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capability

Xuehang Wang*

Introduction

The fast development of electrochemical energy storage (EES)
devices has revolutionized almost every aspect of modern life
by enabling portable electronic devices, electrical vehicles,
and grid storage of renewable energy.! To satisfy the grow-
ing industrial and consumer needs for EES systems with high
output power and short recharge time, the electrode materials
should have an excellent high-rate performance. Two-dimen-
sional (2D) materials are versatile choices for EES applica-
tions, ranging from metal-ion batteries to supercapacitors. A
wide variety of ions can be reversibly intercalated and de-
intercalated in 2D layers, realizing charge storage and release.
Due to their open layered structure and weak van der Waals
interaction between subsequent layers, 2D materials, including
graphene, phosphorene, molybdenum disulfide, and transition
metal carbides/nitrides (or MXene), allow high-rate energy
storage with low-ion intercalation resistance.

Among 2D materials, MXenes, and especially titanium
carbide, are particularly promising EES electrode materials
offering a high charge storage capacity with an ultrahigh-rate
capability due to their redox-active surface and metallic high
electrical conductivity.? The general formula of MXenes is
M, X,T,, where, M represents one or multiple early transi-
tion metal(s) (such as Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo), X is
carbon and/or nitrogen, and T, represents surface functional
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MXenes, two-dimensional transition metal carbides and nitrides, are promising materials for
electrochemical energy storage application due to their redox-active surface and flexible interlayer
space. Among all reported MXene-based electrodes, some have shown significantly better high-rate
energy storage capabilities. Hence, it is crucial to have a systematic understanding on the decisive
factors of the rate capability in the MXene family. This article discusses the impact of material
properties at three levels, including intralayer composition, interlayer space and morphology, on the
charge transfer and ion transport, revealing all the possible rate-limiting factors of MXene-based
electrodes. We also describe systematic methods to characterize MXene electrodes as a detailed
fundamental understanding of the structural and chemical properties, and the charge storage
mechanisms crucial for rationally designing MXene-based electrodes.

groups such as O, OH, Cl, and F. If two M-species are present
in the MXene, they form either a random metal alloy (solid
solution) or an ordered arrangement. MXenes are commonly
synthesized from MAX phases, being layered hexagonal
carbide or nitride materials with general formula M, ,;AX,,
where A is an element from the A-group (predominately group
13 and 14). The etching process removes the A layer from
the MAX phases while surface groups T, are simultaneously
introduced onto the surface of MXenes.’ Between each of the
layers, there is a flexible interlayer space wherein ions can
intercalate (Figure 1).

During the charge storage process of 2D MXenes, the inter-
calated ions can partially transfer their electron to the surface
groups of MXenes, changing the valance of the transition
metal. This process, called a surface redox, is classified as a
pseudocapacitive charge storage process and allows MXenes
to store more charge than the electrical double-layer (EDL)
mechanism while at the same time offering a much higher
rate capability than the typical redox reactions occurring in a
battery. As such, a hydrogel Ti;C,T, electrode demonstrated
an exceptional volumetric capacitance of up to 1500 F/cm’
and a macroporous Ti;C,T, electrode delivered ultrahigh
rates of 60% at 100 V/s in combination with an acidic aque-
ous electrolyte.* However, despite of the quick expansion of
the 2D MXene family, only a limited number of MXenes have
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DESIGN AND CHARACTERIZATION OF 2D MXENE-BASED ELECTRODE WITH HIGH-RATE CAPABILITY
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Figure 1. Rate determining factors of 2D materials at three levels: intralayer, interlayer, and
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stacking method of the electrode on
the ion transport process. We also
offer an overview of the characteri-
zation methods used in studying the
properties of MXenes that are crucial
for understanding the rate capability
and energy storage mechanisms of
MXene-based electrodes and thereby

shown an excellent rate performance. As such, a fundamental
understanding of the governing factors of the charge storage
process of these 2D materials are essential to offer systematic
strategies to improve their high-rate performance, which, in
turn, is vital for their successful large-scale implementation.
In this article, we describe how the properties of MXenes at
three different levels, including the intralayer and surface chem-
istry, interlayer space and the morphology, impact the rate capa-
bility of MXene-based energy storage devices (Figure 1). First,
we discuss how the intralayer chemistry and defects affect the

enable the rational design of MXenes
as electrodes.

Intralayer of MXene electrodes
The energy storage process in MXenes can be simplified to
three major steps: Ion diffusion from the bulk electrolyte to
the 2D interlayer, electron transfer at the MXene surface, and
electrons transportation from the active sites to the current
collector. The electrical conductivity of the MXene elec-
trode should be maximized for high-rate energy storage as
it determines the electron transportation rate. In one layer of
M;C, MXenes, the interleaved M and C layers form a tran-
sition metal carbide core, which is

Solvent
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Figure 2.
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nitride nanocrystals at 700°C.3*
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(a) Schematic illustration of the structure of a MXene with three metallic layers and
terminated by oxygen surface groups (M;C,0,). (b) Charge storage per formula unit versus
the shift in the potential at the point of zero charge (AVp,c) and hydrogen adsorption free

(c) High-angle annular dark-field imaging scanning transmission electron
microscope images from single-layer Ti;C,T, MXene flakes prepared using etchants with 7
wt% HF.2° (d) Transmission electron microscope (TEM) image of partially oxidized TizC,T,
(e) TEM image of 2D arrays of transition metal

responsible for the electron trans-
port (Figure 2a). The absence of
a carbide core in a M,C MXene
may explain the experimentally
observed higher electrical conduc-
tivity for Ti,C,T, than for Ti,CT,.°
For ordered double transition metal
MXenes, the second metal replaces
the outer layer of the first metal and
forms the structure of M1,M2C,
and M1,M2,C;, where M1 and M2
represent two different early transi-
tion metals and could be Mo, Cr,
Ta, Nb, V, and Ti. The metallic-like
characteristics of MXenes in which
Ti is the only metal shifts to semi-
conductive when the outer layer of
MZXene becomes Mo as in Mo, TiC,
and Mo, Ti,C;.° Among all reported
MXenes, the highest electrical
conductivity of ~20,000 S/cm is
achieved in Ti;C, T, synthesized by
etching Al from the Ti;AIC, MAX
phase with excess aluminum.” The
electrical conductivity of Ti;C,T,
MXene can decrease to below
1000 S/cm if the sample contains

