken,
2013), pp.13-64

D. Martin, W.B. Michel, R. Johanna, MAX phases — Past,
present, and future. Mater. Today 72, 1-24 (2023). https://
doi.org/10.1016/j.mattod.2023.11.010

M. Dahlqvist, J. Rosen, Order and disorder in quaternary
atomic laminates from first-principles calculations. Phys.
Chem. Chem. Phys. 17, 31810-31821 (2015). https://doi.
org/10.1039/c5¢p06021d

M. Dahlqpvist, J. Rosen, Predictive theoretical screening of
phase stability for chemical order and disorder in quater-
nary 312 and 413 MAX phases. Nanoscale 12, 785-794
(2020). https://doi.org/10.1039/c9nr08675g

V. Gauthier-Brunet, T. Cabioc’h, P. Chartier, M. Jaouen,
S. Dubois, Reaction synthesis of layered ternary Ti,AlC
ceramic. J. Eur. Ceram. Soc. 29, 187-194 (2009). https://
doi.org/10.1016/j.jeurceramsoc.2008.05.039

D.T. Cuskelly, E.H. Kisi, Single-step carbothermal synthe-
sis of high-purity MAX phase powders. J. Am. Ceram. Soc.
99, 1137-1140 (2016). https://doi.org/10.1111/jace.14170

S. Cetinkaya, S. Eroglu, Synthesis and reaction mechanism
of Ti;SiC, ternary compound by carbothermal reduction of
TiO, and SiO, powder mixtures. Ceram. Int. 38, 6445-6453
(2012). https://doi.org/10.1016/j.ceramint.2012.05.020

A. Hendaoui, D. Vrel, A. Amara, P. Langlois, M. Andas-
mas et al., Synthesis of high-purity polycrystalline MAX
phases in Ti-Al-C system through mechanically activated
self-propagating high-temperature synthesis. J. Eur. Ceram.
Soc. 30, 1049-1057 (2010). https://doi.org/10.1016/j.jeurc
eramsoc.2009.10.001

M. Lopacinski, J. Puszynski, J. Lis, Synthesis of ternary
titanium aluminum carbides using self-propagating high-
temperature synthesis technique. J. Am. Ceram. Soc. 84,
3051-3053 (2001). https://doi.org/10.1111/j.1151-2916.
2001.tb01138.x

© The authors

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

Z.M. Sun, H. Hashimoto, W.B. Tian, Y. Zou, Synthesis
of the MAX phases by pulse discharge sintering. Int. J.
Appl. Ceram. Technol. 7, 704-718 (2010). https://doi.org/
10.1111/j.1744-7402.2010.02555.x

X. Guo, J.X. Wang, S.Y. Yang, L. Gao, B. Qian, Preparation
of Ti;SiC, powders by the molten salt method. Mater. Lett.
111, 211-213 (2013). https://doi.org/10.1016/j.matlet.2013.
08.077

L. Feng, M.Q. Lv, Q. Qian, R.X. Luo, B. Huang, The syn-
thesis of high purity Ti;AlC, MAX phase via molten salt
method. Adv. Powder Technol. 34, 103920 (2023). https://
doi.org/10.1016/j.apt.2022.103920

A.M. Abdelkader, Molten salts electrochemical synthesis
of Cr,AIC. J. Eur. Ceram. Soc. 36, 33—-42 (2016). https://
doi.org/10.1016/j.jeurceramsoc.2015.09.003

J.L. Smialek, Oxidation of Al,O; scale-forming MAX
phases in turbine environments. Metall. Mater. Trans.
A 49A, 782-792 (2018). https://doi.org/10.1007/
s11661-017-4346-9

J.P. Palmquist, U. Jansson, T. Seppénen, P. Persson, J. Birch
et al., Magnetron sputtered epitaxial single-phase Ti;SiC,
thin films. Appl. Phys. Lett. 81, 835-837 (2002). https://doi.
org/10.1063/1.1494865

S. Bakardjieva, P. Horak, J. Vacik, A. Cannavo, V. Lavren-
tiev et al., Effect of Ar™ irradiation of Ti;InC, at different
ion beam fluences. Surf. Coat. Technol. 394, 125834 (2020).
https://doi.org/10.1016/j.surfcoat.2020.125834

G.Y. Yang, G.D. Li, X. Xiong, Y.L. Wang, J. Wang, Effect
of temperature on the formation law of Ti;SiC, in CVD pre-
pared Ti-Si-C codeposited coating. Mater. Sci. Eng. Powder
Metall. 19, 797-804 (2014). https://doi.org/10.3969/j.issn.
1673-0224.2014.05.020

M. Dahlqvist, B. Alling, J. Rosén, Stability trends of MAX
phases from first principles. Phys. Rev. B 81, 220102(R)
(2010). https://doi.org/10.1103/PhysRevB.81.220102

S. Aryal, R. Sakidja, M.W. Barsoum, W.Y. Ching, A genomic
approach to the stability, elastic, and electronic properties
of the MAX phases. Phys. Status Solidi B 251, 1480-1497
(2014). https://doi.org/10.1002/pssb.201451226

M. Ashton, R.G. Hennig, S.R. Broderick, K. Rajan, S.B. Sin-
nott, Computational discovery of stable M,AX phases. Phys.
Rev. B 94, 054116 (2016). https://doi.org/10.1103/PhysRevB.
94.054116

N.C. Frey, J. Wang, G.1.V. Bellido, B. Anasori, Y. Gogotsi
et al., Prediction of synthesis of 2D metal carbides and
nitrides (MXenes) and their precursors with positive and
unlabeled machine learning. ACS Nano 13, 3031-3041
(2019). https://doi.org/10.1021/acsnano.8b08014

