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Electrochemistry of Titanium Carbide MXenes in

Supercapacitor

Tingting Jiang,* Yichen Wang, and George Z. Chen*

Novel electrode materials are always explored to achieve better performance
of supercapacitors. Titanium carbide MXenes, Ti,C,T,, are one of the very
promising candidates for electrode materials in supercapacitors due to their
unique structural and ion storage properties as 2D materials. Their large
specific surface area, adjustable functionalized surface terminals, high
electrical conductivities, hydrophilicity, and high Faradaic capacitance, also
known widely but confusingly as pseudocapacitance, are highly desirable for
making high-performance electrodes with increased dis-/charging rates and
capacities. Herein, some selective electrochemical considerations of Ti,C, T,
MXenes for uses in supercapacitors are critically reviewed and assessed,
aiming at a better fundamental understanding of the electrochemical basics
and processes in Ti;C,T, MXene-based electrode materials for supercapacitor

applications.

1. Introduction

With the depletion of fossil energy resources and the deteriora-
tion of the environment, the goals to reaching the carbon emis-
sion peak and carbon neutrality have been proposed and agreed
around the world. Green and sustainable energy sources includ-
ing wind tide and sunlight have gained much attention with the
relevant technologies grown for years to replace the fossil-based
traditional ones. However, intermittency and the strong depen-
dence on the environment limit the massive and effective ap-
plication of these renewable energies. A multi-vector and coop-
erative energy storage infrastructure should be utilized in apost
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fossil and new energy power station.!'3]
On the other hand, the rapid develop-
ment of electric vehicles and portable de-
vices has raised new and higher require-
ments for various energy storage tech-
nologies of which electrochemical en-
ergy storage (EES) devices are apparently
more promising than the others. EES
is usually achieved via either or both of
two basic charge storage mechanisms:
capacitive and Nernstian (or noncapac-
itive). While Nernstian storage domi-
nates in rechargeable batteries, capac-
itive storage is the fundamental basis
for various supercapacitors. In terms of
performance, supercapacitors can pro-
vide much larger energy capacity than
traditional capacitors and greater power
capability than all known rechargeable batteries such as Li-ion
batteries.[*]

Generally, supercapacitors can be divided into two types ac-
cording to the energy storage mechanism, namely, electrochem-
ical (or electrical) double-layer capacitors (EDLCs) and pseudo-
capacitors.In EDLCs, similar to the traditional parallel-plate elec-
trolytic capacitor, an electrical double layer (EDL) forms at the
interface of each electrode and the contacting electrolyte where
the ions are adsorbed and desorbed reversibly upon potential
changes, enabling fast charging and discharging. The difference
between EDLC and electrolytic capacitor is simply that the for-
mer uses electrodes with much larger specific surface area and
hence offers much greater specific capacitance than the latter.
In pseudocapacitors, also known as redox supercapacitors, the
charges are stored through a redox reaction or Faradaic process
at the surface of or in the electrode materials with reversible in-
gression of ions into the materials to maintain electrical neutral-
ity. The ingression and egression of ions are known as interca-
lation and deintercalation for materials with appropriate layered
or channeled structures. Since charges are stored at the atomic
or molecular level via redox reactions, pseudocapacitors usually
have higher capacitance than EDLCs. On the other hand, EDLCs
show better reversibility, cycle stability, and charge storage rate
than pseudocapacitors. Later developments are toward hybrid de-
vices, including asymmetrical supercapacitors that combine the
merits of EDLCs and pseudocapacitors, and supercapattery in
which both the capacitive and Nernstian storage mechanisms are
utilized aiming at improved electrochemical performance.!’]

Electrode materials are essential for all EES devices. Particu-
larly in supercapacitors, carbon materials, including graphene,
carbon nanotubes, activated carbons, and carbon aerogels, have
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been the most used electrode materials for EDLCs due to their
large specific area and excellent electrical properties.®1?! Transi-
tion metal oxides, dichalcogenides, nitrides, sulfides, hydroxides
including layered double hydroxides and electronically conduct-
ing polymers are typical materials for pseudocapacitors. Mean-
while, there are a large number of emerging electrode materi-
als which store charge following more than one energy storage
mechanism.[”13-15] Nevertheless, pseudocapacitive materials do
show some shortcomings such as limited electrical conductivity
and unsatisfactory reaction reversibility which are mainly caused
by structural instability and poor carrier transportation in the ma-
terials. Therefore, the search continues for novel electrode mate-
rials that are capable of better performance with particularly in-
creased conductivity and capacity.

As a new family of 2D materials, MXenes have attracted in-
creasing attention since the first successful synthesis in 2011.11%
They are usually transition metal carbides, nitrides, and carboni-
trides derived from dozens of MAX phase materials which are
unique in their combined metallic and ceramic properties (M:
transition metal element, e.g., Ti, Cr, V, or Nb; A: A group ele-
ment, e.g., Al, Si or Zn, X: C or N). The MAX to MXene conver-
sion involves the removal of the A element and addition of the
terminal groups. The general formula of MXene is M, ,; X, T, (n
=1, 2, 3, or 4), where T, stands for the surface (or edge) termi-
nal groups including -O, -OH, or -F according to the various syn-
thetic processes and post-treatments.['”"*] More complex com-
positions and structures, such as bi-metallic MXenes, are also
emerging recently.') Interestingly, to the authors’ best knowl-
edge, the value of x in T, is not defined in the literature. However,
it can be concluded from available literature information that x
is nonstoichiometric. Its value should be comparable to that of
n for a single-layer structure, but fractional for a few-layer struc-
ture, i.e., x < 1, because the number of the surface terminal atoms
or groups is much smaller than the number of M or X atoms in
the structure.

Generally, the synthesis of MXene nanosheets can be achieved
via either the top-down or bottom-up methods.!1%20-26] In the for-
mer, MXenes are usually etched from the respective MAX phase
materials using hydrofluoric acid, fluoride salt, and alkali. Alter-
natively, electrochemical or molten salt etching, and intercalation
are also effective synthesis processes for MXenes. In the bottom-
up route, epitaxial growth and sputtering are commonly used.

Similar to another famous 2D material, graphenes, MXenes
exhibit unique structural, magnetic, optical, electronic, and elec-
trochemical properties.??8] MXenes have been shown to pos-
sess great potentials for applications in, e.g., alkali and alkaline
earth metal ion batteries and supercapacitors,!162°-3¢] electromag-
netic shielding,[*”] photocatalysis,*®] and water splitting.[**! Due
to their remarkable electronic conductivity, good structural sta-
bility and flexibility, and tailorable surface functionality, MXenes
have been studied as both active electrode materials and cur-
rent collectors for supercapacitors.[*] The moderate mechani-
cal and easy thin-film forming characteristics also allow MX-
enes to be used in flexible and wearable devices. Till now, a se-
ries of MXenes such as Ti,C,T,, Ti,CT,, V,CT,, and Nb,C,T,
have been synthesized and utilized in EES devices, particularly
supercapacitors.[!*l Among the large MXene family, Ti,C, T, is
the most investigated and utilized member due to several rea-
sons, such as the readily available MAX phase precursors, conve-

Small Methods 2023, 2201724

2201724 (2 of 21)

www.small-methods.com

nience in preparation, higher structural stability, and better elec-
tronic conductivity. In the following discussion, Ti;C,T, MXenes
will be the main focus as a representative of the whole family
unless otherwise specified.

It is generally recognized that Ti;C,T, MXenes are capa-
ble of exhibiting near-ideal capacitive properties, represented by
their highly rectangular cyclic voltammograms (CVs) and almost
symmetrical triangular galvanostatic charging and discharging
curves (GCDs). These experimental observations were taken by
many as evidence of EDL capacitance. This attribution seems
to be reasonable because Ti;C,T, MXenes are highly conduct-
ing to electrons, and accommodate ions, particularly small metal
cations, in their layered structure. However, the multivalence Ti
element should enable a certain level of redox activity and hence
pseudocapacitance, which was supported by findings from in situ
spectroscopic analysis.[*’]

On the practical prospect, restacking and aggregation of the
MXene sheets during the charge storage process, as well as
the unstable surface terminals may deteriorate the electrochem-
ical performance of MXenes in supercapacitors. Several strate-
gies have been developed to solve these problems, such as
constructing 3D structures,/***’! forming heterojunctions with
oxides,[*%] carbons,**2] or polymers,>>% and modifying the
MXene by doping or surface alteration.’’-%!l Although there
are already several published review articles on the develop-
ment, synthesis, and properties of MXene-based materials for
EES devices,[11%] there are still some unclear issues on using
them for supercapacitors, especially the charge (or energy) stor-
age mechanisms which vary, e.g., in different electrolytes. The
device design, including counter electrode and cell configuration
may also affect the electrochemical information obtained.

