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Recent advances in MXenes: beyond Ti-only
systems
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Since the first report on TizC, T, in 2011, the number of reports on 2D transition metal carbides and nitrides,
known as MXenes, has increased rapidly. Most of the reports have focused on Ti-based MXenes due to their
ease of synthesis and striking properties; however, MXenes beyond Ti-only systems have also been recently
reported to exhibit intriguing electronic, magnetic, optical, and mechanical properties. This forward-
looking review aims to summarize the research trends, synthesis, properties, and applications of non-Ti
MXenes to motivate researchers to unearth the characteristics and unleash the full potential of less
explored MXenes. Furthermore, the properties and applications of theoretically predicted non-Ti MXenes
are also highlighted to stimulate further research in synthesizing them experimentally. Finally, the
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challenges to be addressed and future research directions are presented.

1. Introduction

The discovery of the 2D material graphene in 2004 led to
extensive research on various other 2D materials such as tran-
sition metal dichalcogenides, hexagonal boron nitride (h-BN),
metal oxides, phosphorene, germanene, silicene, and so on,
enabling technological breakthroughs in a myriad of
applications."™ A new class of 2D materials consisting of tran-
sition metal carbides and/or nitrides called MXenes have
established themselves as some of the most promising mate-
rials owing to their exquisite properties.'® Ti;C,T, was the first
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MXene to be discovered and has been under prime focus as
a representative member of the MXene family."*™*” The Ti;C,T,
MXene could easily be synthesized by subjecting the TizAlC,
MAX phase to wet chemical etching with hydrofluoric acid (HF)
or etchants that form in situ HF. With rich surface chemistry,
the representative Ti;C,T, MXene exhibits superior Young's
modulus (80-100 GPa),"® tensile strength (670 MPa),'® chemical
and thermal stability,”* conductivity (20000 S cm ')
biocompatibility,” visible light activity,”® and electro-
chemical,**** plasmonic and thermoelectric properties.>®*”
Although the tremendous interest in Ti-based MXenes is
understandable, considering the synthetic ease and their striking
properties, the unknown and potentially highly desirable prop-
erties of non-Ti MXenes, which include monometallic MXenes
besides the Ti-based ones and double transition metal (DTM)
MXenes, might also present enormous opportunities for material
scientists. The non-Ti MXenes exhibit improved structural
stability and different magnetic, electronic, and optical behaviors
compared to their Ti counterparts.”*>° The non-Ti MXenes are
also reported to exhibit superior electrochemical properties
desirable for energy storage and conversion devices.** As the
properties of MXenes could be tuned by varying the composition
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and thickness of MXene layers, new and surprising properties can
be expected to be discovered by exploring non-Ti MXenes.

Therefore, this review aims to encourage researchers
working on MXenes to unveil the properties of non-Ti MXenes
and develop their useful applications. Herein, we comprehen-
sively overview all the synthesized and predicted non-Ti
MXenes. The significant breakthroughs in their synthesis,
exceptional properties, and applications of non-Ti MXenes are
discussed and compared with Ti-based MXenes. Furthermore,
the unique properties and applications of theoretically pre-
dicted MXenes are also elaborated to stimulate further research
in realizing them experimentally. Finally, the current challenges
and prospects of non-Ti MXenes are provided.

2. Introduction of MXenes

2D MXenes with a general formula of M,,,1X,,T, are obtained by
etching the A element from their 3D parent MAX phase with
a general formula of M,,.;AX,,.>> The parameters M, A, X, Ty, and
n in the general formulae are designated as the transition metal
element, group IIIA or IVA element, carbon and/or nitrogen,
surface terminations (-O,-OH, and -F), and variable integer
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a) Timeline of non-Ti MXenes

2011 First report of MXene

2012 Ta,C; (Tigs:Nby ),C, (Vo5.Cro5):C,

2013 ¢ V,C,Nb,C

2014 § Nb,C,

2015 $ Mo,C, Mo,TiC, Mo,Ti,C, Cr,TiC; (NbysTig2),:C, (Nbgs2ro 2)Cs
2016 ¢ Zr,C,

2017 § Hf,C, Mo, 5,C, (V,,Tiy),.C, Mo,ScC, Mo,N

2018 § V,C; (TigsVos)sCar MO, 33Y06C, Wi 35C, Nb, 5,C

2019 ¢ Cr,C,

2020 § Ta,C, TWC, MoV,,Cs , MoVC, V,NT, (VNb),C

2021 (T 35Tig 62)sCo T, TixTas-,Ca
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b) Publications on Ti and non-Ti MXenes
(2011-2022)

Ti MXenes non-Ti MXenes

83% 4% ViXa

4% Nb, X,

I Mo, X, 4

1% B Cro X, 4
1% @S¢ X1
0.5% I HF X, 1
0.3% [ TapXos
0.4%  Other M, X, ,

1% @ O-DTM
1% SS-DTM

X=C,N n=22345

Fig.1 (a) Timeline of the expansion of the MXene family beyond Ti-only systems. (b) Comparison of the number of publications on Ti and non-Ti
MXenes from 2011 to 2022 (source: Web of Science). O-DTM indicates ordered DTM MXenes and SS-DTM indicates solid solution DTM MXenes.

(1-3), respectively.*>** By utilizing the difference in the bond
strength between M-A and M-X, the A atoms in the MAX phase
sandwiched between the MX layers could be selectively etched
to produce MXenes, which inherit the hexagonal structure with
P63/mmc symmetry from their parent MAX phase.*® By varying
the parameters M, A, and X, 155 MAX phase compositions have
been synthesized; however, only limited examples of MXenes
have been produced from them.**

Based on the parameter ‘X’ in the formula of MXenes,
carbide, nitride, or carbonitride MXenes could be obtained. By
varying the composition of MXenes, unique properties could be
imparted to them. While the carbide MXenes are easily
synthesized, the nitride and carbonitride MXenes face difficul-
ties in their synthesis due to the presence of strong bonds.* It is
important to note that Tiz;CNT, and Ti,Cy 5N 5T, are the only
experimentally synthesized carbonitride MXenes as of today.***®
Irrespective of the parameter ‘X’, MXenes could be classified
based on the composition of transition metals as monometallic
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and double transition-metal (DTM) MXenes. In this section,
recently developed non-Ti MXenes are briefly introduced.

2.1 Expansion of the MXene family

The timeline of non-Ti MXenes shown in Fig. 1a indicates the
tremendous expansion of the MXene family, with new members
added almost every year since their discovery. According to the
Web of Science, as shown in Fig. 1b, the number of publications
on Ti MXenes over the past 10 years is incomparably high
compared to non-Ti MXenes. Although there has been relative
apathy to non-Ti MXenes among researchers, research interest
has been growing recently because the non-Ti MXenes exhibit
more intriguing properties than the conventional Ti-based
ones.”?®31% In the case of monometallic non-Ti MXenes, V,CT,,
Nb,CT,, M0,CTy, Ta,CTy, Zr;C,Ty, Hf;C, Ty, NbyCyTy, V4CiTy,
Ta,C;Ty, V,NT,, and Mo,NT, have been experimentally synthe-
sized to date and showed interesting physicochemical
properties.”®**?*** For example, the Zr;C,T, MXene exhibits
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a) Classification according to the crystal structure of MXenes
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Fig. 2 (a) Schematic illustration of DTM MXenes. (b) The experimentally synthesized and theoretically predicted non-Ti MXenes to date.

better structural stability than Ti;C,T,.*® Cr,N MXene is pre-
dicted to be ferromagnetic in contrast to the antiferromagnetic
Ti;C,T,,*** and V,CT, has higher lithium storage capacity than
Ti,CT,.** Most importantly, with a smaller lateral flake size and
the same monolayer thickness as Ti,C, Nb,C MXene degrades
slower in water, indicating that the chemical properties of
MXenes depend on their composition and the type of bond
within the monolayer.**
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In 2014, the family of MXenes expanded with the first
report on the DTM MAX phase Cr,TiAlC, consisting of two
metals at the M site.*” Based on the arrangement of the two
metals M’ and M” in the structure of MXene, DTM MXenes are
further classified as ordered DTM MXenes and random solid
solution DTM MXenes (Fig. 2a).***” When the two metals are
distributed at specific sites in the M layers, they form ordered
DTM MXenes, which are further classified as in-plane (i-
MXene) and out-of-plane (o-MXenes) ordered DTM
MXenes. %% In an i-MXene represented as (M'yzM";/3)XT,,
the two metals are ordered in alternating sites of the same M
layer, whereas in the case of 0-MXenes represented as (M',M")
X,T, and (M’,M",)X;T,, the two metals M” and M’ are ordered
in two separate atomic planes, with M” and M’ atoms forming
the inner and the outer layers, respectively.****** Furthermore,
when the M” layer is etched along with the A layers in the i-
MAX phase, they form divacancy-ordered MXenes repre-
sented as M',;3XT,.>%

The experimentally synthesized ordered out-of-plane MAX
(0-MAX) phases known thus far are Cr,TiAlC,,*** Mo, TiAlC,,*
Mo,Ti,AlC;,** and Mo,ScAlC,.** The o-MXenes were successfully
synthesized by etching the Al layers of these 0-MAX phases.*®%”
The outer and inner layers of 0-MXenes are composed of M’ and
M", respectively, and the C atoms occupy the octahedral sites
between the two layers. In contrast to o-MXenes, the i-MXenes
reported so far are of lower order M,XT,, where M = M’ and

This journal is © The Royal Society of Chemistry 2023
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M".*” The i-MXenes were obtained by etching the A element of
the in-plane ordered MAX (i-MAX) phases.

When the two metals M’ and M” are randomly distributed at
the M site (disordered), they form solid-solution DTM MXene
represented as (M',M”),,.1X,,T,.>** Random solid solution DTM
MXenes have been reported for all orders of MXenes from M,C
to M;C, (M here represents two metals, M’ and M").3*%-%* For
simplicity, random solid solution DTM MXenes are referred to
as solid solution MXenes hereon. By controlling the stoichio-
metric ratio of M': M” in the solid solution MXene precisely
represented as (M,M";_,),.1C, T (0 <y < 1), different MXene
compositions with different properties could be obtained.*” The
random solid solution DTM MAX phases such as (Cry 5Vo.5)n+1-
AlC,, and (Zr,Ti),+1AlC,, exhibited the tendency to be converted
to 0-MAX phases based on the value of n and the arrangement of
the two metal atoms M’ and M".**% Very recently, solid solution
MXene Mo,VC, with five atomic layers was reported to be
synthesized from Mo,VAIC, with no other MAX phase impuri-
ties.® Due to the twinning at the central Mo/V plane, the
Mo,VC, indicated a herringbone-type structure and not the
typical P6;/mmc structure of MXenes.

Fig. 2b shows the experimentally synthesized and theoreti-
cally predicted non-Ti MXenes, including monometallic and
DTM MXenes as of today. All MXenes exhibit unique electrical,
magnetic, mechanical, optical, and electrochemical features;
thus, equal attention must be paid to all MXenes to uncover the
ideal material for a specific application.® The following sections
discuss the further advantages of non-Ti MXenes.

(@)
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3. Synthesis methods of non-Ti
MXenes

Non-Ti MXenes could typically be synthesized by similar
etching methods employed for Ti-based MXenes. The etching of
the MAX phase is usually carried out using HF, a mixture of acid
and fluoride salt, molten salts, hydrothermal, electrochemical,
and Lewis acid methods.*"*” Chemical vapor deposition
(CVD), a bottom-up approach, was also used in synthesizing
non-Ti MXenes.”* The type of etchant used greatly influences
the surface chemistry and properties of the resultant MXene.
Since numerous reviews provide in-depth discussions on the
general synthetic route of MXenes, which are also applicable to
non-Ti MXenes, herein, the discussions are limited to the crit-
ical observations in the synthesis of non-Ti MXenes.

