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i-MXenes for Energy Storage and Catalysis
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are widely investigated due to their high
electrical and thermal conductivity, excel-
lent damage tolerance, lightweight, and
high-temperature strength.’®’l Moreover,

In 2017, a new family of in-plane, chemically-ordered quaternary MAX
phases, coined i-MAX, has been reported since 2017. The first i-MAX phase,
(Mo,3S¢;3),AIC, garnered significant research attention due to the presence

of chemically ordered Sc within the Mo-dominated M layer, and the facilitated
removal of both Al and Sc upon etching, resulting in 2D i-MXene, Mo; 33C,
with ordered divacancies. The i-MXene renders an exceptionally low resis-
tivity of 33.2 1Q m~" and a high volumetric capacitance of 1150 F cm=3. This
discovery has been followed by the synthesis of, to date, 32 i-MAX phases

the self-healing characteristics, reversible
deformation, and magnetic properties
of MAX phases have further spurred the
interest in this large family, which to date
consists of =155 members with 16 A ele-
ments and 14 M elements.>78]

and 5 i-MXenes, where the latter have shown potential for applications
including, but not limited to, energy storage and catalysis. Herein, funda-
mental investigations of i-MAX phases and i-MXenes, along with their appli-
cability in supercapacitive and catalytic applications, are reviewed. Moreover,
recent results on ion intercalation and post-etching treatment of Mo, 33C are
presented. The charge storage performance can also be tuned by forming
MXene hydrogel and through inert atmosphere annealing, where the latter
renders a superior volumetric capacitance of <1635 F cm™. This report dem-
onstrates the potential of the i-MXene family for catalytic and energy storage
applications, and highlights novel research directions for further development

and successful employment in practical applications.

1. Introduction

The multitude of compositions and structures of 2D layered
materials render promise for next-generation energy storage,l!
thermoelectric, catalytic,’l and memory devices. Recently,
atomically laminated ceramics, known as MAX phases,P
have garnered increased attention due to the discovery of so-
called MXenes.l?l The latter are 2D transition metal carbides
and nitrides derived by selectively removing the A-layer from
the parent M, ;AX,, (MAX) phases, where M corresponds to a
transition metal, A refers to an A-group element like Si, Al, or
Ga, and X denotes carbon (C) or nitrogen (N), and n = 1-4. The
MAX phases exhibit ceramic-metallic hybrid characteristics, and
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In addition to the conventional ter-
nary MAX phases, the possibility of
alloying on the M, A, or X sites is of
utmost importance from the application
and scientific viewpoints.”) The incor-
poration of additional elements enables
tuning of properties and the formation
of non-conventional MAX phases.[’®1
Typically, alloying of a MAX phase results
in chemically disordered solid solu-
tions, for example, (Cr,Mn),AlIC!" and
(MogsMng5),GaC.l2l It has also been
demonstrated that MAX phase alloys can
display chemically ordered structures. To
date, two types of chemical ordering have
been observed in MAX phases; out-of-plane chemical order (o-
MAX) and in-plane chemical order (i-MAX), both with M ele-
ment ordering.¥l 0-MAX phases have a sandwich-like stacking
with the two M-elements separated in distinct layers, for
example, TiCr,AlC,"™ and TiMo,AlC,™ The stability of these
phases can be ascribed to multiple M sites, which can hinder
energetically unfavorable stacking of M and C, and a higher
electronegativity of M, which renders fewer electrons available
for antibonding Al-Al orbitals.l316] As opposed to o-MAX, i-
MAX phases exhibit in-plane chemical ordering of two M ele-
ments in a 2:1 ratio, with a generic formula of (M';3M?;3),AC,
where A to date has been either Al or Ga.3»1%%] One of the
main features of the i-MAX phases is the possibility for selec-
tive removal of Al as well as the M? elements upon etching,
resulting in a 2D MXene structure with ordered vacancies,
also sometimes referred to as i-MXene.'**7 The first member
of the i-MAX family was (Mo,/3S¢y;3),AIC, and its i-MXene
Mo, 33C rendered a high volumetric capacitance of =1150 F
cm™3.7] Inspired by these first results, we have investigated a
variety of i-MAX phase and i-MXenes, theoretically and experi-
mentally, and have demonstrated their potential for a range of
applications.

Herein, we summarize our recent progress in the develop-
ment of i-MXenes for energy storage and catalytic applications.
First, we present an overview of the structure and composition
of the parent i-MAX phases, followed by a detailed descrip-
tion of the corresponding MXenes. Then, we summarize the
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reported investigations, to date, of i-MXenes in the areas of
energy storage and catalysis. Moreover, we also present some
of our most recent results, and highlight the promise of these
unique materials for energy storage applications.