1.0
AG,(eV)
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DESIGN AND CHARACTERIZATION OF 2D MXENE-BASED ELECTRODE WITH HIGH-RATE CAPABILITY

a high concentration of defects, which is mostly observed
when etched by HF.3 Nevertheless, the electrical conductivity
of reported titanium carbide MXene-based EES electrodes are
2-3 order of magnitude higher than activated carbon (typi-
cal electrode material of supercapacitors), suggesting that the
electron transfer may not limit their high-rate performance. It
is also worth mentioning that the high electrical conductiv-
ity of Ti;C,T, makes them promising current collectors® and
conductive binders’ for EES devices. Hence, we mainly dis-
cuss the impact of intralayer properties (i.e., surface groups,
defects, and holes) on the charge transfer and ion diffusion
processes in this section.

Charge storage process and the impact of surface
groups

The surface of MXenes allows for pseudocapacitive ion interca-
lation with a surface redox reaction, and offers surface area for
the formation of EDLs. In the acidic electrolyte, a pair of anodic
and cathodic peaks at almost the same potential (AE, = 0) can
be observed on the CV curve of Ti;C,T, MXene electrodes,
indicating pseudocapacitive charge storage.*'® Similarly, Li*
intercalation in Ti;C,T, MXene also leads to obvious peaks in
CVs with small AE, in the organic electrolytes, corresponding to
pseudocapacitive Li" intercalation.'! Meanwhile, many MXene-
based electrodes show rectangular-shaped CVs, especially in
neutral aqueous electrolytes. The rectangular-shaped CVs are a
signature of EDL formation, but the capacitance of MXenes in
neutral aqueous electrolyte is much higher than the value that
can be contributed by the EDL formation with a low specific
surface area. Several works have reported the specific surface
areas of MXenes (e.g., 19.6 m?/g for vacuum filtered film),'?
32 m?/g for self-assembled MXene films, and around 100 m?/g
for various porous-structured MXenes.'>'* It means that the
majority of the specific capacitance of MXenes is contributed
by the pseudocapacitive energy storage, even in neutral aqueous
electrolytes with almost rectangular-shaped CVs.

Consistent with the fact that the pseudocapacitive energy
storage is an important contribution to the overall capaci-
tance of a MXene, the oxidation state of MXenes, or spe-
cifically the valence of the transition metal, changes when
the electrode is cycled irrespective of whether this occurs
in an acidic'® or neutral aqueous electrolyte.'® The surface
redox reaction occurs as the intercalated ions interact with
the surface groups of the MXene and transfer their electron
partially to the MXene (Figure 2a). Since there is no phase
transformation of MXenes occurring during ion interca-
lation, the charge storage regime of the MXene electrode
is pseudocapacitive. The pseudocapacitive intercalation
allows MXenes to store/deliver a much higher capacitance
than EDL capacitors. Although Ti;C,T, shows the highest
volumetric capacitance among all reported MXenes so far,
many other nitride members of the MXene family are pre-
dicted to deliver an even higher capacitance than carbides
(Figure 2b). DFT simulations further suggest that the charge
storage capability of MXenes is highly correlated with the

hydrogen adsorption energy and the shift in the potential at
the potential of zero charge.!”

Due to the surface redox charging regime, the surface chem-
istry of MXenes affects the charge storage capacity of MXene-
based electrodes. The functional groups are introduced onto the
surface of MXenes after etching the A-group layer (Al, Si or
Ga) out of the MAX phase in the enchant solution. For exam-
ple,—F,—~OH,=0 and—F,—Cl,—OH, =0 are randomly distributed
on the MXene surface after HF'® and LiF-HC] treatment, "’
respectively. For Ti;C,T, electrodes with O, OH and F surface
groups, the valence change of Ti is due to the protonation of
oxygen functional groups, and the process can be expressed as

Ti3C20x(OH),F + 8¢~ + §H' — TizC20x_5(OH),5F-,

where 6 is the number of electron transference with value<1.
Hence, Ti,C,T, etched by an HCI-LiF mixture shows a higher
specific capacitance than Ti;C, T, etched in HF due to a higher
percentage of O surface functional groups.'® Fluoride-free
etching (e.g., using highly concentrated NaOH at high tem-
perature)’’ and applying the organic tetramethylammonium
hydroxide (TMAOH) etchant,?! prevents the formation of
F groups on the MXene surface. Electrochemical etching in
the fluoride-free NH,Cl and TMAOH mixture electrolyte can
also remove the Al layer of MAX phases owing to the strong
binding of CI” with Al, leading to a surface without F surface
groups.?? Post thermal treatment can also increase the ratio
of the oxygen surface groups. The F groups can be gradu-
ally removed by heating MXenes in Ar/H, or N,/H, protective
atmospheres.”*** The maximum O terminations that a Ti;C,T,
MXene can hold without breaking its structural integrity has
been estimated to be x=3.5.2