3.1 HF etching method

HF etching is a well-known and widely used method to
synthesize MXenes. In a typical synthesis procedure, MAX
phases are made to react with particular concentrations of HF at
a specific temperature for a specific time duration to transform
them into MXenes with -F, -O, and -OH surface termina-
tions.*>* The properties of the resultant MXene could be tuned
by varying the etching conditions such as the concentration of
HF, reaction temperature, and time.*"**”> For example, V,CT,
with a yield of 60% and c lattice parameter (c-LP) of 19.73 A was
obtained by treating V,AIC with 50% HF for 90 h at room

T T T T

After HF treatment

Intensity, Arb. Units

Intensity, Arb. Units

10 20 30 40 50
2 6, degrees

2900900900

. 65 566 6653 Al - removal
e 0 o @ o o
920900900

e 3096 Selective
e o Etching

Al&Y
removal

Fig. 3 (a) Schematic illustrating the conversion of MAX to MXene and SEM image of V,CT, powders. Reproduced with permission from ref. 31
copyright 2013, American Chemical Society. (b) XRD patterns of Nb4AlCs before (inset) and after HF treatment. Reproduced with permission from
ref. 75 copyright 2014, The Royal Society of Chemistry. HRSTEM image of Mo, TiAlC; (c) and Mo, TiC,T, (d) from ref. 48. (e) Structural models
representing the two structures obtained based on the etching protocol implemented on (Mo,/3Y1/3),AlC. Reproduced with permission from ref.

50 copyright 2018, Wiley.
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temperature (RT).** However, the attrition-milled V,AIC
powders subjected to 50% HF for 8 h at RT yielded ~55% V,CT,
with a ¢-LP of 23.96 A. This indicates that the ¢-LP of V,CT,
could be controlled by tuning the etching conditions and the
initial particle size. The schematic representation of the
conversion of the MAX phase (211) to MXene and the scanning
electron microscopy (SEM) image of V,CT, powders are shown
in Fig. 3a. Very recently, Ghasali et al. reported a simple, cost-
effective microwave heating method to synthesize the MAX
phase V,AIC and showed that HF etching at higher tempera-
tures led to the formation of delaminated V,C with fewer
defects.”

Besides the conventional MAX phases with Al as the A
element, the MAX phase Mo,Ga,C was used to synthesize
Mo,CT, MXene using this method.” The synthesized multi-
layered MXenes can be further delaminated using delaminat-
ing agents. The interplanar distance of multi-layered Ta,C
MXene (0.356 nm) was increased to 1.8 nm upon delamination
with tetrapropylammonium hydroxide.”* In contrast to the
traditional etching of the MAX phase to produce MXene, Zr;C,T,
was obtained by etching Al;C, from a layered ternary material
Zr;Al;Cs, which was synthesized by an in situ reactive pulsed
electric current sintering (PECS) process.* The Al-C layers of the
ternary material were weakly bonded and prone to hydrolysis and
thus were easily etched by the HF solution. Following the report
on the experimental evidence for the existence of Zr;C,T, MXene,
Zhou and colleagues first reported the synthesis of Hf;C,T,
MXene in 2017.** The interfacial bonds in M-C and Al-C layers of
the ternary Hf-Al-C were stronger than those in Zr-Al-C; hence,
direct exfoliation was difficult. To overcome this issue, the group
alloyed Si on the Al sites of Hf;Al,C¢ to form Hf3[Al(Si)],Ce solid
solution, which was later etched with HF to form Hf;C,T,. The
Nb,C,T, observed as an impurity in the X-ray diffraction (XRD)
pattern of Nb,CT, was first isolated from its MAX phase by
Ghidiu et al. in 2014 using aqueous HF.”® The shift in the (0002)
peak towards the left (26 of 7.23° to 5.77°) in the XRD pattern of
Nb,C,T, MXene compared to the XRD of its MAX phase (Fig. 3b)
confirmed the formation of Nb,C;T, MXene. The HF etching
method was also employed to form other monometallic MXenes,
such as V,C;T, and Ta,C;T,.>**

Anasori et al. first reported the successful synthesis of o-
MXenes, Mo, TiC,Ty, M0,Ti,C;Ty, and Cr,TiC,T,, using the HF
etching method.*® From the comparison of the high-resolution
scanning transmission electron microscopy (HRSTEM) images
of the MAX phase Mo,TiAlC, (Fig. 3c) and the o-MXene Mo,-
TiC,T, (Fig. 3d), it is evident that HF etched out the Al layers in
Mo,TiAlC, to form Mo,TiC,T,. Meshkian et al. presented the
experimental evidence for a new 0-MAX phase alloy Mo,ScAlC,,
from which the o-MXene Mo,ScC, was obtained using HF.**

The etching duration and the concentration of HF play
a crucial role in obtaining i-MXenes and MXenes with ordered
vacancies.” The i-MXene (Mo,,3Y3),C was obtained from its
MAX phase (Mo0,/3Y1/3),AlC by subjecting the MAX precursors to
48% HF for 12 h. However, different etching conditions, such as
10 wt% HF and 72 h, formed Mo, ;;C with a divacancy ordered
structure. The schematic representation of the structural
models of the MAX and the two different MXenes obtained

1312 | J Mater. Chem. A, 2023, 1, 13107-13132
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based on the etching conditions is shown in Fig. 3e. As seen in
the scanning transmission electron microscopy (STEM) image
(Fig. 3e) of (Mo0,/3Y4/3),AlC, the Y atoms were placed out of the
Mo plane, closer to the Al atoms due to the difference in the
atomic sizes and thus were prone to react with the etchant
under strong etching conditions forming divacancy ordered
Mo, 33C MXene. The Mo, ;5C MXene obtained from the i-MAX
phase (Mo,/3S¢q,3),AlC was similar to the Mo,C MXene ob-
tained from Mo,Ga,C, except for the presence of ordered
vacancies at every third Mo atom.*” The resistivity of the
delaminated Mo, 33C was four times less than that of delami-
nated Mo,C. Meshkian et al. reported the incorporation of
tungsten (W) in the stable i-MAX phases (W,/3Sc¢y/3),AIC and
(Wy/3Y13),AI1C.7*"7 The Al and Sc/Y layers in the i-MAX phases
were selectively etched to form W, ;;C MXene using HF. The
resultant W, 33C MXene obtained from the W-Sc containing i-
MAX phase had increased amounts of -OH and -O compared
to -F, whereas the W, 3;C obtained from the W-Y containing i-
MAX phase had equal amounts of terminations.””

New MAX phase compounds (V, 5Crg 5)3AlC,, (Vo.5Cro 5)4AICs,
and (Vo5Cros)5AL,C; in the V-Cr-Al-C system were first
synthesized by Zhou et al. in 2008.7® Following this, Naguib et al.
successfully synthesized the M,C and M;C solid solution
MXenes (Tig.5,NDbg5),C and (Vy.5,Cro5)3C, by immersing MAX
phase powders in aqueous solutions of HF.** These solid solu-
tion MXenes were among the early MXenes reported along with
Ti,C and Tiz;CN by Naguib et al. The M;C,-based novel solid
solution MXene (Tiy 5V, 5)3C, and Nb-based M,C; solid solution
MXenes (Nby g, Tig)4C3T, and (Nbgg,Zry,)4C3T, were all first
synthesized by the HF etching method.****

The above discussions show that HF etching is the primary
method employed to synthesize carbide MXenes. Compared to
the experimental conditions employed during the synthesis of
Ti-based MXenes with HF etching, a higher concentration of HF
and the reaction time were used to synthesize non-Ti MXenes.”
Although stronger HF etching conditions are reported to lead to
increased surface defects and poor-quality Ti-MXenes, this
phenomenon was not much reported for non-Ti MXenes.

3.2 Acid-salt etching method

A mixture of acid (HCI/H,SO,) and fluoride salt (LiF/NaF/KF) is
also used as an etchant to produce MXenes from their MAX
phases. The metal cations can be intercalated into the MXene
layers and delaminate them without the need for a separate
delaminating agent, unlike the HF etching method.®® Besides
the conventional HF etching, V,CT, MXene can be synthesized
using the LiF-HCI etching method, like their Ti counterparts.®’
The LiF-HCI etching method improved the stability of delami-
nated V,C suspended in water. The mildly oxidized V,CT,
MXene synthesized through a one-pot hydrothermal-assisted
LiF-HCI etching method exhibited enhanced storage capabil-
ities in lithium-oxygen batteries than the mildly oxidized
TizC,T,.** o-MXenes such as Cr,TiC,T, and solid solution
MXenes such as TivC, (V,,Ti;_,),C (y = 1, 0.7, 0.5, 0.3, 0), and
(Tap.38Ti0.62)3C.Tx have been successfully synthesized by the
LiF-HCI etching method.****

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Process flow indicating the formation of V,NT, MXene from ref. 87. (b) X-ray diffraction patterns of exfoliated Ti4NsT, and M—TizNzT,
(M =V, Cr, Mo, and Mn) MXene, and SEM image of (c) V-TizN3T, and (d) Mo-TisNsT,. Reproduced with permission from ref. 89 copyright 2020,
Wiley. (e) Schematic of the synthesis of 2D transition metal nitrides by the ammoniation of carbide MXenes (Mo,CT, and V,CT,) at elevated
temperatures. Reproduced with permission from ref. 91 copyright 2017, Royal Society of Chemistry.

In the formative years of establishing the synthesis protocols
for non-carbide MXenes, not enough success was achieved
through similar techniques used for carbide MXenes.** In most
initial cases, MAX phases were directly etched with the use of
HF (40-50%), resulting in low-quality MXene layers.**54%¢
Studies gradually adopted the use of an acid-salt etchant to
produce nitrogen-containing MXenes.*”*® V,NT, was the first
non-Ti nitride MXene reported by Venkateshalu et al. by etching
Al layers from V,AIN using the LiF-HCIl acid-salt etching
method, as shown in Fig. 4a.*” However, some Al layers were
retained after the acid-salt etching, which was further reduced
after the delamination process. V,NT, had a stacked
morphology and appeared in uneven-sized blocks that were
converted into lamellar structures with damaged edges after
exfoliating with dimethyl sulfoxide (DMSO). Despite the low
toxicity levels compared to the HF etching method, the LiF-HCI
method results in incomplete etching of MAX phases. The
synthetic conditions must be optimized to tackle the drawback
of the LiF-HCI etching method.

3.3 Molten salt and hydrothermal method

As described previously, the molten salt etching method is widely
used to synthesize nitride MXenes that are unstable in HF. The
MAX phases are treated with an eutectic molten salt mixture
(typically LiF + KF + NaF) or Lewis acidic molten salts and washed
with concentrated acids to remove the impurities.®** The multi-
layered MXenes are further delaminated using delaminating
agents.** However, the MXenes obtained through this method
have increased defects compared to their HF-etched counterparts.

This journal is © The Royal Society of Chemistry 2023

Until today, Ti-based MXenes have been the only ones reported to
be synthesized by using a eutectic mixture of molten salts.
However, the resultant Ti-based MXenes can be modified by
adding various metal ions to form mixed transition metal nitride
MXenes. Djire et al. reported the synthesis of M-Ti,N;T, (M =V,
Cr, Mo, or Mn; T = O and/or OH) by modifying the pristine
TiyN,;T, MXene with various metal ions.** M-Ti,N;T, exhibited
similar diffraction patterns resembling those of pristine Ti;N3T,,
indicating good structural stability (Fig. 4b). The SEM images of
the mixed metal nitride MXenes indicated an accordion-like
structure with visible open layering (Fig. 4c and d). Kamysbayev
et al. reported the synthesis of Nb,CT, (T = Cl, S, Se, NH) using
molten CdCl,.** The synthesized MXene showed superconducting
behavior strongly influenced by surface terminations.