2. Discovery of the i-MAX Phases and Structural
Characteristics

The first indication of an i-MAX phase was observed during the
structural characterization of a sample also containing the Mo,S-
cAIC, 0-MAX phase.l'® However, as theoretical studies have demon-
strated that both Mo,AlC and Sc,AlC are unstable, and hence not
likely to be experimentally observed, a (Mo,Sc),AIC solid solution
was initially expected.!"] Still, owing to the large Z contrast between
Mo and Sc atoms, in-plane chemical order could be observed
between the M elements by using high-resolution scanning trans-
mission electron microscopy (HRSTEM). The chemical compo-
sition of the first in-plane chemically ordered MAX phase was
(Moy3Scy3),AIC,” and detailed structural analysis revealed that
the as-synthesized (Mo,/3S¢;;3),AIC, phase displays a monoclinic
structure of the space group C2/c (#15).7] It should be noted that
conventional MAX phases exhibit a hexagonal structure of the
space group P63/mmc.% The crystal structure of (Mo,35¢;3),AIC,
has more recently been verified by X-ray diffraction (XRD), coupled
with Rietveld refinement, and neutron diffraction analysis.[*")
The origin of i-MAX formation has been investigated
by a combination of first-principles theoretical calcula-
tions and experimental synthesis, using (Mo,;35¢;3),AC and
(Mo,3Yy3),AC as model systems.l') Elements from group
13 (Al, Ga, In) and group 14 (Si, Ge, Sn) have been adopted as
A-layer, and seven novel i-MAX phases were predicted ther-
modynamically stable, out of which two phases were experi-
mentally verified, (V,/3Z1,3),AIC and (Mo,3Yy5),AIC. It was
concluded that the formation of i-MAX requires i) an M!/M?
ratio of 2:1, ii) a size difference between M! and M? of at least
0.2 A (M? > M), iii) an electron population of ideally bonding
orbitals only, and iv) a small-sized A.'%3 From a structural view-
point, the M! atoms form a honeycomb lattice, whereas the M?
atoms prefer to reside at the hexagonal center, at least partly
explaining the observed ideal M!/M? ratio of 2:1.'6! Further-
more, the M? atoms extend from the M-layer, approaching the
A-layer, which in turn rearrange to form a Kagomé-like lattice.
The differences between the atomic structure of a typical
MAX phase and an i-MAX phase are schematically illustrated
in Figure 1, using (V;3Zry/3),AlC as a model. Even though the
top view of both the MAX and the i-MAX phases indicates that
the M layer (M! + M?) forms a hexagonal pattern (Figure 1a),
the side view indicates that V and Zr in the i-MAX reside in
different layers. Consequently, the hexagonal pattern can be
observed in all layers of the MAX phase, whereas it is only
found in the carbon layer of the i-MAX phase (Figure 1c). The
major structural difference between MAX and i-MAX, however,
is rendered by the Al layer (Figure 1b), where A-layer forms a
hexagonal arrangement in a typical MAX phase but resembles
a Kagomé-like lattice in the case of i-MAX. It is worth men-
tioning that small undulations or ripples can be observed in
the Kagomé-like lattice, which can be ascribed to the atomic
size difference between M? and M, where the larger-sized M?
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is pushed out of the M layer toward the Al layer.""! To date,
we have experimentally verified 32 i-MAX phases, including
(M02/35c1/3)2A1C 71 (Cry38cy3),AIC Y (Cryp3Yy3),A1C, 20
(M02/3Y1/3)2A1C (ieb (V2/3Zr1/3)2A1C (16b] (V2/3SC1/3)2A1C:[21]
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Figure 1. Structure of i-MAX phases: Comparison between a typical MAX phase (top) and i-MAX structures by using (V3/3Zry3),AIC, where A) M-layer
(V and Zr), B) Al-layer, and C) C-layer. D) Top-view of C-M-Al-M-C block and E) side-view of C-M-Al-M-C block. Reproduced with permission.[®?! Copy-

right 2017, AAAS.

(W2/35C1/3)2A1C,[22] (W2/3Y1/3)2A1C,[22]
(M02/35C1/3)2G3C,[16a] and (M02/3Y1/3)2G3C.[16al
More recently, we have also synthesized i-MAX phases
based on rare earth (RE) elements, such as (Mo,3RE;3),AlC,
where RE = Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu,
unraveling complex magnetic properties.? The magnetic
transition temperatures has been found to be < 30 K, which
can be compared to Mn-based MAX phases, such as Mn,GaC
and (MnysCry;s),GaC, exhibiting transition temperatures of up
to =500 K.2! In addition, Petruhins et al. utilized a theoretical-
experimental approach to identify and synthesize Cr- and Mn-
based i-MAX phases, targeting superior magnetic properties,2°!
which remains to be investigated. Figure 2a,b show HRSTEM

(Cr2/3Zr1/3)2A1C,[23]
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images of (Cr;;35¢y;3),GaC viewed along [100] and [110] zone
axes, respectively, and schematic illustrations corresponding
to an orthorhombic structure of the space group Cmcm (#63).
Figure 2g,h show the HRSTEM images of (Mn,;3Scy5),GaC
viewed along [100] and [110] zone axes, respectively. One should
note that the structure of a traditional MAX phase, viewed along
[1120], looks identical to the structure of i-MAX along the [100]
direction. This is in contrast to the HRSTEM image viewed
along [110] axis, showing a clear contrast between Sc and Cr/
Mn atoms, and confirming the presence of chemical order in
the M-layer.