Here, we review and discuss the electrochemistry, or more
precisely the features of different electrochemical measurements
of Ti,C, T, MXenes for supercapacitor applications, broadly in
line with the scheme in Figure 1. First, the electrochemical reac-
tion information of MXene as electrode materials in supercapac-
itors are collated, including CVs and GCDs. Then, the charge (or
energy) storage mechanism and the influence of surface termi-
nal groups on the performance are analyzed and summarized.
Specifically on pseudocapacitance analysis, the commonly ob-
served Mount Thor-shaped GCDs (see bottom-left of Figure 1 and
Section 2.2) are highlighted in association with polarizations that
are largely resulting from electrode or cell resistance. For CVs,
the confusion on the surface-confined and diffusion-controlled
processes in Ti,C, T, MXene electrodes during the charge stor-
age process is clarified. Third, the influence of electrolytes on
the electrochemical process of MXenes is outlined. Meanwhile,
the advantages and disadvantages of different types of electrolytes
for MXene-based supercapacitors are compared, and the related
charge storage mechanisms are discussed. It is hoped that this
review will provide an improved fundamental understanding of
the electrochemical processes of MXene-based electrode materi-
als for supercapacitor applications.

2. Electrochemical Performances of MXene

Due to their application potential in supercapacitors, MXenes
including Ti;C,T, have been investigated and reported to offer
excellent performance, up to the claimed landmark volumetric
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Figure 1. Scheme of electrochemical study of Ti;C, T, MXenes for supercapacitors.

capacitance of 1500 F cm™3, although the reported specific capac-

itance was only 380 F g~1.[2] In another study, the specific capaci-
tance of Ti;C, T, MXenes was reported as 506 F g~1.[%] Assuming
proportional conversion, it should correspond to a volumetric ca-
pacitance close to 2000 F cm =3[ but the reported value was 759
F cm~3.[8%] These two examples suggest that the actual density of
a MXene material and its packing density on electrode are cru-
cial factors affecting charge storage performance. Therefore fur-
ther and better understanding of the charge storage mechanism
is greatly needed so that the performance of Ti;C,T, MXene elec-
trodes can be improved with high consistency and reliability.

Generally, Ti,C,T, MXenes can exhibit rich capacitive prop-
erties which are influenced by the way of atomic connections
in each layer or sheet, the surface terminal groups (atoms), the
electrode structure and fabrication, and the selected electrolytes.
It was reported that according to the relative size of electrolyte
cations, the Ti;C,T, MXene could develop a performance that is
of either EDL capacitive or pseudocapacitive dominance. When
the electrolyte cations were small enough to intercalate between
the Ti, C, T, layers with the occurrence of charge transfer, a larger
capacitance could result from the redox reactions.l] On the
other hand, larger ions could only form an electrostatic region
and therefore the EDLC capacitance was assumed./®! As for the
Ti,C,T, MXene electrode itself, the electrochemical behavior is
strongly dependent on the category and amount of the surface
terminal groups. Meanwhile, the structure and fabrication of
electrodes can also influence the charge storage performance of
Ti,C,T, due to the modification of surface area and active sites.
In this article, the capacitive properties of Ti;C,T, are summa-
rized in Section 2 (this section). Section 3 will focus on analysis
of CVs in terms of surface and diffusion controls, while the effect
of electrolytes will be discussed in Section 4.

2.1. Electric Double-Layer Capacitance
Both external and internal surface processes on an electrode
(electronic conductor) are important factors affecting the over-

all capacitance of the electrode. In EDLCs, adsorption and des-
orption of cations and anions on the electrode surface, including
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those internal ones, dominate the energy storage process. Along
this line, MXenes, due to their high electronic conductivity and
fairly large specific surface area, are expected to benefit from the
same charge storage mechanism as that in EDLCs. This seems to
be supported by the very rectangular CVs of MXenes as shown in
Figure 2, corresponding to reported specific capacitance of 150
500 F g~1.124] Considering the fact that the areal capacitance of
an EDL is smaller than 40 uF cm~2, the specific surface area of
MXenes must be larger than 375 m? g~! to enable the value of
150 F g7! in specific capacitance. Unfortunately, in many stud-
ies, it was found that MXenes possessed moderate specific sur-
face areas smaller than 100 m? g=1,14%] which is too small to
account for the measured specific capacitance. An argument was
that in the layered structure of MXenes, intercalated ions were
surrounded by water molecules and then combined with metal
ions to form an EDL structure on the surface of MXene layer.[°6-70]

It can be expected that when the sizes of electrolyte ions
and interlayer spacing in MXenes are comparable within a
specific range, EDL capacitance should be optimized. Because
Ti, X, T, MXenes are mostly hydrophilic, they should work
well in aqueous electrolytes. The fact that they can be termi-
nated by acidic or alkaline groups means that they each would
have a preferred acidic, neutral, or alkaline electrolyte. Exam-
ples of aqueous electrolytes studied for use with Ti, ,, X, T, MX-
enes include H,SO,, KOH, MgSO,, and (NH,),SO,.['72] Fur-
ther discussion will be given later on the EDL capacitance of
MXenes.

It is worth noting that in most, if not all, reported studies,
the capacitive properties of Ti,C,T, MXenes were analyzed using
the symmetrical cell configuration as schematically illustrated in
Figure 2a. The symmetrical cell is simple to make in laboratory
and easy to use for analysis of the cell performance as exempli-
fied in Figure 2b,c in terms of specific or areal capacitance and
dis-/charging kinetics. However, the CVs in Figure 2d,e demon-
strate that the capacitive potential range (CPR) of MXenes are
usually negative and narrower than 1.0 V in aqueous electrolytes.
These facts make it more desirable to couple the MXene elec-
trode with a positive electrode (positrode) of a different material,
e.g., hydrous manganese oxides, MnO,+aH,O or polypyrrole,®!
whose working potential range is more positive to form an
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Figure 2. a) Schematic illustration of a symmetrical EDLC. b) A CV at 1 mV s™! and c) GCD curves at different currents of symmetrical Ti;C, T, MXene
supercapacitors with an aqueous electrolyte of 3 M KOH. Reproduced with permission.[®®] Copyright 2015, Springer Nature. d,e) CVs at 20 mV s~!
of Ti;C,T,-based electrodes in various aqueous electrolytes. f) Electrochemical in situ X-ray diffraction (XRD) patterns of multilayer exfoliated Ti;C,T,
MXene in 1 m KOH solution. Reproduced with permission.I”'] Copyright 2013, American Association for the Advancement of Science. g) Fish-shaped CVs
and h) Mount-Thor-shaped GCD curves of a very resistive Ti;C,T, MXene electrode in simulated seawater. Reproduced with permission.[®”] Copyright
2018, the Royal Society of Chemistry. i) Authors’ impression of Mount Thor in Canadal’3] whose peak outline resembles very much the shape of the

black GCD curve in (h).

asymmetrical supercapacitor. Further, it is also possible to build
a supercapattery which combines a supercapacitor (or capaci-
tive) electrode with a battery (or Nernstian) electrode.®! It should
be pointed out that Ti, X, T, MXenes are among the very few
known pseudocapacitive materials that can work in a negative
potential window, making them a desirable candidate material
of negative electrode (negatrode) for designing new and high-
performance EES devices.
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Figure 2b shows typical CVs of symmetrical cells of MXenes
(with 5 wt% of polytetrafluoroethylene) at a scan rate of 1 mV
s7!. The MXenes were prepared by etching Ti,AlC, with 49% hy-
drofluoric acid (HF) at 60 °C.[°*l The CV exhibited a highly rectan-
gular shape and good symmetry, with a cell voltage up to about
0.8 V, which is similar to that of typical aqueous electrochemi-
cal capacitors. According to the GCD curves at various specific
currents in Figure 2c, good charge storage reversibility can be
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described since the curves are almost ideal isosceles triangles.
The capacitance of this Ti;C, T, MXene was found to be about 50
F g7! at a specific current of 1.0 A g~1. This value is significantly
smaller than those mentioned above, implying a dominance of
the EDL capacitance in the measurement.

The capacitive behavior of Ti;C,T, MXene has been studied
under different experimental conditions for practical purposes.
For example, Xia et al. built and tested a symmetrical super-
capacitor of Ti;C,T, MXene in a seawater electrolyte. Unfortu-
nately, as shown in Figure 2g—i, they recorded sloped fish-like
CVs and Mount Thor-shaped GCDs!”3! which were obviously dis-
torted from the reversible capacitive performance as shown in
Figure 2b—e. They attributed the distortions quite ambiguously to
some redox reactive intermediates and products within the meso-
pores of the electrode.l®”] The sluggish features of the distorted
CVs and GCDs can indeed be attributed to the effect from elec-
trode or cell polarizations, but high electrode (or cell) resistance is
an important experimental factor that has been ignored by many
authors in their calculation of capacitance and energy capacity
values. A worse scenario is that the ratio of the charge, Q = It,
and the potential or voltage range, U, measured from the Mount
Thor-shaped GCDs were used to calculate the electrode or cell
capacitance, C = Q/ U, or the cell energy capacity, W, according
to Equation (1)

_cu?
2

w 1)

This equation has been derived for both CV and GCD mea-
surements of a supercapacitor cell. Note that C should be the cell
capacitance and can be derived from the electrode capacitance ac-
cording to % = c% + C% For a symmetrical cell, C, = C_ = 2C,
where C, and C_ are the capacitance of the positrode and nega-
trode, respectively. Equation (1) can also use mass normalized
cell capacitance or specific cell capacitance, C;, to calculate the
specific energy of the cell W,. For a symmetrical cell, C,, = C,_
= 4C, because the active material mass of the cell is the sum of
those of the individual electrodes. For an asymmetrical cell, there
is not a simple link between C, and the specific capacitance of
the positrode or negatrode. Instead, the specific cell capacitance
needs to be calculated from % = Ci + Ci and C, = C/m, where

m = m, + m_ is the sum of the active materials masses of both
the positrode, m,, and negatrode, m_.