Titanium carbide MXenes with the surface covered by Cl or
Br functional group have been synthesized by the molten salt
method. Ti;C,Cl, was first obtained by etching the Ti;ZnC, in
the ZnCl, Lewis acidic molten salt.?® Such a method has been
generalized to MAX phases with other A elements, includ-
ing Zn, Al, Si and Ga, to prepare the Cl-terminated MXene.”’
The reactivity of the MAX phases in different molten salts
can be predicted by the redox coupling between the cation of
the molten salt and the A element. Compared to Ti;C, with O
and OH groups, the Ti;C,Cl, shows a distinct electrochemi-
cal charge storage process in a Li*-based organic electrolyte.
The CV curve of the Ti;C,Cl, electrode shows obvious Li"
intercalation over an extensive range of potentials (close to
2 V), whereas the Ti;C, T, shows clear peaks on the CV curves.
The almost constant current responding of Li" intercalation/
deintercalation in the Ti;C,Cl, leads to enhanced capacity.
The charge storage process in Ti;C,Cl, is a surface-controlled
process, and as such, a high-rate capability can be expected.
Using the molten salt method, Br-terminated MXene can also
be prepared. The Br termination can be substituted with other
groups, including the oxygen, sulfur, selenium, tellurium,
and NH groups, as well as with vacancy sites, by exchange
reactions.”®
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Intralayer defect and holes

Surface defects and vacancies can provide active sites for
ion adsorption and interfacial reactions, which may affect the
charge storage capacity, the potential window, and the rate
capability. Ti vacancy defects are frequently observed to form
clusters within the same sublayers (Figure 2c), and the surface
defects concentration can be tuned by changing the percent-
age of HF during the etching process.?’ Based on molecular
dynamics simulations, MXene surfaces with atomic vacancies
have stronger attraction to water molecules than MXenes with
pristine surfaces. This could be due to the change of the charge
distribution around the vacancies. Defective clusters can also
change the surface groups of MXenes by forming C—H bonds
on the carbon layer of MXenes. These defects can be derived
into pinholes on the MXene flakes by further altering the syn-
thesis procedure.

Generating holes through MXene flakes offers new path-
ways for ion transport, which may shorten the ion diffusion
distance and thus improve the high-rate performance. Numer-
ous pinholes were introduced into Ti;C,T, MXenes by adjust-
ing the molar ratio between the MAX phase and the etchant,
as well as by prolonging the sonication process.30 Partial oxi-
dization of MXene flakes can also generate holes of about
20 nm on the MXene flakes (Figure 2d) and as such enlarge
the surface area of MXenes.'? Partially oxidized Ti;C,T, by
anodic oxidation shows higher capacitance retention of 66%
at 2 V/s than that of 33% for a non-oxidized one.*! Holes can
be introduced on the MXene flakes by further etching with
concentrated H,SO,. Due to the presence of holes, reduced
flake size, and enlarged interlayer space, MXenes prepared
by etching with concentrated H,SO, show a high-rate capabil-
ity even with a high mass loading.*? Pores and cracks on the
length scale of several hundred nanometers can be generated
on V,C MXene using alkali treatment. The corrosive alkali
treatment can further etch the MXene flakes and also delami-
nate the MXene flakes, which allows the intercalation of large
K" with low resistance.*® Furthermore, ultraporous 2D transi-
tional metal nitride (TMN) can be prepared by ammonization
transition metal oxides (TMOs). Due to the differences in crys-
tal structure and volume of TMOs and TMNSs, the TMOs can
be transformed into an interconnected TMN with a size of a
few nanometers during the reaction with ammonia (Figure 2e).
The 2D-like TMN nanocrystals are interconnected, offering a
high surface area and a high electrical conductivity.>*

Interlayer of MXene electrodes

The change of interlayer space and interfacial species
in different electrolytes

Various ions, including H, Li*, Na*, K*, Mg?*, ionic liquids,
and solvents in the bulk electrolyte can intercalate in the inter-
layer of MXene with low resistance. Because hydrogen-bond-
ing networks of disordered water at inner/outer Helmholtz lay-
ers does not induce frictional interactions with the intercalated
ion, the energy barrier for interfacial ion transport is small in
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diluted aqueous electrolyte.’® The insertion of ions and sol-
vents into MXenes is usually accompanied by the expansion
and contraction of the interlayer space. The interlayer of 2D
materials is a confined space, and ion transport under different
levels of nanoconfinement (or interlayer space) directly affects
the ion diffusivities, as ion transport is hindered by interac-
tions from the charged electrode surface and the surrounding
interfacial electrolyte.*®

With a hydrophilic surface, automatic filling of the inter-
layer space with ions and water molecules starts as soon as the
titanium carbide MXene is in contact with the aqueous elec-
trolyte, leading to an increased interlayer space. The response
of the interlayer space to the applied potential is complicated
and depends on the composition of electrolytes. When Ti;C,T,
is negatively charged in the H,SO, electrolyte (Figure 3a), the
d-spacing (derived from the (002) peak in x-ray diffraction;
see the “Structural characterization” section first shrinks by 0.1
A from 0 t0o—0.6 V versus Ag wire and then rapidly expands by
0.5 A from—0.6 to—0.9 V. The shrinkage or expansion of the
interlayer space in the acidic aqueous electrolyte is attributed
to the interactions between the intercalated ions and the domi-
nating surface groups. For example, H" intercalation tends to
shrink the interlayer space of O-terminated MXenes, while it
expands it for OH-terminated MXenes.’’

Negatively charging MXenes in a commonly used organic
electrolyte for batteries (1 M LiPF; in ethylene carbonate/
dimethyl carbonate) also leads to the fluctuating expansion/
shrinkage phenomenon. However, the way the d-spacing of
Ti,CT, expands/shrinks during cycling in organic electro-
lytes is distinct from that in acidic aqueous electrolytes (Fig-
ure 3b).*® Interestingly, the d-spacing of Ti,C,Cl, fluctuates
with a much smaller amplitude during cycling than that of
MXenes with randomly distributed surface groups in the same
electrolyte.?” When ionic liquids are used as electrolyte, the
interlayer space change is more straightforward than the aque-
ous and organic electrolyte due to the absence of solvents.*
The interlayer space change reflects the different charging stor-
age processes when the electrode is positively and negatively
charged from the open circuit potential. The increased inter-
layer space of the negatively polarized electrode corresponds
to the cation insertion, whereas the shrinkage of the interlayer
at the positive potential indicates either cation desorption or
cation—anion exchange.*’