Hydrothermal synthesis is a facile and environmentally
benign method to produce non-Ti MXenes. Peng et al. demon-
strated a simple and safe hydrothermal etching method to
synthesize Nb,CT, MXene.®® Nb,AlC was mixed with HCI con-
taining NaBF, and subjected to a hydrothermal reaction. The
resultant was washed, filtered, and dried in a vacuum to obtain
Nb,CT, MXene. Due to the slow release mechanism of the
hydrothermal method, the resultant Nb,CT, MXene had
a higher lattice constant, surface area, and interlayer spacing
than its HF-etched counterpart.

3.4 Other notable methods

Besides the commonly used techniques to synthesize non-Ti
MXenes discussed above, various other notable etching
methods, such as UV-induced, algae extraction, ammoniation,
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electrochemical, and CVD, have also been successfully imple-
mented.**”*7%%%t Zada et al. reported a green method to
synthesize V,C MXene.*® The MAX phase V,AIC was intercalated
and delaminated using algae extraction to produce V,C nano-
sheets. The V,C MXene prepared by this method exhibited
higher antibacterial ability than Ti;C,.*® Mei et al. reported
a UV-induced etching strategy to produce Mo,CT, MXenes.*
Mo,Ga,C was mixed with phosphoric acid and stirred contin-
uously under the irradiation of UV. The solution was centri-
fuged, filtered, and dried to obtain Mo,C powder. Mo,C
synthesized from Mo,Ga,C through the safe UV-induced selec-
tive etching method exhibited a graphene-like morphology with
high purity.

A CVD approach was also reported to grow 2D ultrathin o-
Mo,C crystals with lateral sizes of over 100 pm.”* Methane was
used as a carbon source, and Cu foil above Mo foil was used as
the substrate. At a high growth temperature of 1085 °C, the Cu
melted, forming a Mo—-Cu alloy at the liquid interface of Cu/Mo.
With subsequent heating, the Mo atoms occupied the surface of
liquid Cu and reacted with the carbon atoms to form a-Mo,C
crystals. The ultrathin 2D «-Mo,C obtained through the CVD
method was of very high quality. The bottom-up approaches for
synthesizing MXenes are not widely used like the top-down
approaches due to the complicated procedures. Considering
the quality of MXenes obtained from these methods,
researchers must focus more on the bottom-up approaches for
mass production of MXenes. Pang et al. reported a thermal-
assisted electrochemical etching technique to synthesize Cr,CT,
and V,CT, MXenes.” The substrate drives the morphology of the
electrochemically etched MXene flakes. Furthermore, 3D MXene
composites could be easily formed with this method.

Ammoniation is a prominent technique to produce nitride
MXenes from carbide MXenes. Mo,NT, MXene was synthesized
for the first time by Urbankowski et al. by substituting the C
atoms in Mo,CT, MXene with N atoms through ammoniation,
as shown in Fig. 4e.”* Using the same method, they also
demonstrated the successful synthesis of V,N MXene from
V,CT, MXene. The heat treatment of Mo,CT, and V,CT,
MXenes in the presence of ammonia at about 800 °C resulted in
their transformation to Mo,N, V,N, and VN MXenes. As the
ammoniation reaction temperature was increased from 400 °C
to 600 °C, the ratio of N to C atoms increased significantly.
Mo,N had a distorted hexagonal structure, while V,N and VN
had respective trigonal and cubic structures with the basal
plane of P6;/mmc symmetry similar to their carbide precursors.
Very recently, Gao et al. synthesized Mo-based nitride MXenes
using a similar atomic substitution approach described by
Urbankowski et al.®*> MoS, was subjected to nitridation by
introducing ammonia into a horizontal quartz tube furnace at
about 700 °C. MXenes with different phases of Mo-N (MosNg
and 3-MoN) were synthesized by controlling the reaction
temperature and time.

As mentioned earlier, the growth of non-Ti MXenes is
anticipated to be hindered due to the great challenges in their
synthesis. However, upon analyzing the reported syntheses
techniques, it is obvious that the non-Ti MXenes can adopt
similar techniques to their Ti counterparts, resulting in similar
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structures. From the myriad synthetic options for non-Ti
MXenes, it can be deduced that investing more efforts in opti-
mizing the synthesis conditions to produce high-quality, stable
non-Ti MXenes would be very fruitful.

4. Properties of non-Ti MXenes

While enormous research focus has been placed on Ti-based
MXenes, the research efforts are very feeble on non-Ti MXenes
despite their potentially useful properties. In an attempt to
encourage researchers to focus on the extended family of
MXenes, the intriguing properties exhibited by non-Ti MXenes
are provided in this section. The properties determined exper-
imentally and predicted theoretically are discussed for an in-
depth analysis of their electronic, magnetic, optical, and
mechanical properties. Furthermore, the properties of non-Ti
MXenes are compared with Ti MXenes.

4.1 Electronic properties

The electronic properties of non-Ti MXenes vary based on the
composition, surface terminations, temperature, strain, molar
volume, etc. With bands across the Fermi level in the electronic
band structure (Fig. 5a), pristine V,C MXene was metallic in
nature.® Highly influenced by doping, molar volume, and
temperature, Mo,C MXene was predicted to have electrical and
thermal conductivities of 106 Q™' m™" and 48.4 W m™* K,
respectively.”® The electronic properties of Mo,C MXene can be
further altered by modulating its phase, biaxial strain, and
surface functionalities.®* The O terminations were preferred on
2H-MoC,, making it a topological insulator. In contrast, the CI
atoms preferred to be terminated on 1T-MoC,, which changed
from semi-conducting to metallic upon increasing the strain
beyond 5%. The type of etching method used to synthesize
MXenes also influenced their properties. For example, the
Nb,CCl, synthesized using the molten salt CdCl, showed the
characteristics of a typical type-II superconductor with a critical
temperature (T,) ~ 5.2 K.*® In contrast, the Nb,CF, synthesized
through the hydrothermal assisted LiF-HCl etching method
was dynamically unstable and was not superconducting.®® The
electron/hole/N-doping changed the electronic properties of the
MXene, whereas the magnetic properties remained
unchanged.®® However, metal doping could change the elec-
tronic as well as the magnetic properties of the system. With
excellent hydrophilicity, variable valence states (+2, +3, and +4),
high surface area (31.35 m”> g~ '), electrical conductivity (1137 S
m ™), and large pore volume (~0.047 cm?® g~ '), V,C3T, MXenes
were constantly explored in various energy storage and
conversion systems.”’”® The large interlayer spacing of
~0.466 nm, larger than that of Ti and Mo containing MXenes,
makes them suitable for energy applications.®”

Like V,C MXenes, the theoretical results for the electronic
density of states showed that V,NT, (T = O, F, OH, and S)
MXenes were highly conductive, with most electron states at the
Fermi level originating from the V 4d orbitals.'® This metallic
nature of V,NT, is beneficial to electron transfer reactions, and
V,NT, is predicted to be a promising host material for energy

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Electronic band structures of V,C. Reproduced with permission from ref. 80 copyright 2021, American Chemical Society. (b)
Temperature dependence of the resistivity for a Mo, TiC, T, (red), Mo, Ti,CsT, (blue), and TizC, T, (black) and (c) the corresponding magnetic field
dependent magnetoresistance taken at 10 K. Reproduced with permission from ref. 57 copyright 2016, Royal Society of Chemistry. (d) Ther-
moelectric figure of merit (ZT) for Cr,TiC, and Cr,TiC,T, (T = —F and —OH) between 200 and 600 K. Reproduced with permission from ref. 101
copyright 2019, American Chemical Society. (e) The electrical conductivity of different vacuum-filtered MXene films. Reproduced with

permission from ref. 102 copyright 2020, American Chemical Society.

storage devices. The transformation of carbide MXenes Mo,CT,
and V,CT, to their respective nitride counterparts, Mo,NT,. and
V,NT,, through the ammoniation method was accompanied by
a change in electronic properties.”* The electronic structure of
the MXenes changed from semi-conducting to metallic, leading
to decreased resistivity values of the nitride MXenes. The room
temperature resistivity values of pristine Mo,CT, and Mo,NT,
were determined to be 3.6 x 107! and 4.8 x 10™* Q cm,
respectively. For the vanadium-based MXenes, the resistivity
values of pristine V,CT, and V,NT, were calculated to be 2.6 x
102 and 2.4 x 10~ Q cm, respectively. Therefore, it can be
summarized that V,NT, and Mo,NT, have better conductivities
than their carbide counterparts. Furthermore, different phases

This journal is © The Royal Society of Chemistry 2023

of Mo-N MXenes (MosN, and 38-MoN) produced by controlling
the reaction temperature and time also have different electronic
properties.”> Among both phases, MosNg had lower conductivity
than 3-MoN due to the less availability of free electron
concentration throughout the crystal. 3-MoN had an electrical
conductivity of 3126 S cm ™!, comparable to that of Ti;C,T,
(3092-6450 S cm™ ).

The electronic properties of DTM MXenes are influenced by
the stoichiometric ratio of the two metals, temperature, and
thickness of the MXene layers. DC transport measurements
showed that the Ti;C,T, MXene was metallic in the temperature
range from 130-250 K, and at temperatures below 130 K, its
resistivity increased.”” However, the resistivity of o-MXenes,
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Mo,TiC,T, and Mo,Ti,CsT, increased below 250 K (Fig. 5b).
Similarly, the magnetoresistance measurements of Ti;C,T, and
Mo-Ti containing o-MXenes at 10 K shown in Fig. 5c had
opposite signs indicating different transport properties.
Temperature-dependent conductivity and magnetoresistance
measurements indicated the semiconductor-like and metallic
behavior of Mo-Ti and Ti;C,T, MXenes, respectively. Further-
more, density functional theory (DFT) calculations suggested
that by changing the outermost layers of TizC,(OH), by Mo, the
resultant Mo,TiC,(OH), could exhibit semiconductor-like elec-
tronic properties. This approach to changing the electronic
properties of MXenes by tuning the outermost transition metal
layers is much simpler than other methods, such as altering the
phase, surface termination, and doping. Cr,TiC, and Cr,TiC,T,
(T = -F and -OH) o-MXenes are predicted to be moderate band
gap semiconductors and efficient thermoelectric materials with
a high dimensionless figure of merit (Z7).'** Specifically, the p-
type Cr,TiC,(OH), was predicted to have a ZT value of 3.0 at 600
K with a thermoelectric efficiency of 20%. The thermoelectric ZT
and conversion efficiency of Cr-Ti containing o-MXenes are
shown in Fig. 5d.