R. Khaledialidusti, M. Khazaei, S. Khazaei, K. Ohno, High-
throughput computational discovery of ternary-layered MAX
phases and prediction of their exfoliation for formation of 2D
MXenes. Nanoscale 13, 7294-7307 (2021). https://doi.org/
10.1039/d0nr08791b

M. Dahlgvist, J. Rosen, The rise of MAX phase alloys - large-
scale theoretical screening for the prediction of chemical

https://doi.org/10.1007/s40820-025-01673-9


https://doi.org/10.1016/j.trechm.2019.02.016
https://doi.org/10.1002/zaac.201600370
https://doi.org/10.1002/zaac.201600370
https://doi.org/10.1016/j.actamat.2015.07.063
https://doi.org/10.1016/j.actamat.2015.07.063
https://doi.org/10.1038/s41699-023-00370-8
https://doi.org/10.1038/s41699-023-00370-8
https://doi.org/10.1016/j.actamat.2011.05.025
https://doi.org/10.1016/j.actamat.2011.05.025
https://doi.org/10.1016/j.mattod.2023.11.010
https://doi.org/10.1016/j.mattod.2023.11.010
https://doi.org/10.1039/c5cp06021d
https://doi.org/10.1039/c5cp06021d
https://doi.org/10.1039/c9nr08675g
https://doi.org/10.1016/j.jeurceramsoc.2008.05.039
https://doi.org/10.1016/j.jeurceramsoc.2008.05.039
https://doi.org/10.1111/jace.14170
https://doi.org/10.1016/j.ceramint.2012.05.020
https://doi.org/10.1016/j.jeurceramsoc.2009.10.001
https://doi.org/10.1016/j.jeurceramsoc.2009.10.001
https://doi.org/10.1111/j.1151-2916.2001.tb01138.x
https://doi.org/10.1111/j.1151-2916.2001.tb01138.x
https://doi.org/10.1111/j.1744-7402.2010.02555.x
https://doi.org/10.1111/j.1744-7402.2010.02555.x
https://doi.org/10.1016/j.matlet.2013.08.077
https://doi.org/10.1016/j.matlet.2013.08.077
https://doi.org/10.1016/j.apt.2022.103920
https://doi.org/10.1016/j.apt.2022.103920
https://doi.org/10.1016/j.jeurceramsoc.2015.09.003
https://doi.org/10.1016/j.jeurceramsoc.2015.09.003
https://doi.org/10.1007/s11661-017-4346-9
https://doi.org/10.1007/s11661-017-4346-9
https://doi.org/10.1063/1.1494865
https://doi.org/10.1063/1.1494865
https://doi.org/10.1016/j.surfcoat.2020.125834
https://doi.org/10.3969/j.issn.1673-0224.2014.05.020
https://doi.org/10.3969/j.issn.1673-0224.2014.05.020
https://doi.org/10.1103/PhysRevB.81.220102
https://doi.org/10.1002/pssb.201451226
https://doi.org/10.1103/PhysRevB.94.054116
https://doi.org/10.1103/PhysRevB.94.054116
https://doi.org/10.1021/acsnano.8b08014
https://doi.org/10.1039/d0nr08791b
https://doi.org/10.1039/d0nr08791b

Nano-Micro Lett.

(2025) 17:173

Page 39 0of 42 173

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

order and disorder. Nanoscale 14, 10958-10971 (2022).
https://doi.org/10.1039/d2nr02414d

X.F. Wang, J.J. Ma, Z.Y. Jiao, X.Z. Zhang, Theoretical
studies of electronic, mechanical and thermal properties of
Ti;(Sn Al _,)C, solid solutions. Acta Phys. Sin. 65, 206201
(2016). https://doi.org/10.7498/aps.65.206201

S.T. Ahams, A. Shaari, R. Ahmed, N.F.A. Pattah, M.C. Idris
et al., Theoretical investigation of Zr,PbC, (V ,5Zr ;5),PbC,
(V5Zr.5),PbC, V7571 55),PbC, and V,PbC MAX phases: a
DFT based study. Mater. Today Commun. 27, 102397 (2021).
https://doi.org/10.1016/j.mtcomm.2021.102397

F.W. Zeng, H.Z. Zheng, G.F. Li, Y.X. Geng, P. Peng, Study
on the structural, mechanical, and dynamical stabilities and
properties of Nb,AN (A = Si, Ge, and Sn) MAX phases by
first principle. J. Am. Ceram. Soc. 105, 5285-5298 (2022).
https://doi.org/10.1111/jace.18442

H. Tian, X. He, J. Wang, M. Haiyan, S. Longhai et al., The-
oretical insights into the physical properties of a new 211
MAX phase V,ZnC under high pressure. Comput. Mater.
Sci. 232, 112649 (2023). https://doi.org/10.1016/j.comma
tsci.2023.112649

T.H. Scabarozi, S. Amini, P. Finkel, O.D. Leaffer, J.E.
Spanier et al., Electrical, thermal, and elastic properties of
the MAX-phase Ti,SC. J. Appl. Phys (2008). https://doi.
org/10.1063/1.2959738

Y.L. Bai, X.D. He, C.C. Zhu, G.Q. Chen, Microstructures,
electrical, thermal, and mechanical properties of bulk
Ti,AlC synthesized by self-propagating high-temperature
combustion synthesis with pseudo hot isostatic pressing. J.
Am. Ceram. Soc. 95, 358-364 (2012). https://doi.org/10.
1111/5.1551-2916.2011.04934 .x