To use Equation (1), C must be constant versus the cell volt-
age, which can only be so when the capacitance of each of the
positrode and negatrodes is also constant and independent of the
electrode potential. Such requirements are equivalent to using
only rectangular CVs or linear and triangular GCDs. The prob-
lems from using nonrectangular or peak-shaped CVs or nonlin-
ear or Mount Thor-shaped GCDs for capacitance and energy cal-
culation according to Equation (1) will be discussed later.

Improvement of the overall conductivity and reversibility of the
MXene-based electrode can be achieved, e.g., through appropri-
ate combination with activated carbon or carbon black. Such com-
posite electrodes were shown to perform much better due to the
synergetic effect of carbon and MXene,[°0%87477] although this ap-
proach inevitably sacrifices some storage capacity as the specific
capacitance of carbon is only a fraction of that of MXenes.
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As the performance of EDLCs is strongly dependent on the
specific surface area of the electrode materials, high surface ar-
eas and porous structures are beneficial to increasing the ca-
pacitance of MXene (and also other capacitive materials). How-
ever, Lukatskaya et al.l’!l prepared a flexible, binder and additive-
free Ti,C,T, paper as a supercapacitor electrode in KOH elec-
trolyte, and obtained a volumetric capacitance of 340 F cm™3,
much higher than that of a typical EDLC mechanism material
(e.g., activated graphene) with the reported surface area. There-
fore, the traditional non-Faradaic electrostatic adsorption process
may not be the only mechanism for charge storage in MXenes.
They further investigated the capacitive behavior of Ti;C,T, MX-
ene in different electrolytes (in Figure 2d,e) and proposed that the
cation intercalation should be responsible for the improved ca-
pacitance. The CV recorded in K, SO, was mostly rectangular and
exhibited higher capacitance than that in electrolytes (AL (SO,);)
of lower electric conductivity. According to their in situ XRD anal-
ysis (Figure 2f) during the electrochemical cycling, the c-lattice
parameter increased indicated by the downshift of (002) peak. In
a later study, the same group used electrochemical in situ X-ray
absorption near edge structure spectroscopy (XANES) to detect
the valence change of the Ti element.[®!] Their findings further
supported the dominant redox contribution to the measured ca-
pacitance in line with the pseudocapacitive attribution.

Although there are increasing experimental findings support-
ing the pseudocapacitive nature of Ti;C, T, MXene, the EDL stor-
age mechanism can still not be excluded. Instead, the proportion
of EDL capacitance, although relatively small, varies according
to the properties, conductivity in particular, and macro- and mi-
crostructures of the Ti,;C, T, MXene electrodes, and also the na-
ture of electrolyte, conditions of measurements and setup of the
electrode or supercapacitor cell.

2.2. Pseudocapacitance

An important feature of charge storage in MXenes is ion inter-
calation between the layers of MXenes, which is expected to be
selective by the ion size relative to that of the interspace between
the neighboring layers of Ti;C,T, MXenes. The latter also varies
between Ti,C,T, MXenes prepared by different fabrication meth-
ods. Many authors have used the term “intercalation pseudoca-
pacitance” to describe their experimental observations, but not all
ion intercalation processes may lead to the pseudocapacitance for
supercapacitors. The truth is that ion intercalation can proceed in
either capacitive or Nernstian materials as will be explained be-
low.

Being layer structured compounds containing the multi-valent
Ti element and highly conducting to electrons, Ti,C, T, MXenes
are expected to offer redox activities for charge (energy) storage.
However, they may present ideal or near ideal capacitive behavior
similar to the CVs and GCDs in Figure 2, but also peak-shaped
CVs,I#8% e g, as displayed in Figure 3 in line with typical Nern-
stian (or battery-like) features. Unfortunately, such peak-shaped
CVs were claimed to be pseudocapacitive and used for capaci-
tance calculations.

It is worth noting that the overall charge, Q, stored in a cell
can be derived from the integration of the current, i, on the CV
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b) Reproduced with permission.l”2] Copyright 2018, Elsevier B.V. CVs of MXene electrode c) at 1 mV s~ in acetonitrile with 1 m TEABF, and d) in a
two-electrode Swagelok cell at scan rate from 20 to 500 mV s~ in a neat ionic liquid of EMI-TFSI. c) Reproduced with permission.l”?] Copyright 2022,
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ata scan rate of v (= U/t

Un,

Jidu 2)
0

A similar equation can be written for the overall charge stored
in an electrode, replacing U by the electrode potential, E, varying
in the given potential range. It is not uncommon in the litera-
ture that Equation (2) was applied to nonrectangular CVs, par-
ticularly those peak-shaped ones. According to a recent analysis,
the “charge/potential range” ratio, i.e., Q/ U, from a nonrectangu-
lar CV is “nonlinear pseudocapacitance” versus the charge stored
in electrode or cell. Such nonlinear pseudocapacitance cannot be
used in Equation (1) which is only for the calculation of energy
stored in a true supercapacitor whose “linear pseudocapacitance”
can be derived from a rectangular CV.I”8]

Although materials of nonlinear capacitance should not be
used for making a supercapacitor, they can still be used in bat-
teries or supercapatteries. In such cases, the energy capacity can
be calculated by integration of the nonlinear GCD curve, or the
nonrectangular CV according to Equations (3) and (4), respec-
tively

W = iU}mU(t) dt (for GCDs) (3)
0
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W= v i)t (for CVS) (4)
0

where t is the time which can be read directly on GCD, or de-
rived from U = vt on CV with v being the potential scan rate. The
current, i, is constant for GCD, but a function of cell voltage for
CV.I’8] Note that unlike Equation (2) which can be applied to both
the cell and electrode, Equations (3) and (4) can only be used for
a cell because a single electrode cannot store energy.

It has been shown that Equation (1) is a special case of Equa-
tion (3) for GCD when U(t) is a linear function of time which is
the feature of capacitive charging and discharging. When i(t) is a
constant as that on the rectangular CV of a true supercapacitor,
Equation (4) can also be simplified into Equation (1). Therefore,
if Equation (1) is used in place of Equation (3) or (4) for nonlinear
GCDs or nonrectangular CVs, the calculation would either over-
or underestimate the true energy capacity of the cell.

The concept of intercalation pseudocapacitance is worth fur-
ther consideration. Ion intercalation occurs in response to a dif-
ference in chemical or electrochemical potential or both between
the electrode and the contacting electrolyte. In all cases, electric
neutrality must be maintained in the electrode (and electrolyte),
while transport of ions through the electrode material(s) may be-
come a rate control step, invoking kinetic complications. The dif-
ference between chemical and electrochemical intercalations is
that the former does not involve net charge movement in either
the electrode or electrolyte, making no contribution to charge
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storage. In other words, chemical intercalation may occur spon-
taneously by simply immersing the electrode in an appropriate
electrolyte. Thus, electrochemical intercalation is the only mech-
anism responsible for charge storage. It may occur according to
three different sub-mechanisms, namely, 1) EDL dis-/charging
or Faradaic reactions which can be 2) Nernstian or 3) pseudoca-
pacitive. According to a recent analysis,*] Nernstian storage takes
place via the transfer of localized valence electrons at a fixed en-
ergy level and hence the peak-shaped CVs, while pseudocapaci-
tance or more correctly Faradaic capacitance reflects the transfer
of delocalized valence electrons in a continuous energy band (as
that in a semiconductor), leading to rectangular CVs.

The peak-shaped CVs of Ti,C, T, MXenes as shown in Figure 3
reflect well the presence of Nernstian intercalation which is more
common in electrode materials of lithium-ion batteries. Compar-
ing the CVs in Figures 2d,e and 3, itis reasonable to conclude that
the potential range for recording the CVs plays an important role.
In addition, the effect of electrolyte is of great significance as Fig-
ures 2d,e and 3 indicate that high proton activity in electrolyte
favors the current peak appearing on the CV. In other words,
Ti,C,T, MXenes can accommodate both pseudocapacitive (nar-
row potential range, low acidity) and Nernstian (wider potential
range, high acidity) intercalations. In addition, EDL capacitance
and hence EDL intercalation are also inevitable in Ti,C,T, MX-
enes due to their high electronic conductivity and porous struc-
ture.

On the electrochemical charge storage mechanism of MXene
in supercapacitor electrodes, the structure, particularly designed
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2201724 (7 of 21)

T,, restacked Ti;C,T,, and activated carbon at 100 mV s™' in 1 M NaCl. Reproduced with permission.[82] Copyright 2018, Cell Press.

structure of MXene may also influence the ion intercalation pro-
cess which can be reflected on the respective CVs. Restacking and
aggregation are the most focused problems for MXene electrode,
which may reduce the overall number of active surface sites.