The total number of interfacial ions and solvent molecules
determine the interlayer space and the arrangement of these
species between the interlayer of MXene decide the perfor-
mance of the electrode. Although the solvent is not directly
involved in the charge storage, the type of solvent has a crucial
impact on the capacitance and rate capability of MXenes."!
The d-spacing of Ti;C,T, MXenes at the most negative poten-
tial is 19.0, 13.0, and 10.7 A in LiTFSI containing dimethyl
sulfoxide (DMSO), acetonitrile (ACN), and propylene car-
bonate (PC) solvents, respectively. Hence, the arrangement
of the interfacial species are also distinct in different solvents
(Figure 3c). In DMSO, two layers of solvent molecules are
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acetonitrile; PC, propylene carbonate; TEA, tetraethylammonium.
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Figure 3. (a) Cyclic voltammogram curve of Ti;C,T, in 1 M H,SO, at 0.2 mV/s and in situ
x-ray diffraction (XRD) patterns (Cu-Ka, A=0.154 nm) acquired during various stages of the
electrochemical cycle.®” (b) First charge curve at 20 mA/g for Ti,CT, in 1 M LiPFg in ethylene
carbonate (EC)/dimethyl carbonate (DMC) electrolyte and corresponding ex situ XRD pat-
terns.%® (c) Schematics of the local ion and solvent arrangements as revealed by the molecu-
lar dynamics simulation. Legend: green, Li*; pink, Ti; cyan, C; red, O; teal, F; white, H; yellow,
S; blue, N."" (d) Number of water molecules cointercalated/extracted per intercalated cation
estimated by electrochemical quartz crystal microbalance.*' DMSO, dimethy! sulfoxide; ACN,

can change the interfacial molar
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'L"%L Léi“ y (Fig )-

Li*, Na*, Mg?", and AI** are hydro-

Fast ion transport tunnel

% E’i(t’ﬁ e philic cations, which can bring in
e » - c water molecules during ion interca-
© Py lation. The intercalation of hydro-

phobic cations such as K*, Cs*,
and TEA™ (here TEA represents
tetraecthylammonium) pushes out
interfacial water molecules and
increases the ion-to-water ratio.
Interestingly, the insertion of Ba®*

0.46 Li* per Ti,C, unit

. B ions does not influence the inter-
0.37 Li* per Ti;C, unit . . .

P facial water and is considered as

PC fully desolvated before insertion.

o ) The inserted cations also show dif-

ferent affinity toward the surface
of MXenes. Based on MD simula-
tions, the intercalated Li", Na*, and
K" tend to adsorb on the MXene
surface, whereas the intercalated
Cs* and Mg*" are most likely to be
located at the center of the inter-
layer space.*’ The inverse of the
simulated average cation-surface
oxygen distance is found to have a
linear relationship with the experi-

0.93 Li* per Ti,C, unit

allowed to be present in such a large interlayer space. Since
the oxygen group of DMSO tends to be attracted by Li* on
the surface of the MXene, the methyl groups of DMSO point
away from the MXene surface and form a hydrophobic envi-
ronment between the two layers of solvent. Such a hydro-
phobic environment offers a pathway with low-ion transport
resistance and hence a good rate capability. In comparison,
the smaller interlayer space of MXenes in ACN solvent cor-
responds to only one layer of solvent molecules between the
MZXene layers. The ACN molecules block the interfacial ion
transport pathways and lead to sluggish ion transport. Despite
that the PC solvent has a lower ionic conductivity than ACN,
the capacitance of MXenes in PC-based electrolytes is almost
twice as high as compared with MXenes used in combination
with the other two types of solvents. Ti;C, T, in PC-based elec-
trolytes still offer a high-rate capability. That is because the
PC solvent is fully desolvated before Li* intercalate, and the
bare ion environment allows closer packing of Li* and lower
ion transport resistance.

The type of ions also has a substantial impact on the des-
olvation process and hence the interfacial species. In aqueous
electrolytes, the insertion of ions with different hydrophilicity

mental capacitance of MXenes at
the open circuit potential, which
can be explained by a modified
Helmholtz model. It is also interesting to note that intercalated
Na* can penetrate into the intralayer of MXene, which may
lead to a fast MXene structural destruction during cycling.

Engineering the interlayer space

Since the interlayer space of MXenes changes with the applied
potential, the ion transport resistance is expected to change
constantly during cycling. The intercalation of some ions may
lead to the shrinkage of the interlayer space, which causes
the restacking of the 2D layers and enlarges the ion trans-
port resistance. To assist the ion transport without altering
the ions, solvents, and applied potentials used, the interlayer
space can be enlarged by preintercalating ions and pillaring
low-dimensional materials. Preinsertion of solvents into the
MXene interlayers can also facilitate ion transport by offering
2D tunnels for ion transport, which benefits the charge storage
process at both room and low temperature.**

Preintercalation of MXenes with ions present in the elec-
trolyte or with some large ions can assist the electrolyte ion
transport because the larger interlayer space enables bet-
ter ion accessibility from the bulk electrolyte to the surface
active sites. By introducing K* into the Ti;C,T, interlayer, the
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interlayer space more than doubles from 2 to 4.8 A.** When
the species of the preintercalated ions change from the larger
K" and Na" to the smaller Li*, the capacitance of the MXene
in the H,SO, electrolyte decreases, demonstrating that the
size of the preintercalated ions plays an important role in the
preintercalation-induced performance enhancement. Cati-
onic surfactants, such as cetyltrimethylammonium bromide,
can be introduced into the MXene interlayer via liquid phase
pillaring to increase the interlayer space dramatically up to
2.7 nm.*® The ion preintercalation process is necessary for
the ionic liquid-based electrolyte as the intercalation of large
ions is very resistive. lonic liquids can be pre-introduced into
MXenes and form MXene-ionic liquid ionogels, enhancing
both the capacitance and rate capability.*®