T. ElI-Raghy, S. Chakraborty, M.W. Barsoum, Synthesis and
characterization of Hf,PbC, Zr,PbC and M,SnC (M=Tij,
Hf, Nb or Zr). J. Eur. Ceram. Soc. 20, 2619-2625 (2000).
https://doi.org/10.1016/s0955-2219(00)00127-8

M. Radovic, A. Ganguly, M.W. Barsoum, Elastic proper-
ties and phonon conductivities of Ti;Al(C, 5, N 5), and
Ti,Al(C, 5, Ny 5) solid solutions. J. Mater. Res. 23, 1517—
1521 (2008). https://doi.org/10.1557/jmr.2008.0200

Z.J. Lin, Y.C. Zhou, M.S. Li, J.Y. Wang, In-situ hot press-
ing/solid-liquid reaction synthesis of bulk Cr,AIC. Z. Met-
allkd. 96, 291-296 (2005). https://doi.org/10.3139/146.
101033

S. Amini, A. Zhou, S. Gupta, A. DeVillier, P. Finkel et al.,
Synthesis and elastic and mechanical properties of Cr,GeC.
J. Mater. Res. 23, 2157-2165 (2008). https://doi.org/10.1557/
jmr.2008.0262

M.W. Barsoum, D. Brodkin, T. EIRaghy, Layered machin-
able ceramics for high temperature applications. Scr. Mater.
36, 535-541 (1997). https://doi.org/10.1016/s1359-6462(96)
00418-6

P. Finkel, B. Seaman, K. Harrell, J. Palma, J.D. Het-
tinger et al., Electronic, thermal, and elastic properties of
Ti;Si,_,Ge,C, solid solutions. Phys. Rev. B 70, 085104
(2004). https://doi.org/10.1103/PhysRevB.70.085104

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

C.F. Hu, F.Z. Li, L.F. He, M.Y. Liu, J. Zhang et al., In situ
reaction synthesis, electrical and thermal, and mechanical
properties of Nb,AlC;. J. Am. Ceram. Soc. 91, 2258-2263
(2008). https://doi.org/10.1111/j.1551-2916.2008.02424.x

C.F. Hu, ZJ. Lin, L.F. He, Y.W. Bao, J.Y. Wang et al., Physi-
cal and mechanical properties of bulk Ta,AIC; ceramic pre-
pared by an in situ reaction synthesis/hot-pressing method. J.
Am. Ceram. Soc. 90, 2542-2548 (2007). https://doi.org/10.
1111/j.1551-2916.2007.01804.x

Y.L. Bai, X.D. He, R.G. Wang, Y. Sun, C.C. Zhu et al., High
temperature physical and mechanical properties of large-scale
Ti,AlC bulk synthesized by self-propagating high tempera-
ture combustion synthesis with pseudo hot isostatic pressing.
J. Eur. Ceram. Soc. 33, 2435-2445 (2013). https://doi.org/10.
1016/j.jeurceramsoc.2013.04.014

T. Scabarozi, A. Ganguly, J.D. Hettinger, S.E. Lofland,
S. Amini et al., Electronic and thermal properties of
Ti;Al(Cy 5, Ny 5)2, Ti,Al(Cy s, Ny 5) and Ti,AIN. J. Appl.
Phys 104, 073713 (2008). https://doi.org/10.1063/1.29793
26

M.W. Barsoum, MAX Phases: Properties of machinable Ter-
nary Carbides and Nitrides. (Wiley-VCH, Hoboken, 2013),
pp-107-153

T.H. Scabarozi, S. Benjamin, B. Adamson, J. Applegate, J.
Roche et al., Combinatorial investigation of the stoichiometry,
electronic transport and elastic properties of (Cr,_V,),GeC
thin films. Scr. Mater. 66, 85-88 (2012). https://doi.org/10.
1016/j.scriptamat.2011.10.001

T.H. Scabarozi, P. Eklund, J. Emmerlich, H. Hogberg, T.
Meehan et al., Weak electronic anisotropy in the layered
nanolaminate Ti,GeC. Solid State Commun. 146, 498-501
(2008). https://doi.org/10.1016/].s5¢.2008.03.026

L.E. Toth, High superconducting transition temperatures
in the molybdenum carbide family of compounds. J. Less-
common Met. 13, 129 (1967). https://doi.org/10.1016/0022-
5088(67)90055-0

LR. Shein, V.G. Bamburov, A.L. Ivanovskii, Ab initio calcu-
lations of the electronic properties of new superconducting
nanolaminates: Nb,SnC and Nb,SC,_,. Dokl. Phys. Chem.
411, 317-321 (2006). https://doi.org/10.1134/s001250160
611008x

W. Zhou, L. Liu, P. Wu et al., First-principles study of struc-
tural, thermodynamic, elastic, and magnetic properties of
Cr,GeC under pressure and temperature. J. Appl. Phys. 106,
33501-33501 (2009). https://doi.org/10.1063/1.3187912

A.S. Ingason, A. Mockute, M. Dahlqvist, F. Magnus, S. Olaf-
sson et al., Magnetic self-organized atomic laminate from
first principles and thin film synthesis. Phys. Rev. Lett. 110,
195502 (2013). https://doi.org/10.1103/PhysRevLett.110.
195502

A. Mockute, J. Lu, E.J. Moon, M. Yan, B. Anasori et al.,
Solid solubility and magnetism upon Mn incorporation in the
bulk ternary carbides Cr,AlC and Cr,GaC. Mater. Res. Lett.
3, 16-22 (2015). https://doi.org/10.1080/21663831.2014.
944676