Several novel structures including vertical 18!l pillared,[®*#* 3D
porous, #2851 and crumpled structures!®®#’] have been proposed
and studied to improve the performance of MXene on electrode
via different preparation methods such as freeze-drying, and tem-
plate assisted. Xia et al.®! succeeded in coating the electrode sur-
face with vertically aligned Ti,C,T, MXene sheets by mechanical
shearing of the discotic lamellar liquid-crystal phase. Figure 4a,b
schematically shows the structure design and carrier or ion trans-
port pathways in parallelly stacked and vertically aligned MXene
sheets on the electrode surface. CVs of the parallel stack of MX-
ene sheets (prepared by filtration) and vertically aligned ones with
different thicknesses are compared in Figure 4c, showing strong
dependence on electrode structure. The filtered MXene showed
the redox peaks at —0.6 and —0.8 V on the CV which disappeared
in the thicker film of 35 um. For the vertically structured MX-
ene film, the pair of redox peaks appeared at —0.4 and —0.6 V,
showing no dependence on the film thickness, indicating more
effective carrier or ion transport pathways.

As another example proving the effect of electrode structure,
Figure 4d shows the scanning electron microscop (SEM) im-
age of a highly crumpled 3D porous matrix of cryo-dried MX-
ene nanosheets after removal of the pore formers and spacers.!*?]
In Figure 4e, the CV of this porous Ti,C,T, is compared with
those of the restacked Ti,C,T, and activated carbon in 1 M NaCl
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solution. It can be seen that this highly porous MXene delivered
much larger currents than the restacked one. These examples
demonstrate that structurally opening the MXene electrode could
provide more surface active sites and promote intercalation of
ions which are both beneficial to improving the performance.

2.3. Experimental Findings

Based on the synthesis process, there are abundant surface termi-
nal groups such as -F, -O, -OH on the surface of Ti;C,T,, MXenes.
In acidic aqueous electrolytes like H,SO,, the intercalated proton
H* is small and easy to transfer between the MXene nanosheets
with high ionic conductivity. Then, the protons can bond with
the oxygen terminal group on the surface of Ti;C,T, MXene to
form a hydroxyl group (Figure 5a). The bonding/debonding pro-
cess between protons and the oxygen terminals on the surface
of MXene during the discharging and charging process provide
much higher pseudocapacitance than that of EDL capacitance.
At the same time, this reversible redox reaction may lead to the
transformation in the Ti oxidation valence state from +3 to +4
according to the charging and discharging process, respectively.
The corresponding electrochemical reaction is as follows!*!

Ti,C,0,(OH),F,_,_ + e +8H* - Ti,C,0, ;(OH), ,F,_,_,
)

With the smallest ion radius, protons are prone to access the
electrochemically active sites on the surface and interface of MX-
ene nanosheets and deliver outstanding cycling and rate perfor-
mances. In alkaline electrolytes, such as KOH, proton activity is
low. The electrochemical behavior of Ti,C,T, MXene as men-
tioned in Section 2.1, according to available evidence, indicates
that the larger metal cation could provide only ion intercalation
without interaction with terminal groups.

The electrochemical performance also varies depending on
the inherent characteristics of cations. Qian et al.®®] prepared a
free-standing film of Ti,C,T, MXene electrode and investigated
the behavior during charging and discharging in aqueous elec-
trolytes of LiCl, NaCl, and KCI. An oxidation peak at 0.120 V and
a reduction peak at —0.050 V (vs Ag/AgCl) were observed on all
CVs in the three electrolytes. The electrochemical performances
in KCl and LiCl were better. According to Qian et al., the solvated
K* ions with fast ion transport could provide a fast electrochem-
ical surface adsorption, resulting in better charge propagation.
Small-sized Li* ions may be more likely to permeate through the
interlayer space between, and adsorb on the MXene nanosheets,
delivering good ion storage properties.

In 2014, Ghidiu et al.[?°] prepared a paper-like Ti,C,T, clay by
etching Ti,AlC, MAX with LiF and HCI, which presented a vol-
umetric capacitance as high as 900 F cm~3, and also showed ex-
cellent cyclability. The CVs at different scan rates as shown in
Figure 5b demonstrate the good rate capability since the small
size of protons could maintain the rapid charge transfer in charg-
ing and discharging. The high capacitance and rate capability in
1 M H,SO, agree with the faster and efficient intercalation of
the small H* ion and its beneficial interaction with the terminal
groups.
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Cyclic voltammetry can help determine if the intercalation is
Nernstian or capacitive or both, but it alone is insufficient to as-
sert between DEL and Faradaic capacitive intercalation. In situ
spectroscopy is needed to tell if there is a simultaneous change
in the oxidation state of the Ti element in the MXene electrode.
Lukatskaya et al.[! performed in situ XANES for the Ti K-edge to
study the changes in the Ti oxidation state during cycling. Shifts
in Ti edge energy were monitored, and several spectra were col-
lected according to voltammetric cycling. The potential range was
0.275 to —0.350 V and —0.200 to 0.345 V, respectively. Figure 5c
shows the relationship between Ti K-edge energies at half-height
of normalized XANES spectra and the applied potentials, where
the Ti edge shifted to lower energies in the sweeping from 0.275
to —0.350 V, indicating the decrease in the oxidation state of Ti.
The Ti K-edge energies increased to higher levels in the reverse
sweeping. By plotting the Ti K-edge XANES spectra at 0.100 and
—0.400 V, the average oxidation state can be quantified as shown
in Figure 5d, from 2.33 to 2.43 over a 0.7 V wide potential window
(Ti oxides are listed as reference).

Mu et al.[*! investigated the charge storage mechanism of
Ti,C, T, MXenes in H,SO, by in situ XRD. Figure 5e shows
the contour maps of XRD patterns collected with the value of
20 between 5° and 20° during cyclic voltammetry between 0 to
—0.900 V versus Ag, where the obvious shift of the (002) and (006)
peaks can be found. The results indicate the change in functional
groups instead of the phase transformation during charging and
discharging. Correspondingly, the c-lattice parameter changed up
t0 0.54 A depending on the potential in the third cycle (Figure 5f).
During the charging process, the ¢ value remained above 28.5 A
at first, then decreased quickly from 28.54 to 28.07 A in the po-
tential range of —0.7 to —0.4 V and gradually expanded to 28.22
A.

In the discharging process, the c value decreased first to 28.11
A at —0.600 V and then increased to 28.61 at —0.900 V. The shift
of the c-lattice parameter in H,SO, was larger than that in other
aqueous electrolytes, and claimed to be in accordance with the
higher capacitance of Ti;C, T, MXenes in acidic electrolytes.

Except for experimental results, the Faradaic nature of charge
storage in Ti;C, T, MXene in H,SO, electrolyte was also demon-
strated by theoretical modeling and calculation based on joint
density functional theory with an implicit solvation model and
the analysis of Gibbs free energy under a constant electrode
potential.®] It was shown that the surface net charge was mainly
distributed on the surface oxygen layer which directly interacted
with the electrolyte, as shown in Figure 5g. Based on the pro-
portional relation between the valence and the atomic Bader
charge on a Ti atom at different H coverages and electrode po-
tentials, the oxidation state of Ti was found to change from
2.45 to 2.54 at potentials from —0.290 to 0.590 V versus stan-
dard hydrogen electrode. This finding is in accordance with the
XANES observations.[®*] Therefore, the capacitive charge storage
of Ti;C, T, MXene in H, SO, is dominated by the redox process or
pseudocapacitance. Similar results have been obtained in other
types of MXenes, such as V,CT, and Nb,C,T,.[")

In organic electrolytes or ionic liquids, similar interactions of
ions are thought to have occurred.#*91-3] According to Figure 3c,
the CV of Ti;C,T, MXene at 1 mV s~! in the acetonitrile solution
of 1 m TEABF, (TEA: tetraethyl ammonium) showed predom-
inantly capacitive features. A pair of small and broad peaks at
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Society.

—1.75 and —1.48 V appeared on the CV, and was attributed to the
intercalation and deintercalation process of TEA*.””] Lin et al.
also found a couple of peaks at about 0.5 and 1.2 V superposed on
the rectangular CV of a two-electrode Swagelok symmetric cell of
MXene operating in a neat ionic liquid electrolyte of EMI-TFSI (1-
ethyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)-imide)
as shown in Figure 3d.®% These observations in nonaqueous
electrolytes are strong indication that Nernstian charge storage
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is an intrinsic part of MAXene that can be trigged by not only
proton but also other cations.

2.4. Influence of Terminal Groups on the Performance
There are abundant terminal groups on the surface of the as-

prepared Ti;C,T, MXene, including -O, -F, and -OH, which are
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quite active for further oxidation or contaminations. The reac-
tions of HF with the MAX phase (Ti;AlC,) can be listed as
follows!**!

