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ABSTRACT

A growing family of MXenes, i.e., layered transition metal carbides and/or nitrides, has been becoming an
important candidate of electrode material for new-concept energy storage devices due to their unique properties.
This article timely and comprehensively reviewed state-of-the-art progress on electrochemical performance and
mechanism of MXenes and their hybrids containing small molecules, polymers or oxides when utilized as crucial
materials in energy storage devices, including ion batteries, supercapacitors, and ion capacitors as well as hy-
drogen storage. The relation between electrochemical performance and structure has been deeply explored in
the aims of revealing the influence of logical combinations of chemical/physical properties, microstructure,
steric configuration, and material compositions on the electrochemical performance of corresponding electrodes.
The possible directions of development for MXene were also pointed out for further researches and potential
applications.

1. Introduction

storage devices are highly desirable for large power applications. De-
spite the great achievements, energy storage devices [4-6], such as Li-

Sustainable development has become the consensus of people all ion batteries or supercapacitors [7,8] widely used in the present stage,
over the world. With the emergence of huge demand for heavy-duty still face two long-term fundamental challenges: (1) It is extremely
energy storage systems such as electric vehicles, [1] off-grid electricity, difficult to simultaneously achieve high energy density and high power
[2] and stationary battery systems, [3] high-performance energy density for special device; (2) Limited resources and high cost for recent
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rechargeable devices need to be noted. Therefore, development of the
new-concept materials with remarkable performance is of most im-
portance and urgency.

Two-dimensional (2D) materials [9] have attracted increasing at-
tention due to their remarkable physical/chemical properties as com-
pared with their bulk counterparts. As a frequently-discussed 2D ma-
terial, graphene has been regarded as a potential candidate in a wide
range of applications [10-12]. Other 2D materials as graphene analo-
gues are imaginably expected to possess extensive chances in next
generation energy devices. Layered materials are generally considered
to have similar structure as graphene, with planar topology and ultra-
thin thickness. Typical graphene-like materials for energy storage in-
clude transition metal dichalcogenides (TMDs) [13], transition metal
oxides (TMOs) [14]/hydroxides (TMHs), metal sulfides, phosphorenes,
MXenes, silicences, etc. [15]. Among them, MXene family, as a type of
promising energy storage material, draw our much interest owing to
their unique features such as ultra-large interlayer spacing, obvious
security capability, environmental benignity and excellent biocompat-
ibility [16,17] (except for some Mxenes, such as (Vo 5Cros5)3Ca etc).
More importantly, these electrodes can not only store relatively large
amounts of charge per unit volume or mass, but also discharge at rates
that are quite rapid indeed [18]. As to MXene, many excellent far-
sighted researchers, such as Prof. Gogosti and coworkers, Prof. Ghidiu
and his coworkers and so on, have done a lot of original works. Actu-
ally, the review was based on their fruitful researches including simu-
lations and experiments to a considerable degree.

We note that there are several recent reviews on MXenes for energy
storage and conversion [19-22]. We concisely analyze those published
references to differentiate them with our article. The review by Lei et al.
[19] spent a considerable length to introduce the background knowl-
edge of MXenes, mainly based on references published before 2015. In
those references [20-22], quite a few layouts were assigned to MXenes.
Very recently, numerous applications of MXenes for energy storage and
conversion are reported [23,24]. However, there exists a great difficulty
in finding a clearly logical relationship between performance and
structure/composites for MXene materials in the above references. As
stated above, a timely and critical review that exclusively concentrates
on MXenes for applications in energy storage devices is fairly lacking
until now, particularly based on the perspective of structure/perfor-
mance.

Herein, we have provided a timely, comprehensive and crucial re-
view, where we have summarized the state-of-the-art developments on
the use of MXenes as electrode materials [25] for energy storage de-
vices, mainly ion batteries, supercapacitors and ion capacitors as well as
hydrogen storage. The relation between electrochemical performance
and structure has been deeply explored. We have paid close attention to
the logical combination of the functional directionality of the chemical/
physical properties, structure and material compositions. Of special
note is that influence of functional groups, microstructure and steric
configuration of MXene-based materials on electrochemical perfor-
mance of corresponding electrodes should be emphatically discussed.
To clear the evolution clue of MXene, the timeline of MXene was given
as follows. In 2011, the multilayered MXene (TizC,Ty) was first syn-
thesized by selective etching. In 2012, MXene family appeared because
a variety of different MXenes such as Ti>CTy, (Ti, Nb),CTy and (V,
Cr)3C,T, were also produced. Subsequently, single-layer MXene, small
flake, double M MXene and ordered divacancies (Mo; 3CT,) have
emerged (Fig. 1a) [26]. The general framework for this article has been
also given in schematic diagram in the aims of providing a clear outline
of the review for the reader (Fig. 1b). As a typical MXene, Ti3C,Tyx was
adopted to depict the research clue of MXene. According to our un-
derstanding, creative synthesis of MXene such as TizC,Tx was the
basestone for further researches (marked as Ti3C,Ty). The next im-
portant work is the exfoliation/delamination of MXene, in which small
organic molecule (the first in clockwise direction) and ion with small
ion radius such as Li* ion radius (the second) were first utilized,
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Fig. 1. (a) Timeline of MXene: from TizC, discovery to ordered divacancies. Scale bars are
2 um. Reproduced with permission from Ref. [26] Copyright 2017. American Chemical
Society. (b) Schematic diagram on recent research framework of MXenes. As a typical
MXene, TizC,Ty was adopted to depict the research clue of MXene. The research logic and
corresponding microstructure of MXene were clockwise exhibited in the outer concentric
circles. The devices based on the corresponding materials were clockwise arranged in
internal concentric circles.

subsequently, large molecule with long carbon chain and ion was lo-
gically chosen as an intercalator (the third). In abovementioned stages,
MXenes were considered as promising materials of batteries or capa-
citors. Along with people knowing more and more about this exciting
material, the nanoparticles were finally designed into the interlayers
(the 4th), whereby the new-concept device, e.g ion capacitor, began its
magnificent performance.

We hope that ion capacitor can combine the merits of battery and
supercapacitor, that is, simultaneously possess high energy density and
power density. As a sharp contrast, rechargeable battery has a cap-
ability in affording high energy density at the cost of low power density.
And, supercapacitor provides high power density with low energy
density.

2. Basic information for MXenes
2.1. Family, physical properties and applications

2.1.1. Family

As well-known, MXenes were yielded through exfoliating corre-
sponding three-dimensional MAX phases which have been selectively
etched to remove the main-group sp elements (denoted A in the MAX),
predominantly III A or IV A, and maintained non-corrodible d-block
transition metals such as titanium (denoted M in the MAX) and C or N,
e.g, X in MAX. It is intriguing to note that the exfoliated layers of
MXenes are always terminated with F, OH, and/or O groups during the
etching process, whereby these resultant MXene species are generally
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Fig. 2. (a) Typical natural stone with a layered structure.
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(b) The polyhedral illustration of optimized TisC,Ty struc-
ture. Ti, C, O, and F atoms are in grey, black, red and green
colors. Reproduced with permission from Ref. [43] Copy-
right 2014, American Physical Society. (c) Schematic of
Nb,CT, delamination process via isopropylamine inter-
calation. In the schematic, the blue spheres represent ni-
trogen atoms; red represents niobium; black represents
carbon; and white represents hydrogen. (d, e) Cross-sec-
tional SEM images. Reproduced with permission from Ref.
[36] Copyright 2015. John Wiley & Sons. f) Schematic il-
lustration of the intercalation of cations between TizC,Ty
layers. (g) Scanning electron micrograph of the TizC,Tx

layered particle. Inset is a schematic of the same. Re-
produced with permission from Ref. [44] Copyright 2013.
American Association for the Advancement of Science. (h)
TEM image of the TizC,Tx/MWCNT papers. Reproduced
with permission from Ref. [45] Copyright 2014. John Wiley
& Sons. (i) SEM image and (j) lattice resolved HRTEM image
(inset shows corresponding FFT pattern) of TizC,Tx MXene
samples annealed in N,/H, atmosphere. Reproduced with
permission from Ref. [46] Copyright 2015. American Che-
mical Society.
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assigned as M, +1X,Tx, where T denotes the functional groups (F, OH,
and/or O) and x is the corresponding number of terminations.

To date, MXene family includes TisC, [27-29], Ti,C [30,31], V,C
[32], CrsCy [33], Fe,C [34], NbsCs [35], NboC [36], Moy 35C [37],
M02C [38], Hf3C2 [39], (V2C, Cr2C, and TaZC) [40], Cer [41], Ti4N3
[42], etc. More MXene materials will be expectedly found in the near
future if arduous efforts are persistently paid to the special material
system. Typical morphology and structural illustration of MXene and its
hybrids have been here depicted so as to provide reference (Fig. 2).
Natural stone with a layered structure was utilized to give an example
of visualization to better understand the layered structure of MXenes
(Fig. 2a). The polyhedral illustration of Ti3C,Ty suggested an obvious
interlayer structure after removing the A atom in MAX (Fig. 2b) [43].
As a representative polar molecule, isopropylamine was selected as an
intercalator to exfoliate/delaminate Nb,CTy (Fig. 2c). Cross-sectional
SEM images of resultant MXene manifested clearly observable layered
structure (Fig. 2d, e) [36]. In another case, intercalation of Li*, Na*,
Mg?*, K*, NH,*, and AI** ions between the 2D TisC,Ty layers is of
great interest in forming enlarged interlayer spacings for TizCyTy
layered particle (Fig. 2f), as showed in SEM image (Fig. 2g) [44]. Based
on exfoliation/delamination of Ti;C,Ty, flexible, sandwich-like MXene/
CNT composite paper electrodes were synthesized through alternating
filtration of MXene and CNT dispersions to show a unique 3D structure

Table 1
Physical Properties of TizC,Ty and its hybrids.

