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Elucidation of the Charging Mechanisms and the Coupled
Structural-Mechanical Behavior of Ti;C,T, (MXenes)

Electrodes by In Situ Techniques

Gil Bergman, Elad Ballas, Qiang Gao, Amey Nimkar, Bar Gavriel, Mikhael D. Levi,
Daniel Sharon, Fyodor Malchik,* Xuehang Wang,* Netanel Shpigel,* Daniel Mandler,

and Doron Aurbach™

The discovery of the Ti;C,T, compounds (MXenes) a decade ago opened new

research directions and valuable opportunities for high-rate energy storage
applications. The unique ability of the MXenes to host various mono- and
multivalent cations and their high stability in different electrolyte environ-
ments including aqueous, organic, and ionic liquid solutions, promoted the
rapid development of advanced MXene-based electrodes for a large variety
of applications. Unlike the vast majority of typical intercalation compounds,
the electrochemical performance of MXene electrodes is strongly influenced
by the presence of co-inserted solvent molecules, which cannot be detected
by conventional current/potential electrochemical measurements. Further-
more, the electrochemical insertion of ions into MXene interspaces results
in strong coupling with the intercalation-induced structural, dimensional,
and viscoelastic changes in the polarized MXene electrodes. To shed light
on the charging mechanisms of MXene systems and their associated phe-
nomena, the use of a large variety of real-time monitoring techniques has
been proposed in recent years. This review summarizes the most essential
findings related to the charging mechanism of Ti;C,T, electrodes and their
potential induced structural and mechanical phenomena obtained by in situ

1. Introduction

The need for improved highly efficient
electrochemical systems enabling high
power and energy densities, as well as
long-time operation stability, provides a
tremendous impetus to the development
of new classes of electrode materials for
batteries and supercapacitors applica-
tions. Over the last decades, novel elec-
trode materials, possessing capacitive and
pseudocapacitive properties, combining
both batteries (faradaic) and supercapaci-
tors (non-faradaic) features have conceptu-
ally enriched the broad field of materials
science for energy storage and conver-
sion.!! Special efforts have been devoted
to the development of new compounds for
beyond-Li batteries applications, enabling
reversible storage of various mono- and
multivalent ions such as Na*, K*, Mg?",
Ca?", and Zn?".?l In this regard, one of the
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that attracted considerable attention in the last years is Ti;C,T,
(T, stands for surface termination such as O, OH, and F) 2D
compounds belonging to a large family of 2D transition metal
carbides and nitrides named “MXenes”. This new materials
class contains a variety of MXene compositions like V,CT,,!
Nb,CT,, Mo,C,”! and Ti,CT,/% which have recently shown
unique characteristics and capabilities for energy storage and
conversion. Yet, to date, the most studied MXene compounds
remain to be Ti;C,T, owing to their superior electrochemical
performance, expressed by high capacity, fast charging capabili-
ties, and impressive long-term stability.”! Ti;C,T, can be easily
produced by selective etching of the Al layers from the raw
Ti3AlC, compound, typically by using HF-containing solutions
(either directly in HF or in various fluoride salt combined with
strong acids) to form Ti;C, particles.®] Usually, the obtained
particles are delaminated into 2D flakes by mechanical treat-
ment (e.g., shaking, sonication, rolling, etc.), or by chemical
exfoliation methods in which large molecules (urea or dime-
thyl sulfoxide — DMSO for example) are inserted in between
the MXene sheets.”) This delaminated form of these mate-
rials provides not only improved electrochemical performance
in terms of capacity and rate capability (as more surface area
of the MXene particles becomes accessible for ions accom-
modation) but also opens better research opportunities for
exploring intrinsic materials’ properties even at a single flakes
scale.ll¥ Many excellent review papers related to the prepara-
tion methods of MXenes,["?l characterizations of their unique
physical and chemical properties,>™ and finally their use in
energy storage applications,>!% have been recently published.

Yet, despite the inflation in the review papers about MXenes,
we realized that there is no appropriate summary of the
relevant findings related to the characterization of Ti;C,T,
electrodes obtained by in situ techniques. As such analyses
provide the most essential information regarding the charging
mechanisms of Ti;C,T, electrodes and their associated struc-
tural and mechanical behavior, directly affecting their cycling
performance, this review has two goals: presenting an over-
view of the in situ techniques used to characterize the electro-
chemical-induced changes that occur in Ti;C,T, electrodes and
summarizing the main conclusions regarding the charging
mechanisms of MXene electrodes in different electrolyte envi-
ronments. Intelligent use of a combination of the relevant in
situ techniques is in high demand to solve numerous prob-
lems related to the optimization of Ti;C,T, electrodes’ cycling
performance.

While various in situ methods were applied to study the pro-
cesses occurring during the charge /discharge of batteries!”!
and supercapacitors,l'®l the electrochemical behavior of MXene
electrodes possesses some unique properties related to their
mechanical nature and morphological character, strongly influ-
encing their charging mechanisms. As is further discussed,
these properties clearly distinguish Ti;C,T, compounds from
most electrode materials that are currently used in batteries and
supercapacitors. Considering the significant influence of the
electrolytic environments on the charge storage of the MXene
electrodes, the first part of this review is devoted to the in situ
characterization of Ti;C,T, electrodes in water-based electro-
lyte solutions including i) acidic ii) neutral iii) highly concen-
trated solutions and in iv) nonaqueous electrolyte as well. A
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separate section focuses on v) the use of in situ tools to probe
the mechanical properties of MXene electrodes induced by
cations’ insertion during charging processes. Finally, in section
iv) we provide a discussion on the current challenges in the
understanding of the charging mechanism of MXene elec-
trodes in different operating environments and the use of var-
ious complementary analytical tools to expand and deepen our
knowledge about their behavior.

2. Revealing the Charging Mechanisms of MXene
Electrodes by In Situ Techniques

Unlike conventional batteries or supercapacitors electrodes
that store charge via well-defined mechanisms, namely redox
reactions, and electrostatic interactions respectively, the charge
storage behavior of MXene electrodes originates from both
faradaic and non-faradaic processes when in contact with
electrolyte solutions.'l Although the charge storage mecha-
nisms of MXene electrodes are strongly dependent on their
morphology and their surface chemistry,?" it appears that the
major factor dictating their electrochemical behavior is the
electrolyte solution. In neutral electrolyte solutions, Ti;C,T,
electrodes exhibit “capacitive-like” behavior expressed by rec-
tangular cyclic voltammetry (CV) curves and linear capacitance
changes with potential during galvanostatic polarization. For
such electrolyte solutions, the total (integral) capacity values
are determined by the electrochemical stability window of the
electrolyte solution rather than by the storage capability of
the MXene itself. In conventional electrolyte solutions (i.e.,
concentration of =1 M) the potential typically ranges between
0.2 to —0.8 V (vs Ag/AgCl) resulting in maximal capacity values
~80-120 F g! (i.e., =18-20 mAh g).’!l Further polarization
induces hydrogen formation at the negative vertex and irrevers-
ible oxidation of the Ti atoms at the positive side. Recently it
was demonstrated that utilization of highly concentrated elec-
trolyte solutions, particularly saturated LiCl??l and LiBr,[?324
results in a significantly increased potential window of Ti;C,T,
electrodes. This extended potential range is attributed to the
suppressed hydrogen and oxygen evolution reactions in highly
concentrated solutions,?! resulting in improved capacities of
the MXene electrodes up to 30 mAh g™! (measured across the
full potential window). In contrast, in acidic solutions, Ti;C,T,
electrodes display a pseudocapacitive type of charging arising
from redox reactions between the protons in the solutions and
oxygen terminations of MXene electrodes which changes the
Ti oxidation state. This reaction can be written in the following
form:12¢]