The cold-pressed free-standing discs of (Tiy.5,Nby 5),AIC had
a sheet resistivity and a contact angle for water droplets of 0.052
Q m™" and 319, respectively, which were less than those of Ti,C
(0.068 @ m™" and 32°, respectively).*® It was hypothesized that
the high resistivity of Mo,VC, (1.20 mQ c¢m) as compared to
thinner Mo-based MXenes such as Mo,C (0.80 mQ cm) and
Mo,TiC, (0.67 mQ cm) could be due to the increased thickness
of Mo,VC, with poor stacking and interflake resistivity.®
Furthermore, as mentioned earlier, the properties of solid
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solution MXenes could be tuned by varying the stoichiometric
ratio of the two metals. For example, the electrical conductivity
of TiyNb,_,CT, and Nb,V,_,CT, (y = 0.4, 0.8, 1.2, and 1.6) could
be altered by varying the ratio M': M".12 As seen in Fig. 5e,
Tio.4Nb; ¢CTy had a conductivity of 55 S cm ™}, whereas Ti, ¢
Nb, 4CT, had an increased conductivity of 1370 S cm ™. Simi-
larly, Pinto et al. reported that the electrical properties of the
newly synthesized Mo, V,_,C; (x= 1, 1.5, 2, and 2.7) could be
tuned by altering the ratios of the metals (Mo:V) and the
surface terminations (O:F)."*® With the decrease in the Mo
content of the solid solution MXene Mo,V,_,Cs, its resistivity
increased (Fig. 6a). The solid solution MXene composition with
the highest Mo content Mo, ;V,;3;C; exhibited an excellent
electrical conductivity of 830 S cm™'. Furthermore, they re-
ported that with different quantities of —-O terminations from
the -F terminations, MXenes could exhibit positive values of
magnetoresistance (Fig. 6b).

Since the electronic properties of MXenes largely depend on
their composition, tuning the composition of MXenes to ach-
ieve the desired conductivity is imperative. Furthermore, the
etching conditions should also be carefully controlled as
MXenes with fewer defects and large lateral sizes exhibit higher
electronic properties.

4.2 Magnetic properties

The non-Ti MXenes are predicted to possess magnetic moments
like their Ti counterparts. Like the Ti MXenes, the properties
and performance of the non-Ti MXene could also be optimized
through the surface terminations (-O/-F/-OH/-S).'****” The
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Fig. 6 (a) Resistivity and (b) magnetoresistance of the Mo,V4_,Cs multilayer. Reproduced with permission from ref. 103 copyright 2020, Royal
Society of Chemistry. (c) Side and top views of the Cr,C MXene lattice (blue and brown balls represent Cr and C atoms, respectively) and (d) band
structure for Cr,C MXene. Reproduced with permission from ref. 114 copyright 2015, American Chemical Society. (e) Thermogravimetric curves
of V4AIC3 and V4CsT, between 320 and 960 K in air and (f) photograph of the water droplet shape with the contact angle on cold-pressed free-
standing discs of V4C3T,. Reproduced with permission from ref. 97 copyright 2019, Elsevier Ltd.
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non-Ti MXenes were doped/intercalated and formed compos-
ites with other materials to modulate their properties.**®'*
V,CT, exhibited intrinsic ferromagnetism with a magnetic
moment of 0.013 emu g~ ', which is close to the values reported
for La-doped TizC,,"° thus exhibiting the potential to be used in
spintronic applications."™* Using DFT computations, Luo et al.
predicted the magnetic moment of Zr;C, MXene and Hf;C,
MXenes as 1.69 ug per cell and 1.40 ug per cell, respectively.**
Using DFT, Gao et al. predicted that magnetism could be
imparted to i-MXenes by alloying magnetic transition metal
atoms with nonmagnetic MXenes."® Furthermore, they re-
ported that the magnetic ground state and anisotropy could be
tuned using strain. They also predicted that i-MXenes could be
used as antiferromagnetic topological insulators and spin-
gapless semiconductors. Cr,C is the first reported half-
metallic ferromagnet among the members of the MXene
family predicted to be obtained by etching its MAX phase
Cr,AlC."* The lattice structure of Cr,C shown in Fig. 6¢c depicts
the arrangement of Cr in hexagonal structures with the C atoms
of two different layers forming two triangular sublattices.
Through hybrid DFT, it was predicted that the itinerant Cr
d electrons spin-polarized around the Fermi surface (Fig. 6d)
induce ferromagnetism which in turn introduces half-
metallicity with a gap of 2.85 eV in the Cr,C MXene. By termi-
nating the surface of Cr,C with functional groups (-F, -OH, -H,
or -Cl), the MXene was predicted to change from a metal to an
insulator and ferromagnetic to antiferromagnetic. Further-
more, it was determined that the type of surface functionaliza-
tion controlled the energy gap of the antiferromagnetic
insulating state.

Cr,C and Cr,N are predicted to be ferromagnetic, while Ti;C,
and Ti;N, are antiferromagnetic.>®” The ferromagnetic nature
of Mn,NT, is not influenced by the surface terminations;
however, Ti;CNT, and Ti,C;T, become non-magnetic in the
presence of surface terminations.™ This change in the
magnetic properties with varying MXene composition further
stresses the importance of exploring non-Ti MXenes.

4.3 Optical properties

The variable composition and 2D morphology impart unique
optical features to MXenes. With larger nonlinear absorption
coefficients and refractive indices than the representative
TizC,Ty, the V,C MXene could be used to implement high-
performance photonic devices at 1.9 um wavelength."*® With
an optical band gap of 0.81 eV, Nb,CT, exhibited ultrafast
carrier dynamics and broadband nonlinear optical response
suitable for nanophotonic devices.''”'*®* With superior photo-
thermal conversion efficiency, Nb,C-supported Ni nano-
particles were efficient photothermal catalysts for CO, with
a conversation rate (8.50 mol gx; ' h™") much higher than that
of the Ni/Ti;C, composite (702.4 mmol gy; * h™").?° The surface
terminations influenced the optical properties of the Ta,C;T,
MZXene."*? In the infrared region, the O-terminated Ta,C; had
greater absorption coefficients and reflectivity than pristine
Ta,Cs. In the visible region, the Ta,C; monolayer exhibited
a selective transmittance of 35% at 1.65 eV and 84% at

This journal is © The Royal Society of Chemistry 2023
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2.25 eV.*” This highly responsive nature of Ta,C;T, to visible
light is beneficial for optical detection. From the visible to near-
infrared region (400 to 2500 nm), Mo,VC, exhibited a feature-
less absorption spectrum indicating its potential applications
as transparent conducting electrodes. Although numerous
optical features are predicted and reported for non-Ti MXenes,
an in-depth elucidation on the same is necessary for their
practical applications.

4.4 Mechanical properties

With strong M-X bonds, MXenes exhibit excellent mechanical
properties. The mechanical properties of MXenes influence the
electrochemical performance of flexible electrodes. The non-Ti
MXenes are reported to exhibit higher structural stability and
Young's modulus than the Ti MXenes.”®"”* The mechanical
properties of the non-Ti MXenes have been evaluated experi-
mentally and theoretically and are affected by the composition,
functional groups, strain, stress, and thickness of the MXene
layers. An elastic modulus of 312 + 10 GPa was predicted for
Mo,CT, MXene under biaxial strains.”® The biaxial strain and
surface functional groups can tune the properties of the M,C
MXene.** O-terminated Zr;C, presented a mechanical strength
of 392.9 GPa.”® With higher binding energy, the Zr;C,T, MXene
exhibited better structural stability than Ti;C,T,. Using DFT
computations, Luo et al. predicted the elastic constants,
Young's Modulus, free energy, and work function of Zr;C,
MXene as 246 (Cpy), 230 N m™', —7.431 E, and 3.996 eV,
respectively.” Nb,C;T, MXenes exhibited higher in-plane
stiffness (600 N m~') compared to other MXenes and 2D
materials such as Ti;C,0,(361 N m '), Ti,C (135 N m '), gra-
phene (335 N m™'), h-BN (267 N m™"), a-boron monolayers
(225 N m™"), silicene (63 N m™') and phosphorene (88 N
m~").">2 The Young's modulus of the monolayer Nb,C;T,
membrane calculated from AFM nanoindentation was 386 + 13
GPa, which was the highest among the 2D materials such as
graphene and Ti;C,T,."””* The V,C;T, MXene exhibited high
thermal stability in air (510 K), as shown in Fig. 6e, and
enhanced hydrophilicity with a contact angle of 28.31° (Fig. 6f),
which was much lower than those reported for Ti,CT, (32°),
TizC, Ty (34°), and Ta,C;T, (41°) MXenes.”” The properties of the
Ta,C;T, MXene could be enhanced by engineering the inter-
layer distance." When 2D MoS, was placed in the interlayers of
2D Ta,Cs, the interlayer spacing of the resultant composite
(MoS,-Ta,Cs) was increased to 1.69 nm from 1.55 nm (Ta,Cs).
This increase in the interlayer spacing improved the conduc-
tivity of the Ta,C; matrix, prevented its aggregation, and opti-
mized the structural stability.

From the above discussions, it is evident that the mechanical
properties of non-Ti MXenes vary with their composition.
However, research should be carried out to evaluate the effect of
surface terminations on the mechanical properties of non-Ti
MXenes. Furthermore, experiments should be carefully
designed to tailor the morphology and composition of non-Ti
MXenes to obtain mechanical properties advantageous for
practical applications.
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5. Applications of non-Ti MXenes

With rich surface chemistry, tunable composition, good elec-
trical conductivity, flexible 2D morphology, and chemical
stability, non-Ti MXenes are suitable for various applications.
This section discusses the energy-related applications of non-Ti
MXenes in batteries, supercapacitors, electrocatalysis, and
other notable fields.'*>"”****?® Furthermore, the performance
of non-Ti MXenes is compared with that of Ti MXenes to
highlight the necessity to study all the members of the MXene
family. The applications of non-Ti MXenes are summarized in
Table 1. Besides providing a brief overview of the applications of
non-Ti MXenes, the section also outlines their current chal-
lenges to motivate further research.
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5.1 Batteries

The non-Ti MXenes exhibit electrochemical properties
conducive to battery applications like their Ti-containing
counterparts. With enhanced electronic conductivity, ion
mobility, storage capacity, and decreased open circuit voltage,
the non-Ti MXenes can outperform the Ti-based MXenes,
when used as battery electrodes."” Recently, Firestein et al
reported that electrochemically activated delaminated V,C
MXene exhibited excellent performance as a cathode for
aqueous zinc-ion batteries (ZIBs).*” It was shown that the
charge storage mechanism of delaminated V,C MXene could
be tuned with different activation processes. As discussed in
the previous section, the functional groups (-O, -F, and -OH)
created on the surface of the multilayered MXene help in

Table 1 Summary of applications of non-Ti MXenes and performance comparison with Ti-based MXenes

Material Etchant Application Performance Ref.
Nb,CT,/CNT LiF + HCI1 Li-ion battery 400 mA h g~ " at 0.5C 134
MoS,-Ta,C; 40% HF Na-ion battery 218.8mAhg 'at0.1Ag " 123
V,CO, HF Li-O, battery 85773 mAhg 'at0.1A g’ 104
Mo, TiC, Ty 48-51% HF Li-ion battery 176 mA h g’1 at 1C 48
Hf;C,T, 35% HF Na-ion battery 137mAhg 'at02Ag " 42
Nb,CsT, 49% HF Li-ion battery 380 mAh g 'at0.1 Ag " after 100 cycles 131
V.4C3 40% HF Li-ion storage 225 mAh g 'at 0.1 Ag " after 300 cycles 98
(NDbg.,Tio.2)aCsTy and 50% HF Li storage 158 and 132 mA h g™ " after 20 cycles 59
(Nbo_g,Zr0.2)4C3Tx