It is worth emphasizing that the composition of the i-MAX
phase renders a significant influence on the formation and
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Figure 2. HRSTEM images of (Cry/3Scy/3),GaC viewed along zone axes a) [100] and c) [110], and (Mnj3S¢;3),GaC viewed along zone axes b) [100] and
d) [170], where the schematic illustrations are based on the atomic arrangement in an orthorhombic structure with a space group Cmcm. Reproduced

with permission.l?®l Copyright 2020, American Chemical Society.
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properties of the derived i-MXene. For example, Mockute et al.'’]
used density functional theory (DFT) calculations and neu-
tron diffraction analysis to explore the phase stability and pos-
sible M-site intermixing between Mo/Sc in the i-MAX phase
(Mo, Sc;_,),AIC. An i-MAX structure is found to be retained with
increasing Sc content (i.e., x < 0.66), where excessive Sc occupies
the Mo sites. Still, it is also demonstrated that the corresponding
i-MXene is only obtained for x = 0.66, that is, the ideal i-MAX
stoichiometry, whereas x = 0.33 and 0.5 do not allow derivation
of i-MXene.”! Hence, slight alternations in chemical composi-
tion of the parent i-MAX phase may significantly influence the
existence and quality of resulting i-MXene.

3. Synthesis and Characterization of i-MXenes

To date, there are reports on the synthesis of i-MAX phases
with aluminum and gallium in the A-layers.'°*V] However,
the corresponding i-MXenes have only been obtained for A =
Al, by using the conventional MAX phase etching routes with
some minor modifications. Nonetheless, and most importantly,
for etching of (Mo,;35¢;/5),AlC,, both the Al and Sc are selec-
tively removed by either HF treatment or LiF/HCI treatment,
resulting in 2D Moy 33C MXene with ordered divacancies.[”]
Similarly, for (Wy38¢y;3),AlC and (Wy/3Y1/3),AIC, both Al and
Sc (Y) were selectively removed to obtain W 33C MXenes with
ordered divacancies.?” The synthesis of i-MXene is schemati-
cally illustrated in Figure 3, where delamination of the mul-
tilayer i-MXene is carried out by using an organic base, for
example, tetrabutylammonium hydroxide (TBAOH), to obtain
free-standing i-MXene sheets which after filtration can be used
for characterization and as working electrodes in energy storage
devices.

The i-MAX phases also facilitate what we have called “tar-
geted etching”, that is, where the A-layer of the i-MAX phase
can be etched without removal of the M?2-layer, see Figure 4.
This is achieved by a tuned etching process, and leads to the
formation of in-plane chemically ordered MXene without
inherent vacancies.’® This has been experimentally veri-
fied for (Mo,3Yy5),AlC, which after etching of the Al layer
results in chemically ordered (Mo,;;Yy;3),C i-MXene. The
same i-MAX phase can also be etched into a vacancy-ordered
Mo, 33C i-MXene (Figure 4). It can be noted that under-etching
of a conventional MAX phase results in a mixture of MAX
and MXene phases,%d whereas over-etching results in (partial)
removal of both M- and A-layers, leading to the formation of
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carbide-derived carbons.?’) Hence, the synthesis of i-MXene,
with both M! and M2, is of great significance for practical appli-
cations. For instance, it has been reported that the typical Ti;C,
and Ti,C MXenes can be oxidized for the in situ growth of TiO,
on the MXene surface.’% Similarly, the oxidation of Nb,C*! and
V,CB2 MXenes results in the formation of Nb,Os and VO, on
the MXene surface, respectively. This is of importance, as the
in situ grown oxides have shown significantly improved electro-
chemical performance in Li-ion batteries, Na-ion batteries and
supercapacitors (SCs).3%331 Hence, the utilization of i-MXene,
with both M! and M? elements, may realize the formation of
dual oxides on the MXene surface, which further expands the
ability of compositional tailoring, and widening the applica-
tions horizon of i-MXenes.

i-MXenes with ordered vacancies are derived from chemi-
cally ordered i-MAX phases. A similar composition of Nb-based
MXene (Nb33C) has been obtained by etching A- and MZ-ele-
ments from a quaternary solid-solution (Nb,;3S¢;;5),AIC MAX
phase.?¥ Even though Nb; 3;C has an M:C ratio similar to an
i-MXene with vacancies, it has disordered vacancies and small
vacancy clusters, which is also of significance for the applica-
bility of the material. Hence, both i-MXene with ordered vacan-
cies and traditional MXene with disordered vacancies can be
obtained from the etching of specific quaternary MAX phase
alloys, with the removal of both the A-layer and the alloying
element.