Ti,C,0, (OH), E. +8H" +8¢ <> Ti,C,0, 5 (OH) , F. 1)

Such behavior results in significantly higher capacity values
(=350 F g7\, equivalent to =90 mAh g! as demonstrated for
MXene hydrogel electrodes?’)), reflected by well-expressed redox
peaks in the voltammograms of these systems and pronounced
dependence of the slopes of the galvanostatic charge-discharge
(GCD) curves on the applied voltage. Finally, in aprotic electro-
lytes where lower negative potentials can be approached, the
response is mainly attributed to redox interactions between the
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Figure 1. Typical schematic CV and GCD plots of Ti;C,T, electrodes in a) neutral aqueous standard 1 m (dashed lines) and concentrated electrolytes

b) acidic aqueous electrolytes and c) non-aqueous electrolyte solutions.

intercalated ions to the MXene's surface termination groups
which practically induces variations in the Ti oxidation state.[?®!
The pseudocapacitive character of the MXene electrodes in
non-aqueous electrolyte solutions is reflected by distorted
capacitive cyclic voltammetric curves and the nonlinear GCD
profiles. It is worth noting that due to the large versatility of
non-aqueous electrolyte systems, and the strong influence of
the MXenes' properties on the interfacial solid-liquid inter-
actions, one cannot define a typical CV/GCD response for
these systems. Considering this comment, Figure 1a,b depicts
schematic CV and GCD profiles of Ti;C,T, electrodes in
aqueous neutral and acidic electrolyte solutions. A possible
response of MXene electrodes in aprotic solutions (adapted
according to ref. [29]) is presented in Figure 1c.

Given the above, the following sections describe the main
findings acquired by various in situ techniques related to the
electrochemical behavior of MXene electrodes in acidic, neu-
tral, and aprotic solutions.

3. MXene Electrodes in Acidic Electrolyte
Solutions

Several in situ techniques including X-ray absorption near
edge structure spectroscopy (XANES), XRD, in situ Raman,
and electrochemical quartz crystal microbalance with dissipa-
tion monitoring (EQCM-D) were applied to reveal the charging
mechanisms of MXenes in acidic aqueous electrolyte solutions.
In situ XANES measurements conducted in 1 m H,SO, solu-
tions showed a shifting of the Ti edge spectra toward lower ener-
gies upon negative polarization and positive shifting back to
the original energy at the reverse scan.l’% This indicates revers-
ible changes in the Ti oxidation state under acidic conditions
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as presented in Figure 2a. Based on these observations, an
average change of 0.1¢ per Ti for a 0.7 V voltage window was
estimated, corresponding to a capacitance value of 205 F gL
A similar trend was also recognized in recent in situ XANES
studies conducted by Shao et al. which showed slightly larger
changes of 0.134¢ in the Ti oxidation state when a larger poten-
tial window was applied (0.9 V).’ These findings are in line
with in situ Raman studies conducted for acidic electrolyte solu-
tions (0.1 M HCI)B%3 As can be seen in Figure 2b significant
voltage-dependent changes of the Raman spectra, expressed
by a continuous red shifting of the 730 cm™ bands toward a
lower wavenumber of 722 cm™ were detected upon scanning
of the potential from 0.4 to —0.6 V (vs Ag/AgCl). These varia-
tions in the observed spectra are attributed to the transition of
Ti;C,0, to Ti;C,0(OH). As the 722 cm™ peaks were located
between the —O— and the —OH vibration modes (positioned
at 732 cm™ and 715 cm™! respectively), it was concluded that
only partial protonation of the —O— termination takes place
in this electrolyte solution. During reverse anodic charging,
the peaks were shifted back to their original position associ-
ated with the deprotonation of the Ti;C,T,. Interestingly, in the
limited cathodic range (down to —0.45 V) significant changes
in the Raman spectra were detected. Based on this observa-
tion one can assume the occurrence of two charging mecha-
nisms — double layer adsorption of protons which takes place at
a positive potential range, and the subsequent protons-induced
surface redox reaction at more negative potentials.*” The mor-
phological changes of MXene films during proton insertion/
extraction were further evaluated by in situ XRD measure-
ments.?¥ It was found that the changes of the interlayer spacing
of the Ti;C,T, films are strongly affected by the applied voltage —
upon charging to —0.6 V a lattice shrinking of 0.1 A was probed,
while further polarization to more negative potentials resulted

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. In situ characterization of MXene electrodes in an acidic environment. a) i) Ti K-edge XANES spectra recorded during positive and negative
polarization of Ti;C,T, electrode in 1 M H,SO, i), variation of Ti edge energy as a function of the applied potential. Reproduced with permission.B
Copyright 2015, Wiley b) The changes in the wavenumber i) and the peaks intensity ii) recorded by in situ Raman spectra upon cycling of Ti;C,T,
electrodes in 0.1 m HCl, iii) the variation in the recorded spectra during 5 cycles. Reproduced with permission.32l Copyright 2022, Wiley c) in situ XRD
analysis of MXene electrodes in 1 M H,SO,: i)CV response, ii) XRD patterns collected during charging/discharging, iii) the corresponding variation in
the d spacing with the applied potential. Reproduced with permission.[28l Copyright 2019, Wiley d) in situ EQCM measurements of MXene electrodes
in 1M H,SO, solution: i) calculated hydration number of the inserted protons and the total ions population ii) as a function of potential, iii) H* related
jonic flux (red) and total ionic flux (blue) versus potential. Reproduced with permission.B3 Copyright 2022, Wiley.

in a significant expansion of the interlayer space by 0.1 A (see
Figure 2c). Using DFT simulations this fluctuating response
was ascribed to the presence of two types of surface termina-
tions, namely —O, and —OH: the former tends to shrink upon
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H* insertion while OH— terminated Ti;C,T, expands. These
observations are consistent with recent in situ EQCM studies
conducted by Lin et al.1’®! As demonstrated, the characterization
of Ti3C,T, films in acidic environments (1 m H,SO,) reveals a
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potentially dependent gravimetric response attributed to the
varied hydration state of the inserted protons. As can be seen in
Figure 2d polarization from —0.2 to —0.6 V resulted in co-inser-
tion of 0.72 H,0 per H* in (region I) while an increased H,0/
proton ratio of 1.45 was measured in region II. Considering the
above-mentioned XRD measurements which show expansion
of the layer below —0.6 V, one can attribute the increased H,O
amount to the enlarged interlayer spacing of the MXene particles
in such negative potentials.’® In fact, the influence of the con-
fined water on the charging mechanism of MXene in an acidic
environment seems to be significant. Based on DFT calcula-
tions it was found that the presence of water in between the
MXene layers facilitates its charging kinetics by providing a
hydrogen-bonded water network for fast proton diffusion, prob-
ably via a Grotthuss-type mechanism.>!