(Fig. 2h) [45]. More distinctive layered MXenes could be yielded under
various atmospheres (Fig. 2i, j) [46].

2.1.2. Physical properties

Because the chemical-physical properties of materials such as
structural, mechanical, ion mobility and electronic transport properties
are the keystone for corresponding electrodes which were hoped to
perform the desired performance, we think that it is of great importance
in providing basically physical data for the latest material family.

The conductivity of MXenes has aroused much attention owing to its
great influence on electrochemical performance of corresponding
electrodes. First-principles calculations based on density functional
theory (DFT) has been believed to be a significant method to predict
chemical-physical properties of MXenes. DFT showed that Sc-based
MXenes such as Sc,CF, [47,48], ScoCH, and Sc,C(OH),, nanotubes [49]
and Mo,CTy films [50] were semiconductors or semiconductor-like.
However, Ti-based MXenes such as atomic (H, Li, or Na) adsorbed
Ti3CyT, [51] and Ti,CO, [52] were believed with metallic behavior.
The former possessed a density of free carrier of 8 = 3 x 10** cm ™3
and mobility of 0.7 + 0.2 cm?/Vs [53], reaching the 9.5 x 10*S/cm of
electrical conductance and 54.58 cm?/V s of hall carrier mobility by the
addition of 2.5 wt% of graphene [54]. Conductivity of MXenes such as
Ti3CyTyx [55] and V,C [56] were strongly related to Ti vacancy defects

Composition Density Conductivity Mobility Tensile strength
TizCoTy 8 = 3x10*'em ™3 [53] 2140 S/cm [57] 0.7 = 0.2cm?/Vs [53] 22 + 2MPa [59]
TizC,Ty hybrids 2.7 gem ™3 [58] 9.5 x 10*S/cm [54] 54.58 cm?/Vs [54] 30 = 3MPa [59]
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for Ti3C,Tx MXene and their surface decoration (Table 1, supporting
information and Table S1) [57-59]. Molecular dynamics simulations
are also used to investigate the structural [60], interfacial [61], and
mechanical properties [62] of MXenes. These findings provided a strong
understanding of the macroscopic properties of these materials.

2.1.3. Applications

As a group of the state-of-the-art materials, MXenes have been re-
ported to be utilized in many potential areas such as transparent con-
ductors due to a high conductivity of 2140S/cm [51,57], catalyst
supporter of fuel-cell [63], electrochemical biosensors for TizCoX5 [64],
antibacterial membrane [65], magnetic materials for Fe,C [34], heavy-
metal adsorbent [66], ultrasensitive H,O, sensor [67], multicolor cel-
lular imaging [68], spintronic materials [69], optical application [70],
superconductors [38], electrocatalysts for Mo,CT, [71], and flexible
optical/ electronic devices [72].

Obviously, MXenes possess great potentials for a wide range of new
concept applications. Here, we want to focus our attention on their
most fresh application about energy storage devices due to the inspiring
achievements garnered in recent two years [44,73,74]. Before begin-
ning with the detail discussions on those important storage devices, we
first hope to introduce the exfoliation/delamination techniques of
MXenes, which will provide unique functional groups, microstructure
and steric configuration to produce a subtle and profound impact on
electrochemical response for corresponding MXene materials.

2.2. Exfoliation/delamination of MXenes

In general, three-dimensional MAX phases are selectively etched to
collect corresponding MXenes. There existed two important issues in
synthesis of MXenes, i.e., (1) Formation of layered ternary metal car-
bides, nitrides, or carbonitrides which include selectively erodible ele-
ments by HF [75] or LiF/HCl [76], (2) Suitable etching/exfoliation
conditions that exerted an important influence on yields and phase
conversion of MXenes [77].

We concentrated our concerns on the latter. Recently, structure-
stability relationship for 8 MXene alloy systems by high-throughput
computations has been discussed, indicating the possibilities of for-
mation of highly ordered MXenes [78]. As-synthesized TizC, could be
further ultrasonically exfoliated by intercalation with urea, di-
methylsulfoxide, ammonia [74], or potassium cations [79]. A universal
intercalant of isopropylamine was afterward reported by Gogotsi [36],
with which Nb,CT, MXenes were allowed to be delaminated by mild
sonication in water. Very recently, a work showed that, in the presence
of phosphonic acid calix[n]Jarene (PCXn) in water, ultrasonication of
MXene resulted in delaminated MXene with controllable/changeable
morphology [80].

The differences between multilayer MXene and delaminated MXene
were depicted in Fig. 3 [24]. Herein, we could find that both of mul-
tilayer MXene and delaminated MXene owned several remarkable fea-
tures of interest. (1) MXene possessed an obvious micro-sized hard
layered structure because of the ceramic nature, (2) two-dimensional
MXene is with a ultralarge layer spacing (~1nm) of (002) crystal
plane, greater than that of graphite layer (0.337 nm). More importantly,
layer spacing could be expanded to some extent, (3) there exist a lot of
groups such as O, OH or F group on the surface/interface of MXene, (4)
M elements in MXene, such as Ti in Ti3C,Ty, are fairly active [81].
Those novel features of MXene could bring great enlightenment and
great imagination to researchers.

Here, several samples were given to exhibit the expansion of layer
spacing and chemical activity of M elements in MXene. As reviewed by
Simon [82], Luo et al. reported the preparation of pillared two-di-
mensional (2D) Ti3C, MXenes with controllable interlayer spacings
between 1 and 2.708 nm via intercalation by ion exchange with Sn
(+1V) ions, demonstrating a fine-tuned route by creating pillared
structures for MXenes. Notably, MXenes annealed under Ar, N,, and

30

Chemical Engineering Journal 338 (2018) 27-45

No/H, atmosphere retained the initial chemical structure [46], and
would be destroyed as exposed under an oxidation atmosphere under
high temperature [83]. Recent researches showed that Ti;C, MXenes
are thermodynamically metastable with poor oxygen resistance even at
ambient conditions due to the exposure of large portion of metal atoms
on the surface. Therefore, design of carbon nanoplate on surface of
Ti3C, MXenes could retain their survive morphology and texture even
experiencing annealing process at high temperature [84].

In brief, gradual technology progress has appeared in MXenes, from
single ultrasonic exfoliation to intercalation of nanoparticles between
layers. Various spin-off methods produced abundant functional groups
and steric configuration, and further gave MXene following unique
chemical-physical properties.

2.3. Adsorption sites

As shown in Fig. 4, four adsorption sites existed for the functional
groups in the MXene sites: [85] a) The functional groups located on the
top of the hollow sites above the metal M ions; b) the functional group
located on the top of the hollow sites above the X ions; c) the functional
groups attached directly on the top of the transition metal (M) ions; and
d) some of the functional groups located on the top of the hollow sites
above transition metal (M) ions, with other functional groups located
on the hollow sites of X ions. Ashton et al. [86] compared the binding
energy of O, OH, and F on 2D MXene surfaces in order to find the
thermodynamic stability of these compounds and their dependence on
their chemical composition. The results suggested that the surface of all
MXenes except M = Sc are fully saturated with oxygen, which confirms
that MXene surfaces with full functionalization are thermodynamically
more stable.

Theoretical calculations directly relevant to ion storage were also
investigated, including electronic transport properties of the oxygen/F/
or OH terminated MXene [87], energy barriers of ion intercalation
between the layers [88,89], and Li-MXene chemical bonds [90].
Aforementioned theoretical evaluations have laid a solid foundation
stone, guaranteeing further research for engineering purposes.

In brief, exfoliation/delamination techniques of MXenes have been
increasingly developed along one direction, ie., how to enlarge layer
spacing and form pillars. DFT conclusions have gathered some valuably
theoretical achievements for physical property data such as structural
stability and conductivity, which are very important parameters for
energy storage applications. In the view of an energy storage applica-
tion, how to efficiently utilize the enlarged layer spacing to achieve
excellent electrochemical performance is next urgent issue needs to be
addressed.

3. Energy storage applications

In the review, we will provide a comprehensive report on recent
advancements in this MXenes for energy storage. There are several
parts have been included in the main text, i.e., energy-storage me-
chanism, different types of energy storage devices based on MXene
materials, and finally, we come to some conclusions on the recent re-
search of MXenes and put forward a perspective for future possible
direction. Energy storage mechanism has been specifically highlighted
for each specific instance.

3.1. Energy storage mechanism

A point of departure for exploiting the unique properties of MXenes
in energy storage and conversion devices is the intercalation and de-
lamination. It is well known that MXenes are generally considered to be
terminated with functional groups such as F, OH, and O groups after
they have experienced a HF exfoliation process [60]. Therefore, energy
storage sites were believed to occur at those active groups between
layers and surface/interface.
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3.1.1. Adsorption-desorption

For supercapacitor, charge was predominantly stored in the elec-
trical double-layer on the particle surface or shallow sites [91].

As to rechargeable battery, MXene was generally considered to store
energy in the adsorption-desorption manner. DFT theory suggested that
lithium was allowed to occupy the most favorable locations, i.e., top
sites of the carbon atoms, thereby delivering a theoretical capacity of
320 mAh g~ for TisC, [92]. Among functional groups in MXenes, OH
group seems to be irreversible for lithium during Li cycling [60]. The
subsequently calculated results exhibited that theoretical storage ca-
pacity of 413.0mAhg~"' for interlayer-expanded bare Ti;C, MXenes
[93]. However, O-terminated MXenes were considered to possess high
theoretical capacity [94]. Native point defects, which are proposed to
affect the local surface chemistry such as TiO,, are identified and found
to be mobile.