TisC, 49% HF Li-ion storage 123.6 mAhg 'at1C 135
Ti,Co 5No.5Tx KF + HCl Na-ion battery 182mAhg 'at20mAg™’ 36
TizCNT, HF etching K-ion battery 90mAhg 'at10mAg’ 136
Ta,CyT,-TTO (HCI/KOH) Supercapacitor 194Fg lat1mvVs ' 137
Ta,C; HF Supercapacitor 481 Fg 'at5mvs ' 138
V,C5T, 49% HF Supercapacitor 292 Fg 'at2 mV s ! 125
V,C, 40% HF Supercapacitor 209Fg 'at2mvs ! 97
(MO2/3,Y(1-x)13)2C 48% HF Supercapacitor 230Fg 'at20mvVs ' 50
W 33CTy, 48% HF Supercapacitor 191 Fg 'at20 mvs "’ 77
Mo, 3;C 48% HF Supercapacitor 339 Fg 'at2mvs ' 52
V,NT, LiF + HCI Supercapacitor 112.8 F g*1 at 1.85 mA cm 2 87
Mo, TiC,T, 48-51% HF Supercapacitor 413Fg 'at2mvs’ 48
Ti;C, 40% HF Supercapacitor 283 Fg 'at0.5Ag " 24
Ti,C LiF + HCI Supercapacitor 382Fg 'at2mvs ' 139
Ti,NT, O-assisted molten salt Supercapacitor 200 Fg 'at2mvs? 140

etching
Ti;CNT, LiF-HCI etching Supercapacitor 376 Fg 'at10 mvs ' 141
Mo,CT, 10% HF HER 305 mV at 10 mA cm > 142
Pd/Nb,CT, 40% HF HER 34 mV at 10 mA cm ™2 143
Ni@V,CsT, HF HER 356.6 mV at 10 mA cm ™2 126
MOOH@®@V,C;T, HF OER 275.2 mV at 10 mA cm 2 99
Ni@V,CsT, HF NRR 21.29 ug h™' mg.,. " at 0.2 mA ecm ™2 126
NbTiC 48% HF H, storage Hydrogen capacity of 6.8 wt% 144
Ti;Cy/MoOS, LiF-HCl HER 196 mV at 50 mA cm ™2 145
Ti;CNT, HF etching HER 148 mV at 10 mA cm 2 146
TiyN;T, O-assisted molten salt HER 625 mV at 10 mA cm > 89
etching
V,C3Ty HF Acetone sensor Detection limit of 1 ppm 127
Mo,C/CdS 40% HF Photocatalytic H, H, production rate of 17 964 mol g h™* 147
production

Nb,C Hydrothermal Dye degradation Faster dye degradation than Ti;C, 68
Nb,C 40% HF Nanophotonics Reverse saturable absorption at 1500-1600 117
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tuning the properties of MXenes.'**"** As O terminations have
a strong affinity towards LiO, and Li,O,, large amounts of O-
terminations on the MXene surface could improve the
cycling stability of Li-O, batteries.'**

Xu et al. reported that the F and OH-terminations in V,CT,
could be removed through freeze-drying and annealing at 400 °©
C to obtain V,CO, MXene, which exhibited high capacity and
cycling stability of 302 cycles when used as a Li-O, battery
electrode.'® The mildly oxidized (mo) V,CT, delivered a specific
capacity (22752 mA h g™') 1.6 times higher than that of mo-
TizC,T, (14 378 mA h g~ ') and a charge transfer resistance (37.3
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Fig. 7 (a) Nyquist plots at 100 mA g~ of lithium oxygen batteries with
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Q) lower than that of mo-Ti;C,T, (62.9 Q) when employed as
a Li-O, battery electrode (Fig. 7a).%

The role of O and S-terminations in enhancing the storage
performance of V,C MXene when employed as an anode in the
potassium-ion battery (KIB) was theoretically determined using
first-principles calculations."® The V,CO, and V,CS, MXenes
had low diffusion barriers of 0.097 eV and 0.062 eV and theo-
retical specific capacities of 489.93 mA h g ' and
200.24 mA h g, respectively. The specific capacities exhibited
by V,CO, and V,CS, were higher than that of Ti;C,
(191.8 mA h g ") and Ti,CS, (416.33 mA h g ). Prelithiated V,C
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mo-MXenes. Reproduced with permission from ref. 80 copyright 2021,

American Chemical Society. (b) Comparison of the average adsorption energy of full second layer Na atoms on various MXene-based electrode
materials by lattice mismatch and charge transfer values. Reproduced with permission from ref. 129 copyright 2018, Royal Society of Chemistry.
(c and d) Electrochemical performance of the delaminated d-V4CsT, film electrode. Reproduced with permission from ref. 125 copyright 2022,
Wiley. (e) Specific capacitance of the V,C electrode measured in different electrolyte media. Reproduced with permission from ref. 149 copyright
2018, Elsevier Ltd. (f) Specific capacitance of 3 and 12 um thick Mo, 33C free-standing electrodes obtained through three-electrode Swagelok cell

measurements from ref. 52.
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MXene was reported to be an excellent electrode material for
lithium-ion and hybrid magnesium/lithium-ion batteries.***
V,C MXene is the only MXene besides TizC, to be used as
a cathode in hybrid magnesium/lithium-ion batteries with
improved co-storage of Li* and Mg®" ions. With smaller lattice
mismatch and charge transfer values compared to TizC,0, and
Ti;C,S, MXenes, zirconium carbide MXenes were predicted to
be a promising anode material for Na-ion batteries (Fig. 7b).**®
Very recently, it was shown that Zr;C,0, has sodium storage
capabilities comparable to Ti;C,0, and higher than Zr;C,T, (T
=F, OH, §).»%°

Combined with excellent conductivity, the increased inter-
layer distance in Nb,C;T, with Li insertion during cycling
enabled them to exhibit superior storage performance
compared to titanium-based anodes."** Hf;C,T, was predicted
to be a viable storage material with good conductivity, high
structural stability, low diffusion energy barrier, and low open
circuit voltage.”>** Zhou et al. reported that the increased
exposure of electrochemically active sites during cycling
increased the capacity of Hf;C,T, MXene with increasing cycles
when tested as battery electrodes.”” Besides monometallic
MXenes, DTM MXenes were also reported to be potential battery
electrodes.*®®> Wang et al. reported that the introduction of
another element in the M site of V,C or Ti,C MXenes led to the
formation of solid solution MXene (V,,Ti;_,),C whose electro-
chemical performance was far superior to that of their mono-
metallic counterparts.®*

Besides the transition metal and carbon/nitrogen, the func-
tional group also plays a major role in modifying the electro-
chemical properties of non-Ti MXenes.'®*'*® Furthermore,
surface defects also influence the Li" adsorption capability.'*®
Thus, synthesizing non-Ti MXenes with optimized composition
remains challenging. During the electrochemical testing of non-
Ti electrodes, the electrocatalytic processes should be effectively
suppressed to increase the voltage window, cycle life, and
energy stored. The newly added members of the MXene family,
DTM MZXenes possessing excellent properties, should also be
tested for energy storage applications.

5.2 Supercapacitors

The high electronic conductivities, large specific surface areas,
tunable interlayer spacing, and surface terminations of non-Ti
MXenes enable them to be potential electrodes for super-
capacitors.'******* Along with these, the variable valence states
of vanadium (+2, +3, and +4), high pore volumes, and good
hydrophilicity contributed to the improved electrochemical
performance of vanadium carbide (V,C;) MXene.””*** The
delaminated V,C;T, film exhibited a surface capacitive control
mechanism with dominant pseudocapacitance."” The revers-
ible redox reaction at the surface was evident from the large
redox peaks in the cyclic voltammetry curves and the distorted
triangular-shaped charge-discharge curves, as shown in Fig. 7¢
and d. Furthermore, the large interlayer spacing (2.1 nm) of the
d-V,C;T, film promoted efficient intercalation and dein-
tercalation of ions without destroying the layered structure
resulting in enhanced electrochemical performance. V,C

13120 | J Mater. Chem. A, 2023, 11, 13107-13132
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MXene provided different electrochemical behavior when tested
as a supercapacitor electrode in three different electrolytes viz.
1 M H,SO,4, 1 M KOH, and 1 M MgSO,.*** V,C showed compa-
rable storage performance to Ti;C, in all the electrolytes, with
its bestin 1 M H,SO, (487 Fg ' at2 mV s '), as shown in Fig. 7e.
The performance difference in various electrolytes was attrib-
uted to the changes in conductivity, ion size, desolvation
energy, and charge on the cation.

Like Ti;C,, the V,NT, MXene has also exhibited the potential
to be used as a negative electrode in asymmetric super-
capacitors.”” An asymmetric supercapacitor with a V,NT,
MXene negative electrode and Mn;O, nanowalls as a positive
electrode exhibited a cell voltage of 1.8 V in an aqueous KOH
electrolyte. Rafieerad et al. reported a novel Ta,C;T, MXene-
tantalum oxide (TTO) hybrid as a compatible material for
supercapacitor electrodes.”®” With a 20% higher surface area
than oxidized Ta,C;T,, the hybrid structure exhibited a volu-
metric capacitance of 447 F cm™> at 1 mV s~ '. Mo,CT, films
obtained from Mo,Ga,C exhibited high specific capacitance
and good rate capability owing to their defective porous struc-
tures.” In addition, the conductive carbon backbone and
transition metal oxide/hydroxide surface chemistry of Mo,CT,
MXenes enabled them to be electrochemically active like M0O3.
Persson et al. demonstrated that the electrochemical properties
of MXenes could be tuned by tailoring their structure.*® The i-
MXene (Mo,/3Y4/3),C exhibited a 40% higher volumetric capac-
itance than its Mo, 33C counterpart in the KOH electrolyte.
However, a reverse trend was observed with an H,SO, electro-
Iyte, indicating that the influence of vacancies strongly depen-
ded on the type of electrolyte. Similarly, the in-plane divacancy
ordered 2D W, 33C MXene obtained by etching Al from (W,/3Sc,,
3)2A1C and (W,3Y4/3),AlC was also demonstrated to be suitable
electrode materials for supercapacitors.””

The volumetric capacitance of a 3 pum-thick free-standing
Mo, 3;C electrode was 28% higher than that of a 5 pm-thick
TizC,T, electrode (Fig. 7f).> However, many divacancies in
Mo, 3;C films led to decreased stability in H,SO, compared to
Mo,C MXene films. Anasori et al. reported that the electro-
chemical properties of DTM MXenes Mo,TiC,, Mo,Ti,C3, and
Cr,TiC, were controlled by the outermost Mo and Cr atoms.*®
The electrochemical properties of the solid solution MXenes
could be tuned by altering the ratios of the metals and the
surface terminations.'® For example, Mo, ,V; 3;C; showed an
excellent volumetric capacitance of 860 F cm ™ compared to
other compositions, such as Mo,V,C; (680 F cm *) and MoV;C;
(450 F cm™?).» In addition, the type of electrolyte influenced
the capacitive behavior and the interlayer spacing of
Mo, ,V; 3C; MXenes. The hydrophilic cations Mg>", Li*, and Na*
from respective 1 M MgSO,, 1 M Li,SO,, and 1 M Na,SO, elec-
trolytes resulted in the expansion of interlayer spacing in
contrast to K' (from the 0.5 M K,SO, electrolyte) which resulted
in the contraction of the interlayer spacing. Furthermore, in
acidic electrolytes, the Mo, ;V; 3C; MXenes exhibited faradaic
redox behavior, whereas, in non-acidic electrolytes, the MXene
exhibited electrical double-layer capacitor-like behavior.

Besides engineering the interlayer spacing of non-Ti
MXenes, optimizing their porosity and morphology is highly

This journal is © The Royal Society of Chemistry 2023
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important. The synthesis techniques should be optimized to
obtain non-Ti MXenes with high conductivity and a large
surface area for better storage performance. Furthermore,
research must progress in developing non-Ti MXene-based
flexible transparent electrodes and in studying the device
performance of the non-Ti MXenes in organic electrolytes for
industry-level applications.