4. MXene Electrodes in Neutral Aqueous
Electrolyte Solutions

In contrast to acidic solutions in which the capacity of the
MZXene electrodes is attributed to faradaic interactions between
the protons and the surface terminating groups, the charge
storage mechanism in neutral solutions is still under debate.
The main difficulty in this regard is the origin of the high
capacitance (100-150 F g™)) of the MXene electrodes in neu-
tral electrolyte solutions, despite their relatively small surface
area. While a similar capacitance range is typically observed for
highly porous activated carbons in neutral aqueous solutions,®!
these compounds are characterized by extremely high surface
area (typically more than 2000 m? g™!).l Such large surfaces
provide an enormous amount of adsorption sites for electro-
lyte ions, leading to a high specific capacitance of electrodes
comprising activated carbons. In contrast, typical MXene elec-
trodes have a significantly lower surface area, usually, a few to
tens m? g7, 3839 questioning their charging mechanism.
Unlike many conventional metal oxide intercalation com-
pounds defined by rigid crystalline structures with limited
volume change tolerance for large ions insertion, MXenes struc-
ture can accommodate large structural deformations without
severe mechanical degradation. This property of MXenes raised
more questions about the influence of ions type and their solva-
tion character on the charging performance and the associated
physical phenomena of the Ti;C,T, electrodes. Upon cation
insertion either by potential application or by spontaneous ions
exchange, ! the interlayer distance between the adjacent layers
is varied according to the size and the valence of the interca-
lated ions. Preliminary in situ XRD measurements*! taken
during intercalations of K* and Mg?" in 1 m KOH and MgSO,
aqueous solutions showed intermittent reversible expansion/
contraction of MXene electrodes during their positive and nega-
tive polarization (see Figure 3a). This behavior was attributed
to the incorporation of cations between the negatively charged
MXene sheets, which result in increased attraction between the
Ti;C, T, layers. These findings are in good agreement with fur-
ther in situ atomic force microscopy (AFM) measurements con-
ducted in various sulfate-based electrolyte solutions containing
Li*, Na*, K" and Mg?"*l The observed deformation patterns
indicated a contraction of the MXene electrodes upon insertion
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of Li* Mg?* and Na™ ions and expansion during the reverse pro-
cess when positive potentials were applied. As can be seen in
Figure 3b the largest variation in the electrodes’ dimensions
was detected for intercalation of Li* ions, while smaller changes
were observed upon insertion of Mg?* and Na* ions. Having
the highest hydration radius among the investigated ions
(=4.28, 3.58, and 3.82 A, for Mg?*, Na*, and Li", respectively),**
it was anticipated that Mg?" ions intercalation would result in
a greater expansion. Note, however, that the hydration radius
of the ions in the bulk electrolyte solutions may differ substan-
tially from their hydration radius in the confined space. It is,
therefore, reasonable to assume that Mg?" ions are partially
stripped of their solvation shell upon insertion into the MXene
structure, resulting in a smaller effective radius than that of Li
ions. Interestingly, in contrast to previously described ions, only
a slight expansion of MXene electrodes was detected during
the intercalation of K* ions. This behavior was also supported
by ex situ XRD measurements which demonstrated significant
changes in the d-spacing of Ti;C,T, upon Li* ions insertion,
while only minor variations in the case of K ions insertion.3!
These results were further confirmed by in situ electrochemical
dilatometry which shows significant volume contraction (up
to 23%) during Mg?" ions insertion while only small volume
deformation for K* ions insertion.?! As the hydrated radius of
K* is the smallest among the examined ions (i.e. 3.31 A) the last
finding cannot be ascribed to this parameter. Indeed, in situ
EQCM-D measurements performed by Shpigel et al, revealed
complex dynamics upon ions insertion into MXenes.* Based
on the differences between the experimental and the predicted
frequency changes (the latter value can be easily determined by
combining Sauerbrey and Faraday equations) it was found that
the ions insertion is strongly influenced by the kosmo/chao-
tropic character of the inserted ions. As kosmotropic ions are
characterized by large charge density (i.e., high charge-to-size
ratio) they have strong solvation interactions. Hence, these ions
are inserted into MXenes in partially solvated form resulting in
a larger experimental frequency change than the predicted one
(dashed lines in Figure 3c-i). According to their solvation ener-
gies, the amount of the co-inserted water has been found to
change in the following order Al** > Mg?* > Li* ions insertion.
It is worth mentioning that the hydration number of these ions
in the electrolyte solutions’ bulk is significantly different from
the hydration number of the inserted cations, indicating their
partial desolvation upon intercalation into MXenes. In contrast,
the insertion of chaotropic (i.e., weakly solvated) cations char-
acterized by large ionic radii resulted in the expulsion of water
molecules out of the MXene layers, where the largest number
of expelled water was calculated for Cs* and TEA* which have
the largest ionic radius among the studied cations, as summa-
rized in Figure 3c-ii These findings were later confirmed by ab
initio molecular dynamics calculations (AIMD) performed by
Gao et al., who demonstrated that when the distance between
neighboring oxygen atoms in the cations’ solvation shell is
larger than the cation-water bond length, co-insertion of water
molecules is expected. Oppositely, when the cation-water dis-
tance is larger (as in the case of K* and Cs*) water should be
expelled from the MXene nano slits.[** These observations sug-
gest that the insertion of cations into MXenes does not depend
on a sole parameter such as hydration radius, or ion’s charge.
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Figure 3. In situ characterization of MXene electrodes in aqueous neutral electrolyte solutions: a) in situ XRD spectra collected for Ti;C, electrodes
cycled in aqueous 1 M KOH and MgSO, solutions. Reproduced with permission.l*l Copyright 2013, AAAS b) CVs and relative electrode deformations
recorded during in-situ AFM measurements in various aqueous electrolytes. Reproduced with permission.l*2l Copyright 2015, Elsevier c) i) in situ
EQCM-D results showing the variations in frequency and dissipation upon insertion/extraction of Lit, Mg?*, and AI** ions into MXene films (the theo-
retical frequency changes are represented by the dashed black line). The corresponding CVs are shown alongside ii) the calculated ratio of inserted
cations to co-inserted water molecules (designated as M,,) for various investigated ions; Reproduced with permission./*l Copyright 2018, American
Chemical Society d) in situ morphological characterizations of MXene particles obtained by EQCM. The related variations in the effective electrode
thickness —h and permeability length —& and the obtained CVs for various monovalent and divalent ions are presented in panels (i) and (ii); Reproduced
with permission.*l Copyright 2014, Wiley e) The changes in the wavenumber (i) and the peaks intensity ii) recorded by in-situ Raman spectra upon
cycling of Ti;C,T, electrodes in 0.5 M Na,SO,, iii) the variation in the recorded spectra during 5 cycles and iv) atomistic description of the proposed
charging mechanism. Reproduced with permission.32l Copyright 2022, Wiley.
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Instead, a more complicated description that takes into account
the behavior of the hydrated ions and the water molecules in
the confined space should be carefully considered.

Additional information about how different cations affect the
structural deformations of MXene electrodes was provided by
in situ EQCM measurements conducted for composite elec-
trodes consisting of multilayered (essentially not delaminated)
Ti3C,T, particles.*] Unlike the previous EQCM-D study which
focused on the gravimetric changes (i.e., the only variation in
mass) this research concentrated on the morphological changes
induced by the polarization of MXene electrodes. This opera-
tion mode of EQCM-D takes into account the hydrodynamic
interactions between the acoustically-induced oscillation of the
electrodes’ coating (thin layers comprising MXene particles)
and the contacting electrolyte solution.””! These solid-liquid
interactions varied with the changes in the morphology of the
electrodes giving a rise to changes in the resonance frequency
width. By application of suitable hydrodynamic modeling, one
can correlate the changes in the frequency and the frequency
width with the morphological variations of the electrodes.
Using this approach, the changes in the effective thickness —h
and the effective porosity —£ of the MXene structure were moni-
tored for a large variety of alkaline, alkaline earth, and tetraal-
kylammonium cations. As displayed in figure 3d-i capacitive-
type response CVs were observed for all the examined systems.
The main conclusions from changing the parameters h and &
for the examined cations presented in figure 3d-ii are as fol-
lows: for the cations with a high charge-to-size ratio, both thick-
ness, and porosity decrease during negative polarization owing
to enhancement of the electrostatic attraction between the
MXene sheets. An opposite trend (expansion of the electrode
during ion insertion) can be clearly seen for the cations with a
small charge-to-size ratio. A mixed tendency was observed for
the insertion of double-charged cations: at the beginning of the
cation’s insertion (when their population in the MXene inter-
space is small) their large size plays the dominant role whereas
as their population increases, the double-charge of the cations
enhances attraction between the neighboring MXene sheets.