The i-MXenes reported to date have been characterized
with HRSTEM to visualize the atomic arrangement and
in-plane order. For instance, Tao et al.'”l verified the structure
of Moy 33C MXene by using HRSTEM imaging, demonstrating
an excellent consistency between the experimentally observed
atomic arrangement and the simulated structure of the parent
phase excluding Sc and Al atoms. A similar analysis has
been carried out for W;33C*4 and (Mo,3Yy3),C i-MXenes. %!
Furthermore, Lind et al.®® utilized a combination of first-
principles calculations and X-ray photoelectron spectroscopy
(XPS) to investigate the surface chemistry and influence of
surface terminations on structure, stability, bonding and
electronic properties of Mo, 33C MXene. The results consist-
ently revealed the presence of —F, OH—, and —O surface
terminations after HF etching and TBAOH delamination.
Moreover, the quantitative analysis rendered a chemical for-
mula of Moy ,CO,;(OH),sF;;, indicating the presence of F as
the main surface terminations. Moreover, DFT calculations
revealed that the O-terminated surface was unstable due to
the unavailability of sufficient electrons due to the vacancy

A ‘K'%ﬁ'\ WW

o9

Figure 3. a) HRSTEM image of (W,;35¢y3),AIC along the [100] zone axis. Schematics showing b) in-plane chemical ordering in (W3S¢;3),AIC or
(W33Y13)2AIC i-MAX phases, c) leading to W, 33C MXene with ordered divacancies after selective etching, and d) delamination. Reproduced with per-

mission.l”7l Copyright 2019, American Chemical Society.
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Figure 4. (Left) STEM image of (Moy3Y13),AIC, viewed along [110] zone axis, and corresponding structure model before etching. (Middle) Depending
on the etching protocol, two different structures are obtained: one in which only Al is removed (top) or one in which both Al and Y are removed
(bottom). (Right) Top view of corresponding structures. Reproduced with permission.?8l Copyright 2018, Wiley-VCH.

formation, whereas the F-terminated surface, with only one
additional electron, stabilized the structure.’’! In addition to
the structural stability, the electronic properties of Mo, 3;C
MXene were also influenced by surface terminations, where
the Fermi level was dominated by Mo orbitals and orbitals of
O and F remained at lower energies. The transport properties
of Mo-based MXenes, including Moy 33C i-MXene flakes, have
also been studied by Halim et al.,*® showing that the variable
range hopping within individual flakes is the rate-limiting step
of the conduction mechanism. Furthermore, Tao et al. dem-
onstrated that d-Mo, 33C “paper” renders an exceptionally low
resistivity of 33.2 uQ.m. The 2D layered structure, ordered
vacancies and superior electrical properties of i-MXenes make
them promising candidates for energy storage and catalytic
applications.

4. i-MXenes for Energy Storage Applications

Conventional MXenes have exhibited promise for a wide range
of applications, including energy storage, such as SCs,ll1e%]
hybrid ion capacitors,*® Li/Na-ion batteries,3%:333% electromag-
netic interference shielding,“"! water purification,* photo- and
electrocatalysis,* and sensors.*’l Even though i-MXenes is
a more recent discovery, the non-conventional structure and
compositions of i-MXenes, coupled with advanced theoretical
and experimental characterization, demonstrate promise for
applications such as catalysis and energy storage. We have
carried out detailed studies to explore their potential for elec-
trochemical energy storage applications, and herein, we sum-
marize the progress on utilization of different i-MXenes in
supercapacitor electrodes and also present some of our most
recent results in this area.

Adv. Funct. Mater. 2020, 2000894 2000894 (5 of 13)

As mentioned earlier, the first i-MXene, Mo 33C, has ordered
divacancies due to the selective etching and removal of both
Al and Sc. Tao et al.l”} characterized the charge storage per-
formance of Mo;3;C MXene in a three-electrode configura-
tion by using d-Mo;33C “paper”, Ag/AgCl and Pt wire as a
working electrode, reference electrode, and counter electrode,
respectively. The electrochemical performance was assessed by
measuring cyclic voltammograms and galvanostatic charge/dis-
charge curves in 1 m H,SO, electrolyte. The d-Mo, 33C “paper”
exhibited a combination of double-layer capacitance and pseu-
docapacitance, as evidenced by the rectangular CV curves with
broad redox peaks, respectively, see Figure 5a. Interestingly, a
3 um d-Moy 33C “paper” electrode rendered an extremely high
volumetric capacitance of 1153Fcm™, as shown in Figure 5b,
which corresponds to agravimetric capacitance of 339F g!
at the scan rate of 2mV s The volumetric capacitance of
d-Moy 33C “paper” electrode was found to be 65% higher than
the Mo,C MXene paper, which is derived from the conven-
tional Mo,Ga,C phase.[*l This was ascribed to the unique struc-
ture and presence of ordered vacancies, which in turn induce
a higher concentration of F terminations. Moreover, the CV
curves, measured at different scan rates, were utilized to obtain
log (current) versus log (scan rate), resulting in b-values of
0.84-0.97, see Figure 5c. Hence, the charge storage behavior
of d-Mo, 33C “paper” electrode is mainly dictated by surface-
controlled capacitive reactions.