Ti,AlC, + 3HF = AIF, + %Hz +Ti,C, 6)
Ti,C, + 2H,0 = Ti,C,(OH), + H, (7)
Ti,C, + 2HF = Ti,C,F, + H, 8)

As discussed in the capacitive mechanism of Ti;C,T, MX-
enes in H,SO, electrolyte, surface terminal groups and sur-
face state play vital roles in the electrochemical behavior of a
MXene electrode. Compared to the F-functional groups, the O-
functional groups are more favorable since they can form hydro-
gen bonds with protons in the acidic electrolyte, leading to en-
hanced capacitance.®! F-terminal groups occupy the active sites
on the surface of MXene but are unknown whether they are in-
volved in any redox charge storage processes, which could hardly
provide any capacitive contribution.?*! The intercalation of cation
into the interspace between MXene layers could also provide ca-
pacitance, and therefore the interlayer space is of great impor-
tance. In some cases, the Cl-functional groups on the surfaces
could bring about a larger interlayer space in Ti;C,T, MXenes
due to the larger atomic size of chlorine and hence could improve
the charge transfer during electrochemical cycling.[*?!

Therefore, controlling the amount and types of the surface
terminal groups of Ti,C,T, MXene with more O-terminals and
fewer F-terminals may be an effective way to enhance the capac-
itive properties of the MXene electrode. Possible approaches to
removing -F and -OH and increasing the proportion of -O can be
regulation of fabrication method,[*>®] alkaline treatment,[5%>%7]
heat treatment,[®®! ionic—electronic coupling,® and forming
composites.[*®] It has been reported extensively that Ti,C,T, MX-
enes with modified surface terminal groups could be obtained
by optimizing the preparation methods, the etching agent used,
time, and temperatures.[®>? For example, the general Lewis
acidic molten salt etching route for preparing MXenes have been
utilized on several types of MAX phase (Ti, Zn, Al, Si, Ga). The
molten salts are mostly transition metal halides such as ZnCl,,
CuCl,, and CdBr,.[1%1%] During the etching process, halide ions
such as Cl~ could intercalate into the interlayer space and form
the Cl-terminated MXene. Larger interspace sizes caused by Cl-
terminals could promote the transfer of protons. However, water
dispersible and separated MXenes cannot be obtained through
this molten salt route, and KOH treatment is necessary to add
-OH terminals on the surface of MXene.[1%!]

For the as-prepared MXenes, alkaline treatment was found to
a facile way to remove -F on the surface due to the unstable Ti—F
bond at higher pH.[>*) KOH was always used to alkalize Ti,C,T,
MXene, where the F-terminals can be replaced by hydroxyl. The
following heat treatment can then remove the hydroxyl group and
therefore increase the proportion of O-terminals. Li et al.l>®! per-
formed surface modification on Ti;C,T, MXenes via KOH solu-
tion treatment followed by calcination at 400 °C. The schematic
diagram can be seen in Figure 6a. After the KOH treatment,
XRD analysis revealed an increase in the c-lattice parameter with
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a larger interlayer spacing. Also, 5% weight loss was detected
by in situ thermogravimetric-differential scanning calorimetry-
mass spectrometry, corresponding to the removal of terminal-F.
Meanwhile, the disappearance of the broadband near 600 cm™!
in Fourier transform infrared (FTIR) could be evidence of the re-
moval of -OH after the heat treatment. Figure 6b shows increased
capacitance on the CVs of several MXene electrodes after KOH
treatment and calcination. All the CVs exhibited similar shapes
with a CPR of up to 0.600 V. After K* intercalation and the re-
moval of -F and -OH, there was a significant increase of the ca-
pacitance (400-KOH-Ti,C,T,: 517 F g™! at a discharge current of
1 A g!). Dall'’Agnese et al. and Zhang et al. modified Ti,C,T,
MXene by similar means with KOH to achieve higher electrode
capacitance.[>?’]

The XRD analysis of heat-treated Ti,C, T, often shows a TiO,
peak, indicative of partial oxidation.[®®] For example, the authors
observed the TiO, peak on the XRD patterns of Ti,C,T, samples
after drying at 80 °C in air. However, in KOH-treated samples
without heating, the TiO, peak was absent on the XRD pattern.>!
In a detailed electrochemical study of Ti,C,T,, it was found that
anodic oxidation in 1 M H,SO, at room temperature started at
about 0 Vversus Hg/HgSO,. XRD analysis also revealed absence
of the TiO, phase in samples anodically oxidized at different
potentials,['%] but there were obvious X-ray photoelectron spec-
troscopy (XPS) signals of titanium oxyfluoride, TiO,_,F,. Inter-
estingly, the proportion of TiO,__F, increased substantially from
8.6% at 0.1 V to 67.4% at 0.9 V, accompanied by a sharp decline
of Ti(II) and Ti(III). The obvious increase in F suggests losses
of other elements in MXene nanosheets, leaving F to enrich the
sample surfaces. As expected, anodic oxidation significantly in-
fluenced the electrochemical behavior of MXene in acidic elec-
trolytes. Enhanced storage capacity was recorded at 0.3 V, but the
worst scenario occurred at 0.9 V, showing complete loss of redox
activity.

Based on the above discussion, it can be concluded that oxi-
dation of MXene can easily occur during the solution, heat, or
electrochemical treatment, but the oxidation states or products
vary according to the treating process and conditions. Such differ-
ences in turn influence the surface chemistry of Ti,C, T, MXene
and consequently alter the characteristics of the respective CVs.

Generally, alkaline solutions could hardly eliminate -F thor-
oughly, so other agents were also selected for surface modifica-
tion of Ti;C, T, MXene. Based on the transformation of -OH and
-X (X, halogen) groups to other groups in nucleophilic reagent,
Chen et al.[1%7] treated MXene with n-Butyllithium (n-BuLi) to im-
prove the electrochemical performance. n-BuLi was used to help
replace the -F with -O terminals due to its strong nucleophilicity
and reducibility, which can be seen in the schematic diagram in
Figure 6¢. Figure 6d shows the element distribution in the sam-
ples (as-received, LiOH treated, and n-Buli treated) measured by
XPS. After the treatment by LiOH and n-Buli, the F contents de-
creased to 8% and 2% from 16% in the as-prepared multilayer
and few-layer MXenes. The related capacitance of MXene after
n-Buli modification exhibited great improvement with a capaci-
tance of 523 Fg~' at 2 mV s~

Annealing is another common way to modify the surface
state of MXene. However, oxidation during annealing should
be carefully avoided which may deteriorate the energy storage
performance.[*%®] Rakhi et al.[®®! investigated the influence of the
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American Chemical Society.

annealing atmosphere on the surface structure and then the elec-
trochemical properties of Ti,CT, MXenes. After annealing in
different atmospheres including Ar, N,, N,/H,, and air, the in-
terlayer space of MXene nanosheets and the surface terminals
changed. The atomic concentration of elements in surface lay-
ers was collected according to the XPS analysis, as shown in Fig-
ure 6e. MXenes annealed under N,/H, had the lowest F con-
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centration and highest C concentration. The comparison of CVs
of different samples is shown in Figure 6f, revealing a similar
electrochemical process but varying specific capacitances by the
similar shapes and different areas. Samples annealed in N, /H,
presented the largest capacitance. Figure 6g shows the GCDs
of these samples with near-ideal triangular shapes. An obvious
capacitance improvement was obtained in the three annealed
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samples. Therefore, annealing under a specific atmosphere is an
effective way to modify the surface terminals of Ti,CT, MXene
for enhanced electrochemical performances in supercapacitors.

Electrochemical activation could also regulate the surface state
of MXene and therefore improve the electrochemical perfor-
mance by introducing more and/or deeper reactive sites. Jung
et al.l'%! conducted electrochemical activation of a composite
of Ti,C,T, and graphene by 300 CV cycles between —0.50 and
0.50 V versus Ag/AgCl in the aqueous electrolyte of Na,SO,. This
activation treatment was thought to have expanded the stacked
nanosheets via interactions with Na* ions, which in turn brought
about more reaction sites for charge storage via more efficient in-
tercalation and deintercalation of cations such as Mg?*. Besides,
for the V,CT, MXene, performing an initial charging in an aque-
ous electrolyte of 3 M ZnSO, and 1 M Li,SO, at 1.4,1.8,and 2.0 V
versus Zn/Zn?>* for 2 h could oxidize or regulate the valence of
surface V atoms without changing the inner structure of V-C-V,
while the resulting VO, at the surface as well as the original elec-
troconductive inner structure could further ensure the fast and
high capacity charge storage.!'1]

3. Surface-Confined and Diffusion-Controlled
Processes

To gain further insight into the electrochemical process in MXene
electrodes, CVs are often recorded at a wide range of scan rates
and analyzed for information on the relevant reaction kinetics or
charge transport dynamics. The current response, i, of an elec-
trode coated with a layer of charge storage material, either EDL
or Faradaic capacitive, or Nernstian, can be expressed as a func-
tion of the scan rate, v, by either of the mathematically equivalent
Equations (9)—(11)32111-113]

i=at (9)
or

log (i) = log (a) + blog (v) (10)
i=kyv+kyi (11)

where a, b, k;, and k, are constants that can be determined ex-
perimentally. The value of b is in the range of 0.5-1 for charge
storage in an electrode or supercapacitor cell. In the strict sense,
the current can include two contributions, the surface-confined
and the diffusion-controlled processes. Generally, the linear rela-
tionship of i with v (b = 1, k, = 0) means surface control, or v'/?
(b=0.5, k; = 0) implies diffusion control. By determining the co-
efficients, the contributions from each of the two processes can
be distinguished and deconvoluted.[*78114115] The value of b can
be determined readily by the slope in the linear fitting of the plot
of log(i) versus log(v) according to Equation (10).