Attempting to understand the charging mechanism in
neutral electrolyte solutions, recent in situ Raman studies
were conducted for delaminated Ti;C,T, electrodes in 0.5 M
Na,S0,.33 As can be seen in Figure 3f no changes in the vibra-
tion bands associated with the —O— terminations (positioned
at the 730 cm™! region), indicating a double layer type charge
storage mechanism.

5. MXene Electrodes in Highly Concentrated
Aqueous Electrolyte Solutions

The recent discovery of the “water-in-salt” (WIS) concept,*!
which utilizes highly concentrated electrolyte solutions to get
an extended electrochemical stability window, opened new
research directions for the characterization of MXene elec-
trodes in neutral electrolyte solutions. As demonstrated by
Malchik et al.,” the use of 14 m LiCl solutions resulted not
only in the increased overpotential of H, generation on the
cathodic side but also improved the oxidation stability of the
MXene electrodes on the positive side. This enlarged potential
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window (ranges between —1 to 0.6 V vs Ag/AgCl) resulted in
high-capacity values of the Ti;C,T, and lead to the discovery of
new phenomena related to the operation of MXene electrodes
in such concentrated solutions.

The extended positive window in these systems for the
Ti;C, T, electrodes allows addressing a key issue related to the
possibility of anions insertion into the MXene electrodes. Based
on in situ EQCM-D measurements of MXene films in saturated
LiBr and LiCl solutions, it was concluded that anions cannot be
inserted into MXene electrodes. As seen in Figure 4a, scanning
from a positive to the negative vertex in saturated LiCl, resulted
in a negative frequency shift, that only cations were inserted
into the MXene electrodes. In the opposite scanning direction,
a continuously increasing frequency shift was detected attrib-
uted to the extraction of cations. A similar frequency trend
was measured for LiBr solutions implying that anions cannot
be inserted into the MXene structure. This finding was fur-
ther confirmed by in situ XRD measurements which showed
a gradual contraction of the MXene electrodes upon charging
from the negative to the positive vertex.?’] Based on DFT cal-
culations it was shown that the insertion of anions into MXene
electrodes is not energetically favorable due to the presence of
negatively charged termination groups on the MXenes surface.
Similar to the above-mentioned gravimetric EQCM-D study, the
number of the co-inserted water molecules was calculated by
comparing the theoretical frequency (dashed lines in Figure 4a)
and the experimentally measured values. Interestingly, a ratio
of 1.4 water molecules per single Li ions was found for satu-
rated LiCl similar to the ratio that was found for Li ions inser-
tion in the diluted solutions.’” Considering the higher solva-
tion degree in diluted electrolytes, this finding suggests that
only part of the first solvation shell is co-inserted into the con-
fined space of MXene.

The number of the co-inserted water molecules changes with
applied potential in the Ti;C,T, — WIS systems.% A “redox-like”
charge storage process was observed with MXene electrodes,
as indicated by a pair of pronounced and separated peaks in
the related CV curves (Figure 4b). Using in situ XRD comple-
mented by in situ AFM, the redox-like process was found to be
correlated with the Li* intercalation and deintercalation though
the process occurs at a potential positive than the open circuit
potential. Further, in situ EQCM-D measurements estimated
the amount of the co-inserted water molecules to be =2.8 H,O:
Li* which is much higher than the ratio at other potentials
(=1.4). A large amount of the co-inserted water at this positive
potential range is well correlated with the dramatic interlayer
distance change observed by XRD (see Figure 4b-iii). As well
correlated with the AFM findings (see Figure 4b-ii) insertion/
extraction of Li* ions from concentrated electrolyte solutions
results in expansion/contraction of MXene layers. Interestingly,
an opposite trend was measured in diluted solutions (contrac-
tion upon Li* ions insertion and vice versa, see Figure 3b). Such
a difference may be attributed to the stronger coordination of
the water to the cations in the WIS environment which pre-
vents the distribution of the inserted water inside the MXene
layers. Surprisingly, despite the pronounced redox-like CV
response, the behavior of MXene electrodes in saturated elec-
trolyte solutions cannot be ascribed to the Faradaic process. As
further approved by in situ ultraviolet-visible spectroscopy, only

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD BA K80 3(eot|dde 8y} Aq peusenob are sspoiie YO @SN Jo s8I 10} Areiq 1 8UIIUO AB]IM UO (SUORIPUOD-PUR-SUIBYW0D" A3 1M Afe.q 1 Bu1|UO//:SANY) SUORIPUOD Pue SWIB | 8Y} 88S *[£202/T0/2T] Uo Akeiqiauliuo AB|IM ‘HRA NL Aq YSTE0ZZ0Z WUSe/Z00T OT/I0P/W00" A3 1M Afeiq|uljuo//:Sdny Wwoly papeojumod ‘0 ‘0v89TIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(@ ()

0.06 -

AD,

Af Jn (Hz)

www.advenergymat.de

) ()

08} —15mUTFSI
S —19.2mLiBr 8
2 —198mLicl
g, 04 E
z +8
3
2 o 5
& 28
3 04 3
0
08 004

40 05 00 05 10 g 86 B g 0o

T T
20 40 60 80

‘ Time (s)
. ime (s

LiCl (D,0)

@
=1

Af /n (Hz)

-40

Potential vs. Ag wire (V)
Potential vs. Ag wire (V).
(lll) Current (uA) (lV) Current (uA)
30 15 0 -15 -30 10 5 0 -5 -10

40
Time (s)

c (l) : (||) Sean1 Seant2
() 12 . 4 P —
A o |-0.22v 076V
__ 06t 4 i el g
< 2
£ o0 £
-« 1 ity §
2 06 =
g /
© 42 / ‘;-, 7 oxidation
24 /
1.8F “4975

4965 4970 4975 4980 4985 4990
Energy (eV)

-04 02 00 02 04 06 08
Potential (V vs. Ag/AgCl)

(i i |) Scan13 | Scan24

|—a—1 st
304+ 2nd 30{—1st
—e—2nd
25 254
20 204
2 S
215 2154
= £
F 104 104
05 054 U
ocP ocr | NI ['
00 A 004 ——"42
05 10 11 12 13 14 050005 10 11 12 13 14

-05 00 0.
Potential vs. Ag wire (V) d-spacing (A)

(iv)

4975.5

Potential vs. Ag wire (V)  d-spacing (A)

Scani12

0.74V -0.26V @

)
Oxidation « ®: 0 Reduction
e e BN

X /" 02® H
4975.4 / o : °°o\
00 °

.