Herein, we present the intercalation of different cations, that
is, Li*, Na* and K, between Mo, 33C nanosheets for a first esti-
mate of the potential of i-MXenes for secondary-ion batteries
and metal-ion capacitors. The d-Mo, 33C “paper” electrode was
obtained from the (Mo;3S¢;3),AlC phase and electrochemi-
cally cycled in 1 M LiOH, 1 M NaOH, and 1 m KOH electrolytes.
Figure 6a presents the CV curves of Moy 3;5C in three different

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Electrochemical performance of Moy 33C in 1M H,SO,: a) CV curves of a 3 um-thick electrode; b) scan rate dependence of specific capacitance
of 3 and 12 um thick free-standing electrodes; and c) b values of a 3 um-thick film, where the inset shows log I versus log scan rate. Reproduced with

permission.[”] Copyright 2017, Springer Nature.

electrolytes, measured at the scan rate of 20 mV s~.. Apart from
a slight difference in operating voltage window, the Moy 3;C
electrode exhibited rectangular CV curves in all three elec-
trolytes, showing surface-controlled capacitive charge storage
behavior. However, the gravimetric capacitance in LiOH and
NaOH electrolytes is lower than the KOH electrolyte, which
indicates the easier intercalation of K-ions compared to Li-
and Na-ions. The difference in intercalation behavior of the
different cations between i-MXene sheets is similar to tra-
ditional MXenes.®] However, further work is required to
investigate this in more detail, and to establish relationships
between cationic characteristics and intercalation behavior of
the Mo, 33C i-MXene. The gravimetric capacitance of Mo, 3;C
electrodes in different electrolytes is plotted against the scan
rate in Figure 6b. At a scan rate of 5 mV s, the d-Mo, 3;C
“paper” electrode exhibits a gravimetric capacitance of 89,
95, and 177 F g' in 1 m LiOH, NaOH, and KOH electrolytes,
respectively. However, at the high scan rate (500 mV s7), the
gravimetric capacitance of the Mo, 35C electrode in LiOH and
NaOH electrolytes is reduced to 11 and 18 F g™, respectively,
whereas a relatively higher specific capacitance of 101 F g
has been achieved in KOH electrolyte. These results indicate
the successful intercalation of Li, Na, and K cations between
i-MXene sheets and suggest that i-MXenes should be explored
for secondary-ion batteries.

Various strategies have been proposed to enhance the elec-
trochemical performance of traditional MXenes, that is, Ti;C,
and Ti,C, in supercapacitive applications. For instance, MXene
sheets can be decorated with electrochemically active mate-
rials, such as RuO, and MnO,, or be processed to enhance the
electrolyte-accessible area by forming a 3D porous network.
Herein, we present two different approaches to improve the
charge storage performance of a d-Mo;3;C “paper” electrode:
fabrication of MXene-based hydrogel, and post-etch annealing
of the i-MXene electrodes.

The d-Mo,33C “paper” was processed to form a MXene-
based hydrogel (M-hydrogel), as reported elsewhere for Ti;C,
MXene,®! which resulted in an improved gravimetric capaci-
tance of 275 F g7, at the scan rate of 5 mV s, but rendered
a slightly lower volumetric capacitance (1042 F cm™) than the
as-prepared d-Mo; 33C “paper” electrode (<1150 F cm™3). The CV
and galvanostatic charge/discharge curves of the M-hydrogel
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are presented in Figure 6¢, and 6d, respectively, showing a com-
bination of double-layer capacitance and pseudocapacitance,
which is consistent with the as-prepared d-Mo;;;C “paper”.
Hence, the post-etch processing did not alter the charge storage
behavior of the Mo-MXene, though the increased interlayer
spacing resulted in a higher gravimetric capacitance. The cross-
sectional SEM image of the M-hydrogel shows the swelling of
MXene sheets (Figure 6f). Moreover, a reasonably high volu-
metric capacitance of 304 F cm™ was achieved at a high scan
rate of 1000 mV s,

We also demonstrate that the annealing of Mo, 33C MXene in
an argon (Ar) atmosphere, at 750 °© for 1 h, enhances the charge
storage performance of d-Mo 33C “paper” electrode significantly.
The CV curves of the Ar-annealed d-Mo, 33C “paper” electrode
exhibit a rectangular shape with distinct redox peaks, indi-
cating that the charge storage occurs due to a combination of
surface-controlled capacitive reactions and diffusion-controlled
redox reactions, see Figure 7a. Similarly, the triangular charge/
discharge curves, presented in Figure 7b, show the high poten-
tial of Ar-annealed MXene for supercapacitive applications. The
Ar-treated d-Mo, 33C “paper” electrode rendered a superb volu-
metric capacitance of 1634 F cm™ at a scan rate of 2 mV s7, and
retained a volumetric capacitance of as high as 971 F cm™ at a
high scan rate of 1000 mV s7!, surpassing previously reported
results to date.”] It should be noted that the CV curve, meas-
ured at 1000 mV s7, exhibits a distinct redox couple in addition
to the usual rectangular shape, while the CV curve of the as-
prepared d-Mo, 33C “paper” electrode, measured at the scan rate
of 1000 mV s}, mainly exhibits surface-controlled capacitive
behavior (Figure 6a). Hence, the as-prepared d-Mo, 33C “paper”
electrodes, with a thickness of 3 and 12 pum, rendered a low
volumetric capacitance at 1000 mV s~%. Consequently, the post-
etch annealing endows superior rate capability of the Moy 33C
i-MXene, making it highly promising for high rate applications.
As previously mentioned, the surface of the i-MXene is ter-
minated with various functional groups, originating from the
wet-etching procedure. It has been reported that the inert- or
inert-reducing atmosphere annealing can increase the capaci-
tive charge storage of Ti,C MXene due to the removal of unde-
sirable surface terminations.”? Herein, we accordingly ascribe
the improved performance of the Ar-annealed Mo;3;C to a
change in MXene surface chemistry. Moreover, the d-Mo, 35C

