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Abstract

MZXene is rising as a versatile two-dimensional material (2DM) for electrochemical energy storage
devices. MXene has boosted the performance of supercapacitors thanks to its pseudocapacitive
charge storage mechanism with electric double layer behavior. Further, MXene has helped batteries
achieve high capacity while endowing fast charge-discharge by virtue of its suitable interlayer
spacing and unique chemistry. Such achievements are a result of MXene’s intrinsic properties like
high electrical conductivity, defined layered structure and ability to sustain customizations,
tailoring the electrodes towards a specific target. Not only that, MXene has showcased its merits by
enabling supercapacitors and batteries to surpass the convention and venture into the territory of
micro-supercapacitors (MSCs), hybrid capacitors and batteries beyond Li-ion. Herein, we present
a topical review discussing the present status of MXene-based energy storage devices and
corresponding challenges. By rational analysis, we also provide some key avenues for further
research that may help overcome these shortcomings and enable this family of MXene materials
attain its full potential.

1. Introduction

MZXene is an emerging new material that is the outcome of a decade-long research on two-dimensional
materials (2DMs) originating from graphene and extending to 2D polymers, metal oxides, transition metal
dichalcogenides, and so on. In general, MXene is a family of 2D transition metal carbides/nitrides with
randomly distributed functional groups on the surface, bearing the formula M, 11X, Ty, where M is
transition metal, X is carbon and/or nitrogen, and T is a functional group like fluorine, hydroxyl or

oxygen [1].

However, unlike the other 2DM counterparts, MXene has managed to earn the title of ‘next
wonder-material’ in a very short span of time since its inception in 2011 [2—4]. It exhibits high electrical
conductivity (2 x 10° S m~1!) at par with multi-layered graphene [5], reasonably large specific surface area
[6], rich surface chemistry owing to its functionalization ability [7, 8], easy dispersion in a number of
solvents including water [9], and most importantly astounding electrochemical properties conducive for
energy storage applications. These properties arise intrinsically within MXene for a number of reasons. These
include its 2D structure that allows fast ion transportation within 2D/3D channels [10], redox reactions that
add a pseudocapacitive component to the electrical double-layer mode of charge storage [11, 12], and
balanced mechanical flexibility at nanosheet level accommodating large ions for lithium ion batteries and
beyond [13].

Such versatile attributes render MXene as a potential leading active material for batteries and
supercapacitors. With the body of research on newer systems rapidly expanding, MXene is finding more
applications for enhancing their performance. For example, conductive polymers (e.g. polyaniline,
polypyrrole) have a number of properties that make them a suitable electrode material, but mostly in acidic
medium, where they are more stable [14]. To fabricate asymmetric supercapacitors, MXene has been used as
a negative electrode to achieve large potential window (1.45 V) in acidic electrolyte, thus increasing the
energy density [15]. This is significantly higher than carbon-based materials, since they have low capacitance
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Figure 1. (Left) Evolution of synthesis goals for MXene, starting from the HF etching of MAX phase to the simulation of
double-transition metal MXene [17] and the recent preparation of MXene with ordered divacancy [25]. (Copyright 2017, Nature
Springer). (Middle) Development of electrode fabrication methods using conventional slurry-casting on aluminium, led way to
free-standing MXene films prepared by vacuum filtration [26]. Copyright 2014, National Academy of Sciences. (Right)
MXene-based batteries and supercapacitors have gone beyond traditional button cells to more flexible alternatives. Further they
have been applied for unique architectures like kirigami patterns[22] (Copyright 2019, Wiley-VCH Verlag GmbH & Co. KgaA)
and 3D printed devices[23] (Copyright 2020, American Chemical Society).
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and narrower potential window (normally <1.0 V). Similarly, where the performance of carbon-related
materials for Na/K ion or Li-S systems is saturating, MXene is picking up the mantle for pushing these
systems to store greater quantity of energy by using hybridization [16].

The ideas for synthesis of MXene have gone beyond the single transition metal-based MXene towards the
search for double transition metal-based MXenes [17]. Alternatives for HF-based selective etching are being
sought after to make the whole process non-toxic figure 1 (left). For the preparation of electrodes, traditional
techniques are being replaced by printing/stamping techniques for scaling up the devices for homogenized
mass production [18-21] figure 1 (middle). With more and more restrictions being lifted off from the
material and electrode fabrication, scientists are realizing challenging architectures for batteries and
supercapacitors to broaden the scope of MXene’s applications [22-24] figure 1 (right).

However, currently MXene is far from being the solution to every energy storage-related problem. In fact,
MZXene itself has several shortcomings that researchers are working hard to overcome. This topical review
focusses on the recent developments in MXene-related materials with multiple functionalities pertaining to
energy storage in the form of advanced supercapacitors and new-generation batteries. We try to concisely
explain MXene’s role in pushing energy storage devices towards higher performance and inspiring new
architectures to tackle the related drawbacks rationally.