In 2014, Xie et al. reported a complicated mechanism. The O-ter-
minated MXenes may react with ion (such as Na * or K*) to form bare
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Fig. 3. (a) Illustrations of multilayered MXene. From left to
right: schematic diagram of the atomic structure, low
magnification and higher magnification SEM images of
TizCoT, and HR-STEM of Mo,TiC,Tx. (b) Illustrations of
delaminated MXene. From left to right: schematic diagram
of the atomic structure, digital photograph of 400 ml of
delaminated Ti3C,T, in water, digital photograph of a
Mo, TiC,Tx film made by vacuum-assisted filtration, a cross-
sectional SEM image of a Mo,TiC,Tx film. Reproduced with
permission from Ref. [24] Copyright 2017. Macmillan
publishers Limited.

Fig. 4. Adsorption sites for functional groups on 2D Mxene
surface. Silver, grey and red represent the M, X ions, and
functional groups, respectively. Reproduced with permis-
sion from Ref. [85] Copyright 2013. John Wiley & Sons.

MXenes and metal oxides upon metalization via the conversion reac-
tions. Therefore, all the known storage mechanisms, including re-
versible conversion reactions, insertion/extraction, and plating/strip-
ping, may be found in MXenes [95].

Obviously, more investigations into bare MXenes are very necessary
for deeply revealing root cause of their electrochemical performances.

3.1.2. Microstructure and energy-storage groups

3.1.2.1. Microstructure. Introduction of a variety of cations into MXene
layers produces large layer spacing in the aims of formation of
semipermanent pillars, fine-tunability of MXene conductivity and
construction of wide paths for access of different moieties and
electrolyte, whereby the more stable, more rapid ion diffusion path
could be reconstructed for ion intercalation/de intercalation. A variety
of cations such as Li*, Na*, K*, Mg?", AI*" and NH,* were allowed
to intercalate into MXene layers [44]. Long chain cation of
trimethylalkylammonium cations with increasing alkyl chain length
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were afterwards affirmed to possess the capability of entering interlayer
space of MXenes through ion-exchange reaction, enabling the insertion
of other alkali and alkaline earth cations [91,96].

Very curiously, the capacitances of Ti3C,Tx were modestly influ-
enced by the intercalant chains, indicating that layer spacings/or chain
length have not exercised obvious effect over reversible capacity of
resultant Ti3C,Ty.

3.1.2.2. Energy-storage groups. Layered MXenes were intercalated with
organic small molecule polar compounds such as hydrazine, N,N-
dimethylformamide (DMF) and urea between their layers [74].
Therefore, nitrogen-containing groups were accordingly grafted into
MXene [91,96]. Even though N-doped MXene via simple solution
process do not deliver obviously enhanced electrochemical
performance, the nitrogen-doped two-dimensional MXene via post-
etch annealing Ti3C,Tx exhibited drastically improved electrochemical
capacitances [97]. The possible reason for the difference is the different
bond strength of Ti-N bond in nitrogen-containing MXene, e.g., physical
absorption or chemical adsorption. In addition, sulfur-containing
MXene also afforded an excellent electrochemical performance,
suggesting the emergence of energy-storage groups in doped MXene
[81].

Obviously, energy storage mechanism of MXene-based materials is
very complicated. We need to broaden our horizons to all possible ways
if we want to gather high reversible capacity for rechargeable devices
such as Li-ion batteries.

3.1.3. Challenge

As exhibited in recent references, the root cause of energy storage of
MXenes appears to be adsorption of sodium/lithium atoms on favorable
locations, little to do with the layer spacing. If the postulation is indeed
correct, the route to high storage capability of MXenes unexpectedly
becomes to be incredibly limited. Zhou et al. [98] studied the intrinsic
physical properties of the as-synthesized Hf3C,T, (T = O, F, OH). The
electrochemical measurements indicated that the charge storage was
due to the intercalation of Li* and Na* ions rather than a conversion
reaction. A further investigation is still needed to find the main cause of
MXene electrochemical performance. However, it seems to be difficult
to achieve stable Li/Na ion storage performance for MXenes because
the electrode materials maybe encounter variously complex physical/
chemical environments, which will unavoidably exert critical influ-
ences on the adsorption-desorption of sodium/lithium atoms. However,
experimental results have explicitly exhibited that MXene indeed pos-
sesses stable and reliable electrochemical performance whether they
were utilized as battery materials or super capacitor materials. We
deduced Ti-containing groups such as TiO, in MXenes should exert
complicated and profound influence over electrochemical performance
of corresponding electrodes, where electrochemical mechanism of tra-
ditional rechargeable battery should play a subtle role in some ways.

In this case, it is of overwhelming importance in introducing clas-
sical Li/Na storage materials into MXene to improve the electro-
chemical performance of MXene-based materials by means of their
highly reversible capacity [99]. Recharge battery and supercapacitor
are two representatively complementary electrochemical energy sto-
rage devices [100].

In brief, emergence of enhanced layer spacing, conversion of func-
tional groups, formation of intercalated cation and further inorganic
materials are the most influential factors for electrochemical perfor-
mance of MXenes as the electrode of energy storage devices.

3.2. Lithium-ion batteries

Rechargeable lithium-ion batteries have been establishing them-
selves as prominant roles in portable electronic devices due to a high Li-
storage capacity, remarkable cyclability and high reliability. As a
commericial anode material, graphite suffers from a low specific
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capacity of 372mAh g~ and poor rate capability when utilized in in-
creasing heavy-duty applications. To date, extensive efforts have been
made to explore new-concept anode materials to substitute for graphite
in LIBs.

3.2.1. Theoretical evaluations

Several references have reported the theoretical Li storage capacity
of 320mAh g~ ! for TisC,, gravimetric capacities of 400mAhg~! for
monolayer MXene family (M = Sc, Ti, V, or Cr) [101], nearly com-
parable with that of graphite. Additionally, excellent high-rate perfor-
mances for bare TizC, MXenes could be reasonably predicted in view of
low diffusion barrier for lithium, much lower than that of graphite
(0.3eV). More importantly, the structural transformation of V-type
(V,CO,, CryCO,, and Ta,CO,) might be reversible during lithiation/
delithiation by DFT calculations combined with ab initio molecular
dynamic simulations [40]. In another reference [102], adsorption en-
ergy of Li for TisC, was found to appear little sensitivity to variance in
coverage. Chen et al. [103], showed the possibility of applying Ti3CN
and TisCNT, (T = O, F, or OH) as anode materials in Li-ion batteries
due to their good storage properties, high adsorption activity, and low
diffusion barrier.

Above theoretical evaluations have displayed that MXenes are
promising anode materials for Li-ion batteries. However, experimental
results were extremely needed to meet the practical application re-
quirement.

3.2.2. Bare MXene

Experimental result showed that MXenes possessed a relatively low
capacity as anode for Li-ion battery. Here are several examples for re-
ference. Delaminated Ti3C>(OH), MXene rendered a capacity of
410 mAh g ! at a 1C cycling rate [74]. Free-standing TisC; discs under
cold pressure afforded an initial reversible areal capacity of
15 mAh cm ~2, which decreased to 5.9 mAh cm ~ 2 after 50 cycles. Nb,C
delivered the initial reversible capacity of nearly 16 mAhcm ™2, and
maintained 6.7 mAh cm ~2 at a rate of 30 mA g~ ! after 50 cycles [104].
Very recently, layered ternary carbide Hf3Al4C¢ was etched to form 2D
Hf3C,T, MXene via introduction of silicon for strengthening the Al
(Si)—C bonding and weakening the adhesive energy of the Hf — C
(Fig. 5a—e). Such a 2D Hf5C,T, material afforded reversible volumetric
capacities of 1567mAhcm™> (146mAhg™!) and 504 mAhcm™3
(47 mAhg™ 1 for lithium and sodium ions batteries at a current density
of 200 mA g~ after 200 cycles due to the intercalation of Li* and Na™*
ions, respectively (Fig. 5f—j) [98]. As to aqueous titanium carbonitride
(TizCNT,) colloidal solution, a discharge capacity of 300mAhg~?! at
0.5A g~ ! after 1000 cycles has been gathered [105]. Such a low ca-
pacity could be ascribed to surface-controlled kinetics, which could
dramatically alter the galvanostatic charge-discharge characteristics,
leading to higher overpotentials and lower capacities with increasing
mass loading. 2D Nb4C3Tx MXene displayed higher capacity than as-
produced titanium carbide counterparts [106]. Moreover, the charge/
discharge capacity of Nb,C;Ty anode increased to 380 mAhg~*!
(238 mAhcem™3) from 310mAhg™! (194mAhem™3) at a current
density of 0.1 A g~ ! after 100 charge/discharge cycles, and the capacity
increased to 320mAhg~! (200mAhcm™%) from 116 mAhg™*
(73mAhem™3) at 1Ag~ L.

Solid experimental results strongly suggested that MXenes indeed
owned remarkable long-term reversible capacity as anode materials for
LIBs, particularly rate performance at large current density. However,
the reversible capacity was fairly low for bare MXenes, thereby it is of
great difficulty in meeting possible application. In the paper, bare
MXenes means the pure Mxenes with normal functional groups rather
than “Non-terminated Mxene”

3.2.3. MXene/CNTs
To improve the electrochemical performance, advanced carbon
materials such as carbon nanotubes (CNTs) were introduced into the
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MXene to form freestanding, flexible MXene/CNT composite electrodes.
Accordingly, specific capacity and resultant rate performance have
been enhanced via improved ion accessibility. As reported by Gogotsi
[36], NboCTy could be efficiently delaminated in the presence of iso-
propylamine. Such a freestanding, flexible Nb,CT, MXene/CNT com-
posite “paper” electrode afforded an excellent cyclability and Li-storage
capacity of ~400mAh g~ ! at 0.5C after 100 cycles as an anode ma-
terial. Notably, in a full battery, Nb,CTy anode electrode afforded a
capacity of 24mAhg~! (ie, volumetric energy density of
50-70 Wh L™ 1) when LiFePO, was utilized as cathode materials [107].
Recently, porous free-standing Ti3C,Ty/CNT films were reported to
render significantly improved reversible capacity of 1250 mAhg™! at
0.1C and good rate performance of 330 mAh g~' at 10C [108]. Very
recently, Transparent solid-state, asymmetric supercapacitors based on
Ti3C,Tx/single-walled carbon nanotube (SWCNT) films exhibited high
capacitance (1.6 mF cm ™~ %) and energy density (0.05 mu Wh cm ™ ?), and
long lifetime (over 20,000 cycles) [109]. Free-standing, flexible
TizC,Tx/CNT for Mg?*/Li* batteries were perceived to deliver a ca-
pacity of 100mAh g~ ! at 0.1C and 80 mAh g~ ! at 1C after 500 cycles
[110]. Free-standing Mo,CT,/8wt%CNTs films delivered a stable re-
versible capacities of 250 and 76 mAhg~ ' at 5Ag~ ! and 10A g~ for
over 1000 cycles, respectively [50].