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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“paper” electrode remained stable and retained 81.4% of the
initial capacitance after 10000 charge/discharge cycles with a
columbic efficiency of almost 100%, as shown in Figure 7d.

The CV curves of the annealed MXene, measured at dif-
ferent scan rates, were used to decouple the surface-controlled
and diffusion-controlled capacitive contributions. The relation-
ship between CV current and scan rate can be given as:

I=av’

@
where I refers to the CV current, v represents the scan rate and
both a and b denote the fitting parameters. In general, a b-value
of 0.5 indicates that the charge storage is determined by dif-
fusion-controlled reactions, and a b-value of 1.0 indicates that
the charge storage is dominated by surface-controlled capaci-
tive reactions. The b-value was calculated at different potentials
(vs Ag/AgCl) and was found to be in the range of 0.91 to 0.97,

Adv. Funct. Mater. 2020, 2000894 2000894 (8 of 13)

see Figure 7e. Hence, the charge storage mechanism in the
d-Mo, 33C “paper” electrode is a combination of diffusion- and
surface-controlled processes. The capacitive and diffusion con-
tributions can be separated by using the given equation:

i(V)=kyv+kp'? )
where i(V) refers to the current at a specific potential, v rep-
resents the scan rate, and k; and k, are constants. Herein,
the surface-controlled capacitive contribution increased from
55% to 97% with a scan rate increased from 2 to 1000 mV s,
respectively.

Altogether, these results show that post-etch annealing plays
a critical role in enhancing the charge storage performance of
these MXenes. However, further work is required to understand
the influence of different annealing atmospheres on structure,
surface chemistry, and electrochemical performance.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In addition to the three-electrode measurements discussed
above, Mo, 33C-based two-electrode symmetric and asymmetric
devices have been fabricated to demonstrate the potential of
Mo, 53C MXene in practical applications. Qin et al.*® fabri-
cated two-electrode symmetric SCs by using Mo, 33C/polymer
composites. The electrodes for solid-state SCs were prepared
by mixing Mo;;3C MXene with poly(3,4-ethylenedioxythio-
phene):poly(styrene sulfonic acid) (PEDOT:PSS), resulting
in a high-performance ultrathin, flexible Mo;3;C MXene/
PEDOT:PSS composite film. The flexible, solid-state SCs
delivered a maximum volumetric capacitance of 568 F cm™,
an ultrahigh energy density of 33.2 mWh cm™ and a power
density of 19 470 mW cm™3. Moreover, the Mo, 33C MXene/
PEDOT:PSS composite film exhibited a high volumetric capac-
itance of 1310 F cm™ after H,SO, treatment. Also, the H,SO,
treatment enhanced the rate capability of Mo;;3C MXene/
PEDOT:PSS composite film due to the presence of conduc-
tive PEDOT and surface redox reactions of PEDOT/MXene
composite.[*]

Moreover, in situ electrochemical polymerization (EP) has
been carried out to fabricate Mo, 33C-doped conductive polymer
films without using conventional electrolytes.l*”) The colloidal
solution of MXene, realized by TBAOH-assisted delamination,
acted as a highly conductive solvent and facilitated the self-
assembly of MXene sheets in a polymeric film, resulting in a
molecular-level conjugated polymer-MXene composite films.
The schematic illustration of EP-assisted EDOT polymerization
and corresponding CV curves are presented in Figure 8a.[*’]

(a)

MXene

Furthermore, molecular-level conjugated polymer-MXene
composite films were utilized to fabricate high-performance
solid-state micro-supercapacitors (MSCs), rendering excel-
lent rate performance (44.1 mF cm™ at 4 mA cm™2), superior
cyclic stability (86% after 10000 charge/discharge cycles) and
a high energy density (=20 mWh cm™). Furthermore, asym-
metric micro-supercapacitors (AMSCs) were fabricated by com-
bining polymer-MXene composite films and MnO, to increase
the voltage and energy density of the device. The charge bal-
ance between the positive and negative electrodes was obtained
by controlling the deposition time of MnO, and thickness
of E-M film, see Figure 8b. The as-fabricated AMSCs deliv-
ered an operating voltage of 1.6 V and rendered a high areal
capacitance of 69.5 mF cm™ (636.9 F cm™) at 0.5 mA cm2, as
shown in Figure 8c,d, corresponding to an energy density of
250 mWh cm™ at a power density of 1.87 W cm™3.1%)

These studies demonstrate that electrodes of Mo ;;C
i-MXene are highly promising for capacitive energy storage
applications. Nonetheless, more investigations are encour-
aged to explore the fundamental effect of inherent vacancies
on the electrochemical charge storage mechanism. Moreover,
and most important for the applicability of these materials, is
that post-etching treatment and hybridization of Mo ;;C with
different matrices can effectively enhance the charge storage
performance of Mo;;3C-based symmetric and asymmetric
devices even further.