2. MXene-based supercapacitors

2.1. MXene as an active material
Supercapacitors come in various shapes and sizes. Classifying them properly is a tedious task which has been
done masterfully before [27]. However, it is interesting to note that MXene has been used as active material
to enhance the performance of almost all kinds of supercapacitors. From conventional rigid sandwich
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Figure 2. (a) The properties of MXene that makes it suitable as an active material for supercapacitive electrodes. (b) SEM image of
anormal MXene film showing the 2D morphology and wrinkled surface [18]. Copyright 2018, Wiley-VCH Verlag GmbH & Co.
KgaA. (c) Cross-section SEM image of MXene film showing the layered stacking of multiple layers [29]. Copyright 2020,
Wiley-VCH Verlag GmbH & Co. KgaA. (d) Schematic of typical in-plane ion transport channels in a MXene film. (e)
Pseudocapacitive intercalation mechanism of MXene-based supercapacitor electrodes responsible for the typically high
capacitance of bare MXene [45]. Copyright 2019, Nature Springer. (f) Schematic showing the synergistic effect of MXene with
certain additives (for example PEDOT:PSS [35]) that may help maintain interconnected porous structures and high conductivity
both for ions and electrons (arrows showing the unhindered pathways for ion transport). (g) Periodic table showing the family of
MXenes (and MAX phases) that have been theoretically predicted and/or experimentally synthesized. Below are the three likely
structures for MXenes [46]. Copyright 2019, American Chemical Society.

supercapacitors for demonstrating high-volumetric capacitance and studying mechanism|[28] to
ultra-flexible interdigital MSCs [29] for proving the future of MXene in powering microscale electronics with
various form-factors, it has covered a wide spectrum. Active materials in supercapacitors are chosen based on
the targeted application because different intrinsic properties can optimize a particular parameter. For
instance, if a material has large active surface area that is accessible to electrolyte ions, it will contribute
greatly to the electrical double-layer capacitance, typically, carbon-based materials like graphene [30].
However, this is not enough to meet the demands of future micro-electronics that require high energy output
from small footprint. Therefore, transition metal dichalcogenides and transition metal oxides are introduced
to enhance energy density of supercapacitors [31]. But they lack high electrical conductivity of carbon,
making it necessary to use carbon-based binder or current collectors to improve their rate performance. In
this regard, MXene has emerged as a great solution to this conundrum. Being a 2DM, MXene has high
surface area providing electrical double-layer capacitance (figures 2(b)—(d)). Simultaneously, it gives a huge
boost to pseudocapacitance through an intercalation mechanism accommodating a wide variety of cations
(figure 2(e)) [28]. Not only that, MXene reflects a redox-active surface with acidic electrolyte that has helped
it achieve landmark volumetric capacitance of 900 ~ 1500 F cm 3 [32, 33]. It is worth noting that the
materials that usually rely on redox reactions or intercalation mechanisms have sluggish rate performance
making them unsuitable for high rate applications like AC-line filtering [34]. But it has been recently
demonstrated that a simple mixture of MXene with conducting polymer poly(3,4-ethylenedioxythiophene)
poly-styrene-sulfonate (PEDOT:PSS) leads to retention of mesopores, ensuring fast ion transportation
(figure 2(f)). Further, it was speculated that PEDOT’s doping/redoping process facilitated a surface redox
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mechanism that allowed the hybrid to not only show high capacitance at low scan rates but also retain high
capacitance (10.8%) at very high scan rates, e.g. at 1000 V s~! [35]. Therefore, it is evident that MXene can
serve as a multi-functional active material for supercapacitors.

The discussion above draws attention towards the significance of doping or surface modification to boost
the performance of electrochemical energy storage devices. By definition, doping is the process of adding
impurities to a material to achieve desired response, e.g. the enhancement of electrochemical performance in
our case. The achievements of graphene doping reported so far has been carried over to MXene-based
supercapacitors [12, 36, 37]. Doping of MXene can achieve either surface modification or pillaring. The
immediate effect visible from doping is the change in bandgap [38]. This is associated with a transition
towards more metallic character of MXene nanosheets which is always welcomed. It has been demonstrated
both theoretically and experimentally that replacing the hydroxyl/fluoride functional groups with sulphur
can promote the adsorption of multiple layer of counter-ions which is conducive for high pseudocapacitive
charge storage [39]. For 2DMs, increasing the interlayer spacing directly translates to the enhancement of
intercalation pseudocapacitance. Pillar-doping modifies the electrochemical kinetics of MXene and
accommodates large quantity of counter-ions [40, 41]. Additionally, the synergy between different atoms
(heteroatom doping) can be exploited to simultaneously improve electronic property of electrode while
enhancing the interaction with electrolyte from respective dopants [42, 43]. However, one should be cautious
while doping, because even a small excess in dopants can cause steep decline in capacitance [44].