Pillaring the interlayer of 2D MXenes with 0D and 1D
materials is an alternative approach to expand the interlayer
space of MXenes and avoid restacking. Oxide nanoparticles,
which are active materials for electrochemical charge stor-
age, can be introduced to enlarge the interlayer space and con-
tribute to extra capacitance. For example MnO, nanoparticle
can be formed between the MXene interlayers by annealing
the Mn(NO3), containing MXene film.*” Slight oxidation of
MXenes is found to increase the interlayer space and forms
amorphous carbon, showing enhanced capacitance and rate
performance.®” Further oxidizing MXenes can also increase
the capacitance due to the formation of oxide nanoparticles
and carbon on the MXene surface.***° However, over oxida-
tion of MXenes may lead to a lower rate capability of MXenes,
since the electrical conductivity of TMOs is much lower than
that of 2D carbides. Integrating 1D carbon nanotubes (CNT) in
the MXene interlayers can significantly enhance the rate capa-
bility of MXenes in both aqueous®® and organic electrolytes.>!
By introducing CNTs, the alignment of the MXene flakes is
disrupted, leading to enhanced ion accessibility and open
ion transport pathways. The reduced ion transport resistance
enables the MXene-CNT composite electrode deliver high
capacitance retention in the organic electrolyte at a high scan
rate of 10 V/s, as well as at a low temperature of —60°C.>!

The interlayer space between MXene and other 2D

or layered materials

Stacking two different 2D materials into heterostructured
architectures offers interlayers with asymmetric interactions
from two surfaces. Such 2D heterostructures may construct an
electrode that combines the advantage of two individual 2D
materials and eliminate the associated shortcomings.’? One
good example is the molybdenum disulfide MoS,-Mo, TiC,T,
heterostructure prepared by in situ growth of 2D MoS, on
the Mo,TiC,T, MXene.” Li* interacts stronger with the
MoS,-Mo,TiC,T, heterogeneous interface than with homo-
geneous Mo, TiC,T,, leading to an enhanced intercalation pro-
cess and a higher specific capacity. The poor cycling stability
of homogeneous MoS, electrodes is also avoided since the
Mo, TiC,0, adsorbs Li,S species stronger with lower binding
energies. It is also worth mentioning that heterostructures can
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be prepared by atomic layer deposition between the ultrathin
layer of oxides and MXenes, such as the SnO,~Ti;C,T ** and
Co00,~NiO-Ti;C,T,> heterostructures. The thin-layer oxides-
MXene heterostructures show synergetic effect: The oxides
mainly contribute to improve the Li" storage capacity, while
MXene sheets act to buffer the volume changes of oxides and
offer high electrical conductivity.

MXenes have also been combined with carbon-/carbide-
based 2D materials and these heterostructures show good high-
rate performance. The MXene-reduced graphene oxide hetero-
structure, which is prepared by electrostatic self-assembly of
negatively charged Ti;C,T, MXene and positively charged
graphene, has an interlayer space that is larger than that of
homogenous MXene films. This is because the restacking of
the MXene flakes is prevented, which assists rapid ion diffu-
sion between the MXene-graphene interfaces.’® The graphene
layers were also integrated into the MXenes layered struc-
ture by alternating electrospray of both 2D materials.’” The
graphene-Ti;C, T, heterostructures have both a higher electri-
cal conductivity and Hall carrier mobility as compared to the
homogenous MXene film, which benefits the rate of the charge
transfer process. The heterostructure between the 2D graphitic
carbon nitride (g-C;N,) and Ti,C,T, MXene shows high pseu-
docapacitance retention at a high rate of 120 C as there is no
significant diffusion limitation. The kinetics of the Li" diffu-
sion is promoted mainly by the strong interfacial chemical and
electronic coupling between g-C;N, and the Ti;C,T, MXene.?®

Morphology of MXenes
MXene multilayer particles show an accordion-like structure
upon etching the bulk solid MAX blocks (Figure 4a—b). The
capacitance of MXene films prepared via rolling multilayered
Ti;C,T, MXene shows a clear dependence on the thickness of
the electrode. When the thickness increases from 5 to 75 pm,
the capacitance decreases from ~900 to~370 F/cm?®.> How-
ever, the rate capability stays almost the same when the thick-
ness of the electrode increases significantly. This is partially
attributed to a lower packing density with a more open struc-
ture at a larger thickness, indicating the importance of the elec-
trode morphology for the high-rate performance of MXenes.
Assembling 2D materials into 3D architectures improves the
ion accessibility and thus enables a fast electrochemical pro-
cess. Macroporous in MXenes can be introduced using poly-
mer nanospheres as a template and subsequent removal of the
nanospheres by annealing (Figure 4¢).°*®! Macroporous Ti,C, T,
MXenes show ultrahigh-rate capabilities of 60% at a scan rate
up to 100 V/s in the H,SO, electrolyte.* The capacitance of
macroporous MXene depends less on the thickness of the elec-
trode. When the thickness of the electrode increases from 13 to
180 pum, the capacitance of macroporous Ti;C,T, obtained at
2 mV/s only drops by about 13 percent. Since macropores inevi-
tably lower the packing density of Ti;C,T, MXene from ~3
to ~0.35 g/em?, the volumetric capacitance of macroporous
MXenes is moderate. The porosity of the 3D architecture should
be controlled to avoid bringing in excessive porosity that may
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Characterization
of MXenes-based
electrodes

Structural characterization

The structure of MXenes and other
2D materials is of vital importance
for understanding their performance
in EES, yet, their characterization is
in general quite challenging as com-
pared to 3D materials. X-ray dif-
fraction (XRD) is a widely applied
method to obtain the interlayer spac-
ing and to check the purity of the
synthesized MXenes. Typical exper-

iments are performed on laboratory

Vertically aligned

Figure 4. (a, b) Scanning electron microscope (SEM) image of Ti;AIC, MAX phases and
multilayered Ti;C,T, powder synthesized by etching in 30 wt% HF.3 (c) Cross-sectional SEM
image of a macroporous Ti,C,T, MXene electrode.®! (d) SEM images of a wavy Ti;C,T, film.®®
(e) SEM image of freeze-dried MXene hydrogel.®* (f) lon transport in horizontally stacked and
vertically aligned Ti;C,T, MXene films. The orange lines indicate ion transport pathways.