While the removal of both M?- and A-layers results in the for-
mation of Mo, 33C i-MXene with ordered vacancies, the removal
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Figure 8. Schematic illustration of a) EP to fabricate conjugated polymer—MXene composite nanospheres; b) comparison of CV curves collected for

E-M and MnO, electrodes at a scan rate of 100 mV s7'; c) galvanostatic ¢
specific capacitance of AMSCs at different current densities. Reproduced
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harge/discharge curves of AMSCs at different current densities; and d) areal
with permission.[*] Copyright 2019, Elsevier.
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of only the A-layer from (Mo,;3S¢;/3),AIC and (Mo,3Yy3),AlC
phases may result in a vacancy-free (Moy;3Scy;3),C and
(Mo,3Y13),C MXenes, respectively. The latter example has
been experimentally verified, see Figure 4 (top panel)?® The
electrochemical characterization of a (Moy3,Y(1_y,3)2C “paper”
electrode in H,SO, electrolyte rendered a volumetric capaci-
tance of 960 F cm™ (230 F g7!) at the scan rate of 20 mV s,
which is 70% higher than Mo,C (550 F cm™) but slightly lower
than Mo 33C MXene with ordered vacancies (1150 F cm™).28]
Hence, the presence of ordered vacancies seems to play a
vital role in the observed superior electrochemical perfor-
mance of i-MXenes. Moreover, the charge storage behavior
of (Moy3,Y(13)2C “paper” electrode has been assessed in
6 M KOH electrolyte, exhibiting a high volumetric capacitance
of 1550 F cm™ (370 F g7!) and 900 F cm™ at the scan rate of
2 and 200 mV s, respectively, demonstrating an excellent rate
capability of this electrode.[?®]

In addition to Mo-based i-MXenes, we have also reported an
initial evaluation of the charge storage performance of W, 3;C
i-MXene, being derived from (W,3S¢y;3),AIC and (W,3Yy3),AIC
i-MAX phases.[””l Free-standing W 33C electrodes, with a thick-
ness of 24 um, were prepared as composites with PEDOT:PSS
(10 wt%), and were evaluated in 1 M H,SO, electrolyte. The nor-
malized capacitance of 2 um-thick W, 33C(Sc)/PEDOT:PSS and
W1.33C(Y)/PEDOT:PSS electrodes were found to be 610 F ¢cm™
(116 F gl and 591 F cm™3 (191 F g}) at the scan rate of 5 mV s,
respectively. Similar to Mo-based i-MXene, the W 33C i-MXene,
derived from the Y-containing parent phase, rendered slightly
lower charge storage capacitance compared to the Sc-con-
taining counterpart. Also, the charge storage mechanism in
W-based i-MXenes was found to be mainly dominated by the
surface-controlled capacitive behavior, with the CV curves not
exhibiting distinct redox peaks.

While i-MXenes are characterized by ordered vacancies,
the as-synthesized Nb;;3C MXene, derived from the quater-
nary solid-solution (Nb,/3S¢;;3),AIC MAX phase, possesses
disordered vacancies and small vacancy clusters (0.1-2 nm)
due to the removal of the alloying Sc atoms. However, the
charge storage behavior of Nb; 33C MXene has to date not been
reported. Herein, we present the capacitive performance of a
Nb, 33C “paper” electrode in 1M H,SO, electrolyte by measuring
CV and galvanostatic charge/discharge curves at different scan

rates and current densities, see Figure 9a. The Nb, 33C MXene
exhibits a gravimetric capacitance of 75 F g™! and volumetric
capacitance of 325 F cm™3, however, both of these values are far
below those reported for the Mo-based i-MXene. Still, a more
valid comparison would be between the supercapacitive perfor-
mance of Nb,C and Nb; 35C, though there is no published data
for Nb,C allowing such comparison. However, Nb,C MXene
has been studied as an anode material in Li-ion batteries, ren-
dering a reversible capacity of 600 mAh g™! at 0.1 C.>%
Interestingly, the Nb;3;C “paper” electrode exhibits rec-
tangular CV curves in the voltage window of —0.1-0.45 V (vs
Ag/AgCl), whereas the major capacitive contribution in Mo-
and W-based MXenes is rendered in a more negative voltage
window. For instance, a Mo;3;C “paper” electrode has been
cycled in the voltage window of —0.35-0.30 V (vs Ag/AgCl) and
a Wy 33C “paper” electrode has been characterized in the voltage
window of —0.25-0.20 V (vs Ag/AgCl). Hence, despite the lower
capacitance, Nb;33C can be an interesting platform for the
development of positive electrode materials. It should be noted
that the NDb;;3C MXene retained almost 100% of the initial
capacitance after 10000 charge/discharge cycles, see Figure 9b,
which is of great significance for positive electrode materials.