5.3 Electrocatalysis

With high electronic conductivity, hydrophilicity, thermal
stability, rich surface chemistry, and active basal planes,
MXenes are used as stable electrocatalysts.*»'*> Besides
titanium-based MXenes, various other MXene compositions
have been evaluated to be active electrocatalysts for the
hydrogen evolution reaction (HER), oxygen evolution reaction
(OER), CO, reduction reaction (CO,RR), and nitrogen reduction
reaction (NRR).*»'?¢'2153 The highly conductive basal plane
offering abundant active sites, the ability to be synthesized in
varying layers, and the ability to remain stable under negative
potentials enable non-Ti MXenes to be potential catalysts for
the HER."” With smaller Gibbs free energy of adsorption (AGy
= 0.048 eV), Mo,CT, exhibited better HER activity and stability
than Ti,CT, (AGy = 0.358 eV)."*> M0o,CT, MXene achieved an
overpotential of 305 mV at 10 mA cm > and remained stable
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with a slight decrease in activity after 30 cycles in contrast to
Ti,CT,, as shown in Fig. 8a. Furthermore, the per-site activity of
Mo,CT, determined through the turnover frequency was much
higher than that of Ti,CT,. The higher-order MXene V,C;T, is
highly active and has been reported as an efficient electro-
catalyst for the HER, OER, and NRR.******¢ When V,C;T, was
tested for HER activity over 100 cycles, loss of oxide species from
the surface of MXene was observed.*® The loss of oxide species
did not affect the HER activity. Instead, the overpotential
required to reach 10 mA cm > decreased by 200 mV, demon-
strating that the HER activity comes from vanadium atoms in
V4C;T, and not from the surface oxide species. The electro-
catalytic activity of MXenes could be further improved by
forming heterostructures. With a low NRR energy barrier and
strong adsorption towards N,, Ni nanoparticles loaded on
V,C;T, exhibited a higher ammonia yield rate (3.41 pgh™" cm >
at 0.2 mA cm %) and faradaic efficiency (8.04%) than Ti;C,T,
and Ti;C,T,/FeOOH (Fig. 8b and c)."**

Using DFT calculations, Cheng et al. predicted that Cr,CO,
could be used as a bifunctional catalyst for water splitting.*>>'>*
It was predicted that the concentration of protons in the solvent
could alter the HER performance of Cr,CO,, and a stable
performance could be obtained at high proton concentra-
tions.® Zhang et al. investigated the effect of surface termina-
tions on the HER activity of Nb,C MXene.*** It was deduced that
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(@) HER activity comparison of Mo,CT, and Ti,CT, MXenes. Reproduced with permission from ref. 142 copyright 2016, American

of the Ni@V4CsT, nanocomposite, Ni particles, and V,CsT, MXene.

Reproduced with permission from ref. 126 copyright 2021, Royal Society of Chemistry. (d) The carrier mobility of 2D Zr,CO, and Hf,CO, as
a function of directions (left) and the schematic picture for the separation of photogenerated electron—hole pairs (right). Reproduced with
permission from ref. 156 copyright 2016, Royal Society of Chemistry. (e) The sensor responses of the V4CsT, film to different concentrations of
acetone from 0.5 ppm to 8 ppm at room temperature; the inset shows the response to 0.5 ppm acetone from ref. 127.
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increased F-terminations on Nb,C MXene/Pd nanoparticles
weaken the hydrogen adsorption, leading to enhanced HER
activity compared to their O-terminated counterpart.

Although the electrocatalytic performances of non-Ti
MXenes have been reported in the literature, identifying the
catalytic pathways and reaction mechanisms remains chal-
lenging. Future research must focus on combining the in situ
characterization techniques with experimental results and
theoretical simulations to identify the true catalytic sites as well
as the mechanism.

5.4 Other notable applications

Besides the energy-related applications mentioned above, non-
Ti MXenes have been employed for various other applications
such as photonics, spintronics, electronic sensors, biomedical,
environmental remediation, electromagnetic
Shielding (EMI)’ etC. 68,102,114,128,155,156

Ab initio calculations predicted that Zr,CO, and Hf,CO,
MXenes are efficient candidates for photocatalytic water split-
ting.**® Their high stability in water, good optical absorption
from 300 to 500 nm, and high anisotropic carrier mobility
facilitating migration and separation of electron-hole pairs
enabled them to be efficient photocatalysts for water splitting
(Fig. 8d). Peng et al. reported that the type of synthesis method
influenced the dye degradation ability of MXenes.*® The Nb,C
MXene synthesized through the hydrothermal method had
a larger surface area than their HF-etched counterparts,
enabling the former to adsorb methylene blue faster. The Nb,C
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MXene also finds applications as an optical switch in nonlinear
photonics due to its change in the nonlinear absorption
response in the near-infrared region."” The half-metallicity
induced by the Cr d electrons and the ferromagnetic to anti-
ferromagnetic transition induced by the surface functional
groups impart unique magnetic and electronic properties to
Cr,C MXene."* With such tunable properties, the Cr,C MXenes
might find applications in spintronics and electronics. Khazaei
et al. reported that M’,M"C,0, (M = Mo, W; M = Ti, Zr, Hf)
MXenes were topological insulators with large bandgaps due to
the strong spin-orbit coupling between the metals M’ and M".*%
In addition, M’,M”,C;0, with four transition metal layers were
found to be topological semimetals.

Zhao et al. reported the fabrication of a resistive-type V,C3Ty
acetone sensor, which showed high selectivity towards acetone
in a mixture of acetone and water vapors.’* The change in the
resistance of the V,C;T, film upon the application of DC voltage
was used as the sensing signal. At a very low temperature of 25 °©
C, the V,C;T, acetone sensor could efficiently detect a low
concentration of 1 ppm (Fig. 8e), which was lower than the
threshold of diabetes diagnosis (1.8 ppm). Thus, the non-Ti
V4C;T, MXene could be used for faster and early diagnosis of
diabetes. Similarly, with the ability to detect carcinogenic
molecules, a Ta,C MXene-based sensor was reported to find
applications in biochemistry and food safety detection.'* The i-
MXene W, 33C has been reported as an efficient photothermal
agent for multimodal imaging and photonic tumor hyper-
thermia.””® The W, ;3C nanosheets exhibited a photothermal
conversion effectiveness of 32.5% in near-infrared (NIR) I and

<& TiyC,T,/nonmagnetic nfaterials
0 other MXenes

1 10 100
Absorber loading ratio (wt.%)

(b)
o H
e O
® F
e C
oV
ov
d
( )E 5 V.C.T RGO-based absorber
g A\i x
= * O <&
= 4+ t a @
vz V,CT, e ®
83 ©.8.%%
§ K2
8 24 ° &
<]
@ .
% O TiC,T,
2 140 Ti,C,T/magnetic materials
B
2
w
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wave absorption performance of V,,,1C,T,/PU composites compared with reported TizC,T,-based composites and other materials from ref. 159.
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49.3% in NIR IL. Furthermore, when the W; 33;C nanosheets with
a strong NIR absorption band were surface modified with
bovine serum albumin (BSA), they exhibited further enhanced
photothermal conversion efficiency, rapid degradation, and
biocompatibility.

The HF-etched V,CT, is reported to efficiently remove acti-
nides from aqueous solutions, making it beneficial for nuclear
waste treatment.®® The V,CT, MXene demonstrates the
adsorption of uranium with an uptake capacity of 174 mg g,
as shown in Fig. 9a. DFT calculations revealed that the uranyl
ions coordinate with adsorption sites (such as -OH, -O, and -F)
on the V atoms of V,CT, MXene, forming bidentate adsorption
configurations (Fig. 9b). In addition, the V,,,;C, T, (n = 1 or 3)
MXenes have also been reported to be effective for EMI
shielding.*® When spray-coated on a glass substrate, V,CT, and
V,4C3T, achieved excellent shielding at thicknesses of 530 nm
and 600 nm, respectively. The reflection ratio (>0.8 as shown in
Fig. 9c) indicates that the EMI shielding is mainly due to
reflection. Furthermore, the V,.,,C,T,-polyurethane (PU)
composite effectively absorbs over 90% of EM waves, out-
performing Ti;C,T, composites and other materials (Fig. 9d).

6. Theoretically predicted non-Ti
MXenes

The continuous expansion of the MAX family to 155 resulted in
an increasing number of MXene compositions.** About 30
MXenes have been synthesized today, and dozens have been
predicted to be feasible. Furthermore, the introduction of o-
MAX and i-MAX phases led to the further expansion of the
MXene family. The current enormous research efforts focused
on Ti MXenes have overlooked the other members of the MXene
family. In an attempt to stimulate researchers working on
MXenes to realize the theoretically predicted non-Ti MXenes,
which are expected to exhibit better performance than Ti
MXenes, we briefly discuss their unique properties predicted
through theoretical computations. As every MXene experimen-
tally synthesized today was once a predicted MXene, a clear
understanding of the predicted properties and the influence of
chemistry and structure on their properties would greatly help
to synthesize them.

6.1 Predicted monometallic non-Ti MXenes

Theoretically predicted monometallic MXenes such as Hf,C,
Sc,C, Zr,C, W,C, Zr,N, Zr;N,, Hf,N, Cr,N, Ni,N, Mn,N, MVN (M
= Ti, V, and Cr), and Mo,CN are expected to exhibit intriguing
structural, magnetic, electronic, and optical
properties.>>**+1%-1%” DFT studies are powerful tools that help to
predict targeted material design, properties, and characteriza-
tion without going through long trials and time-consuming
experimentation. In order to identify the suitable MAX phase
that can lead to the successful synthesis of MXenes, some of the
most critical parameters such as formation energy, the number
of layers, M atom, Bader charge, system mass, and cohesive
energy need to be considered for encoding the strength of the
M-X bond, overall thermodynamic stability, and actual charge
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distribution.'®® In the detailed theoretical analysis on the exfo-
liation possibility of MAX phases conducted by Khazaei et al., it
was predicted that the MAX phases Cr,GaN, Cr,GaC, Hf,InC,
Hf,TIC, Hf,PbC, Hf,SnC, Hf,AIC, Zr,AIC, and Zr,InC could be
exfoliated to their corresponding MXenes.'*® This prediction
was made by examining the electronic structures, force
constants, static exfoliation energies, and bond strengths. Their
analysis showed that the force constant (strength of bond) for A
atoms in MAX was directly proportional to the exfoliation
energy and predicted that the MAX phases with large force
constants are challenging to be exfoliated to MXenes.

The electronic and magnetic properties of the predicted non-
Ti MXenes were reported to be influenced mainly by surface
terminations, strain, and pressure.'*>*’>'”* Using first-principles
calculations, it was predicted that O-terminated Hf,C would
transition from metallic to semiconducting with a bandgap of
1 eV.” Ougherb et al. illustrated that partial substitution of O
terminations in semi-conducting Hf,CO, with S led to the
formation of Hf,COS with metallic characteristics.*”* The Bader
charge calculation revealed increased impulsive interaction
around Hf-S and Hf-O bonds with the substitution of S, which
increased the covalency of Hf,COS. Like H,C, Sc,C was also
transformed from metallic to semi-conducting upon function-
alization with -F, -OH, and -O with respective band gaps of
1.03, 0.45, and 1.8 eV.? Similarly, in the case of Janus Sc,CTT’
(T, T'=H, O, OH, F, Cl), 2D Sc,COCI had a half-metallic gap of
0.98 eV and a Curie temperature of 292 K, whereas Sc,COOH
had a half-metallic band gap of 0.61 eV and a Curie temperature
of 153.8 K.'”?