4975.3 H %
° H o

° ; °

Normalized intensity
Energy (eV

i L]
497521 o scant H Scan24

4975 4976
4965 4970 4975 4980 4985 4990
Energy (eV)

-02 0.1 0.4 0707 04 0.1 -0.2
Potential (V vs Ag/AgCl)

Figure 4. In situ characterization of MXene electrodes in highly concentrated aqueous solutions: a) i) CVs of MXene-coated quartz sensors and the
corresponding frequency and dissipation changes (measured by EQCM-D) in concentrated ii) LiBr iii) LiCl in H,O and iv) LiCl in D,0O; Reproduced
with permission.2’l Copyright 2021, American Chemical Society b) Behavior of Ti;C,T, electrodes in highly concentrated LiCl, LiBr, and LiTFSI (i), cyclic
voltammograms (ii) Deformation of MXene electrodes in sat. LiCl measured by in situ AFM. In situ XRD spectra were collected upon cycling MXene
electrodes in highly concentrated (iii) LiCl, and (iv) LiTFSI. Reproduced with permission.’% Copyright 2021, American Chemical Society c) CV (i) and in
situ XANES spectra obtained during oxidation (ii) and reduction of (iii) Ti;C,T, in concentrated (19.2 m) LiBr. The calculated changes in the Ti K-edge
energy as a function of the applied potentials are shown in (iv). Reproduced with permission.ll Copyright 2021, American Chemical Society.

minor changes in the Ti oxidation state were observed in WIS
electrolytes. On the contrary, much stronger shifts in plasmon
resonance peaks were observed in both acidic electrolytes, indi-
cating strong surface redox reactions in this environment.!l

Surface redox can be introduced into the MXene-WIS elec-
trolyte systems when the MXenes are slightly oxidized.”” By
electrochemical oxidation Ti;C,T, electrodes at =1.3 V versus
Ag in the WIS systems, a pair of peaks emerge in the CV
curves at negative potentials (Figure 4c). These peaks corre-
spond to a reversible surface redox reaction, as confirmed by
the in situ Ti K-edge XANES. Over a potential window of 1.1V,
the average Ti oxidation state changes by 0.08 & per Ti atom,
which contributes to a capacitance of 104 F g-l. The surface
redox activated in the neutral aqueous electrolyte is due to the
increased Ti valence of the slightly oxidized MXene. Besides,
in situ extended X-ray absorption, fine structure measurements
(EXAFS) can further reflect the charge storage mechanism
implying local structural changes in the MXenes. The intera-
tomic distance of Ti-C and Ti-Ti shrink and expand reversibly
during the charge/discharge process based on the EXAFS
measurements. The distance changes are associated again with
Ti valence state changes, which offers evidence of the presence
of surface redox reactions.
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6. MXene in Nonaqueous Electrolyte Solutions

In situ measurements of MXene electrodes in contact with
non-aqueous electrolyte solutions provide valuable information
about the effect of the ion’s solvation on the charging mecha-
nism and the associated changes in its interlayer spacing. The
influence of the solvents’ nature on the volume variations of
Ti3C,T, electrodes was recently assessed by Wang et al.?] In
this study, 1 m LiTFSI salt was dissolved in 3 different solvents,
namely propylene carbonate (PC), acetonitrile (ACN), and
dimethyl sulfoxide (DMSO). As can be seen in Figure 5a-i, sig-
nificant differences in the measured capacities were observed
where the highest capacitance was observed for PC-based
electrolyte solutions, that is, 195 F g versus 130 F g, and
110F g for DMSO and ACN, respectively. As found by in
situ XRD measurements, the application of negative polariza-
tion from the open-circuit voltage (OCV) to -1 V (vs Ag wire)
results in expansion of the electrode’s d-spacing for ACN and
tive polarization. In contrast, no volume changes were detected
upon polarization in PC-based systems (Figure 5a-iv). Based
on these findings, the differences in the MXenes structure
were ascribed to the presence of co-inserted solvent molecules
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Figure 5. In situ characterization of MXene electrodes in non-aqueous electrolyte solutions: a) Cyclic voltammograms (i) and the corresponding
d-spacing variations measured by in situ XRD of MXene electrodes in ACN, DMSO, and PC solutions containing 1 m LiPFg (ii, iii, iv respectively);
Reproduced with permission.[?l Copyright 2019, Nature Publishing Group (b) i) CV response and in situ XRD spectra ii) of Ti;C,T, particles prepared
via molten salt synthesis; Reproduced with permission.*¥ Copyright 2021, Nature Publishing Group c) in situ XRD spectra (i) and the cyclic voltam-
mograms (ii) collected for TisC, electrodes during cycling in EMIM-TFSI; Reproduced with permission.l5* Copyright 2016, Elsevier d) displacement
changes of MXene electrodes measured by in situ dilatometry during positive and negative potential scans in i) EMIM-TFSI and ii) BMIM-BF, ionic
liquids. Reproduced with permission.%¢ Copyright 2016, American Chemical Society.

between the MXene sheets which were found to be to a larger
extent in DMSO solutions. In contrast, in PC-based solutions,
it seems that Li* ions are forced to strip their solvation shell
and hence more space in the MXenes’ structure remains avail-
able for cations insertion resulting in higher specific capacity
values. The surface chemistry of Ti;C,T, has a strong influence
on their electrochemical behavior and the interlayer space
change when cycling in the Li-based organic electrolyte solu-
tions. The successful development of the molten salt synthesis
route of MXenes enables the fabrication of halogen-terminated
MXenes. Unlike conventional MXene electrodes synthesized via
solution etching process hydrofluoric acid, the MXenes etched
by the molten salt with Lewis acid properties results in the for-
mation of surface functional groups associated with the anion
of the Lewis acid and oxygens.’®! As depicted in Figure 5b-i,
The CV curves of the CI” terminated Ti;C, in 1M LiPF; in
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1:1 v/v EC: DMC electrolyte solution shows a rectangular shape
from the OCV to 2 V (vs Li*/Li), which expanding dramatically
toward lower potentials. The high-capacity value of 205 mAhg™
of the molten salt synthesized MXene has been ascribed to the
absence of OH—- groups on the Ti;C,T, surface and the favorite
formation O- terminations in this synthesis route. It was
assumed that the presence of the latter species leads to effective
interactions between O and Li resulting in improved electrodes’
capacity.” In situ XRD reveals that the d-spacing of MXenes is
roughly constant at =11 A with a maximum change of 0.25 A
during cycling (as shown in Figure 5b-ii). The small d-spacing
of MXenes indicates the intercalation of desolvated Li* between
the MXene layers, which leads to compact interfacial Li* storage
and high capacity.

The behavior of MXene electrodes in ionic liquids was
monitored by Lin et al. in 1l-ethyl-3-methylimidazolium
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bis-(trifluoromethylsulfonyl)-imide (EMITFSI)® and by Jackel
et al. in EMIM-TFSI and BMIM-BF, ionic liquids. Based
on the obtained XRD results, it seems that MXenes undergo
expansion during cation insertion and contraction upon their
extraction for all the examined systems (see Figure 5c-ii). This
was well expressed by a negative shifting of the 002 peaks when
negative potentials were approached and the opposite shift
during the reverse positive voltage scan. Interestingly, a fur-
ther reduction in the interlayer spacing was observed when the
electrode potential was scanned positively (relative to the initial
OCV value). Such a behavior can be explained by the additional
extraction of cations from the MXenes’ structure. Further in
situ dilatometry measurements applied to MXenes in contact
with both EMIM-TFSI and BMIM-BF,*®! demonstrate a gradual
increase in the measured strain during negative potential scans,
while the opposite trend was observed during the course of the
reverse scans, consistent with the XRD results. As shown in
Figure 5d-i,ii, the application of positive potentials with respect
to the OCV leads to a further reduction of the electrode strain
in both BF,~ and TFSI~ based ionic liquids suggesting that only
cations are extracted at positive potentialsi®®l as demonstrated
for aqueous electrolyte solutions.