It is worth noting that the principle behind Equations (9)-
(11) has been well known for an electrode process under the
surface-diffusion mixed control, but it was first applied in anal-
ysis of capacitive charge storage by Liu, Pell, and Conway (LPC)
in 1998.111] This LPC method was later used by Wang, Polleux,
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Lim, and Dunn (WPLD) in their analysis of the CVs of TiO,
nanoparticles.['' They calculated the values of the k,v and k,v'/?
terms in Equation (11) for all potentials of the forward and back-
ward scans of the CV and claimed the obtained “k,v versus poten-
tial” curve to be the pseudocapacitive contribution or capacitance.
They then attributed the k,v!'/? term as the insertion contribution
or intercalation capacity. Till now, many researchers have applied
the LPC method in their analyses of CVs of charge storage mate-
rials with reference to the work of WPLD, instead of that of LPC.
This is likely because of the WPLD claim of the separation of
pseudocapacitance from intercalation capacity, which is however
incorrect and misleading. Similarly, the LPC method has been
applied for the analysis of the CVs of MXenes but there are some
different understandings of how to define the charge storage pro-
cess and mechanism.

As discussed above, the capacitance of Ti;C, T, MXene is influ-
enced by EDL, intercalation of cations, and interactions between
the surface terminals of MXene (e.g., -O) and the cations (e.g.,
H*) in the electrolyte. The EDL capacitance was generally con-
sidered to be a fast surface-confined process. Other than EDLC,
there are some disagreements and confusion on how to define
the kinetic and/or dynamic processes.

In the first case, the surface-confined contribution (b = 1) was
defined directly as the capacitive storage, and the other process
was defined as the diffusion-limited process (b = 0.5).[2>62107.117]
In some reports, the diffusion-controlled part was directly con-
sidered as the bulk process (or the battery type).[”?! Lukatskaya
et al.[?l conducted the electrochemical measurements of three
porous MXene electrodes with different loading masses in 3 m
H,SO, at scan rates from 20 to 10000 mV s~!. They then deter-
mined the slope b of the log (i) versus log (v) plot (Figure 7a,b).
For the electrode with the lowest loading mass, b was nearly 1 at
scan rates up to 3 V s7L. In the other two electrode films with
medium and highest loading masses, b was around 1 only at
scan rates lower than 2 and 1 V s71, respectively, but approached
0.5 at higher scan rates. These observations agree very well
with the expected influence of diffusion which would become
more difficult and hence control the current flow at higher scan
rates and/or through thicker coatings. Wang et al.l''”] proposed
a similar opinion on diffusion-controlled and surface-confined
processes. They derived the value b close to 1 with the same
means in lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
with the polycarbonate (PC) solvent. Some other reports revealed
the same results, where the contribution of surface-confined pro-
cess (they defined as the capacitive part) dominated the whole
process in the energy storage of MXene-based supercapacitors.

In another opinion, the two current contribution parts were de-
fined as the surface capacitive (b = 1), and the diffusion-limited
(b =0.5). The former consisted of EDL capacitance and pseudo-
capacitance, and the latter was believed to be the intercalation
pseudocapacitance. The capacitance could therefore be expressed
as follows!16:118]

C= @ =k, + k™ (12)

Li etal.®! conducted alkaline treatment and annealing on their

prepared MXene samples, and then performed electrochemical
investigations in 1 M H,SO, at scan rates from 1 to 20 mV
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[62]

Copyright 2017, Springer Nature. c) Comparison of the surface and diffusion (intercalation) contributions to the overall capacitance for different MXene
sheets. Reproduced with permission.[>®! Copyright 2017, Wiley-VCH. d) Comparison of surface contributions to the overall capacitance at different scan
rates for multilayer and few-layer MXenes. Reproduced with permission.['2] Copyright 2021, Springer Nature.

s71. Figure 7c shows the contribution distributions at 1 mV s

for Ti;C,T, electrodes undergoing different treatments. At low
scan rates, there was an obvious contribution from the diffusion-
limited part, which became relatively lower at higher scan rates.
For the KOH-treated and annealed electrode, the intercalation
pseudocapacitive part contributed 62% to the overall capacitance,
much higher than those of other samples. It was believed that af-
ter treatment, the intercalation and subsequent redox reactions
on the surface of MXene were enhanced due to the larger pro-
portion of active -O terminals in the Ti;C,T, electrodes. The
same analysis was conducted on an asymmetric supercapacitor
of Ru0,//Ti,C, T, It was found that the diffusion-controlled
contribution derived from the Faradaic intercalation process was
about 25% at the scan rate of 50 mV s7! in 1 M H,SO,.

Some reports evaluate the current contribution simply by the
original definition of the fast surface-reaction contribution and
the slow diffusion-controlled contribution. Cho et al.l}?!l per-
formed CV analysis on a binder-free MXene electrode in 1 M
H, SO, at different scan rates and obtained a proportion of 93%
contributed from the surface reaction part by deconvolution. In
the same way, Wu et al.['?%] prepared multilayer and few-layer by
microwave-assisted method and compared the kinetics of these
two electrodes in 3 m KCl at different scan rates. The deconvolu-
tion results are shown in Figure 7d. The capacitance of the few-
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layer MXene came from the joint contribution of surface capac-
itance and diffusion-limited process. The surface-confined con-
tribution increased at higher scan rates.

Generally, it is not reasonable enough to simply define the
surface-confined part as a capacitive contribution. Diffusion may
play an indispensable role in the intercalation of cations into MX-
ene nanosheets. Otherwise, there is a lack of consideration to
conclude the diffusion-controlled part as the intercalation pseu-
docapacitance, where one should think over the surface redox re-
action. In fact, for comprehensive and complicated energy stor-
age processes on MXene electrodes in a supercapacitor, the use
of “surface-confined” and “diffusion-controlled” is extensively ac-
cepted.

It is clear from the above discussion on the few but typical
examples of reported studies that confusions and erroneous in-
terpretations are common place on the CVs of Ti,C,T, MXenes
(and other materials showing pseudocapacitive or Faradaic capac-
itive properties). First of all, the specific charge capacity and ca-
pacitance, including EDL capacitance and pseudocapacitance, are
potential- and time-independent thermodynamic property with a
quantitative nature for a given material. However, both surface-
confined and diffusion-controlled charge transfer and transport
processes are kinetic or dynamic phenomena which are time
dependent. The potential and time dependence of these two
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processes are well reflected by the fact that the values of the
two terms in Equation (11) vary significantly with the poten-
tial and potential scan rate, as evidenced in Figure 7d. Second,
whether an electrode process is surface-confined or diffusion-
controlled or both, i.e., mix controlled depends on the time scale
of measurement and/or the conditions of the electrode, partic-
ularly the thickness (loading per unit area) and porosity of the
active material. Figures 7b and 6c¢ are strong evidence of this un-
derstanding. Last, but not the least, both capacitive and nonca-
pacitive (or Nernstian) charge storage can be surface-confined or
diffusion-controlled or both. Even charge storage via the EDL ca-
pacitive mechanism can be slowed by diffusion, while ion inter-
calation does not always suffer from the diffusion, particularly
at low scan rates and in thin coatings. Therefore, it is meaning-
less and misleading to attribute the two terms in Equation (11)
to either charge capacity or capacitance. There is no doubt that
Equations (9)—(11) are useful and helpful for understanding the
charge storage mechanisms, dynamics, and kinetics, their sig-
nificance should not be overestimated. It is worth noting that in
practice, diffusion control should be avoided or minimized when
designing and fabricating an electrode for all EES devices.

4. Influence of Electrolytes

Despite many advantages, there are still some obstacles in the
application of Ti;C, T, MXenes as supercapacitor electrodes. The
self-restacking of MXene nanosheets due to the strong Van der
Waals interactions may deteriorate the structure stability and
charge transfer rate and therefore degrade the electrochemical
performances. Besides, the unstable surface terminals, the lim-
ited width of the potential window, and the possible oxidations of
MZXene nanosheets may together impede the further application
of MXene as capacitive electrodes. Several strategies and novel
designs have been proposed to solve these problems and further
promote the electrochemical properties such as energy capacity
and power capability of MXene-based supercapacitors. In particu-
lar, modification of the electrolyte to match with the MXene elec-
trode and novel electrode structural and composition designs is
proven effective approaches.

Electrolytes play multiple and vital roles in the electrochemical
mechanism and performance of the supercapacitor. They deter-
mine the electrode potential and cell voltage windows, affect both
the EDL and Faradaic capacitances (and also the Nernstian capac-
ity), provide the ions for charge transfer and transport processes
to maintain electric neutrality, control the rate and reversibility of
charge storage, particularly ion intercalation or ingression, and
ensure the safety of all EES devices.