The ferromagnetic properties of the bare and surface
passivated structures of lower-order nitride MXenes based on
Fe, Co, and Ni were theoretically determined using DFT."** The
bare Fe,N and Co,N MXenes did not show any ground state
configuration, while the passivated Fe,N(OH),, Fe,NO,, and
Co,NO, exhibited ferromagnetic ground states. In the case of
Ni,N, surface passivation with any of the F, OH, and O atoms
had no impact on the ferromagnetic ground states displaying
half-metallicity (100% spin polarization). The absence of non-
trivial imaginary frequencies in the phonon dispersion results
of Ni,NT, (T = F, OH, and O) MXene indicated its high
stability. Ni,NO, attained the highest Curie temperatures of
3300 K as compared to Ni,NF, (1800 K) and Ni,N(OH), (2400
K), owing to its higher relative energies of the antiferromag-
netic configuration and more significant exchange parameters.
Using spin-polarized DFT, Cr,NT, (T = O, F, OH) MXenes were
investigated as good 2D half-metallic ferromagnetic materials
as they satisfied the four criteria of higher structural stability,
high Curie temperatures, ferromagnetic ground states, and
half-metallic bands.'*® The partial density of states curves
showed significant gaps in the minority spin channels in all
the functionalized Cr,NT, materials proving their half-metallic
character. The negative formation energies of the functional
groups indicated their strong interaction with transition
metals, and they predicted that it is possible to synthesize
Cr,NT, MXene.

The electronic and magnetic properties of the predicted non-
Ti MXenes could also be tuned by strain engineering."”*>'”* At
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Fig. 10

(a) Dependence of magnetic moments of various MXenes on the applied strain. Reproduced with permission from ref. 173 copyright

2014, AIP Publishing. (b) The densities of states of Zr,N at tensile strains of 2%, 4%, 6%, and 8%, respectively. Fermi energy is located at zero
energy, (c) the number of density of states at the Fermi level (Ngg) as a function of biaxial strain in the nonmagnetic state, and (d) the energy
difference of spin—orbit coupling matrix elements of the Zr-p orbital. Reproduced with permission from ref. 164 copyright 2021, Elsevier Ltd. (e)
Electronic band structure of the ferromagnetic semiconductor Hf,MnC,0O,, (f) electronic band structure of the antiferromagnetic semi-
conductor Hf,MnC,F,, and (g) effect of tensile in-plane strain (¢) on the band gap (Ey) and magnetic properties of Ti,MnC,T,. Reproduced with

permission from ref. 180 copyright 2017, American Chemical Society.

the strain-free state, Hf,C did not display magnetism; however,
with 1.8% mechanical strain, the magnetic moment was
elevated to be 1.5 up per unit, indicating ferromagnetism
(Fig. 10a)."” This change in magnetic properties was attributed
to the band shift of Hf (5d) states. Hf,C was predicted to bear
large elastic strains as the structure was stable with no phase
transition. Similarly, Wang et al. predicted the nonpolar to polar
and metal to semiconductor transition of F-functionalized Hf,C
upon subjecting it to biaxial compressive strain.'”® Lee et al.
predicted that upon application of 2% strain to monolayer
Sc,CO,, there would be a transition from indirect to direct
bandgap, beneficial for optical devices."* With a further
increase in the tensile strain from 0 to 5%, the band gap of the
system was reduced.

A similar theoretical study published recently by Li et al. on
the pressure-induced engineering of the bandgap of Sc,CF, also
indicated the reduction in the bandgap from 1.023 eV to
0.024 eV for a pressure of 9 GPa, thereby converting Sc,CF, from
a semiconductor to a metal.’*® Furthermore, the work function
gradually increased under the pressure of 9 GPa from 4.803 to
5.079 eV. The work function of Sc,CF, was smaller than that of
Tin1C, Ty (T = O, F). The effect of bi-axial strain on the magnetic
properties of Zr,N MXene was studied by Yue et al.** They re-
ported that with zero strain, Zr,N MXene exhibited antiferro-
magnetic nature at the ground state and was converted to
ferromagnetic when the applied strain level reached 4%. This
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change in nature was attributed to increased densities at the
Fermi level with the applied strain (Fig. 10b and c). The
magnetic anisotropy energy of Zr,N decreased with the strain
level due to the spin-orbit interactions between the occupied
and vacant p,/p, states of the Zr atoms (Fig. 10d).

Besides strain and surface terminations, the phase of the
MXene is also found to influence its properties."”>'”® The O-
terminated 1T W,C MXene was predicted to be a topological
insulator with an indirect bandgap of 0.194 eV."”* However, the
more stable O-functionalized 2H-W,C MXene exhibited a semi-
conducting nature with a bandgap of 0.199 eV."”® 2H-W,CO,
had a Young's modulus of 351 N m ™", which is higher than that
of graphene. The O-functionalization is predicted to improve
the structural stability and thermal conductivity of W,C MXene.
Furthermore, the properties of MXenes could also be altered by
varying their geometrical conformations."®

Theoretical analysis also predicted that these superb prop-
erties could enable the predicted non-Ti MXenes to be effec-
tively used in spintronic, energy storage, and conversion
devices.'*>'%>'”7 Non-Ti MXenes were predicted to show
magnetic behavior with separated bands near the Fermi level,
which is promising for next-generation spintronic devices.®>
The Young's modulus () of the material defines its ability to
resist deformation against stress and pressure in the elastic
deformation range. Using DFT calculations, Zhang et al. pre-
dicted that O-terminated Zr,C MXene with O-groups located
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above the opposite metal atoms were energetically more
favorable with large cohesive energies."* With excellent elec-
trical conductivity, carrier mobilities, low diffusion barrier,
good electron-hole separation efficiency, etc., Zr,CO, MXenes
are expected to be suitable for energy applications.'*'
Theoretical calculations revealed that Sc,C MXene had low
diffusion barriers of 0.018 and 0.012 eV for Li and Na ions,
respectively.’”® The diffusion barrier of Sc,C MXene for Li ions
was predicted to be much less than that of Ti;C, MXene (0.068
eV), resulting in high mobility and cycling performance.
Furthermore, Sc,C MXene exhibited low average electrode
potentials of 0.32 V for Li and 0.24 V for Na, beneficial for low-
charging voltage applications. Although Mo;C,T, and Ti;C, are
isostructural, the nature of surface Mo atoms in Moz;C,T,
significantly differentiates their electrochemical properties.*®
With lower Li adsorption energies than TizC,, MozC,Ty
MXenes are suitable electrodes for Li-ion batteries.

With the help of DFT calculations, Zhan et al. predicted
that Zr-based nitride MXenes (Zr,N, Zr;N,, and Zr,N;) could
possess the best areal capacitance.’® The authors concluded
that the nitride MXenes have better capacitive performance
than their carbide counterparts due to the Fermi level shifts
that enabled the nitride MXenes to become more metallic and
thus increased capacitance. The ferromagnetism and half-
metallic transport characteristics of Mn,NT, MXenes with
different surface terminations (T = O, OH, and F) were
explored using crystal field theory.'”” The stability of the
magnetic ordering was determined by predicting the Curie
temperature through Monte Carlo simulations. Curie
temperature in the range of 1877 to 566 K and the significant
magnetic moments enabled them to be attractive for 2D
spintronic applications. Mn,NT, showed robust intrinsic half-
metallicity with a wide bandgap for the minority spin for all
three surface terminations O, OH, and F.

With low theoretical overpotential, high stability, and
selectivity, H-terminated W,C was proposed as a potential
candidate for catalysis."”” Johnson et al. performed a theoretical
screening on 65 bare and functionalized M,XT, MXenes (M =
Ti, V, Zr, Nb, Mo, Ta, W; X = C, N; T, = bare, H, O, or N) to
identify the suitable MXene species for an efficient NRR.””
Selectivity analysis and Pourbaix stability diagrams revealed
that bare MXenes are unstable under NRR conditions, and H-
terminated W,CH, was the only MXene predicted to be highly
stable with low theoretical overpotential and high selectivity
towards the NRR. By analyzing the conversion pathway for
carbon dioxide to methane through DFT calculations, Xiao and
Zhang predicted that Ta;C, and Sc;C, MXenes are efficient
catalysts for the CO,RR."**

There are only a couple of theoretical studies reported on
non-Ti carbonitride MXenes. Wei et al. determined the ther-
modynamic stability and electrocatalytic properties of Mo,(C,-
N; )T, (T =F, OH, and O) MXene."”® The co-existence of carbon
and nitrogen in molybdenum-based carbonitride MXene
Mo,(C,N; )T, (T = F, OH, and O) was predicted to reduce the
interaction between surface O atoms and H* leading to excel-
lent HER activity and stability. Furthermore, the presence of 0.5
O* and 0.5 OH* monolayers on Mo,(CN)T, increased its
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thermodynamic stability, with the oxygen atoms serving as
active catalytic sites for the HER.

6.2 Predicted DTM MXenes

Although very few DTM MXenes show experimental evidence,
the possibility of synthesizing many DTM MXenes, including
ordered and solid solutions, was predicted through theoretical
computations.””'#*'¥* The phase stability of ordered and
disordered 312 and 413 MAX phases was investigated through
first-principles calculations by Dahlqgvist and Rosen.'®*'** They
predicted that at 0 K, stable and ordered MAX phases could
likely be obtained when the order-disorder temperature
(T4aisorder) Was greater than 1773 K.*** For Tgisorder < 1773 K, MAX
phases were likely to be obtained as disordered structures.
Furthermore, they predicted that unstable MAX phases at 0 K
could be stabilized at higher temperatures resulting in disor-
dered solid solutions. In their recent work, using predictive
phase stability calculations, they showed that the formation of
ordered and disordered MAX phases depended on the size of
the metals M’ and M” and the difference in electronegativity
between M’ and A.*®* Using high-throughput computations, Tan
et al. showed that the degree and type of ordering depended on
the composition and temperature of the alloying system.'®*
Monte Carlo simulations revealed that when Mo-rich MXenes
were alloyed with M = Ti, V, Nb, and Ta, the resulting MXenes
(M;_Mo,);C, had their surface layers occupied with Mo.
Furthermore, the ordering of the metal layers was expected to be
present at high temperatures. However, Nb and V elements were
intermixed well to form solid solutions (Nb;_,V,);C,.

Khazaei et al. predicted that M/,M"C,0, (M’ = Mo, W; M”" =
Ti, Zr, Hf) were topological insulators with a maximum bandgap
of 0.285 eV within the generalized gradient approximation.*”’
However, the electronic structures of the thicker MXenes M’,M’
’,C30, (M’ = Mo, W; M” = Ti, Zr, Hf) revealed that they were
nontrivial topological semimetals. Of these predicted MXenes,
Mo,TiC,T, and Mo,Ti,C;T, (T, = F, O, and OH) have been
synthesized. Despite the lack of experimental evidence for
ordered DTM MXenes with M’ = Ti, many theoretical predic-
tions exist on the potential use of Ti as M’ metal.’*>85 For
example, Dong et al. predicted the magnetic and electronic
properties of Ti,MnC,T, (T = F, O, and OH) ordered DTM
MXenes.'® Using DFT, they confirmed that the Ti,MnC,T,
MXene is ferromagnetic with semimetallic/metallic ground
states regardless of surface terminations. Similar to mono-
metallic MXenes, the properties of the predicted DTM MXenes
could also be changed by the type of the transition metal,
surface terminations, or introducing strain. Replacing Ti with
Hf in Ti,MnC,0, and Ti,MnC,F, resulted in ferromagnetic or
antiferromagnetic semi-conducting ground states (Fig. 10e and
f). The Ti,MnC,0, MXene could change from a ferromagnetic
semimetal to a ferromagnetic semiconductor under a tensile
strain of ¢ > 0.5%. In addition, Ti,MnC,(OH), and Ti,MnC,F,
could change to antiferromagnetic under the strains ¢ = 2.8%
and ¢ = 0.3%, respectively (Fig. 10g).