7. In Situ Potential-Dependent Viscoelastic
Changes in Ti;C,T, Electrodes

The unique mechanical character of Ti;C,T, electrodes, par-
ticularly its high elasticity (a theoretical Young’'s modulus of
502 GPa was predicted by molecular dynamics simulations,
while more than 300 GPa was measured by AFM indenta-
tion™)) and its high tensile strength®® (a value of 570 MPa was
measured for 940 nm thick MXene film), triggered research
into the electrochemical-mechanical coupling of MXene elec-
trodes. Apart from the scientific importance of such research,
this study should also have practical applications for the devel-
opment of MXene-based electrochemical actuators.!

The main tool for in situ morphological characterizations
of MXene electrodes is AFM.I% Come et al. employed contact
resonance (CR) frequency AFM imagingl®! to quantify the
elastic properties of Ti;C,T, (MXene) paper electrodes during
electrochemical cycling.*?l Figure 6a represents the CR-AFM
experimental setup used for tracking the resonance frequency
as a function of the position and state of charge of the electrode
using the band excitation technique to quickly measure contact
resonance cantilever dynamics while scanning. The cantilever
response to the multifrequency photothermal excitation was
detected and Fourier transformed to identify the CR frequency
at every point of the scan. The interest in studying the mechan-
ical changes of Ti;C,T, comes from its lattice variations while
cation intercalation occurs in aqueous solutions together with
the co-insertion of water molecules. In situ CR-AFM measure-
ments of MXene films in aqueous Li,SO, and K,SO, electrolyte
solutions revealed distinct variations in their elastic modules
during charging/discharging.®¥ While a continuous increase
in the elastic modulus upon scanning to the negative poten-
tials (up to —0.8 V vs Ag/AgCl) was recorded in both solutions,
higher stiffening (larger elastic modules) was measured in
Li,SO, as compared to K,SO,. This is due to the larger MXene
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contraction during Li* insertion, as opposed to K* intercalation,
which only results in minor volume changes (see figure 3).
Intestinally, as seen in Figure 6b, inhomogeneous variations in
the elastic properties were identified for the intercalated elec-
trodes. Such behavior was ascribed to the presence of shallow
and deep intercalation sites resulting in non-uniform cations
intercalation, as was found earlier by in situ EQCM measure-
ments.[*] As the shallow sites provide facile ions transport
pathways, these intercalation sites experience higher stiffing
than the deep ones in the less accessible regions. Based on
the obtained stiffening mapping, the elasticity variations at the
deep and the shallow insertion sites were analyzed as shown in
the bottom panels in Figure 6b.

A subsequent in situ AFM study, conducted by Gao
et al.®lreveals that pre-insertion of K* ions into MXene elec-
trodes leads to more uniform deformations and mechanical
variations upon Mg?" ions intercalation. Interestingly, the K*
pre-intercalated MXene showed not only improved mechanical
properties but also improve capacity and rate capability values
as can be seen in Figure 6c.

Another effective in situ tool enabling monitoring of the
mechanical properties of operating electrodes is EQCM-D. We
have already described the use of EQCM-D as a gravimetric
probe for the electrochemical insertion of a large variety of kos-
motropic and chaotropic cations into thin MXene electrodes
(Figure 3c). Later we discussed the use of this technique for
highly sensitive hydrodynamic probing of intercalation-induced
dimensional and porous structure changes of rigid composite
electrodes containing multilayered Ti;C,T, particles (Figure 3d).
However, gravimetric information can be obtained only for rigid
and thin coatings. In such layers, the profiles of the acoustic
waves generated by the quartz crystal sensor oscillations remain
constant across the coated films (as seen in Figure 6d). In con-
trast, thick viscoelastic films vibrate with a different velocity than
the quartz crystal surface, decaying across the film’s thickness,
that is, the oscillation energy dissipates (see the sloppy velocity
profiles in Figure 6d, more explanation about this gravimetric
and non-gravimetric EQCM-D measurements for the charac-
terization of electrode materials can be found in refs. [49,63]).
Acoustic response resulting from the interaction of acoustic
waves with viscoelastic materials is specific for each overtone
order, n, and measurements of the resonance frequency and the
related dissipation factors for at least 3 overtone orders allow
quantification of viscoelastic properties of the electrodes. The
measured quantities for each n are simultaneously fitted to a
suitable viscoelastic model to extract the complex shear modulus
of the electrode, that is, its shear storage (elastic) modulus, G,
and shear loss modulus, G” (linked to the shear viscosity, 179.

Application of EQCM-D measurements to acoustically thick
MXene coatings (470 nm thick film) immersed in 1 M Li,SO,
solution revealed pronounced changes in their viscoelastic
properties as a function of the applied potential.l®y The charac-
teristic pattern of the intercalation-induced changes of Af/n and
AD (called herein “viscoelastic signature” in terms of EQCM-D
methodology) recorded during 100 cycles is shown in Figure 6d.
A magnified EQCM-D response for 3 selected cycles is shown
on the right panels. As can be seen, the acoustic waves gener-
ated on the higher overtone orders with their smaller penetra-
tion depth, d, compared to that for the lower overtones show
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Figure 6. In situ monitoring of mechanical changes in Ti;C,T, electrodes a) Schematic representation of the experimental setup, where the AFM tip
vibrates in contact with the sample’s surface with a band excitation waveform. b) Elastic modulus mapping of negatively charged (-0.8 V) MXene
films immersed in i) Li,SO, ii)K,SO, electrolytes. Based on the maximal variations in the elastic modulus one can identify the shallow and the deep
intercalation sites in the MXene electrodes for both Li* and K* ions insertion (panels (iii) and (iv) respectively). Reproduced with permission.5¢ Copy-
right 2016, Wiley. c) The variations in the elastic modulus of Ti;C,T, after insertion of Mg?" ions (i) and after pre-cycling in K,SO, solutions. (ii). The
corresponding changes in the CVs and the rate capability are presented in (iii) and (iv). Reproduced with permission.l*l Copyright 2017, The Royal
Society of Chemistry d) i) Schematic descriptions of acoustic wave velocity profiles generated across the quartz crystal, loaded by acoustically thin and
thick (viscoelastic) films. ii) CVs, frequency, and dissipation of thick MXene films throughout 100 cycles iii) An enlarged view of the charge frequency
and dissipation changes recorded during 3 cycles. Reproduced with permission.® Copyright 2017, American Chemical Society.

a spectacular increase in the resonance frequency and the cor-
responding decrease in the dissipation factor during Li* ions
intercalation. Fitting the experimental data to a Voight-type vis-
coelastic model reveals that the insertion of Li* ions results in
the stiffening of the MXene electrodes. During the reverse pro-
cess (i.e., in the course of extraction of Li* ions), the electrodes
demonstrate softening returning to the initial viscoelastic
state of the completely deintercalated state of the MXene
electrodes. Further, it was shown that the intrinsic rate of the
intercalation-induced stiffening/softening of the electrodes is
high as the amplitude of the potential-dependent Af/n and AD
changes, does not depend on the scan rate ranging from 20 to
100 mV s7L[%4 The stiffening of MXene structures upon ions
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insertion is in line with the previously presented AFM results
which have demonstrated similar behavior (Figure 6b).