Several distinctive characteristics have emerged in MXene/CNT
hybrids which certainly presented some features of interest.
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(1) Sandwich-like assembly of MXenes and CNTs could be formed via a
simple, alternating filtration method using inexpensive commercial
raw materials.

(2) Because the diameter size of CNT is much larger than the interlayer
spacings of MXenes, it becomes extremely impossible to enter the
MXene interlayers for CNT. Considering to rigid characteristics of
MXene ceramic, CNT may twin round MXene particles like a packed
package if the MXenes were crushed into ultrafine particles,
keeping an integrated structure and enhancing conductivity for
MXene/CNT hybrids.

(3) It seems to be easy to make free-standing flexible electrode for
MXenes/CNT hybrids. Therefore, significantly high volumetric ca-
pacitances and excellent rate performances of MXene/CNT hybrids
with artificially designed structure might be gained via a cost-ef-
fective route.

In brief, even though they possessed considerable rate performance
and excellent cycling stability, abovementioned data explicitly de-
monstrated that MXene materials possessed a comparatively low re-
versible capacity as compared with other families such as oxides or
sulfide. How to promote the electrochemical performance of MXene
becomes an actual challenge to be seriously faced before their practical
applications will be available in the near future. From this point of
view, introduction of oxides into MXene appears to be a logical choice.
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3.2.4. MXene/oxides

Recently, there exist two approaches to embed oxides into MXene,
and should be discussed as follows: (1) Selectively partial oxidation of
MXene [111,112], and (2) Introduction of external metal ion
[99,27,113].

3.2.4.1. Selective oxidation of MXene. TiO, is a promising candidate as
an anode for rechargeable batteries due to its low cost, availability, and
environmental friendliness [10]. As mentioned above, Ti,C could be
oxidized to synthesize TiO, nanocrystals on their surface-H,0,-treated
MXene delivered discharge capacities of 389 mAh g~ !, 337mAhg™!
and 297 mAhg~! at current densities of 100, 500 and 1000mA g~*
after 50 charge/discharge cycles, respectively, and excellent rate
capability of 150 mAh g~ at a high current density of 5Ag~" [111].
Nb,C3T, MXene containing external Nb,Os nanoparticles via a one-step
partial CO, oxidation rendered a capacity of 208 mAh g~ ' at 50 mA g~ !
(0.25C), and retained 94% of the specific capacity, with 100%
Coulombic efficiency after 400 cycles [112]. A highly porous
honeycomb-like structure of NiO nanosheets grown on the surface of
TizC,Ty MXene delivered a high specific capacity of 60.7mAhg™! at
1 A g™, with volumetric specific capacity of 92.0 mAh cm ™3 [83]. Very
recently, fully dense Ti3SiC, was electrochemically anodized to produce
a thin oxide film based on titania, silica and carbon, rendering specific
capacity of 460, 350, and 380 uAh.cm™2 after 1st, 2nd, and 140th
cycles [114]. Zhao et al. synthesized TizC;Tx/C0304 or NiCo,04 hybrid
films using different methods, for instance, alternating filtration
method, spray coating and in-situ wet chemistry synthesis. And the
spray-coated TizCyTyx/NiCo,04 films showed highest reversible
capacities of =~1330, 650, and 330mAhg~! at 0.1, 5 and 10C,
respectively [115].

In summary, MXene/Oxides have presented following characters:
(1) Advantages: Three synergistic effects, i.e., the high conductivity of
the interior Nb,C3Ty layers, the fast rate response of external Nb,Os
nanoparticles, and the electron “bridge” effects of the disordered
carbon, have produced deepgoing influences on electrochemical per-
formance of NbsC3Tx MXene [112]. (2) Challenge and prospect: It may
be briefly summarized in the following words. Selectively partial oxi-
dation of MXene will in-situ form the TiO, or Nb,Os nanoparticles in the
matrix of Ti/Nb-based MXenes because of their active chemical prop-
erties derived from huge defects in crystal structure. It is generally
accepted that both TiO, [10,11] and Nb,Os [100] possessed excellent
rate performances, accompanying with fairly low reversible capacities,
very similar with MXenes themselves. Another unavoidable question is
that large molar mass of Nb,Os should inevitably lead to a low capacity.
Taken together, introduction of TiO5 or Nb,Os further deteriorated the
intrinsic defect of MXene, ie., low reversible capacity. From another
perspective, it may be very difficult to exactly control the reaction
conditions of selective oxidation to yield expected production. In ex-
ploratory purpose, we considered that in-situ formed high-performance
oxides such as SnO, and Fe30, in MXene may be hopeful to address its
low-capacity problem when used as Li-ion battery materials.

3.2.4.2. Introduction of external metal ion. Tin-based materials were
commonly-utilized electrode materials for LIBs owing to their high
capacities and environmental benignity [27,99,113]. In 2016, Sn** ion
decorated TizC, nanocomposites (PVP-Sn(IV)@ TizC,, containing
4.93% Sn adsorbed on alk-Ti3C,) via a liquid-phase immersion
process, afforded a superior reversible volumetric capacity of
1375 mAh em ™2 (635 mAh g™ ') at 216.5mA cm ™3 (100 mA g~ !) after
50cycles, higher than that of a graphite electrode (550 mAhcm™2).
These nanocomposites retained a stable rate capacity of
504.5mAhcm ™3 (233mAhg™') even at a high current density of
6495mAcm~> (3Ag™ 1) [99]. Recently, Sn(IV)-modified TisC,
MXene nanocomposites via hydrothermal method as anode material
for LIBs afforded outstanding initial capacity of 1030.1 mAhg~! at
100mA g~ !, and remained ~360mAhg~! after 200 cycles [27]. As
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recently reported by Ahmed et al. [113], HfO, coated SnO,/MXene by
atomic layer deposition delivered a specific capacity of 843 mAh g~ ! at
500 mA g~ ! at 50th cycle, with a capacity retention of 92%, when used
as Li-ion battery anodes cycled in a voltage range of 0.01-3.00 V (vs. Li/
Li*). Wu et al. [84] reported that hierarchical MoS,/Ti3Cy-MXene@C
nanohybrids via assembling carbon coated few-layered MoS,
nanoplates on carbon-stabilized TizC, MXene were with excellent
structural stability, electrical properties and strong interfacial
coupling, exhibiting exceptional performance of ultra-long cycle life
of 3000 cycles with high capacities of ~550 mAh g~ ! and high capacity
retention of 95% (fading rates of 0.0016% per cycle) for Li storage at a
very high rate of 20Ag~'. In another interesting reference [116], a
new MXene/Ag composite rendered a reversible capacity of
310mAhg™' at 1C (~320mAg~ '), 260mAhg™' at 10C, and
150mAhg ™' at 50C, respectively, without capacity decay at 1-50C
after 5000 cycles. We want to underscore that the occurrence of Ti(II) to
Ti(IlI) during the cycle process and reduced interface resistance derived
from silver may be cause of the long cycle life with high capacity for
MXene/Ag composite.

In brief, introduction of external metal ion has exhibited some
achievements in improving the reversible capacity of MXene-based
materials. However, there existed two issues in recently published re-
ferences, ie., limitedly increased capacity [99] and deteriorative cy-
cling stability [27,113], suggesting that further arduous efforts need to
be paid to answer those problems.

In this section, the authors summarize the conclusions and put
forward some suggestions. As to Li-ion battery application, introduction
of oxides could effective improve the reversible capacity of MXene-
based materials by means of classical Li-storage mechanism because of
the emergence of two electrochemical reactions, ie., conversion/al-
loying for oxides and adsorption-desorption for alk-TizC, matrix. More
efficient and environmentally friendly route should be adopted to in-
tercalate inorganic compounds such as oxides, sulfides and their deri-
vatives with high reversible capacity into interlayers of MXenes, further
improve reversible capacity of resultant hybrids. Further efforts need to
be performed to achieve a balance between remarkable capacity and
high cycling stability. Note that, considering the unique chemical/
physical characteristics of MXene, compound precursor and synthesis
approach should be carefully chosen to produce corresponding oxides
and sulfides perfectly intercalated into interlayers on the premise of
keeping integrity of MXene because the chemical stability of MXenes,
particular oxidation resistance of titanium element, is obviously inferior
to corresponding ceramic materials. We believe that the greatly en-
hanced reversible capacity will be achieved based on tremendous ad-
vancement of advanced battery materials if suitable strategy is delib-
erately adopted and tactfully accomplished.

Next, we will turn our attention to another type of cost-effective and
distinctive rechargeable battery, i.e., sodium ion battery, which will
play an important role in energy storage power stations and smart grids
in the near future.

3.3. Sodium ion batteries and others

Rechargeable non-lithium-ion (Na*, K* Mg?*, Ca%*, and AI**)
batteries have received much concern as emerging low-cost and high
energy-density technologies for large-scale renewable energy storage
applications [95,117].