In this section, the influence of several types of electrolyte on
the electrochemical performance of MXene, including the poten-
tial or voltage window, safety, capacitance, and charge transfer
rate will be discussed. Figure 8 shows a comprehensive com-
parison of the effects of different types of electrolyte on the
performances and safety of MXene-based supercapacitors, such
as aqueous, organic, ionic liquid, and water-in-salt (WIS) elec-
trolytes.

The charge storage mechanisms of Ti;C, T, MXene in aque-
ous electrolytes such as H,SO, and KOH have been discussed
in Section 2, including EDL capacitance and pseudocapacitance
that involves intercalation of ions and interactions between ions
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Figure 8. Comparison of different electrolytes for Ti;C,T, MXene-based
supercapacitors.

and surface terminals. Due to the surface reactions between O-
terminals and protons, Ti;C,T, MXenes exhibit usually higher
capacitance in acidic electrolytes. Nevertheless, neutral aqueous
electrolytes are more environmentally friendly and can improve
the safety of the supercapacitor. Also, most current collectors
used (e.g., Cu foil, Al foil, and Ni foam) are unstable in acidic
conditions. Besides, in aqueous electrolytes, the hydrogen and
oxygen evolution reactions (HER and OER) would theoretically
occur at cell voltages higher than 1.23 V (the decomposition volt-
age of water). In some cases where the electrode materials have
high overpotentials for either or both HER and OER, such as car-
bon and lead, a cell voltage beyond 2.0 V may be achieved. This is
well known for the lead-acid battery with a nominal cell voltage of
2.1V, while some laboratory carbon//carbon and carbon//MnO,,
supercapacitor cells also worked up to 2.0 V.['22123] Nevertheless,
the voltage window of aqueous electrolyte is still not large enough
for the demand of high voltage of supercapacitors with larger en-
ergy capacities.[7288:124-126]

To expand the electrode potential and cell voltage windows and
gain a larger energy capacity, one of the most viable methods
is to use electrolytes with higher stability. Organic solvent-based
and ionic liquid electrolytes have been proven to enlarge the volt-
age window of MXene-based supercapacitors to about 2.41117:127]
and 3.0 V,[80128129] yegpectively. In organic electrolytes or ionic
liquids, the energy storage process is considered different from
that in aqueous electrolytes. Since the surface terminal groups
-F and -O terminals on Ti;C,T, MXene are electrochemically in-
active in the organic electrolyte, the EDL storage mechanism is
dominant in an organic or ionic liquid electrolyte, where ions in
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Figure 9. a) CV of Ti;C,T, MXene in three organic electrolytes at a scan rate of 2 mV s™'. Reproduced with permission.l"”l Copyright 2019, Springer
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BETI: bis-(pentafluoroethanesulfonyl)imide. Reproduced with permission.['33] Copyright 2019, American Chemical Society.

electrolyte such as EMI* and TFSI™ may intercalate between the
Ti,C, T, MXene nanosheets in the positive and negative potential
windows, respectively.®’] Figure 9a compares the potential win-
dows for the CVs of Ti;C, T, MXene at a scan rate of 2 mV s™! in
the electrolytes of 1 m LiTFSI in dimethyl sulfoxide, acetonitrile
(ACN), and PC, which could widen the voltage window to 2.1,
2.2, and 2.4 V, respectively.''”] It can be seen in Figure 9a that
the PC-based electrolyte showed the best electrochemical perfor-
mance with a larger charge capacity and wider potential window.
The Coulombic efficiency was found to be 96% with a claimed
discharge capacitance of 195 F g7! (468 C g71).

It is worth noting that the CVs in Figure 9a all show current
peaks, but the authors still derived “specific capacitance” by nor-
malizing the current, i, of the CV against the potential scan rate,
v, and the mass of active material on the electrode, m, using the
equation

C=— (13)

Obviously, for a nonrectangular CV, C derived from Equa-
tion (9) is a variable against the potential and, strictly speaking, is
not really the characteristic specific capacitance of an active ma-
terial. However, many authors have applied Equation (9) in their
analyses of CVs for the convenience of comparison between CVs
recorded at different scan rates and mass loading on the elec-
trode. The caution is on labeling the vertical axis of the CV with
a title of “specific capacitance (F g™!)” or similar which can be
confusing.
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In fact, EDL capacitance in diluted electrolyte varies with elec-
trode potential as has long been described in textbooks of electro-
chemistry. Such potential-dependent EDL capacitance is termed
as “differential capacitance”.3! It is logical to extend this term
for EDL capacitance to pseudocapacitance. When normalized
against the mass of active material on electrode, the term changes
to “specific differential capacitance” with the unit of F g~1. By do-
ing so, the possible confusion with the specific capacitance for an
active electrode material can be avoided.

Jackel et al.l'3!l observed the reversible volume expansion
of MXene in ionic liquids due to the ion in electrolytes
spontaneously intercalates into the interlayer space of Ti;C,T,
nanosheets. This preintercalation, i.e., chemical intercalation,
caused swelling of the material and apparently prevented restack-
ing of the MXene sheets which in turn improved electrochemi-
cal cycling at the negative potentials. Lin et al.'*?} investigated
the electrochemical performance of Ti,C, T, MXene in neat EMI-
TFSI electrolytes, which provided enhanced properties in a 3 V
wide potential range from —1.5 to 1.5 V versus Ag. The CVs at
different scan rates can be seen in Figure 9b. Combining with
in situ XRD, it was found that the interlayer spacing of MXene
nanosheets decreased during positive polarization, which might
have resulted from the electrostatic attraction between the inter-
calated cation and MXene nanosheets, or the deintercalation of
cations.

Besides, WIS electrolytes have attracted much attention re-
cently due to their relatively wide potential windows, good sta-
bility against hydrogen evolution, and eco-friendliness without
organic solvents. Wang et al.®}l proposed a desolvation-free
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Li* insertion charging mechanism of Ti;C,T, MXenes in WIS
electrolytes, which presented a diffusion-controlled process. Re-
versible expansion and shrinkage were also observed as the sol-
vated Li* ions entered and exited the Ti;C,T, MXene electrode.
Based on WIS, hydrate melt electrolyte is another selection for
improving the energy storage properties of MXene supercapaci-
tor by increasing the potential range. Kim et al.'33] realized the
high-density intercalation of hydrated Li* in the interlayer of
Ti,CT, MXene nanosheets with a larger voltage window (Fig-
ure 9¢).

Compared to aqueous electrolyte, wider potential or voltage
windows could be obtained by the organic, ion liquid, and WIS
electrolytes, but they also have other drawbacks. For organic elec-
trolytes and ion liquids, poor conductivity due to partly the large
ion size may limit the ionic charge transfer and transport in
the supercapacitor, leading to decreased charge/discharge rate.
Meanwhile, organic electrolytes are always flammable, volatile,
toxic, and expensive, which limits their application in supercapac-
itors from the perspective of safety and economy. The WIS elec-
trolyte exhibits moderate safety and enhanced voltage window,
but the capacitance and conductivity of ions are just acceptable.
Although with the low-voltage window, the aqueous electrolyte is
low-cost and highly conductive, and has high ion concentration.
Therefore, for future applications of Ti,C,T, MXene in superca-
pacitors, the modification and combination of electrolytes should
be further investigated and considered.

For information and future references, the performances of
supercapacitor electrodes of Ti;C,T, MXenes are summarized
in Table 1, showing particularly high values in specific and vol-
umetric capacitances. Strong influences are also evidenced from
electrolytes, materials morphologies and structures, and hybrid
or composite designs of different dimensionalities such as 2D
layered, 3D porous, and vertically aligned coatings on electrode.

5. Summary and Perspectives

MZXenes, especially Ti;C,T, MXenes exhibit excellent prospects
for applications as electrode materials in supercapacitors due to
their fairly high electronic conductivities, 2D layered structure,
and tailored surface chemical states. MXenes-based electrodes
can provide high specific capacitance involving redox chemistry
of Ti, and ion intercalation and interaction with surface terminal
groups, and good rate performance in supercapacitors. Materi-
als and electrode structure design and compositing with other
materials have been proposed to achieve better electrochemical
performances. Understandings are clarified on the electrochem-
ical mechanism of MXenes-based electrodes during the charge
storage process. According to the selection of electrolyte, charges
can be stored by electrostatic adsorption of cations on the surface
of MXene, intercalation of cations into the interlayer space be-
tween MXene nanosheets, or the surface redox reactions between
surface terminals of MXene (e.g., -O) and protons H*. Analyses
of the diffusion-controlled and surface-confined contributions to
the current on CVs are also carried out according to the electro-
chemical basics. Particularly, some literature confusion and er-
rors are clarified and corrected. Furthermore, electrolytes which
show significant effects on the electrochemical process of en-
ergy storage in MXene-based supercapacitors are also discussed
from the aspects of reaction mechanism, electrochemical perfor-
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mance, and safety issues. It is hoped that the above discussions
may provide some basic and clear information on the related
electrochemistry and help further research to achieve better im-
proved performance of Ti,C,T, MXene in supercapacitors.