5. i-MXenes as Catalysts for Hydrogen Evolution
Reaction

It has been demonstrated that MXenes are promising cata-
lysts in chemical or electrochemical reactions due to their
thermal stability, intrinsic metallic conductivity, electrochemical
activity, and specific surface structure, including edges, surface
terminations, and vacancies.*?>l For instance, Pan et al.’%
have employed DFT calculations to estimate H, adsorption
free energy of W,C and Mo,C MXenes, indicating excellent
hydrogen evolution reaction (HER) activity. Moreover, Mo,C
MXene exhibited high catalytic activity towards HER.

In the case of i-MXenes, the preliminary results revealed that
W.33C is a promising catalyst for HER.[2Z The HER activity of
W-based i-MXene has been compared with Mo, 33C i-MXene and
Pt/carbon catalysts, as shown in Figure 10. Both as-synthesized
Mo, 33C and W,;3;C exhibited similar overpotential for HER,
which for an initial study shows a very respectable =320 mV
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Figure 9. Electrochemical performance of Nb; 33C MXene: a) CV curves at different scan

and 10000%" cycles).
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at a current density of 10 mA cm™2. Moreover, the influence of
high-temperate annealing on the catalytic activity of W 33C has
also been studied, exhibiting a significant decrease in overpo-
tential after annealing at 700 °C in H, (3%)/Ar for 1 h. This is
yet another indication that post-etch processing is a crucial step
in modulating the MXene performance in supercapacitive and
catalytic applications.

Most recently, we have carried out a detailed experimental
and theoretical study to explore the potential of different
MXene/i-MXenes, such as Mo, 33C, Nb; 33C, and W, 35C, as cata-
lysts for HER. In particular for W 33C, we have investigated the
theoretical hydrogen adsorption on the surface as well as inside
the vacancies of the i-MXenes, to demonstrate the potential
influence of vacancies on the catalytic behavior. The prelimi-
nary results indicate that in addition to inherent compositional
variations, the catalytic activity of the i-MXenes can be tuned by
post-etching surface treatments, altering the surface chemistry.

6. Conclusion and Outlook

In summary, the in-plane chemical order and selective removal
of both M? and A-elements from (M',;3M?%;),AC i-MAX
phases result in i-MXenes with ordered divacancies, rendering
promise for a range of applications, including energy storage
and catalysis. Moreover, the shown incorporation of non-
conventional MAX phase elements at the M! and M? sites sug-
gest the possibility of forming a wide range of novel MXene
compositions, for different applications, by using the concept
of “targeted etching”, which is detailing the chemical etching
procedures to obtain either a vacancies-containing MXene or a
chemically-ordered MXene from the same parent material.

The first member of the i-MXene family, Mo, 33C, has been
extensively investigated as electrode material in symmetric and
asymmetric supercapacitors, whereas another i-MXene, W, 33C,
has shown promise as a catalyst for HER. This report sum-
marizes the published results on supercapacitive and catalytic
performance of Mo- and W-based i-MXenes, and presents new
results from our most recent investigations on post-etching
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processing of Moy 33C for enhanced charge storage. We report
that simple annealing (in Ar) of the d-Mo;3;C “paper” elec-
trode renders a superior volumetric capacitance of 1635 F cm™
at a scan rate of 2 mV s7!, which is 42% higher than the as-
prepared d-Moy 33C “paper” electrode, and the highest reported
capacitance for MXene-based electrodes to date. These prelimi-
nary results clearly show that the charge storage performance
of i-MXenes can be further increased by post-etch processing.
Moreover, we report that different cations can be intercalated
between Mo 33C nanosheets, motivating further work to estab-
lish the relationships between cationic characteristics and inter-
calation behavior. Finally, we also present initial analysis of the
charge storage behavior for Nb;3;C MXene with disordered
vacancies (i.e., not an i-MXene), which suggests further studies
in the direction of potential positive electrode materials. It is
worth emphasizing that i-MXenes, in general, exhibit excel-
lent cyclic stability in aqueous electrolytes, which makes them
highly promising for supercapacitive and HER applications.
Currently, we are exploring the potential of i-MXenes in non-
aqueous electrolytes and secondary-ion battery applications.

In summary, the unique surface structure of i-MXenes, pos-
sessing ordered divacancies, plays a vital role in endowing supe-
rior charge storage and catalytic performance. Further inves-
tigations on the influence of the vacancies on the material's
properties are highly motivated, for an increased fundamental
understanding and widespread utilization of these materials
in practical applications. Moreover, in addition to the construc-
tion of i-MXene based symmetric and asymmetric devices, the
potential of i-MXenes should be explored for secondary-ion bat-
teries and metal-ion capacitors.
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