@ Springer


https://doi.org/10.1039/d2nr02414d
https://doi.org/10.7498/aps.65.206201
https://doi.org/10.1016/j.mtcomm.2021.102397
https://doi.org/10.1111/jace.18442
https://doi.org/10.1016/j.commatsci.2023.112649
https://doi.org/10.1016/j.commatsci.2023.112649
https://doi.org/10.1063/1.2959738
https://doi.org/10.1063/1.2959738
https://doi.org/10.1111/j.1551-2916.2011.04934.x
https://doi.org/10.1111/j.1551-2916.2011.04934.x
https://doi.org/10.1016/s0955-2219(00)00127-8
https://doi.org/10.1557/jmr.2008.0200
https://doi.org/10.3139/146.101033
https://doi.org/10.3139/146.101033
https://doi.org/10.1557/jmr.2008.0262
https://doi.org/10.1557/jmr.2008.0262
https://doi.org/10.1016/s1359-6462(96)00418-6
https://doi.org/10.1016/s1359-6462(96)00418-6
https://doi.org/10.1103/PhysRevB.70.085104
https://doi.org/10.1111/j.1551-2916.2008.02424.x
https://doi.org/10.1111/j.1551-2916.2007.01804.x
https://doi.org/10.1111/j.1551-2916.2007.01804.x
https://doi.org/10.1016/j.jeurceramsoc.2013.04.014
https://doi.org/10.1016/j.jeurceramsoc.2013.04.014
https://doi.org/10.1063/1.2979326
https://doi.org/10.1063/1.2979326
https://doi.org/10.1016/j.scriptamat.2011.10.001
https://doi.org/10.1016/j.scriptamat.2011.10.001
https://doi.org/10.1016/j.ssc.2008.03.026
https://doi.org/10.1016/0022-5088(67)90055-0
https://doi.org/10.1016/0022-5088(67)90055-0
https://doi.org/10.1134/s001250160611008x
https://doi.org/10.1134/s001250160611008x
https://doi.org/10.1063/1.3187912
https://doi.org/10.1103/PhysRevLett.110.195502
https://doi.org/10.1103/PhysRevLett.110.195502
https://doi.org/10.1080/21663831.2014.944676
https://doi.org/10.1080/21663831.2014.944676

173

Page 40 of 42

Nano-Micro Lett. (2025) 17:173

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

E. Drouelle, V. Brunet, J. Cormier, P. Villechaise, P. Sallot
et al., Oxidation resistance of Ti;AlC, and Ti;Alj¢Sn,,C,
MAX phases: a comparison. J. Am. Ceram. Soc. 103, 1270—
1280 (2020). https://doi.org/10.1111/jace.16780

W.B. Yu, M. Vallet, B. Levraut, V. Gauthier-Brunet, S.
Dubois, Oxidation mechanisms in bulk Ti,AlC: Influence of
the grain size. J. Eur. Ceram. Soc. 40, 1820-1828 (2020).
https://doi.org/10.1016/j.jeurceramsoc.2020.01.042

G.P. Bei, B.J. Pedimonte, T. Fey, P. Greil, Oxidation behavior
of MAX phase TiyAl(;_,,Sn,C solid solution. J. Am. Ceram.
Soc. 96, 1359-1362 (2013). https://doi.org/10.1111/jace.
12358

S. Badie, D. Sebold, R. Vassen, O. Guillon, J. Gonzalez-
Julian, Mechanism for breakaway oxidation of the Ti,AlC
MAX phase. Acta Mater. 215, 117025 (2021). https://doi.
org/10.1016/j.actamat.2021.117025

J. Travaglini, M.W. Barsoum, V. Jovic, T. El-Raghy, The
corrosion behavior of Ti;SiC, in common acids and dilute
NaOH. Corros. Sci. 45, 1313-1327 (2003). https://doi.org/
10.1016/s0010-938x(02)00227-5

G.M. Liu, M.S. Li, Y.C. Zhou, Y.M. Zhang, Corrosion behav-
ior and strength degradation of Ti;SiC, exposed to a eutectic
K,COj; and Li,CO; mixture. J. Eur. Ceram. Soc. 23, 1957—
1962 (2003). https://doi.org/10.1016/s0955-2219(02)00419-3

Y.Q. Tan, H. Luo, X.S. Zhou, S.M. Peng, H.B. Zhang,
Dependences of microstructure on electromagnetic interfer-
ence shielding properties of nano-layered Ti;AIC, ceram-
ics. Sci. Rep. 8, 7935 (2018). https://doi.org/10.1038/
s41598-018-26256-0

Y. Liu, C.Y. Wang, W. Luo, L. Bai, Y. Xu et al., Facile syn-
thesis of hollow Ti;AlC, microrods in molten salts via Kirk-
endall effect. J. Adv. Ceram. 11, 1491-1497 (2022). https://
doi.org/10.1007/s40145-022-0616-0

Y.B. Li, H. Shao, Z.F. Lin, J. Lu, L.Y. Liu et al., A gen-
eral Lewis acidic etching route for preparing MXenes with
enhanced electrochemical performance in non-aqueous elec-
trolyte. Nat. Mater. 19, 894-899 (2020). https://doi.org/10.
1038/541563-020-0657-0

A. Sengupta, B.V.B. Rao, N. Sharma, S. Parmar, V. Chavan
et al., Comparative evaluation of MAX, MXene, NanoMAX,
and NanoMAX-derived-MXene for microwave absorption
and Li ion battery anode applications. Nanoscale 12, 8466—
8476 (2020). https://doi.org/10.1039/c9nr10980c