An interesting application of the Mxenes’ viscoelastic char-
acter is the structural engineering of composite battery elec-
trodes. Considering the high flexibility of MXenes, and the
strong electrostatic interactions between their layers, new types
of hybridized battery-supercapacitor electrodes have been pro-
posed. Such electrodes exhibit improved energy and power den-
sity performance. They may provide high specific gravimetric
capacity since electrochemically inactive polymer binders can
be replaced by supercapacitive MXene particles. They also pro-
vide enhanced rate capability due to the high electronic conduc-
tivity of Mxenes.[66-68]
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8. Conclusion and Perspectives

The main focus of this review was on the unique redox proper-
ties of Mxenes, a new class of 2D materials for use in the field
of energy storage and conversion, which interact very well with
a wide variety of electrolyte solutions including neutral and
acidic aqueous solutions, water-in-salt electrolytes, ionic lig-
uids, and organic electrolyte solutions. Our approach was based
on the idea that to consider MXenes as good active mass can-
didates for practical batteries and supercapacitors electrodes,
they should be carefully characterized by a variety of electro-
chemical and in situ structure-sensitive techniques with suf-
ficiently different spatial and time resolutions. Application of
the classical electroanalytical techniques (such as CV, chrono-
potentiometry, various current and potential pulsed techniques,
impedance spectroscopy, etc.) provide averaged electrochemical
characteristics on the scale of entire electrodes which can be
complemented by the data obtained simultaneously (or in par-
allel) using a number of local structure-sensitive techniques
(e.g., in situ AFM, Fourier transform infrared (FTIR), Raman
spectroscopy, etc.). Such a combination of techniques reflects

www.advenergymat.de

electrode behavior on different scales, which is usually suffi-
cient to understand the character of the charging mechanism
of the electrodes. In this regard, efforts should be devoted to
the in situ electrochemical investigations of MXenes’ structure
at the single flakes scale. Being the very basic building block
of bulk electrodes, such studies will provide highly valuable
information about the intrinsic characteristics of the MXene.[®’]
As the multilayer arrangement of the MXene electrodes has a
determinantal influence on its electrochemical behavior and
other potential-induced phenomena, analysis at the single-
layer level will significantly expand our understanding of the
MXenes’ nature and facilitate the further enhancement of its
charge storage capabilities.

Table 1 summarizes the main techniques for in situ charac-
terization of MXene electrodes. These methods are highly rele-
vant for further investigations of new MXene compounds which
like Ti;C,T, possess pseudocapacitive nature response due to
their rich surface chemistry. Yet, despite the similarities in the
surface composition and the layer structure of different MXene
compounds, they may exhibit pronounced differences in their
electrochemical performance. As the charging mechanism of

Table 1. Relevant in situ techniques for characterization of MXene structures.

Provided information

In situ techniques

Relevant application to MXene research

Main limitations

Representing studies

Gravimetric information

Morphological variations

Structural changes

Mechanical properties

EQCM

Dilatometry

AFM

SEM?)

EQCM-D

X-ray diffraction

TEM?

Raman spectroscopy

FTIR spectroscopy?®

UV-vis

XANES

EXAFS

EQCM-D

AFM

Monitoring of ions and solvent molecules
fluxes, formation of surface films

Assessment of expansion/shrinkage
of MXene electrodes

Tracking of variations MXene morphology
on a nanometric scale

Changes in the electrodes’ morphology
Formation of surface films, dendrite growth

Monitoring of porous structure and
thickness of MXene electrodes

Atomic scale changes in the unit cell
parameters of operated MXene structures

Phase transformations, lattice expansion/
contraction at nanoscale resolution

Localized variation of MXene surface
terminations

Localized variation of MXene surface

terminations

Changes in the oxidation state
of the metallic elements

Changes in the oxidation state
of the metallic elements

Local structural changes, bond length
changes

Variations in the viscoelastic properties
of MXene electrodes

Local changes in the elastic modulus
of the MXene electrodes

Can be applied only on acoustically thin
films with sufficient rigidity

Limited to changes in the Z- direction

Provide only local information
(usually limited to several micrometers)

Only low vapor-pressure electrolytes
can be applied

Can be applied only on acoustically thin
films with sufficient rigidity. Necessitates
the use of complex hydrodynamic modeling

Fail to capture local heterogeneities
on the microstructural level

Only low vapor-pressure electrolytes can
be applied, provide only local information

Potential signal noise from
liquid electrolytes

Potential signal noise from
liquid electrolytes

Difficult to correlate the charge Q and
the change of the plasmonic peaks

Measurements with a high
signal-to-noise ratio require a strong X-ray
source synchrotron

Can only provide the macroscopic view
(average) of changes

Interpretation of the signals and the
implementation of viscoelastic modeling
might be challenging.

Local rather macroscopic characterization
of the mechanical properties

23,35,48,70]

[5€]

[42,43,60]

[49]

[55,56]

132

[52,71]

30,52]

(52]

[72]

(63]

AThe methods marked have not yet been reported for studies of MXene electrodes.
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many new MXene types moieties (such as vanadium, moly-
bdenum, or niobium-based MXene) is not well explored so far,
the use of the following in situ techniques are essential to get
deeper insights into their electrochemical behavior.

Given the findings presented, it appears that the charging
process of Ti;C,T, electrodes in aqueous acidic solutions was
adequately addressed. Nevertheless, additional research is
needed to understand the behavior of MXenes electrodes in
other environments. In our view particular attention should be
paid to the following systems:

MXene electrodes in neutral aqueous solutions: The above
contradiction between the low surface capacity of the Ti;C,Tx
electrodes and their high specific capacity values should be fur-
ther explored by sensitive in situ techniques. A possible expla-
nation for this question was provided by ex situ Ti K-edge XAS
spectroscopy which showed slight changes in the Ti oxidation
state by 0.05¢ upon application of negative potentials (—0.05 to
—0.45 V vs Ag/AgCl) in 1 M Li,SO,. This small change in the
titanium atoms’ oxidation state, corresponds well to the extra
charge measured for these systems, =20 mAh g1 Conse-
quently, MXenes cannot be considered as an active mass in
double-layer capacitors, but rather as an active mass whose
behavior is pseudocapacitive. In this aspect, the charging pro-
cess of MXene electrodes is somewhat similar to that of MnO,
electrodes in aqueous solutions which also exhibit rectangular-
shaped pseudocapacitive response.”?! Further clarification
of this issue may be achieved by using sensitive in situ tech-
niques, particularly XAS, advanced UV-vis, FTIR, and in situ
Raman spectroscopies in conjunction with electrochemical
tools, and single studies. Such studies can set guidelines on
how to read properly the electrodes’ response by the various
analytical techniques. For instance, how shifts in Raman peaks
reflect changes in the oxidation state of major atoms and how
these correlate to changes in the steady state of the electrodes’
specific capacity. The influence of surface chemistry on the per-
formance of MXene electrodes in aqueous and non-aqueous
solutions should be further explored. MXenes are convention-
ally synthesized in HF-containing solutions, which results in
F-rich surface chemistry (In addition to O- and OH- termina-
tionsl”)). In trying to avoid the use of hazardous HF, alterna-
tive fluorine-free synthesis methods have recently been pro-
posed.”47] These alternative synthesis approaches result in the
formation of MXene electrodes with new surface chemistries
and most probably, modified structural features (such as the
electrodes’ wettability, hierarchical porous structure, etc.) which
may have a significant influence on their charging mechanism,
and at the same time on their cycling performance.