diffractometers in the Bragg—Bren-
tano configuration, in which the
sample is stationary and the x-ray
beam and detector synchronously
move around it, implying that only
information in the direction perpen-

reduce the volumetric energy density.®> By pressing macropo-
rous Ti;C,T,, the MXene shows a wavy structure (Figure 4d),
which still offers a good ion accessibility and high-rate capability
in both aqueous® and organic electrolytes.!' However, the pack-
ing density of the pressed macroporous Ti;C, T, becomes much
higher (>2 g/cm?®), increasing its volumetric capacitance. Three-
dimensional MXene hydrogels have been prepared by gelating
MXenes in a solution of graphene oxide in ethylenediamine
(Figure 4e).** The packing density of 3D MXene hydrogels can
be increased from 0.027 to 2.1 g/cm? by controlling the pore size
with different drying processes.

Compared to horizontally stacked 2D MXenes, vertically
aligned structures have a shortened ion transport length (Fig-
ure 4f). The direction of the electric field is the same with respect
to the ion transport in the vertically aligned MXene, which may
facilitate the ion acceleration. Vertically aligned MXenes were
first prepared by mechanical shearing of a discotic lamellar
liquid-crystal phase of Ti;C,T, MXene.* The capacitance of the
vertically aligned Ti;C,T, is thickness-independent: the capaci-
tance is almost the same when the thickness of the electrode
increases from 40 to 320 pm at 10 mV/s. The rate capability of
a thick electrode (320 um) is also almost the same as a thin one
(40 pm) for scan rates up to 100 V/s. When preparing liquid-
crystal MXenes, a surfactant is added to increase the packing
symmetry of MXene flakes. To restore the electrical conductiv-
ity and ionic accessibility of MXenes, the surfactant must be
removed, which complicates the preparation process. By tuning
the aspect ratio of MXene flakes and the concentration of the
MXene colloidal solution, Ti;C,T, MXene can form a nematic
liquid-crystal phase without adding any surfactants or binders.*

dicular to the surface of the sample
can be obtained. Following Bragg’s
Law, the position of the peaks in the
diffraction pattern provide information about the interlayer
spacing/d-spacing. As the d-spacing is the distance between
the center of one layer to the center of the next one, the inter-
layer distance can be obtained from the d-spacing by subtract-
ing the thickness of the MXene layer. Differently, the width
of the peaks are related to the size and homogeneity of the
domains of MXenes: At a constant experimental resolution,
narrower peak widths indicate a larger size of the domains and/
or an improved homogeneity. As XRD patterns of pure and
stacked MXene films only display (001) reflections, and those
of MAX phases have many more reflections (Figure 5a), XRD
allows one to examine the quality of the synthesized material.
We note that in-plane XRD measurements of stacked MXene
films (Figure 5c) as well as powered or stacks of randomly
oriented MXene flakes may display more diffraction peaks,
including the (110) peak that is expected for the MXene’s hex-
agonal in-plane symmetry.%” In addition, XRD is often per-
formed in situ/operando (e.g., allowing to study the change
in interlayer spacing when ions (de)intercalate when different
voltages are applied to MXene electrodes).

Different from common (powder) crystalline materials,
Bragg—Brentano XRD cannot be used to fully resolve the
structure of MXenes. Indeed, the monocrystalline nature of
the MXene sheet, stacking disorder of the sheets, and the
short-range ordering of the surface structure complicates the
analysis.®® The P6;/mmc hexagonal symmetry of MXenes
is usually confirmed by transmission electron microscopy
(TEM), which uses electrons to image specimens typically
thinner than 100 nm in transmissions (Figure 5e). TEM can
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Figure 5. Structural characterization of MXenes. (a) Bragg—Brentano x-ray diffraction patterns
(A=0.154 nm) of Ti;C,T, MXene and Ti;AIC, MAX phase. Following Bragg’s Law, the interpla-
nar distance c=2.55 nm can be computed from the position of the (002) peak at 26,,,=6.94°:
c=)\/sin((9200).78 (b, c) Wide-angle x-ray scattering results of Ti;C, T, performed in two configu-
rations: with the MXene films oriented (b) parallel and (c) perpendicular to the x-ray beam.

(b) The diffraction pattern shows peaks along the vertical direction, indicating preferred
alignment of the sheets, while the (010) and (110) diffraction rings in (c) are characteristic of

can be obtained.®%>7° As x-rays are
predominately sensitive to the elec-
trons surrounding a nucleus of an
atom, they are mostly insensitive
to light atoms. Neutron diffraction
provides complimentary informa-
tion on especially the surface
groups as neutrons mainly interact
with the atomic nucleus, and are
particularly sensitive to (light) ele-
ments such as H, Li, and Na.6%7!1-72
For example, it has been shown by
neutron total diffraction that multi-
ple sodiation sites exist in Ti;C,T,
in conjunction with a 2D sodium
domain structure at the interfaces/
surfaces of Ti,C,T,.”!