J.G. Xu, M.Q. Zhao, Y.C. Wang, W. Yao, C. Chen et al.,
Demonstration of Li-ion capacity of MAX phases. ACS
Energy Lett. 1, 1094-1099 (2016). https://doi.org/10.1021/
acsenergylett.6b00488

J. Carbajo, A. Quintanilla, A.L. Garcia-Costa, J. Gonzélez-
Julian, M. Belmonte et al., The influence of the catalyst on
the CO formation during catalytic wet peroxide oxidation
process. Catal. Today 361, 30-36 (2021). https://doi.org/10.
1016/j.cattod.2019.12.020

K. Wang, H.F. Du, Z.Y. Wang, M.X. Gao, H.G. Pan et al.,
Novel MAX-phase Ti;AlC, catalyst for improving the revers-
ible hydrogen storage properties of MgH,. Int. J. Hydrogen

© The authors

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

2717.

278.

279.

Energy 42, 4244-4251 (2017). https://doi.org/10.1016/j.ijhyd
ene.2016.10.073

B. Anasori, E.N. Caspi, M.W. Barsoum, Fabrication and
mechanical properties of pressureless melt infiltrated mag-
nesium alloy composites reinforced with TiC and Ti,AlC
particles. Mater. Sci. Eng. A 618, 511-522 (2014). https://
doi.org/10.1016/j.msea.2014.09.039

S. Amini, C.Y. Ni, M.W. Barsoum, Processing, microstruc-
tural characterization and mechanical properties of a Ti,AIC/
nanocrystalline Mg-matrix composite. Compos. Sci. Technol.
69, 414-420 (2009). https://doi.org/10.1016/j.compscitech.
2008.11.007

W.T. Chen, W.B. Yu, C.S. Ma, G.Z. Ma, L.Q. Zhang et al.,
A review of novel ternary nano-layered MAX phases rein-
forced AZ91D magnesium composite. J. Magnes Alloy 10,
1457-1475 (2022). https://doi.org/10.1016/j.jma.2022.05.013

L.X. Yang, Y.B. Mu, R.J. Liu, H.J. Liu, L. Zeng et al., A
facile preparation of submicro-sized Ti,AlC precursor toward
Ti,CT, MXene for lithium storage. Electrochim. Acta 432,
141152 (2022). https://doi.org/10.1016/j.electacta.2022.
141152

I. Roslyk, I. Baginskiy, V. Zahorodna, O. Gogotsi, S. Ippolito
et al., Porous Ti;AlC, MAX phase enables efficient synthesis
of Ti;C,T, MXene. Int. J. Appl. Ceram. Technol. 21, 2605—
2612 (2024). https://doi.org/10.1111/ijac.14671

M. Shekhirev, J. Busa, C.E. Shuck, A. Torres, S. Bagheri
et al., Ultralarge flakes of Ti;C,T, MXene via soft delamina-
tion. ACS Nano 16, 13695-13703 (2022). https://doi.org/10.
1021/acsnano.2c04506

L.Z. Huang, S.Y. Chen, L. Ding, H.H. Wang, Lateral-size-
dependent ion transport behavior of the MXene membrane
facilitates efficient ion sieving. ACS Appl. Nano Mater. 7,
9482-9489 (2024). https://doi.org/10.1021/acsanm.4c00919
J. Gonzalez-Julian, Processing of MAX phases: from synthe-
sis to applications. J. Am. Ceram. Soc. 104, 659-690 (2021).
https://doi.org/10.1111/jace.17544

D.J. Tallman, E.N. Hoffman, E.N. Caspi, B.L. Garcia-Diaz,
G. Kohse et al., Effect of neutron irradiation on select MAX
phases. Acta Mater. 85, 132-143 (2015). https://doi.org/10.
1016/j.actamat.2014.10.068

S.S. Liu, C.X. Wang, T.F. Yang, Y. Fang, Q. Huang et al.,
High temperature effects on irradiation damage of Ti,AlC.
Nucl. Instrum. Meth. B 406, 662—669 (2017). https://doi.org/
10.1016/j.nimb.2017.01.040

A. Sommers, Q. Wang, X. Han, C. T’Joen, Y. Park et al.,
Ceramics and ceramic matrix composites for heat exchangers
in advanced thermal systems-A review. Appl. Therm. Eng.
30, 1277-1291 (2010). https://doi.org/10.1016/j.appltherma
leng.2010.02.018

L. Bo, X. Liu, D. Wang, The corrosion behavior of multicom-
ponent porous MAX phase (Ti ,5Zr( ,5sNby ,5Tay »5),AlC in
hydrochloric acid. Corros. Sci. 222, 111430 (2023). https://
doi.org/10.1016/j.corsci.2023.111430

Z.Li, Y. Zhang, K. Wang, Z. Wang, G. Ma et al., Highly
dense passivation enhanced corrosion resistance of Ti,AlC
MAX phase coating in 3.5 wt.% NaCl solution. Corros. Sci.