Additional research efforts should be devoted to the influence
of the pre-insertion of cations on the performance of MXene
electrodes. As previously indicated, the pre-insertion of K*
ions prior to operation in Mg salt solutions (in which Mg ions
insertion/deinsertion is the major electrochemical process)
substantially improves the specific capacity and rate capability
of MXenes electrodes. However, the effect of the cations’ char-
acteristics, particularly their size-to-charge ratio, on the perfor-
mance of MXenes electrodes which undergo red-ox processes
which involve cations insertion/de-insertion cycling should be
further studied. Suitable in situ techniques for addressing these
issues are EQCM-D, XRD, and AFM (preferentially should be
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applied in parallel, in single studies, to the same systems). In
situ investigations of Ti;C,T, in aqueous solutions comprising
A* and transition metal ions (especially Zn?*) are highly desir-
able. Finally, the recent growing interest in Zn batteries brings
new opportunities for the utilization of MXenes as an active
mass in electrodes for Zn ions insertion and Zn deposition.”®”’]
In this regard, the effect of the MXenes’ surface chemistry and
morphology on the performance of possible Zn deposition pro-
cess is very interesting and deserves research work, for which
the use of the above-described in situ analytical tools can con-
tribute a lot.

MXenes in highly concentrated aqueous electrolyte solu-
tions: As the concept of “water in salt” electrolytes are relatively
new, additional research efforts should be conducted to deci-
pher the charging mechanisms of MXene electrodes in these
electrolyte solutions. Of particular interest is the influence of
the concentrated electrolytes comprising various mono and
multivalent ions on the MXenes structure during reversible
ions insertion/deinsertion processes. Working with concen-
trated LiCl or LiBr results in a significant widening of both the
positive and negative zones, as demonstrated. However, while
the increased cathodic stability can be attributed to the inhi-
bition of H, evolution, the origin of the expanded anodic sta-
bility remained unclear. Furthermore, as shown, some MXene
electrodes exhibit redox behavior when positive potentials are
applied, whilst others present a rectangular/capacitive type vol-
tammetric response in the same electrolyte systems. It is inter-
esting to understand the mechanism of such red-ox behavior
and the origin of the peaks in the voltammetric response of
these electrodes. In addition, some WIS electrolytes (TFSI-
based electrolytes for example) induce the formation of passi-
vation layers upon negative polarization. The application of in
situ methods including EQCM-D, AFM, and Raman spectros-
copy (in the same studies, in conjunction with electrochemical
tools) can provide valuable information about the real-time
formation of these layers and their effects on the performance
of MXene electrodes. Last, information about the influence of
highly concentrated electrolytes on the mechanical properties
of MXenes will be highly valuable. The above-proposed studies
are not important just for the practical field of energy storage
and conversion. They will enrich the playground of very basic
electro-analytical chemistry and spectro-electrochemistry.

MXene electrodes in nonaqueous electrolyte systems: Gener-
ally speaking, conducting in situ experiments in aqueous solu-
tions (either neutral or acidic) are significantly simpler than
similar studies in non-aqueous solutions. Organic and ionic
liquids electrolyte solutions are highly sensitive to the presence
of humidity, and even traces of water can severely affect the
results and their significance. Considering the fact that many
instruments cannot be placed into glove boxes or kept under
an inert atmosphere, special attempts should be made to make
toward the development of properly sealed cells. Furthermore,
the formation of solid electrolyte interphases on electrodes in
many organic electrolyte solutions (especially at low poten-
tials) may cause severe difficulties in interpreting the obtained
data. This becomes even more challenging in measurements
of thin electrode films when the ratio between the electrolyte
solution’s mass and the active electrode’s mass is substantially
large.”8 As a result, relatively few in situ studies (compare to

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWWOD BA K80 3(eot|dde 8y} Aq peusenob are sspoiie YO @SN Jo s8I 10} Areiq 1 8UIIUO AB]IM UO (SUORIPUOD-PUR-SUIBYW0D" A3 1M Afe.q 1 Bu1|UO//:SANY) SUORIPUOD Pue SWIB | 8Y} 88S *[£202/T0/2T] Uo Akeiqiauliuo AB|IM ‘HRA NL Aq YSTE0ZZ0Z WUSe/Z00T OT/I0P/W00" A3 1M Afeiq|uljuo//:Sdny Wwoly papeojumod ‘0 ‘0v89TIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

aqueous solutions) were conducted so far on MXene electrodes
in aprotic solutions.

The recent developments in the utilization of electron micros-
copies for in situ measurements of electrode materials”*#
open research new capabilities for MXenes' studies as well.
These methods enable real-time monitoring of electrodes that
operate in low vapor-pressure electrolytes (such as ionic lig-
uids). The use of high-resolution scanning electron microscopy
(SEM) may provide desirable information about potentially
induced morphological changes occurring in operated MXene
electrodes. Considering the recent advances in the use of
MXenes as an effective current collector for metal plating, 832
the use of in situ SEM can significantly promote the under-
standing of the nucleation process and formation of dendrites
on MXene surfaces. in situ transmission electron microscopy
(TEM) analysis can shed a light on structural evolutions such
as phase transformation or crystal expansion of the MXene
structures upon application of potential. Such insights are criti-
cally important to understand the degradation phenomena of
MXene electrodes an issue that is not often discussed in pub-
lished studies.

Targeting practical implementation of MXenes as anodes
in non-aqueous rechargeable batteries beyond Li-ion batteries
(particularly for K and Na ion battery systems for large energy
storage), further in situ experiments related to the effect of the
electrolyte solutions on the MXenes’ charging mechanisms and
the structural/mechanical associated phenomena should be
carried out.

Nano-confined electrolytes molecules in MXene electrodes:
Regardless of the selected electrolytic environment, special
attention should be focused on the contribution of the co-
inserted solvent molecules to the charging mechanisms of
MXenes. Unlike the majority of conventional batteries and
supercapacitors electrodes, MXenes belong to a special class
of hydrophilic electrodes containing intrinsically solvent
molecules presenting in their interspaces. The amount of co-
inserted solvent molecules (AKA confined electrolyte solutions)
depends strongly on the amount of the inserted electrolytic
cations, the type of the solvent, and the porosity/morphology
of the Ti;C,T, moieties. In this respect, MXenes resemble the
class of electronically conducting polymers. By this property,
MXenes are also similar to the class of nanoporous carbon elec-
trodes, however, differing from them by the exclusive insertion
of the cations rather than both cations and anions during their
charging/discharging. Neutron-related techniques have been
used ex situ to observe the status of included solvent molecules
between the MXenes interlayer spacing. For example, inelastic
neutron scattering was used to analyze the vibrational states
of the interfacial H,0O molecule and neutron backscattering is
capable to reveal the confinement of organic solvents.?>32 A
straightforward way to quantify the amount of co-inserted/co-
extracted solvent molecules during electrodes’ charge-discharge
processes is to supplement the use of the above-mentioned
combination of analytical techniques by application of EQCM-D
in its gravimetric mode (the use of conventional QCM without
dissipation monitoring is insufficient for a thorough quantita-
tive analysis). In this way, the dynamics of the cations-solvent
molecules’ competition for the occupation of the sites in the
confined MXene interlayer spaces can be quantitatively studied
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and further compared with the related molecular dynamics cal-
culations. Such studies, beyond their importance for the field
of non-aqueous rechargeable batteries, will mark a frontier in
analytical chemistry.
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