3.3.1. Sodium ion batteries

3.3.1.1. Theoretical evaluations. We first concentrated our interest on
the typical sodium ion batteries [11]. As expected, intercalation of K*
or Na™ ions expanded the Ti3C, layers perpendicular to the planes by X-
ray atomic pair distribution function technique [43]. Reversible
sodiation/desodiation between the interlayers was also predicted with
NMR integrated with DFT calculation. Further, sodium storage
capacities of 413.0, 367.7mAhg~! and 151.2mAh g~ for interlayer-
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measured at a

expanded bare and O-functionalized Ti3C, and F-functionalized Ti3C,
MXenes have been theoretically calculated [93], respectively, with
almost negligible volume changes (—0.5% to +1.6%) during sodiation
and desodiation. Based on above theoretical assessment, experimental
explorations have been continuously carried out as follows.

3.3.1.2. MXenes and MXene-based hybrids. To date, experimental result
of sodium half cells suggested a low reversible capacity for MXene
materials. In a literature, Ti3C, delivered a specific capacity of
100mAhg~! at a current density of 20mAg~! after 100 cycles
[118]. Subsequently, MoS,-intercalated TizCoTx layers via a
hydrothermal route were reported to render an improved high
specific capacity of 250.9mAhg~'! over 100 cycles, and rate
performance with a capacity of 162.7mAhg™ ' at 1Ag~! [119]. In
another half sodium-ion cell [120], freestanding Ti3C, MXene/CNTs
porous films delivered a high volumetric capacity of 345 mAh cm ™2 at
100mA g~ ! after 500 cycles (reversible capacity of 175mAhg™! at
20mA g~ ! after 100 cycles). Bak et al. [121], synthesized and studied
2D vanadium carbide MXene V,CT, as anode material, exhibiting a
reversible capacity of 78 mAh g~ ! up to 100 cycles at a current density
of 20mA g~ '. However, side reactions and electrolyte decomposition
contributed to large irreversibility and low Coulombic efficiency. 3D
MXenes films, such as TizCTy, VoCTy, M0,CT,, were proved to show
enhanced electrochemical performance of the reversible capacity of
295, 310, 290 mAh g~ ! at 2.5C (1C = 200 mA g~ ') after 1000 cycles,
better than multilayer MXenes or MXenes hybrids [122]. Very recently,
K* intercalated TisC, MXene nanoribbons exhibited remarkable

35

Chemical Engineering Journal 338 (2018) 27-45

sodium/potassium storage performance, e.g., reversible capacities of
168 and 136mAhg™! at 20mAg~' and 84 and 78mAhg™' at
200mA g~ ! for SIBs and PIBs, respectively [123]. Recently, SbyOs/
MXene (Ti3C.T,) hybrid materials were firstly fabricated for sodium
storage, delivering a rate performance of 205mAhg~'at 2A g™ !, and
an enhanced cycling performance of 472mAh g~ after 100 cycles at
100mA g~ * [124].

Such a low capacity showed that the investigation into sodium
storage mechanism is still in its infancy. At present, the most critical
factor is gradual development of research framework including core
electrode materials, compatible electrolyte and separator with excellent
Na-ion penetration, etc.

As to full battery, some fruitful and enlightening attempts have been
also carried out to check the potential of practical application.
Prototype sodium-ion full cells were also assembled using the as-pre-
pared Ti3C,/CNTs anode and Nag 44MnO, cathode, powering a 2.5V
light-emitting diode (LED) for ~ 25 min, expending an electrical energy
of 0.041 mW h [120]. The first charge/discharge capacities for the full
cell were 270 and 286 mAh cm ™2 based on the volume of the TizCyTy/
CNT-SA electrode, respectively, and retained a volumetric discharge
capacity of 242mAhcm™3 after 60 cycles at a current density of
50mA g~ ', with a high Coulombic efficiency (99%). In another full Na
ion battery, a capacity of 50 mAh g~ ! with a maximum cell voltage of
3.5V has been gained using hard carbon as negative electrode [125].

In summary, low capacity and poor rate capability of anodes are still
the bottlenecks for SIBs. More works, including theoretical assessment
and experimental progress, should be performed to accumulate more
technical data, further gradually tackle those formidable problems in
the future.

3.3.2. Other devices (Li-S battery)

Li-S batteries have recently garnered much attention owing to the
simple configuration, high capacity and energy density, and en-
vironmentally friendly materials of sulfur. As reported in a reference
published in 2015 [126], 70 wt% sulfur/Ti,C composite cathodes
showed a specific capacity close to 1200 mAh g~ ! at a G/5 current rate,
accompanying with a capacity retention of 80% over 400 cycles at a C/
2 current rate. In another research [127], TisC,T, MXene delivered a
discharge capacities of 550 mAhg~' at 0.5C and 495mAhg™! at 1C
after 500 cycles. In another reference, TiC@G/S as cathode for Li-S
battery without binder, separator and current collector was reported to
exhibit a capacity of 670mAhg~' at a current density of 0.2C
(1.17 mAhem ™ 2) after 100 cycles, with columbic efficiency of over
95% [128].

Carbon/sulfur is a typical cathode for Li-S battery. Zhao and his co-
workers proved that multi-layers carbon/sulfur flakes derived from
MXenes Ti»SC showed promising performance as Li-S battery cathode
[129]. Roll-to-roll mechanical approach was used to fabricate Lamellar
structured flexible Ti;C, MXene (graphene, BN)-lithium film, with re-
latively low overpotential, exhibited high reversible capacity of
841 mAh g~ ! after 100 cycles for a lithium-sulfur full cell with TizCy-Li
as anode and sulfur-carbon as cathode [130].

High long-term capacity is highly desirable for Li-S battery. Very
recently, interwoven MXene nanosheet/CNT composites were synthe-
sized [81]. The hydroxyl terminal groups on MXene first react with
polysulfides to form the thiosulfate groups, followed by the Wack-
enroder reaction that exposes the Ti atoms (Fig. 6a). Interweaving CNTs
between the MXene layers produced a porous, electronically conductive
network, where high polysulfide adsorption enabled sulfur hosts with
excellent long-term cycling performance, e.g., reversible capacities of
~450mAh g~ ! after 1200 cycles at a C/2 rate with capacity retention
of ~95% (fading rates of 0.043% per cycle) (Fig. 6b—c) [81]. More
importantly, excellent performance could be available even at high
loading of 5.5 mg cm ™ 2. In another intriguing work [131], 3D TisC,Ty/
rGO/sulfur composites via a liquid phase impregnation method deliv-
ered high initial capacity of 1144.2mAhg ™' at 0.5 °C and a high level
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of capacity retention of 878.4mAh g~ after 300 cycles when applied
as a cathode host material for lithium sulfur batteries.

For rechargeable non-Li-ion batteries, a summary has been pre-
sented as follows. Even though theoretical predictions have given us a
bright prospect for SIB application, experimental results suggested low
capacity and poor rate capability of existing anodes. Preliminary re-
searches indicated that introduction of carbon materials such as CNTs
could provide an opportunity to develop free-standing electrode,
however, low reversible capacity is still the obstacle for future devel-
opments.

As to Li-S batteries, ultrastable reversible capacity has been dis-
played upon long-term cycling. However, it is noteworthy that Ti-OH
groups are replaced by sulfur (or S?7) to form Ti-S bonds at elevated
temperature during the heat treatment [126], and strong Ti-S bonds has
been found to dominate the interactions between Li,S,@MXenes
[132]. It is very possible that three materials including MXene loading
sulfur, sulfide derived from MXene or mixtures of the two coexist in
active electrode materials. Therefore, exactly active material composi-
tions might need to be further recognized and clarified with more solid
evidences.

3.4. Supercapacitors

Fast ion adsorption process in supercapacitors enables quick sto-
rage/delivery of significant amounts of energy, while ion intercalation
in battery materials leads to even larger amounts of energy stored, but
at substantially lower rates due to diffusional limitations [18]. Clearly,
the batteries afford high energy density but low power density and
supercapacitors provide high power density with low energy density
[100]. Colloidal pseudocapacitor [133,134], as one kind new-type en-
ergy storage device, have been reported to make great progress in re-
cent years [135]. The maximum surface area along with nanosized
cavities and open channels are the important parameters determining
the electrochemical performance of pseudocapacitive electrode mate-
rials [136]. Here, we drew our attention to “normal” supercapacitors
which adopt inorganic such as KOH [137,138] or H,SO4 [139] as
electrolyte.

3.4.1. Theoretical evaluations

Intercalation of ions into 2D Ti3C,Tx (MXene) has given rise to a
very high rate and capacitance. Such a capacitive paradox was con-
sidered to be originated from cationic insertion, accompanied by de-
formation of the MXene particles, that appeared so rapidly so as to
resemble 2D ion adsorption at solid-liquid interfaces in the presence of
water molecules between the MXene sheets [18]. Subsequently, Ji and
coauthors took advantage of first-principles approach to evaluate per-
formance of O-terminated Ti,C nanosheets, suggesting a simulated ca-
pacitance of 291.5 F g~ ! for integral capacitance and Na-ion capacity of
Ti,CO, nanosheets in a potential window from 0 to 2.80 V (versus Na/
Na™). The electrochemical performance could be originated from large
intrinsic capacitance and contact adsorbed cations [140]. Still later, an
investigation into mechanical properties may be indicative of a strong
correlation between the cations content and the out-of-plane elastic
modulus for 2D titanium carbide (Ti3C.T,) based electrode, identifying
the preferential intercalation pathways within a single particle [141].
Obviously, MXene-based materials exhibited huge potential for super-
capacitor application which will be corroborated by following experi-
mental results.

3.4.2. Ti3C2Tx MXenes

Some efforts have been devoted to Ti3C,T, MXenes including their
CNT hybrid films [45], doping [97], electrolyte and devices [142,143].
In 2014, Ghidiu and coworkers reported that a clay-like TizC,T, ma-
terial via rolling as supercapacitor electrodes in a H,SO4 electrolyte
rendered volumetric capacitance of 900 F cm ™2 or 245F g’1 (Fig. 7)
[73]. A clay-like paste could be rolled in a roller mill to efficiently form
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flexible, free-standing films.