https://doi.org/10.1007/s40820-025-01673-9


https://doi.org/10.1111/jace.16780
https://doi.org/10.1016/j.jeurceramsoc.2020.01.042
https://doi.org/10.1111/jace.12358
https://doi.org/10.1111/jace.12358
https://doi.org/10.1016/j.actamat.2021.117025
https://doi.org/10.1016/j.actamat.2021.117025
https://doi.org/10.1016/s0010-938x(02)00227-5
https://doi.org/10.1016/s0010-938x(02)00227-5
https://doi.org/10.1016/s0955-2219(02)00419-3
https://doi.org/10.1038/s41598-018-26256-0
https://doi.org/10.1038/s41598-018-26256-0
https://doi.org/10.1007/s40145-022-0616-0
https://doi.org/10.1007/s40145-022-0616-0
https://doi.org/10.1038/s41563-020-0657-0
https://doi.org/10.1038/s41563-020-0657-0
https://doi.org/10.1039/c9nr10980c
https://doi.org/10.1021/acsenergylett.6b00488
https://doi.org/10.1021/acsenergylett.6b00488
https://doi.org/10.1016/j.cattod.2019.12.020
https://doi.org/10.1016/j.cattod.2019.12.020
https://doi.org/10.1016/j.ijhydene.2016.10.073
https://doi.org/10.1016/j.ijhydene.2016.10.073
https://doi.org/10.1016/j.msea.2014.09.039
https://doi.org/10.1016/j.msea.2014.09.039
https://doi.org/10.1016/j.compscitech.2008.11.007
https://doi.org/10.1016/j.compscitech.2008.11.007
https://doi.org/10.1016/j.jma.2022.05.013
https://doi.org/10.1016/j.electacta.2022.141152
https://doi.org/10.1016/j.electacta.2022.141152
https://doi.org/10.1111/ijac.14671
https://doi.org/10.1021/acsnano.2c04506
https://doi.org/10.1021/acsnano.2c04506
https://doi.org/10.1021/acsanm.4c00919
https://doi.org/10.1111/jace.17544
https://doi.org/10.1016/j.actamat.2014.10.068
https://doi.org/10.1016/j.actamat.2014.10.068
https://doi.org/10.1016/j.nimb.2017.01.040
https://doi.org/10.1016/j.nimb.2017.01.040
https://doi.org/10.1016/j.applthermaleng.2010.02.018
https://doi.org/10.1016/j.applthermaleng.2010.02.018
https://doi.org/10.1016/j.corsci.2023.111430
https://doi.org/10.1016/j.corsci.2023.111430

Nano-Micro Lett.

(2025) 17:173

Page 41 of 42 173

280.

281.

282.

283.

284.

285.

286.

287.

288.

2809.

290.

291.

292.

228, 111820 (2024). https://doi.org/10.1016/j.corsci.2024.
111820

F. Hu, H. Tang, F. Wu, P. Ding, P. Zhang et al., Sn Whisk-
ers from Ti,SnC max phase: bridging dual-functionality in
electromagnetic attenuation. Small Methods 8(9), 2301476
(2024). https://doi.org/10.1002/smtd.202301476

Q. Tan, W. Zhuang, M. Attia, R. Djugum, M. Zhang, Recent
progress in additive manufacturing of bulk MAX phase com-
ponents: A review. J. Mater. Sci. Technol. 131, 30-47 (2022).
https://doi.org/10.1016/j.jmst.2022.05.026

Y. Liu, C. Ji, X.L. Su, J. Xu, X.H. He, Electromagnetic
and microwave absorption properties of Ti;SiC, powders
decorated with Ag particles. J. Alloys Compd. 820, 153154
(2020). https://doi.org/10.1016/j.jallcom.2019.153154

D.D. Wang, W.B. Tian, A.B. Ma, J.X. Ding, C.S. Wang et al.,
Anisotropic properties of Ag/Ti;AlC, electrical contact mate-
rials prepared by equal channel angular pressing. J. Alloys
Compd. 784, 431-438 (2019). https://doi.org/10.1016/j.jallc
om.2019.01.083

J.X. Ding, W.B. Tian, D.D. Wang, P.G. Zhang, J. Chen
et al., Corrosion and degradation mechanism of Ag/Ti;AlC,
composites under dynamic electric arc discharge. Corros.
Sci. 156, 147-160 (2019). https://doi.org/10.1016/j.corsci.
2019.05.005

D.D. Wang, W.B. Tian, J.X. Ding, Y.F. Zhu, P.G. Zhang
et al., The beauty and the deed of silver during arc erosion
of Ag/Ti;AlIC, contacts. J. Alloys Compd. 820, 34382—
34388 (2020). https://doi.org/10.1016/j.jallcom.2019.
153136

H.M. Ding, M. Li, Y.B. Li, K. Chen, Y.K. Xiao et al., Pro-
gress in structural tailoring and properties of ternary layered
ceramics. J. Inorg. Mater. 38, 845-884 (2023). https://doi.org/
10.15541/jim20230123

X.H. Yin, M.S. Li, J.J. Xu, J. Zhang, Y.C. Zhou, Direct dif-
fusion bonding of Ti;SiC, and Ti;AlC,. Mater. Res. Bull.
44, 1379-1384 (2009). https://doi.org/10.1016/j.materresbu
11.2008.12.002

L. Shen, J.M. Xue, M.W. Barsoum, Q. Huang, Rapid bonding
of Ti;SiC, and Ti;AIC, by pulsed electrical current heating.
J. Am. Ceram. Soc. 97, 3721-3724 (2014). https://doi.org/
10.1111/jace.13323

R. Jamshidi, O. Bayat, A. Heidarpour, Tribological and cor-
rosion behavior of flame sprayed Al-10 wt% Ti;SiC, compos-
ite coating on carbon steel. Surf. Coat. Technol. 358, 1-10
(2019). https://doi.org/10.1016/j.surfcoat.2018.10.087

Z.Y. Wang, C.C. Wang, Y.P. Zhang, A.Y. Wang, P.L. Ke,
M-site solid solution of vanadium enables the promising
mechanical and high-temperature tribological properties of
Cr,AlC coating. Mater. Des. 222, 111060 (2022). https://doi.
org/10.1016/j.matdes.2022.111060