There are some issues remaining for future research and prac-
tical application as listed and discussed below.

1) The synthesis of Ti,C,T, MXene should be optimized to be
low-cost, high-yield, and eco-friendly. Both the current prepa-
ration process and the MAX phase precursor are expensive.
The most-used method is the etching process which involves
HF or F-based salt reagents. The safety and security risks and
upscaling of production should be considered. The synthetic
process will affect the types and proportions of surface termi-
nal groups, the interlayer spacing, and the number of layers,
which subsequently influence the final properties. Therefore,
precise and controllable synthesis should be considered in fu-
ture investigations to obtain ideal micro- or nanostructures,
adjustable chemical compositions, and active sites.

2) MXenes are prone to oxidation and degradation in water or
humid air due to the reaction between H,O and surface de-
fects which are highly active sites, leading to the loss of in-
trinsic physical and chemical properties. The synthetic pro-
cess such as the etching conditions, defect density, size of the
MXene nanosheet, and surface terminals may all influence
the oxidative degradation of MXene. Therefore, the stability
of Ti,C,T, MXene against oxidation should be maintained or
improved by using suitable working conditions, e.g., in an in-
ert atmosphere at low temperatures, modified synthetic tech-
niques with less vacancies, and surface modification.

3) More MXenes to enlarge the MXene family will be sought
with the aid of both the experimental and modeling meth-
ods. A deeper and better understanding is needed on their
structures and compositions, and the correlation with elec-
trochemical performances and potential applications.

4) Structural modifications including the 3D structure, porous
structure, and compositing with other materials such as car-
bon, transition metal compounds, and polymers have been
proven effective to achieve a more stable electrode with bet-
ter carrier transportation. The balance between specific and
volumetric capacitances should be considered.

5) Aqueous electrolytes can lead to higher capacitance and faster
charge transport, but their relatively narrow potential win-
dows are often a concern in various applications. Organic or
ionic liquid electrolytes can expand the potential window to
a large extent, but the capacitance and rate performance are
still unsatisfactory. How to combine the advantages of these
two kinds of electrolytes is a direction of future effort.

6) There are still some unclear issues in the mechanisms of the
charge or energy storage process, e.g., the intercalation mech-
anism of different ions into MXene nanosheets with various
spacing, the theoretical capacitance of MXenes when cooper-
ating with different electrolytes, and the structural evolution
of MXenes during charge storage. These issues deserve thor-
ough investigations, probably with the assistance of in situ or
ex situ characterization techniques, including FTIR, Raman,
XRD, XPS, Mossbauer spectroscopy, SEM, and transmission
electron microscopy.
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Table 1. Summary of the performance of supercapacitors based on Ti;C,T, MXenes.

MXene Etching method Morphology Electrolyte Electrochemical Retention Ref. Year
Performance
TisC, T, HCI+LiF Nanosheets 1™ H,SO, 900Fcm™> @ 2mVs™! 100% (10000 cycles) @  ref.[25] 2014
10Ag™!
Ti;C,T, HF Accordion-like 1wmH,SO, 415Fecm™> @2mVs™! ~100% (10000 cycles)  ref.[95] 2014
@5Ag!
Ti, G, T, CuCI+APS Accordion-like 1w LiPFg 738Cg ' @ 0.5mVs™! 90% (400 cycles) @ ref. 2020
0.5mVs™! [100]
TisC, T, CuCl,+NaCl+ Parallel 1™ LiPFg in EC/DC(1:1) 225mAh g™ @ 0.2A g™ 72% (2000 cycles) @ 4 ref. 2022
KCI+TBAOH restacked Ag! [102]
layered
Ti,C, T, Microwave- Multilayer 3 mKCl 396.17Fg '@ 1Ag™! 98% (10000 cycles) @ ref. 2023
assisted hexagonal 1Ag™! [134]
etching
Ti, G, T, NH,CI+TMOAH Bilayer flake PVA/H,SO, 439Fcm™ @ 10mVs™! 94.2% (10000 cycles) ref. 2018
@ 5mAcm™? [135]
Ti;C,T, HCI+LiF Nanosheets LiTFSI-PC 195Fg'@2mVs™! 94% (10000 cycles) @ ref. 2019
100 mV s~! [117]
Ti;C,T, HCI+LiF Nanosheets MSA/PVA 1719 mF cm™ @ 100 mA 92% (80000 cycles) @ ref. 2023
cm™? 100 mA cm™2 [136]
Ti, G, T, HCI+LiF Nanosheets EMIMBF, 277 yFem™> @ 1Vs™! 84.6% (4000 cycles) @ ref. 2022
500V s~! [137]
Ti,C,T, HCI+LiF 2D layered EMITFSI J0Fg' @20mVs~ 80% (1000 cycles) @ ref.[80] 2016
500 mVs~!
Ti;C,T, HCI+LiF 2D layered EMIMBF,/PVDF-HFP 96 Fcm™ @ 50 mVs~! 92% (1000 cycles) @ ref. 2019
1.5 mA cm™2 [128]
Ti;C, T, HCI+LiF 2D layered Water-in-LiCl salt gel 199mFecm> @ 5mVs™'  ~100% (10000 cycles) ref. 2022
@ 0.1mAcm™? [138]
Ti; G, T, HCI+LiF Macropore 3mH,SO, 310Fem™> @ 10mV s™! 90% (10000 cycles) @  ref.[62] 2017
structure 10Ag™!
TisC,T, HCI+LiF Wavy shape 3 M H,SO, 1277Fcm™ @ 10 mV s~ 98.8% (1000 cycles) ref. 2020
@100 mV s~ [119]
Ti;C,T, HCl+HF Wavy shape 19.8 m LiCl 104Fg ' @2mVs™! 94% (10000 cycles) @  ref. [81] 2021
1000 mV s~!
Ti; G T, HF 3D porous 1M Nacl 410Fecm3 @ 5mVs™! ~100% (5000 cycles) @ ref. [82] 2018
100 mV s~!
TisC, T, HCI+LiF Continuous 3 M H,SO, 828Fcm™ @ 20 A g™! 90.5% (10000 cycles) ref. 2018
micro porous @5Ag! [139]
Ti;C,T, aerogel HCI+LiF 2D layered 3 M H,S04 414Fg ' @ TmVs™! 97% (8000 cycles) @ 4 ref. 2019
Ag™! [140]
Ti;C,T,-NiO HCI+LiF 3D porous 1M Na,SO, 341 Fem>3 @ 2mVs™! 99% (1000 cycles) @1 ref. 2019
Ag™! [141]
Ti;C,T,/SCNT HCI+LiF Orderly stacked 1m KOH 220mFecm™> @ 2mVs™! 95% (10000 cycles) @  ref.[74] 2018
layers 5Ag”!
Ti;C,T,/CNTs HCI+LiF Orderly stacked 1M Na,SO, 194Fcm™2 @ 3mAcm™  94.3% (1000 cycles) @  ref. [75] 2021
layers 50 mVs™!
Ti;C,T,/CNTs HCI+LiF Orderly stacked 1™ EMITFSI in ACN 245 mFecm™> @ 2mVs™! 90% (1000 cycles) @ 1 ref.[91] 2016
layers Ag™!
Ti;C,T,/PPy HCI+LiF 2D layered [EMIMINTF, 5185F g @20 mVs~! 91% (2000 cycles) @ ref.[76] 2022
04Ag™!
Ti;C,T,/rGO HCI+LiF Porous PVA/H,SO, 276 Fg' @ 0.5Ag™! 91.3% (10000 cycles)  ref. [77] 2022
@ 50mVs!
Ti;C,T,/V,05 HF Lamellar 1M K,SO, 1024Fg™' @ 10m V™! 96.12% (1000 cycles) @ ref. 2022
60 mVs~! [142]
Ti;C,T,/MnO, HCI+LiF Layered 1™ Na,SO, 452Fg ' @ 1Ag™! 80% (2000 cycles) @ 5 ref. 2021
Ag! [143]
(Continued)
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MXene Etching method Morphology Electrolyte Electrochemical Retention Ref. Year
Performance
Ti;C,T,@CTAB HF Pillared 1™ LiPFg in EC/DEC/EMC 506 mAhg™' @ 1Ag™! 96.6% (250 cycles) @ 1 ref.[84] 2017
(1:1:1)+1 wt%FEC Ag™!

Ti;C, T,/ LiF+HCI Vertically aligned 3 M H,SO, 200 F g=' @ 2000 mV s~! ~100% (20000 cycles)  ref.[81] 2018
Cy,Eg/SWCNTs @20Ag!

Ti;C,T,/PANI LiF+HCl 3D porous 3 M H,SO, 1632Fcm™ @ 10 mV s~! 85.7% (20000 cycles)  ref. [85] 2020

@ 100 mV s~!

Ti; G, T,/ LiF+HCI 3D porous 1 m TEABF4 in ACN 76Fg '@ 1mVs™! ~100% (10000 cycles) ref. [79] 2022

AC/TEAPW12 @2Ag™!

7) To achieve commercial application of Ti,;C,T, MXene elec-
trodes in supercapacitors, the loading density, structural sta-
bility, and self-discharging should be further researched and
optimized.
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