At larger length scales, infor-
mation about the structure and
morphology can be obtained by
microscopy techniques such as

the hexagonal in-plane symmetry.”® (d) Pair distribution function of Nb,C,T, obtained from a
synchrotron x-ray total scattering experiment. The blue circles indicate the measured data,
and the red line the best-fit model. The green curve indicates the difference between the

fit and the data. The inset shows a shoulder peak at 0.33 nm, indicating a distortion in the
Nb,C; slab. The structure is a polyhedral representation of undistorted Nb,C5T,. Nb, C, O/F
atoms are in blue, black, red/green colors, respectively. The intercalated water molecules

are represented by sheets of oxygen atoms.® (e) Transmission electron microscope (TEM)
micrograph of a Nb,C,T, flake. The left inset shows the selected area electron diffraction pat-
tern characteristic of the hexagonal symmetry. The right inset shows a cross-sectional TEM
micrograph.”® (f) Scanning electron microscope image of a Ti;C,T, MXene.”®

atomic force microscopy (AFM)
and scanning electron microscopy
(SEM). Owing to its lower reso-
lution as compared to AFM and
TEM, SEM is mostly used to study
the morphology and stacking of
MXene layers into 3D structures
(Figure 5f). A more quantitative

be operated in several modes. One widely applied mode
is scanning transmission electron microscopy (STEM),
in which the sample is scanned with a beam with a spot
size typically smaller than 0.2 nm while performing spec-
troscopic mapping using energy-dispersive x-ray (EDX)
or electron energy-loss spectroscopy (EELS) in parallel to
obtain elemental information. Differently, TEM can be used
for (selected-area) electron diffraction ([SA]ED) to obtain
information about the crystal structure. Here, electrons are
diffracted and reciprocal images similar to 2D XRD patterns
are acquired, thus providing information about the (in-plane)
crystal structure.

Quantitative information about the (in-plane) structure can
be obtained by total diffraction measurements in combination
with atomic pair distribution function (pdf) analysis. In these
experiments, powdered MXene is typically sealed in a cap-
illary and measured with high-energy synchrotron x-rays or
neutrons in transmission. Subsequently, the Fourier transform
of the diffraction pattern is taken, providing G(») (Figure 5d).
G(r) is the atomic pair distribution function and represents
the probability to find a pair of atoms separated by a distance
r. By modeling G(r), important information about the struc-
ture of the atoms and some surface species within the layer
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method to study the stacking and
organization of the 2D MXene
layers is using wide-angle x-ray
scattering (WAXS) and small-angle x-ray and neutron scat-
tering (SAXS/SANS).”>7¢ In a WAXS experiment, a sample
is measured by x-rays in transmission and a 2D dimensional
diffraction pattern is obtained. If the sample is fully textured
and the x-ray beam is parallel to the MXene film, two spots
will show up on the diffraction pattern (Figure 5b), whereas in
the limit of no texture homogeneous rings will appear on the
detector. This texture can, for example, be quantified by the
Herman’s orientation factor.”” SAXS uses the same scattering
geometry as WAXS, but only considers small scattering angles
(typically <1°), allowing one to probe larger length scales.

Surface chemistry and chemical identification

In x-ray photoelectron spectroscopy (XPS), a sample is illu-
minated by monochromatic x-rays that are partly absorbed by
the sample owing to the photoelectric effect, causing the emis-
sion of a (photo)electron. By taking the difference between the
measured kinetic energy of the emitted electron and the energy
of the x-ray, the binding energy of the electron can be com-
puted. This allows the identification of the elements present
in the sample (with the exception of H and He), and, since the
binding energy of the electrons are affected by the chemical
state/environment of the atoms, these can be identified. XPS
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Figure 6. Characterization of MXenes using spectroscopy. (a—c) X-ray photoelectron spectroscopy spectra around V2p of (a)
pristine and (c) electrochemically activated V,CT, cathodes charged to a voltage of (b) 1.4 and (c) 1.8 V.&° (d-f) X-ray absorp-
tion spectroscopy (XAS) measurements on Sn-intercalated V,C MXene as Li-ion electrode. (d) In operando Sn K-edge XAS
spectra. (e) Fourier transformed Sn K-edge extended x-ray absorption fine structure spectra used to determine the coordina-
tion number. (f) Normalized x-ray absorption near-edge structure spectra of the Sn K-edge at different voltages with the inset
showing an enlargement of the absorption edge.® (g) Fourier transform infrared spectrum of delaminated Ti,C,T, demonstrat-
ing the presence of typical functional groups on the surface: the bending vibration of O surface groups at 561 cm™", and at
1101 cm™" and 1385 cm™" the stretching vibrations of C-F and O-H, respectively. At 1632 and 3449 nm~" the bending and
stretching modes of water molecules are observed, respectively.2* (h) In situ Raman spectra (403 nm) of V,CT, after exposure
to air at the indicated temperature. For T>300°C, V,CT, oxidizes into bulk V,Oz as evidenced by the characteristic V,05 peaks

on the area ratio of the NMR peaks.®"

at 294, 480, 520, and 696 cm~".% (i, j) 2Na magic angle spinning (NMR) spectra to identify the insertion mechanism of Na
into TizC,T,. (i) Nuclear magnetic resonance spectra during the initial two cycles deconvoluted into three peaks. The peaks
originate from different Na* species as indicated in the schematic. (j) Estimated amount of intercalated Na in the layer based

is a surface technique and only sensitive to approximately the
first 10 nm of the sample. XPS has been used to study the
oxidation of V,CT, cathodes for high capacity and high-rate
aqueous zinc-ion batteries,?’ revealing that the capacity can be
enhanced significantly by electrochemical activation. These
measurements show that low-valance V (V-C/VZ*/V3") is pre-
dominately present in pristine V,CT, cathodes, being a bot-
tleneck in realizing a high capacity (Figure 6a).5"%! After an
initial activation at 1.8 V, the valence on the surface is raised
significantly to V4#*/V>*, and a nanoscale vanadium oxide
(VO,) coating is formed that effectively undergoes multi-
electron reactions (Figure 6b—c). Subsequently, the analysis
performed after edging approximately the first 200 nm of the
sample shows that the presence of low-valance V after acti-
vation is similar to that of pristine V,CT,, indicating that the
internal structure is preserved guaranteeing high electrical and
ionic conductivities.*