S.H. Li, WW. Sun, Y. Luo, J. Yu, L.T. Sun et al., Pushing the
limit of thermal conductivity of MAX borides and MABs.
J. Mater. Sci. Technol. 97, 79-88 (2022). https://doi.org/10.
1016/j.jmst.2021.05.006

X.L. Shi, W.Z. Zhai, Z.S. Xu, M. Wang, J. Yao et al., Syner-
getic lubricating effect of MoS, and Ti;SiC, on tribological

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

properties of NiAl matrix self-lubricating composites over
a wide temperature range. Mater. Des. 55, 93-103 (2014).
https://doi.org/10.1016/j.matdes.2013.09.072

J.L. Zhou, D.J. Kong, Friction-wear performances and oxida-
tion behaviors of Ti;AlC, reinforced Co-based alloy coatings
by laser cladding. Surf. Coat. Technol. 408, 126816 (2021).
https://doi.org/10.1016/j.surfcoat.2020.126816

Y.A. Elizarova, A.I. Zakharov, High-temperature functional
protective coatings. Refract. Ind. Ceram. 61, 592-599 (2021).
https://doi.org/10.1007/s11148-021-00525-4

C.F. Du, Y.Q. Xue, H.W. Liang, C.C. Wang, Q.Y. Zeng et al.,
Exploring the oxidation behaviors of the Ti-V-Cr-Mo high-
entropy MAX at 800 °C for its self-lubricity. J. Mater. Sci.
Technol. 187, 49-62 (2024). https://doi.org/10.1016/j.jmst.
2023.11.035

J.L. Smialek, J.A. Nesbitt, T.P. Gabb, A. Garg, R.A. Miller,
Hot corrosion and low cycle fatigue of a Cr,AlC-coated
superalloy. Mater. Sci. Eng. A 711, 119-129 (2018). https:/
doi.org/10.1016/j.msea.2017.10.098

J. Gonzalez-Julian, G. Mauer, D. Sebold, D.E. Mack, R. Vas-
sen, Cr,AIC MAX phase as bond coat for thermal barrier
coatings: processing, testing under thermal gradient loading,
and future challenges. J. Am. Ceram. Soc. 103, 2362-2375
(2020). https://doi.org/10.1111/jace. 16935

E.N. Hoffman, D.W. Vinson, R.L. Sindelar, D.J. Tallman, G.
Kohse et al., MAX phase carbides and nitrides: Properties for
future nuclear power plant in-core applications and neutron
transmutation analysis. Nucl. Eng. Des. 244, 17-24 (2012).
https://doi.org/10.1016/j.nucengdes.2011.12.009

Q. Huang, H. Han, R.D. Liu, G.H. Lei, L. Yan et al., Satura-
tion of ion irradiation effects in MAX phase Cr,AlC. Acta
Mater. 110, 1-7 (2016). https://doi.org/10.1016/j.actamat.
2016.03.021

W.A. Hanson, M.K. Patel, M.L. Crespillo, Y.W. Zhang, W.J.
Weber, Influence of electronic vs nuclear energy loss in radia-
tion damage of Ti;SiC,. Acta Mater. 161, 302-310 (2018).
https://doi.org/10.1016/j.actamat.2018.09.027

D.W. Clark, S.J. Zinkle, M.K. Patel, C.M. Parish, High tem-
perature ion irradiation effects in MAX phase ceramics. Acta
Mater. 105, 130-146 (2016). https://doi.org/10.1016/j.actam
at.2015.11.055

R. Shu, F.F. Ge, F.P. Meng, P. Li, J. Wang et al., One-step
synthesis of polycrystalline V,AIC thin films on amorphous
substrates by magnetron co-sputtering. Vacuum 146, 106-110
(2017). https://doi.org/10.1016/j.vacuum.2017.08.049

K.R. Whittle, M.G. Blackford, R.D. Aughterson, S. Moricca,
G.R. Lumpkin et al., Radiation tolerance of M, , | AX,, phases,
Ti3AlC, and Ti;SiC,. Acta Mater. 58, 4362-4368 (2010).
https://doi.org/10.1016/j.actamat.2010.04.029

N. Abbas, X.D. Qin, S. Ali, G.M. Zhu, J.L. Lu et al., Direct
deposition of extremely low interface-contact-resistant
Ti,AIC-MAX-phase coating on stainless-steel by mid-fre-
quency magnetron sputtering method. J. Eur. Ceram. Soc.
40, 3338-3342 (2020). https://doi.org/10.1016/j.jeurcerams
0¢.2020.02.033