3.4.2.1. Group removing/ion intercalation. Remove of terminal groups
such as OH™ and F~ and/or intercalation of alkali cations could
significantly improve the capacitance of MXene. In 2015, the tunable
2D Ti,CT, MXene sample annealed in N,/H, atmosphere achieved an
excellent rate performance at current densities ranging from 1 to
40 A g™}, rendering specific capacitance of 51Fg~! at 1Ag~! when
used in symmetric two-electrode configuration, with remarkable
cycling stability, ie., retention of 93% after 6000 cycles [46]. In
2017, after K* intercalation and terminal groups (OH™/F~)
removing, MXene sheets exhibited a significant enhancement
(~211%) in the gravimetric capacitance (517F g_l@l Ag_l), with
~99% retention over 10,000 cycles [144]. Li-intercalated TizC,Ty
afforded an improved electrochemical capacitive property of 115F
g~ ! at 200mVs~! [145].

3.4.2.2. Binder-free MXene film. In 2017, the binder-free MXene films
also aroused much attention. The binder-free TisC,Ty-based films via
electrophoretic deposition delivered high capacitance of ~140F g~ ! in
alkaline electrolyte, without capacitance fading after 10,000 cycles
[146]. Notably, highly accessible macroporous electrode architectures
of TizC, T, MXene film delivered an excellent capacitance of 210F g~ *
at 10 Vs~ ! rate. In-situ incorporation of the H,SO, electrolyte between
MXene layers gave a volumetric capacitance of ~1500Fcm™3
reaching the previously unmatched volumetric performance of RuO,
[147]. The freestanding MXene/rGO via electrostatic assembly
displayed a volumetric capacitance of 1040 Fem ™2 at a scan rate of
2mVs ™, an impressive rate capability with 61% capacitance retention
at 1Vs~! and long cycle life [58].

3.4.2.3. Doping. Doped MXenes were also concerned [148]. Very
recently, nitrogen-doped TizC;Tx by post-etch annealing rendered
drastically improved electrochemical capacitances of 192Fg~! in
1molL~! HySO, and 82Fg~! in 1molL~! MgSO, electrolyte for
supercapacitors [97]. Yang et al. [149], reported high-capacity for
codoped nitrogen and sulfur titanium carbide (NS-Ti3C,), which
prepared from TisC, nanosheets after a simple thiourea-assisted
carbonization process. The treated NS-Ti3C, nanosheets exhibited
high specific capacitance of 175F g~! at 2mVs™! in 1molL™!
Li,SO,4 electrolyte solution, with a large cyclic stability reached to
90.1% of the initial capacitance after 5000 cycles.

3.4.2.4. Electrolyte. As an important component, electrolyte for TizCxTy
MXene also attracted much concerns. Recently, there are researches on
ionic liquid electrolyte for TizC,Tx MXene [150,151]. Ti3C,T, MXene
ionogel film by vacuum filtration delivered a capacitance of 70F g~*
together with a large voltage window of 3 V at a scan rate of 20mV's™
in neat EMI-TFSI electrolyte, i.e.,1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl) imide neat ionic liquid electrolyte [151].
Such a performance was ascribed to either electrostatic attraction
effect between intercalated TFSI-anions and positively charged
TisC, Ty nanosheets or steric effect caused by de-intercalation of EMI*
cations through in-situ X-ray diffraction investigations [150]. Solid
electrolyte is of great interest in providing more safe devices.

1

3.4.2.5. Microdevice. Logically, microdevices aroused much interest for
preliminary  practical application.  Clay-like Ti3C, MXene
microsupercapacitor delivered a capacitance of 25mFcm ™2 at
20mVs~!, affording an energy density of 0.77 pWhem™2 at power
density of 46.6 mW cm ™2 [143]. In 2015, the free-standing and highly
flexible sandwich-like Ti3CoT,/MWCNT papers exhibited significantly
high capacitances of 150 Fg ' (321 Fcm ™ %) at a scan rate of 2mV's ~*,
and around 117F g~ 1 (250 Fem ™) even at 200 mV s~ ! [45]. Zhu et al.
[152] revealed that 1-TizC, intercalated with polypyrrole (PPy) could
enhance the overall performance in terms of both capacitance and
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stability. The 1-Ti3C, plays a role in preventing the stacking of PPy, thus
providing a higher electrochemical activity and precise ion migration.

All-MXene (typical TizC,T,) solid-state interdigital micro-
supercapacitors by a solution spray-coating method exhibited a much
low contact resistance, high capacitances and good rate-capabilities,
i.e., a real capacitance of 27.3 mF cm ™2 at a scan rate of 20mV's ™~ ! and
a volumetric capacitance of 356.8 F cm ~ 2 at 0.2 mA cm ~ 2, respectively,
with 100% capacitance retention after 10,000 cycles at a scan rate of
50mVs~! [142]. Very recently, flexible all-solid-state rGO/TisC,Ty
(MXene) film-based supercapacitors has been developed [153], ren-
dering volumetric and gravimetric capacitance of 370Fcm ™2 and
405F g~ ' in 6 mol L~ ! KOH solution, respectively. At a power density
of 0.06 Wem ™3, the assembled supercapacitors delivered an energy
density of 63 mW hem ™3,

The scalable process has been developed, for example, Ti3CyTy
(HCI-LiF etched) clay electrodes with thicknesses of 75pum showed
capacitance of 350 Fcm ™% (Fig. 8), suggesting that MXenes other than
Ti3C,Ty also demonstrate much promise for supercapacitors [24].

Extensive researches have been performed in wide fields of super-
capacitor including material synthesis, microdevices and electrolyte. To
date, electrochemical performances of MXenes are obviously low and
needs to be improved to meet high energy application.

3.4.3. MXene/organic compounds

AA cations of [(CH3)sNR]* were chosen as intercalator to collect
intercalated MXenes with different alkylammoniums (Fig. 9a) [91],
where R is an alkyl chain of variable length. The almost unchanged
capacitances at high scan rates indicated that charge was pre-
dominantly stored in the electrical double-layer on the particle surface
or shallow sites in the interlayer at scan rates of 50mV s~ and above
(Fig. 9b, c). Subsequently, organic compounds with long carbon chain
were also adopted to intercalate into MXenes for changing viscosity,
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Fig. 7. Schematic of MXene clay synthesis and electrode
preparation. (a) MAX phase is etched with mixture of acid
and fluoride salt, then washed with water to raise the pH
towards ~7. The resultant sediment looks like a clay; and
can be rolled to produce flexible, freestanding films,
moulded and dried to yield conducting objects of desired
shape, or diluted and painted onto a substrate to gather a
conductive coating. (b) When dried samples (left, showing
cross-section and top view) are hydrated (right) they swell;

Shaping

Painting

/

upon drying, they shrink. (¢) Image of a rolled film.
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e~ (d)“Clay”’shaped into the letter M (1 cm) and dried, yielding
a conductive solid (labelled with the experimental con-
ductivity of “clay” rolled to 5mm thickness). The etched
material is referred to as TisC,Ty, where the T denotes
1,500 S cm™

surface terminations, such as OH, O and F. Reproduced with
permission from Ref. [73] Copyright 2014. Macmillan
publishers Limited.

conductivity and degree of crystallization of MXene-based hybrides
[154], facilitating charge transport in supercapacitor electrodes.
Afterwards, polymer was introduced to Ti3C,Ty to gather polymer/
TizC,Ty composites. The resultant MXene/PVA-KOH composite film
afforded an impressive volumetric capacitance of similar to 530 F cm 3
at 2mV s~ [59]. Further, conductive polymer, i.e., heterocyclic pyrrole
molecules, are in-situ aligned and polymerized between layers of the 2D
Ti3C,T, (MXene) in the absence of an oxidant, giving rise in high vo-
lumetric capacitance of 1000 Fcm ™2 at a 100mVs ™! scan rate, with
capacitance retention of 92% after 25,000 cycles [155].

In brief, conductive polymer provided the more conductivity and
held the layer spacing to facilitate charge transport of MXenes, leading
to enhanced electrochemical performance. However, the huge molar
mass of conductive polymer is an obvious disadvantage for further
improvement of capacitance. Therefore, oxides should be next goal to
be chosen for desirable performance.

3.4.4. MXene/oxides

TiO,-decorated TizC, MXene nanosheets via hydrolysis followed by
heat-treatment rendered high specific capacitance of 143F g~ ! at
5mVs~ ' and excellent cycling stability, with 92% capacitance reten-
tion after 6000 cycles [156]. When 2pum thick films were tested as
electrodes in supercapacitors, capacitance of 2D Mo,CTy, was up to
700 F cm 3 (196F g_l) at 2mVs~ ' in a 1 mol L™ sulfuric acid elec-
trolyte, accompanying with high capacity retention for at least 10,000
cycles at 10Ag~' [50]. Recently, nanocrystalline e-MnO, whiskers
were formed on MXene nanosheet surfaces (e-MnO,/Ti,CT, and e-
MnO,/TisC,T,) to make nanocomposite electrodes for aqueous pseu-
docapacitors. The surface area of the composite electrode is nearly in-
creased by nearly 3 times as compared with the pure MXene counter-
parts. As a result, e-MnO,/MXene supercapacitors afforded an excellent
cycling stability, with 88% capacitance retention after 10,000 cycles

©-Ti,C,~PPyin H,SO, (13 pm)"*

-o-Ti,.C -LiF in H SO, (5 pm)*

©-d-Mo,TiC, in H SO, (3 pm)'”
©-d-Nb,C-CNT in 1M LiPF, (4 pm)***
©-d-Ti,C,~PVAin KOH (5 pm)*
—o—d-TiiCz in KOH (10 pm)*

©-Ti,C -LiF in H,SO, (75 pm)*
~0-Ti,C,~HF-KOH in H,SO, (75 pm)"**
-o-Ti,C -HF in various electrolytes (75 pm)"**|

Fig. 8. Comparison of rate performances of MXene electrodes. Reproduced with permission from Ref. [24] Copyright 2017. Macmillan publishers Limited.
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Fig. 9. (a) Schematic of materials produced. First, TizAlC, is etched with HF + LiCl to yield Li-Ti3C,Tx, which is then ion-exchanged with trimethylalkylammonium chlorides or
bromides. The structures in the interlayer of C,-TizC,Tx represent alkylammonium cations. (b) cyclic voltammagrams of nonintercalated (Co) and intercalated C;, Cg, and C;o samples; (c)
gravimetric capacitance as a function of scan rate. Reproduced with permission from Ref. [91] Copyright 2017. American Chemical Society.