One major limitation of XPS is that experiments have to be
performed in vacuum that generally hinders in situ/operando
experiments. X-ray absorption spectroscopy (XAS) is an

alternative for such experiments but requires an intense and
tuneable (high) energy x-ray beam and it is therefore typi-
cally performed at synchrotron radiation facilities.> XAS
considers the x-ray absorbance measured as a function of the
x-ray’s energy. When the energy of the x-rays equals the bind-
ing energy, a sharp increase (“absorption edge”) is seen in the
x-ray absorption (Figure 6d). By analyzing the detailed shape
of the absorption spectrum around the edge (x-ray absorp-
tion near-edge structure, XANES) or after the edge (extended
x-ray absorption fine structure, EXAFS) information about the
chemical state or the molecular structure can be obtained.®! As
an example, XAS has been used to ex situ and in operando
study Sn-intercalated V,C MXene electrodes to investigate
the evolution of the structure and electrochemical activity of
vanadium and tin atoms during (dis)charging in Li*-based
electrolyte.®® The shift of the absorption edge shows that a
reversible valance change of Sn from+3.35 to+3.42 with a
voltage increase from 0.012 to 3.16 V versus Li/Li* occurs
(Figure 6e), constituting a significant contribution to the Li-
ion capacity and stability. In addition, the Fourier transform
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of the absorption spectra show that the coordination number
of Sn decreases because of the Li-ion intercalation (Figure 6f).

Fourier transform infrared spectroscopy (FTIR) is another
absorption spectroscopy technique. In FTIR, a sample is illu-
minated by infrared light and the transmittance, being the frac-
tion of transmitted light, is determined as a function of the
wavelength of the light. The transmittance is usually plotted
as a function of the wavenumber of the light, being the inverse
wavelength with unit cm™!. Typically, sharp minima in the
transmittance are seen, caused by the absorbance of the light
by vibrational modes in the sample, allowing one to identify
the molecules and chemical bonds present in a sample (Fig-
ure 6g). As such, FTIR can be for instance used to detect the
presence of surface groups or to assess the quality and purity
of the synthesized compounds.®*

Similar to FTIR, Raman spectroscopy uses the interaction
of photons (typically laser light) with molecular vibrations,
phonons, or other excitations in the system. These interactions
may slightly in or decrease the photon’s energy, named Raman
scattering. The energy shift provides information about the
vibrational modes in a sample, in turn allowing to identify the
molecule and study the chemical bonding and intramolecular
bonds. In Raman spectroscopy, the measured intensity is usu-
ally displayed as a function of the “Raman shift”, calculated
by taking the difference of the inverse wavelengths (“wave-
numbers”) of the incident and detected photons. The poten-
tial of Raman spectroscopy has been demonstrated on Ti;C, T,
proving information about the surface chemistry, stacking, and
quality (Figure 6h).%5 Although the Raman spectra of MXenes
are in general complex and consist of many convoluted peaks
(see also Reference 84), in situ Raman spectroscopy can be
used to assess the thermal and chemical stability of MXenes:
For example, it has been shown that V,CT, MXenes slightly
oxidize or transform in V,05 above 300°C in the presence of
air or CO,.%¢

Nuclear magnetic resonance (NMR) spectroscopy is
another technique that can be used to quantitatively identify
chemical species.®’ ™ Different from XPS, NMR is a bulk
technique, can be used to study dynamics and diffusion, and
allows for in situ/operando measurements. In NMR experi-
ments, a sample is positioned in a strong and constant mag-
netic field and perturbed by a weak oscillating magnetic
field. A nucleus with a non-zero spin (e.g., 'H, "Li, 13C, °F,
2Na, Y’Al) responds to this oscillatory magnetic field by
producing an electromagnetic signal with a characteristic
frequency. This resonant frequency depends on the molecu-
lar structure and electronic environment of the nucleus and
is usually expressed as the chemical shift, being the resonant
frequency of the nucleus relative to that of a standard sam-
ple. As the differences in resonant frequency are quite small,
the chemical shift is usually expressed in parts per million
(ppm). Example usage in the field of MXenes are the identi-
fication and quantification of surface groups in Ti,C,T,'® and
V,CT_.°° In addition, NMR has been used to study the Na
insertion mechanism into Ti;C,T, (Figure 6i—j). Depending
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on whether >*Na is present in the electrolyte, adsorbed at the
surface of the MXene or intercalated between the layers, dif-
ferent peaks emerge in the NMR spectra.”’ The results show
that reversible Na* (de)intercalation between the Ti;C,T,
layers occurs upon (de)sodiation as well as that a certain
amount of >*Na remains intercalated after the Ti;C,T, layers
desodiation at 3.0 V.

Summary

In this article, we review rate-limiting factors of MXene-
based electrodes by showing how the material properties at
three levels, being the (1) intralayer composition, (2) interlayer
space, and (3) morphology, impact the charge transfer and ion
transport in MXenes: (1) We discuss the impact of intralayer
composition on the electrical conductivity of MXenes and sum-
marize the role of surface termination of MXenes in the charge
transfer process. We also show that the generation of holes
on the MXene flakes benefits the rate capability of MXene
as the ion transport distance is shortened. (2) The interlayer
space of MXenes is influenced by the intralayer composition
of MXene, type of electrolyte ion, choice of solvent, and the
applied potential. Preinsertion of spacers into the 2D MXene
interlayers can enlarge the interlayer space and reduce the ion
intercalation resistance. We also discuss that MXene-layered
material heterostructures can benefit from the high-rate capa-
bility of MXenes and the high capacity of the other layered
materials. (3) Assembling 2D materials into 3D architectures
increases the rate capability of MXene-based electrodes since
it mitigates the restacking of the 2D layers and improves the
ion accessibility. In addition, we discuss the experimental tech-
niques at hand to acquire the detailed fundamental understand-
ing of the structural and chemical properties as well as the
charge storage mechanisms of MXenes. As illustrated, these
techniques, combined with electrochemical characterization,
provide the detailed understanding of MXenes required to
enable the rational design of high-rate MXene-based energy
storage systems.
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