@ Springer


https://doi.org/10.1016/j.corsci.2024.111820
https://doi.org/10.1016/j.corsci.2024.111820
https://doi.org/10.1002/smtd.202301476
https://doi.org/10.1016/j.jmst.2022.05.026
https://doi.org/10.1016/j.jallcom.2019.153154
https://doi.org/10.1016/j.jallcom.2019.01.083
https://doi.org/10.1016/j.jallcom.2019.01.083
https://doi.org/10.1016/j.corsci.2019.05.005
https://doi.org/10.1016/j.corsci.2019.05.005
https://doi.org/10.1016/j.jallcom.2019.153136
https://doi.org/10.1016/j.jallcom.2019.153136
https://doi.org/10.15541/jim20230123
https://doi.org/10.15541/jim20230123
https://doi.org/10.1016/j.materresbull.2008.12.002
https://doi.org/10.1016/j.materresbull.2008.12.002
https://doi.org/10.1111/jace.13323
https://doi.org/10.1111/jace.13323
https://doi.org/10.1016/j.surfcoat.2018.10.087
https://doi.org/10.1016/j.matdes.2022.111060
https://doi.org/10.1016/j.matdes.2022.111060
https://doi.org/10.1016/j.jmst.2021.05.006
https://doi.org/10.1016/j.jmst.2021.05.006
https://doi.org/10.1016/j.matdes.2013.09.072
https://doi.org/10.1016/j.surfcoat.2020.126816
https://doi.org/10.1007/s11148-021-00525-4
https://doi.org/10.1016/j.jmst.2023.11.035
https://doi.org/10.1016/j.jmst.2023.11.035
https://doi.org/10.1016/j.msea.2017.10.098
https://doi.org/10.1016/j.msea.2017.10.098
https://doi.org/10.1111/jace.16935
https://doi.org/10.1016/j.nucengdes.2011.12.009
https://doi.org/10.1016/j.actamat.2016.03.021
https://doi.org/10.1016/j.actamat.2016.03.021
https://doi.org/10.1016/j.actamat.2018.09.027
https://doi.org/10.1016/j.actamat.2015.11.055
https://doi.org/10.1016/j.actamat.2015.11.055
https://doi.org/10.1016/j.vacuum.2017.08.049
https://doi.org/10.1016/j.actamat.2010.04.029
https://doi.org/10.1016/j.jeurceramsoc.2020.02.033
https://doi.org/10.1016/j.jeurceramsoc.2020.02.033

173

Page 42 of 42

Nano-Micro Lett. (2025) 17:173

305.

306.

307.

© The

J.L. Lu, N. Abbas, J.N. Tang, J. Tang, G.M. Zhu, Synthesis
and characterization of conductive ceramic MAX-phase coat-
ings for metal bipolar plates in simulated PEMFC environ-
ments. Corros. Sci. 158, 108106 (2019). https://doi.org/10.
1016/j.corsci.2019.108106

M.A. Borysiewicz, E. Kaminska, A. Piotrowska, I. Pasternak,
R. Jakiela et al., Ti-Al-N MAX phase, a candidate for ohmic
contacts to n-GaN. Acta Phys. Pol. A 114, 1061-1066 (2008).
https://doi.org/10.12693/APhysPolA.114.1061

H. Fashandi, M. Andersson, J. Eriksson, J. Lu, K. Smedfors
et al., Single-step synthesis process of Ti;SiC, ohmic contacts

authors

308.

on 4H-SiC by sputter-deposition of Ti. Scr. Mater. 99, 53-56
(2015). https://doi.org/10.1016/j.scriptamat.2014.11.025

R. Grieseler, M.K. Camargo, M. Hopfeld, U. Schmidt, A.
Bund et al., Copper-MAX-phase composite coatings obtained
by electro-co-deposition: a promising material for electrical
contacts. Surf. Coat. Technol. 321, 219-228 (2017). https://
doi.org/10.1016/j.surfcoat.2017.04.060

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-025-01673-9


https://doi.org/10.1016/j.corsci.2019.108106
https://doi.org/10.1016/j.corsci.2019.108106
https://doi.org/10.12693/APhysPolA.114.1061
https://doi.org/10.1016/j.scriptamat.2014.11.025
https://doi.org/10.1016/j.surfcoat.2017.04.060
https://doi.org/10.1016/j.surfcoat.2017.04.060

	A Review of MAX Series Materials: From Diversity, Synthesis, Prediction, Properties Oriented to Functions
	Highlights
	Abstract 
	1 Introduction
	2 Historic Milestones and Timeline
	3 Diversity and Classification Convention
	3.1 Element Diversity
	3.2 Structure Diversity and Classification
	3.2.1 Structure Classification
	3.2.2 Solid Solutions


	4 Synthesis Strategy
	4.1 Solid-State Reaction
	4.1.1 Pressureless Sintering
	4.1.2 Hot Press Sintering
	4.1.3 Hot Isostatic Pressure Sintering
	4.1.4 Self-Spreading High-Temperature Synthesis
	4.1.5 Microwave
	4.1.6 Spark Plasma Sintering

	4.2 Melting Reaction
	4.2.1 Molten Salt Sintering
	4.2.2 Lewis Salt Substitution Strategy

	4.3 Vapor Deposition
	4.3.1 Physical Vapor Deposition
	4.3.2 Chemical Vapor Deposition


	5 Simulation and Prediction
	5.1 Prediction Types of MAXs
	5.2 Functional Development of MAXs

	6 Properties and Performances
	6.1 Mechanical Properties
	6.2 Thermal Properties
	6.2.1 Thermal Conductivity
	6.2.2 Heat Capacity and Thermal Expansion Coefficient

	6.3 Electrical Properties
	6.3.1 Resistivity
	6.3.2 Superconductivity

	6.4 Magnetic Properties
	6.5 High-Temperature Oxidation Resistance
	6.6 Corrosion Resistance

	7 Functional Applications
	7.1 Powders of MAXs
	7.1.1 Electromagnetic Interference
	7.1.2 Electrochemical Energy Storage
	7.1.3 Catalysis
	7.1.4 Composite Material Reinforcing Agents
	7.1.5 Precursor of MXene

	7.2 Bulk of MAXs
	7.2.1 High-Temperature Structural Materials
	7.2.2 Electrical Contact Materials
	7.2.3 Connecting Materials

	7.3 Film of MAXs
	7.3.1 Friction-Reducing Lubrication Coating
	7.3.2 High-Temperature Protective Coating
	7.3.3 Nuclear Protective Coating
	7.3.4 Metal Plate Protective Coating
	7.3.5 Electrical Contact Coating


	8 Conclusions and Perspectives
	Acknowledgements 
	References