Similarly, Yang et al. reported the change in the magnetic
and electronic properties of Cr,M,CsT, (M =Ti, V, Nb, and Ta; T
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= OH, O, and F) under the influence of strain.’®® Theoretical
calculations showed that the Cr-3d orbital, the main origin of
the magnetic moment, was more localized with the increase in
strain. At the same time, the decrease in the density of states
near the Fermi level indicated the reduction in conductivity
with the introduction of strain. It was predicted that O-
terminated Hf,MnC,T, and Hf,VC,T, MXenes are ferromag-
netic semiconductors, while their OH or F-terminated coun-
terparts are antiferromagnetic.'® The magnetic tunnel junction
based on ScCr,C, was predicted to exhibit a tunnel magneto-
resistance ratio of 176 000%, and ZrCr,C,(OH), was predicted to
possess a Néel temperature of 425 K.'*” The bandgap and
magnetism in DTM MZXenes were predicted by Sun et al*®®
Based on the surface metal and the terminations, they predicted
that the Cr-N and Mn-N series could transition from a metal to
an insulator. They also predicted that bare TiMn,N, was
metallic, while its F- terminated counterpart had a wide band
gap of 1 eV.

The bare Mo-based DTM MXene Mo,MC, (M = Sc, Ti, V, Zr,
Nb, Hf, Ta) was predicted to exhibit superior electrochemical
properties.”® The thermodynamic stability and catalytic
performance of M’,M"C,T, and M’,M",C;T, (M’ = Cr, V, Ti, or
Nb; M” = Nb, Ta, Ti, or V; and T = O and/or OH) ordered DTM
MXenes were predicted using DFT computations." Crystal
orbital Hamilton population analyses, Bader charge, and
density of states revealed that the hydrogen binding strength on
the functionalized DTM MXene depended on the M'-O bond.
The weaker the M'-O, the stronger the bonding between the
adsorbed H and O*. Out of the 24 DTM MXenes screened for
HER activity, 18 MXenes had theoretical overpotentials smaller
than 0.2 V, with Mo,NbC,0, exhibiting the lowest overpotential.
Furthermore, the HER performance of Ti;C,0, (AGy = 0.01 €V)
was predicted to be modified by adding an inner metal layer
such as Ta to form Ti,TaC,0, (AGy = 0.008 V) DTM MXene. It
was determined that the outermost metal species, which
dominate the basal plane chemistry, play a vital role in the
catalytic activity of ordered DTM MXenes.

Among the O-terminated DTM carbonitrides M’,M” CNO,
(M’ = Ti, V, Cr, Zr, Nb, Mo, Hf, Ta; M” = Ti, V, Cr, Zr, Nb, Mo,
Hf, Ta), Ti,NbCNO,, M0,TiCNO,, and Ti,VCNO, were pre-
dicted to be thermodynamically stable and might be poten-
tially synthesized.'® Among the different combinations of the
tested MXenes for HER activity, Ti,NbCNO, and Ti,ZrCNO,
showed the maximum HER performance with a small AGy of
0.02 eV.

In general, the MAX phases with low bond strengths and
exfoliation energies could be easily exfoliated to 2D MXenes.
Developing new etching and processing strategies is crucial to
exfoliate the MAX phases successfully. Furthermore, theoretical
studies should consider accurate experimental conditions for
better prediction. Most of the simulations consider a defect-free
crystal with pristine or heterogeneous terminations. However,
these considerations of ideal MXenes are not practical. Thus,
heterogeneous terminations and defects in the crystal struc-
tures should be considered to match the actual experimental
observations. Besides the optimized etching conditions, much
effort has to be put on optimizing the bottom-up synthesis
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techniques like CVD to realize the theoretically predicted
MXenes.

7. Summary and outlook

The continuous developments in synthetic protocols and new
etching methods have accredited MXenes as the fastest-growing
family of 2D materials. Despite the fact that the MXene family
has expanded with the successful synthesis of many mono-
metallic MXenes, higher order solid solution MXenes such as
M;C,T,, 0-MXenes, and i-MXenes, most of the MXene papers
published even now are based on Ti-based MXenes. Although
the Ti-based MXenes have shown great potential for many
applications, the remarkable structural, mechanical, magnetic,
and electronic properties of non-Ti MXenes stress the need to
pay equal attention to them to unleash their full potential. As
detailed investigations on the non-Ti MXenes will uncover their
exciting and untold features compared to Ti-based MXenes, this
review provides a comprehensive overview of their synthetic
methods, unique properties, and applications. Since myriad
compositions of non-Ti MXenes are theoretically predicted and
are expected to exhibit better performance than Ti-based
MXenes, their predicted unique properties are discussed to
stimulate researchers to focus on synthesizing them. The
current challenges and the future research directions to delve
into non-Ti MXenes are briefly depicted in Fig. 11 and detailed
as follows:

7.1 Limited synthesis routes

Most of the carbide-based non-Ti MXenes reported are obtained
through HF etching. Besides toxicity, HF leads to F-terminated
MXenes unsuitable for biomedical applications. Although there
are theoretical predictions on the conversion of F-terminations
to O with the progress of the reaction, experimental evidence is
needed to verify this.’** Furthermore, the acid-salt and molten
salt etching produce in situ HF. Although alternative etching
methods such as hydrothermal, electrochemical, and Lewis

Understanding the surface chemistry
and charge storage mechanism
In  situ/operando  characterization
techniques to optimize the synthetic
procedure and elucidate the reaction
mechanism

Expanding synthetic routes for non-
carbide MXenes
Hydrothermal, electrochemical, bottom-
up, etc.

(]

Exploration of double transition metal
MXenes
Development of novel etching methods
to synthesize i-MXenes from
(VaraZry;3),AIC and (Mo,zRe 3),AIC

Large-scale synthesis without oxidative
degradation
Developing optimized etching condi-
tions, post-etching treatments, storage
conditions, etc.

M
T
;llll mi

L

Fig. 11 Summary of challenges and future research directions of non-
Ti MXenes.
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acid are implemented to synthesize less toxic non-Ti MXenes,
they are not widely explored.” Moreover, the bottom-up
approaches to synthesizing MXenes should be well investi-
gated to realize the theoretically predicted MXenes and the
mass production of MXenes. Most of the MAX phases synthe-
sized have Al as the A element, albeit the availability of a wide
range of suitable A elements. Thus researchers must probe into
synthesizing MAX phases with A elements other than Al In
addition, layered ternary solids could be used as precursors to
realize the predicted MXenes whose MAX phase formation is
considered tedious. Besides the urgency to synthesize the
theoretically predicted non-Ti MXenes, most of the synthesized
MXenes, such as Zr;C,T,, Hf,C,T,, V,NT,, etc., need much
detailed analysis of their properties and applications.

7.2 Limited analysis on DTM MXenes

It is also important to note that although i-MXenes were first
reported in 2017, their progress has not been remarkable and
most of the studies reported on them are from the same
research group. Novel etching methods or conditions should be
designed to synthesize i-MXene from the i-MAX phase (V,/5Zry,
3)»AlC synthesized in 2017 and rare-earth (RE) containing i-MAX
phase (Mo,/3RE,3),AlC synthesized in 2019."%'** The possible
reasons for the lack of synthesis reports on the ordered DTM
MXenes with M’ = Ti must be deliberated. In the case of solid
solution MXenes, there are very limited experimental and
theoretical studies, although thousands have been predicted.
Further research is required to determine the atomic positions
and space group of Mo,VC,, the higher-order solid solution
MXene.

7.3 Fewer reports on nitride MXenes

The fact that there are no experimental reports and only a few
theoretical predictions on non-Ti carbonitride MXenes is per-
plexing. Therefore, more research must be concentrated on
synthesizing and exploring the properties and potential appli-
cations of non-carbide non-Ti MXenes. In addition, research
efforts must also be made to synthesize DTM MXenes from the
synthesized DTM MAX phases and to synthesize nitride and
carbonitride MXenes.

7.4 Lack of understanding of surface chemistry

As surface terminations influence the properties of non-Ti
MXenes, a detailed understanding of the surface chemistry of
MXenes is necessary. Griffith et al. demonstrated that XRD
alone is insufficient for the complete characterization of MAX
and MXenes and stressed the importance of nuclear magnetic
resonance (NMR) spectroscopy to assess their interfacial
chemistry, phase purity, and electronic properties.**> This work
suggested that various other characterization techniques
should be coupled with the existing conventional techniques for
precise analysis of the MXene properties. In situ/operando XRD,
Raman spectroscopy, TEM, XPS, efc., are essential to optimize
the synthesis procedure, elucidate the reaction mechanism and
understand the unique properties of MXenes. With the over-
whelming theoretical studies, obtaining the experimental proof
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for predicted non-Ti MXenes and analyzing their properties and
potential applications are very compelling at the moment. With
the rapid advances in the in situ/operando characterization
techniques, one can foresee that the experimental validation of
the theoretical prediction is imminent.

7.5 Difficulty in large-scale synthesis and preventing
oxidative degradation

These are the two critical drawbacks of MXenes that have left
researchers to ponder the commercialization of MXene. The
successful demonstration of the scalable synthesis of Ti;C,T,
MXene by Shuck et al. is considered equally valid for non-Ti
MXenes with similar etching procedures, thus providing
a profitable venue for further research." Oxidative degrada-
tion is an inherent issue encountered by MXenes due to the
harsh etching conditions leading to loss of functional prop-
erties. The defects formed on the edges or at the surface
during the chemical etching act as active sites for the degra-
dation of MXenes when exposed to water and/or oxygen. This
oxidative degradation in MXenes is often explained by using
the representative Tiz;C,T, MXene." The Ti atoms in the
MXene layers are oxidized to form Ti,O, and C atoms
agglomerate to form an amorphous carbon structure. A similar
degradation is also expected in non-Ti MXenes as they have
identical structures and are usually synthesized under the
same conditions. However, with a smaller lateral flake size and
the same monolayer thickness as Ti,C, Nb,C MXene degrades
slower in water.** This slow degradation of Nb,C compared to
Ti,C implies that the material composition and the type of
bonding in the monolayer greatly influence the oxidative
degradation of MXenes, thus stressing the need to study non-
Ti MXenes. Research must also progress in identifying the
oxidative degradation of nitrogen-containing MXenes, as none
has been reported yet. The oxidative degradation in non-Ti
MXenes could be tackled by carefully controlling the purity
of parent MAX phases, etching conditions, post-etching
treatments, defect passivation, surface layer doping, or form-
ing composites. Furthermore, the storage environment is vital
to delaying the oxidative degradation of aqueous dispersions
of MXenes. Storing MXenes at low temperatures and under an
inert atmosphere (Ar-filled vials) significantly improves their
oxidation stability.

Although MXenes were discovered in 2011 and comprise
numerous compositions, 83% of the studies are confined to Ti-
based MXenes. By varying the transition metal, carbon/
nitrogen, functional group, and surface defects, the electro-
chemical properties of non-Ti MXenes can be effectively tuned,
offering great potential for energy conversion and storage
applications. Furthermore, non-Ti MXenes have demonstrated
significant effectiveness in EMI shielding, wastewater treatment,
biomedical, spintronic, and photonic applications. By address-
ing the challenges stated above, non-Ti MXenes are sure to find
applications in many fields beyond what has been covered in this
review. We hope that this review will stimulate researchers
working on MXenes to explore the myriad compositions of
MXenes apart from the conventional Ti-containing MXenes.
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