[157]. In another reference, 2D delaminated Ti3C, nanosheets deco-
rated with MnOx nanoparticles by electrostatic interactions exhibited a
volumetric capacitance of 602.0 Fecm ™2 at 2mV s~ ! [158].

The brief summary has been given to supercapacitor section. The
macroporous electrode architectures of Ti;C,T, MXene film seem to
deliver the extremely competitive electrochemical performance when
compared with carbon supercapacitors or RuO, [147]. PPy/MXene
composite seems to deliver a good cycling performance so far due to its
self-assembled layered architecture having aligned conductive PPy
confined between the conductive Ti3C,T, monolayers. While progress
has been made, microsupercapacitor devices are still in its infancy stage
and there is a long way to go before they will be commercially avail-
able. At present, more effort should be made to construct research
roadmaps including arterially designed electrode materials, compatible
electrolyte and optimal device architecture, etc.

It is of great interest to note that three-electrode swagelok cell
should be absolutely sure to collect higher capacitance for corre-
sponding materials than those performed in a two-electrode cell at low
current density [46,142]. Therefore, the same type of test device should
be adopted to gather comparable electrochemical performance.

3.5. Ion capacitor

Lithium-ion capacitor (Li-IC) is a burgeoning new-concept energy
storage device that bridges the gap between rechargeable battery and
supercapacitor. Because ion capacitor materials combined the high
energy density from the intercalation mechanism of battery and the
high power of supercapacitor, i.e., excellent combination of high energy
density and power density, they are expected to use in a wide variety of
applications such as electric and hybrid cars, mobile electronics devices
and sustainable energy storage. As reviewed above, MXenes indeed
acted as capacitive electrodes as operated in normal non-aqueous Li/
Na-ion battery electrolyte comprising of LiPFs or NaPFe, thereby
MXenes could be regarded as novel Li-ion capacitor materials.
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To give play to the large capacity of battery, oxides were strategi-
cally introduced into Mxene. Zhang and co-authors reported hier-
archical hybrids with T-Nb,Os nanoparticles supported on Nb,CTy
sheets with disordered carbon, affording a high capacitance of
660 mF cm ~2 (275F g_l) over charge/discharge times of 4 min and
good cycling performance in a nonaqueous lithium electrolyte [159].
The charge storage kinetics are dominated by a surface-controlled
process. In another reference [160], the assembled pillared TisC,
MXene (CTAB-Sn(IV)@TisC,) exhibited a superior energy density of
239.50 Wh kg_l based on the weight of CTAB-Sn(IV)@Ti3C, under
high power density of 10.8kWkg™' because of the pillar effect
(Fig. 10). Sn** could be successfully anchored onto the alk-TizC, by
ion-change interaction and electrostatic interactions, effectively con-
fining the occurrence of Sn(IV) detached from the matrix. The possible
“pillar effect” of Sn between layers of alk-TizC, affirmed in Fig. 10a—d
and the synergistic effect between the alk-TizC, matrix and Sn enable
the nanocomposite to possess outstanding electrochemical properties
(Fig. 10e), e.g., a long-term cycling performance of 506 mAh g~ ! after
250 cycles at a current density of 1A g™ .

Very recently, as reported by Kajiyama et al. [161], interlayer space
of MXene Ti,CTy (HF/HCI) expanded to 8.7 A from 6.8 A (Fig. 11a).
After the initial irreversible SEI formation cycle, the reversible expan-
sion/shrinkage of dinter between 9.8A (lithiated) and 9.4A (de-
lithiated) could be affirmed upon lithiation/delithiation. The open in-
terlayer space in Ti,CTy allowed faster Li-ion diffusion and significantly
enhanced Li-ion accessibility of MXene, leading to high gravimetric and
volumetric capacitances (300F g~ * and 130 Fcm ~3) (Fig. 11b, ¢), with
less diffusion limitation.

Above electrochemical performance of half-cells has enabled MXene
to be a promising candidate for Li-ion capacitor. Therefore, full-cell
performance of MXene Li/Na ion capacitor was also investigated to
highlight its remarkable application potential.

Recently, full hybrid capacitor aroused concerns from the scientific
community. In a reference published in 2015 [162], activated Ti>CTx
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Fig. 10. (a) SEM image of TizAlC,. (b, ¢) SEM images of freeze-dried TizC,. (d) SEM
image of oven-dried TisC,. (e) Long cycling performance of CTAB — Sn(IV)@Ti5C, at a
current density of 1 A g~ '. Reproduced with permission from Ref. [160] Copyright 2017.
American Chemical Society.

was believed to allow reversible Na™ intercalation/deintercalation into
the interlayer space as well as reversible Na* adsorption/desorption
onto the surface of every layer/sheet (Fig. 11d). Subsequently, the
prototype Na-ion full hybrid capacitor with an alluaudite NaFe;(SO4)3
positive electrode and a MXene Ti,C negative electrode operated at a
relatively high voltage of 2.4V was assembled (Fig. 11e) [162], deli-
vering capacities of 90 and 40mAhg~' at 1.0 and 5.0Ag™!
(Fig. 11e-h), respectively. In another reference, the volumetric energy
densities of 50-70WhL™! for Nb,CT,-CNT/LiFePO, and lithiated
Nb,CT,-CNT/Nb,CT4-CNT cells have been reported to exceed the en-
ergy density of a conventional lithium titanium oxide/activated carbon
capacitors [107], suggesting a great potential of MXenes in Li-ion ca-
pacitors and related energy storage devices.

Very recently, a Li-ion hybrid capacitor consisting of the Ti,CTy
negative electrode and the LiNi;,3Co;,3Mn;,30, positive electrode
displayed an unprecedented specific energy density of 160 Whkg ™' at
220 Wkg ™! [161]. An intriguing research has been performed on 2D
vanadium carbide of V,C, affording a Na storage capacitance of similar
to 100Fg~! at 0.2mVs~ ! [125]. Assembled full cell rendered a ca-
pacity of 50 mAh g~ * with a cell voltage of 3.5 V when hard carbon was
utilized as negative electrode.

In summary, MXenes were generally targeted as pseudocapacitor
electrode, which allows Li/Na-ion hybrid capacitors to be liberated
from the trade-off between high energy and high power [162]. The
enhanced electrochemical performance was ascribed to the intrinsic
pseudocapacitive response and energy storage capability of oxides such
as Nb,Os or SnO, coupled with the fast charge transfer pathways pro-
vided by the conductive 2D MXene sheets.

3.6. Hydrogen storage

Hydrogen storage is attracting a lot of interest recently as energy
storage in most essential technologies for the development of hydrogen
vehicles. Hydrogen gas is considered an ideal fuel for many con-
siderations because of its abundance, efficiency, and highest energy
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density per unit mass. Although the idea of hydrogen-fuel storage was
suggested in early 1972 [163], safety considerations became an ob-
stacle for their wide applications in hydrogen powered vehicles and
other applications. Most technologies are used for hydrogen storage in
high-pressure or liquid cryogenic tanks.

However, these methods limit their practical applications for com-
mercial use. Recently, a lot of efforts have been tried to find more safe
approach through storing hydrogen by adsorbing inside solid state
materials such as carbon-based materials [164,165], metal-organic
framework (MOFs) and covalent organic frameworks (COFs) materials
[166,167]. However, strong bonding between hydrogen atoms and host
materials or weak binding force of these materials with hydrogen be-
came a main obstacle for hydrgogen chemisorption or physisorption,
respectively, which limits their practical applications of such materials
in hydrogen storage devices.

Recently, MXene family showed a great potential for hydrogen
storage applications. Hu et al. [168,169] used first principles calcula-
tions to investigate the capacity of H, adsorption for Ti,C, Sc,C, and
V,C structures. The calculations on Ti,C exhibited that hydrogen could
be adsorbed on both sides of Ti,C layered structure, with the maximum
hydrogen capacity of 8.6 wt% [168]. There existed three adsorption
modes, i.e., chemisorption of H atom (1.7 wt%), physisorption of H,
molecule (3.4 wt%) and Kubas-type binding for H, molecule (3.4 wt%),
accompanying with binding energies of 5.027, 0.109, and 0.272¢€V,
respectively. Sc;C and V,C MXene phases displayed similar hydrogen
storage properties as Ti,C, Which further asserted the potential of the
MXene family as hydrogen storage materials.

In 2016, Yadav et al. [170] studied the hydrogen storage capacity
for Cr,C MXene phase, where adsorption sites for reversible H, ad-
sorption at ambient conditions were considered with binding energy in
the range of 0.1 to 0.4 eV/H,. The H, gravimetric storage capacity for
CryC was 7.6 wt% which classified into: chemisorption of H atom
(1.2wt%), Kubas-type binding for H, molecule (3.2 wt%), and weak
electrostatic interaction of (3.2 wt%) (Fig. 12). All the above mentioned
reports suggested that Sc, Ti, and V based MXene materials have greater
gravimetric storage capacity than the 2017 DoE recommended target
value of 5.5 wt%. As reported by Wu et al. [171], introduction of 2D
Ti3C, MXene into NaAlH,4 could enhance its hydrogen storage proper-
ties. NaAlH4-7 wt% TisC, released about 4.7 wt% hydrogen within
100 min at 140 °C, and 4.6 wt% hydrogen could be absorbed into de-
hydrogenated sample within 1h at 120 °C. In 2017, the pronounced
electrocatalytic activity of MoS,/Ti3C>-MXene@C electrocatalyst was
verified by Wu et al. [84], manifesting that HER is catalyzed by such a
electrocatalyst by VolmerHeyrovsky mechanism, accompanied with an
exchange current density of 29 pA cm ™2, higher than that of Pt/C (11
pA cm ).

In summary, the research into hydrogen storage is still in its infancy.
More efforts need to be devoted to revealing the storage mechanism in
the aim of the improvement of hydrogen storage capacity.

4. Conclusions and outlook

To date, the increasing interest has been paid to a type of new-
concept MXene material, reminiscent of the golden age of graphene.
MXene possessed surprising diversity of physical and chemical char-
acteristics, which provided most important opportunities for emerging
energy applications, particularly heavy-duty energy storage devices.
Although the significant progresses have been made in the most dy-
namic area, this is still a long way from developing new-concept MXene
materials that work in practical energy storage devices.

MXene-based energy storage devices, including rechargeable bat-
tery, supercapacitor and ion capacitor (Table 2), are still in the infancy
stage so far, and need to be drastically improved. NbsC3T,/Nb,Os af-
forded a low reversible capacity of 208 mAh g~ @50 mA g~ ! (0.25 °C)
for Li-ion battery, with 94% retention after 400 cycles. As a sodium ion
battery material, it is very difficult for MXenes to compete with other
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Fig. 11. (a) Reaction mechanism of MXene Ti,CTx
as Li-ion capacitor material. (b) Charge—discharge
curves of Ti,CTy and LiNi; ,3Mn; ,3C01,302 versus
Li/Li*. The inset is a schematic illustration for the
TiyCTx-LiNi; ,3Mn; ,3C0; 305 full cell of the Li-ion
hybrid capacitor. (c) Charge/discharge curves and
cycle performance (inset) of the Ti,CTy (LiF/
HCI)-LiNi; 3Mn; ,3C0,30, Li-ion hybrid capa-
citor at a specific current of 300mA:(g of
Ti,CTy) ~ . Reproduced with permission from Ref.
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40

research regions will mainly include materials synthesis, device as-
sembly, test system, and more importantly, electrochemical mechanism
for realizing the goals of scalable applications.

As to MXenes themselves, two issues need to be noted specially.

(1) MXenes were generally collected by etching MAX phase to remove
main group element such as Al or Si. Therefore, it is of extreme
difficulty in exactly identifying the details of surface termination
groups on MXene even though many testing methods such as XRD,
EDS, XPS and NMR have been utilized. In fact, our understanding
for the surface/interface chemistry of MXenes is fairly lacking until
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Table 2
Typical electrochemical performances of MXene materials for energy storage devices.
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Device Composition Synthesis approach Performance Ref.

Li-ion battery Nb,CTy/10%CNT paper Filtration 420 mAh g’l@O.SC, ~100% retention after 100 cycles [36]
Mo,CTx-CNT paper Filtration 250mAhg '@ 5Ag !, 75SmAh g '@10mA g~ after 10,000 cycles [50]
PVP-Sn(IV)-modified TizCo Liquid-phase immersion 544mAh g~ '@500mA g~ ! (1.75C), 94.3% retention after 200 cycles [99]

process

Nb4C3T,/Nb,Os One-step CO, oxidation 208 mAh g~ '@50 mA g ! (0.25C), 94% retention after 400 cycles [112]

Na-ion battery Porous TizC,Tx/CNT Filtration 345mAh cm 3@100mA g~ !, ~100% retention after 500 cycles [120]
Mo,CTx-CNT paper Filtration 700 F cm ™2 (196F g’l) at 2 mVs’l, 100% capacitance retention after [50]

10,000 cycles at 10Ag~!

Supercapacitor Clay-like Ti3C, MXene Filtration 25mF cm ™ 2@ 2mA cm ™2, 92% retention after 10,000 cycles [143]
PPy/TizCyTy film Filtration 1000 Fem ™3 @5 mV s~ !, 92% capacitance retention after 25 000 cycles  [155]

Ion capacitor CTAB-Sn(IV)@Ti3C, Filtration 33F g '@2Ag ™, 71.7% retention after 4000 cycles at 2Ag ™! [160]
Nb,0s5/Nb,CTy One-step CO, oxidation 660 mF cm~ 2 (275F g~ 1) over a charge-discharge time of 4 min [159]

Full hybrid capacitor ~Cathode: LiFePO4 Anode: Nb,CT,/ 50-70 WhL~! [107]

CNT
Cathode: LiNi;,3C0;1,3Mn;,305
Anode: Ti,CTy

160Whkg ™! at 220Wkg ™! [161]

now. Now, theoretical simulation is still considered as essential
route to gain an insight into relation between performance and
structure. However, as a real material for energy application, the
experimental results are of vital importance in verifying those
theoretical evaluations.

(2) MXenes possessed some distinctive features such as rigid structure,
large molar mass and very limited ratio of horizontal/vertical di-
rection as compared with graphene. Even though it becomes almost
impossible to cover, wrap or coat those solid particles such as
oxides or sulfides for MXene because it is not constitutionally
flexible or elastic, there existed an opportunity to provide a pillared
structure for hosting the nanoparticles, whereby architectural
consistency of MXene-based materials should be robustly preserved
during cycling. In other words, enlarged interlayer spacing enables
chemical reaction to set off between interlayers without structure
damage, implying we could intercalate designed compounds with
expectant morphology and microstructure into interlayers as the
electrochemically active materials.

As to rechargeable batteries, tremendous efforts will be required for
the development of new-concept MXene materials and their hybrids
with abundant functional groups and ample microstructures. Such a
MXene will be further utilized to make components for electrodes fea-
turing a high storage capacity, an improved columbic efficiency and a
long cycling life. For LIBs or SIBs, there existed still a controversy for
MXenes in regard to the actual lithiation reaction during charging/
discharging processes because recent mechanism on absorption-deso-
rption is very different with the traditional theories such as intercala-
tion, alloying and conversion. As to SIBs, low capacity and poor rate
capability of anodes are formidable bottlenecks to be handled. As to
supercapacitor, large volumetric expansion during intercalation may
require MXenes layers pillaring with polymers or small molecules be-
fore MXenes can be actually served as capacitor electrodes.

To display the unique characteristic of MXene, ion capacitor with
high energy density and power density should be a very promising
device in the near future. Several problems are here raised and possible
solutions are also listed for discussion and reference.

(1) It appears to be difficult to theoretically simulate the exact con-
tribution and essential origin of capacitance or battery for the new-
concept device of ion capacitor until now. Theoretical simulation
will be still proven as a strong tool to understand the root cause of
electrochemical performance.

(2) Recent investigations into ion capacitor focus their attention on Sn
(IV) (possible SnO,) and Nb,Os nanoparticles. More oxides and
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sulfides should be developed to widen the research region in order
to look for more suitable intercalated compounds with a con-
trollable content and microstructure. For instance, sol-gel tech-
nique, the controllable hydrolysis of the transition metal salts, and
hydrothermal route will be viable approach to form oxides between
the interlayers of MXene, further, oxides can be converted into
sulfides via a sulfurization technology. Thus, we can largely extend
our inorganic compound family as intercalants of MXenes, i.e., ac-
tive materials for energy storage.
(3) Development of efficient, stable, and cost-effective electrolyte sys-
tems is of high emergency, because almost all electrolytes are
specifically made up for the graphite-based Li-ion battery so far.
Influence of operational voltage on overall electrochemical perfor-
mance such as gravimetric energy density and power density is
observably important. Thus, exploitation of electrolyte with a high
operational voltage window becomes of realistic importance.
Interfacial features of MXene immersed in electrolyte exercised a
crucial influence over electrochemical performance. At present,
related basic researches on solid/liquid interface is almost com-
pletely lacking, and needs to be launched.
To properly compare the results, more standard test system will be
forethoughtfully exploited based on current two- and three-elec-
trode configurations for establishing uniform scientific standards
and promoting the academic communications among different re-
search groups.

@

5

—

Scalable layered materials with low cost, high efficiency and en-
vironmental friendliness are the most factors for the practical applica-
tion of energy storage devices. Thus, suitable strategy is of high urgency
in producing high quality MXene in a controllable way. Different mi-
crostructures such as sandwich-like structure and 3D hybrid structures
should be well-designed to produce desirable specific surface area, pore
sizes, and pore size distribution. The artificially designed nanos-
tructures possess great potential to address some essential issues ap-
peared in electrochemical reaction of MXene during cycling, tre-
mendously improving the reversible capacity and cycle life of
corresponding devices.

Although significant researches have been performed so far, much
effort should be further devoted to revealing the relations between
structure-electrochemical property. From a practical perspective, there
is a huge gap between reality and dream. Based on the balance between
reasonable costs with acceptable performance, MXenes have a long way
to go before they are utilized as electrode materials for commercial
energy storage devices. Therefore, in-depth basic researches are ex-
tremely needed. On other hand, a close collaboration will be efficiently



S. Sun et al.

carried out between the government, academia, and industry to deal
with all kinds of complicated problems, which will appear in full life
cycle development process of MXene-based materials from the labora-
tory bench, the factory machine, and finally to the consumer's hand. We
entirely believe that there will be a bright future for MXene as energy
storage materials after some fundamental difficulties, such as material
synthesis, design of electrode structures, the compatibility of electro-
lyte, and more importantly charge storage mechanisms, etc, are gra-
dually handled based on both experimental and theoretical assess-
ments.
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