Last but not the least, there are many more promising MXenes suitable for supercapacitor applications
that have been theoretically predicted but yet to be realized experimentally (figure 2(g)). It is urgent for us to
probe deeper into the MXene family for squeezing out every possible enhancement related to supercapacitor
electrodes.

2.2. Enhancing the voltage window

A key problem of MXene for supercapacitors is the low upper limit on the voltage window (0.6 V) in
conventional salt/acidic solutions [47]. The properties and trade-offs related to different electrolytes/solvents
is summarized in figure 3(a). It is well known that extending the potential window can greatly increase the
energy density. One of the most viable method is to use electrolytes that do not decompose through reaction
with the electrodes. In this sector, aqueous electrolytes have lagged behind due to their small window of only
1.23 V. Organic solvent-based electrolytes have been proposed to increase the voltage window (~2.4 V) [45],
Moreover, different organic solvents yield varying degree of intercalation into the MXene interlayers leading
to a huge difference in total charge stored (figure 3(b)) [45]. However, they may be flammable and toxic
raising serious safety concerns. Therefore, it is fortuitous that the surge in research on novel electrolytes, such
as water-in-salt or hydrate melts have benefited MXene-based supercapacitors. Such systems have shown an
increase in potential window from 0.6 V to nearly 1.2 V (figure 3(c)), consequently more than doubling the
energy density from 20 to 45 mAh g~! [47]. The MXene is presumably protected by the formation of
solid-electrolyte interphase, but, this comes at the cost of rate performance resulting from the lack of direct
coordination between water molecules that are primarily responsible for fast ion transport in conventional
aqueous electrolytes. In-depth experimental and theoretical studies have pointed towards a contact-ion-pair
dissociation mechanism (both at bulk and surface) as the primary reason for such sluggish rate capability of
hydrate melt electrolytes [48]. Another strategy to achieve broad potential window (up to ~3 V) has been the
use of ionic liquid or ionogel electrolytes [49, 50], however, the current research on them is still at its infancy
and needs further progress to output greater current densities. In addition to electrolyte optimization,
asymmetric supercapacitors may be designed with MXene as negative electrode and other matching materials
like x-MnO; as positive electrode to compensate the trade-off between voltage window and capacitance
(figure 3(d)) [51]. Such supercapacitors show large voltage window of 2 V and high areal capacitance of

295 mF cm ™2 which together manifest as high energy density. The future supercapacitors may benefit from
such synergy produced by combining two completely different approaches to achieve the same goal.

2.3. MXene for micro-supercapacitors

MSCs are one of the most important micro-electrochemical energy storage devices, where the effect of
MZXene as microelectrodes is starkly visible. By offering high capacitance, outstanding conductivity and
flexibility, MXene-based MSCs (M-MSCs) have aided the further reduction in volumetric and areal footprint
of supercapacitors [23, 51, 53-56]. So far, a majority of the studies on MXene-based MSCs (M-MSCs) make
use of the planar interdigital architecture. Several intuitive advantages merit this structure, including quick
ion transport between edges of the microelectrode fingers, reduction in overall device thickness, good
matching of 2D structure with planar geometry, and easy integration with on-chip electronics (figures
4(a)—(c)) [57]. Usually, the synthesis of MXene follows a wet chemical etching of MAX phase in concentrated
hydrofluoric acid which requires solution processing [18, 58, 59]. Therefore, the predominant routes for
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Figure 3. (a) Effects of different types of solvents on performance and safety of MXene supercapacitors. (b) Cyclic voltammetry
(CV) curves showing the difference caused by using different organic solvents (dimethyl sulfoxide, acetonitrile and propylene
carbonate) in terms of chemical reactions and ion intercalation [45]. Copyright 2019, Nature Springer. (c) CV curves showing the
effect of increasing concentration of electrolyte in water leading to an increase in voltage window but decrease in rate capability
(evident from shape) [47]. Copyright 2019, American Chemical Society. (d) Schematic showing MXene//x-MnO, asymmetric
supercapacitor with enhanced voltage window (CV shown was reproduced from ref. [52]). Copyright 2019, Elsevier.

fabricating M-MSCs have been vacuum filtration[49], spray-printing [60, 61], screen-printing [20], and
stamping [18]. The substrate ranges from different kinds of rigid silicon wafer to flexible filter papers and
polymer films. This is the biggest advantage of M-MSCs. Added to the excellent areal capacitance obtainable
from M-MSCs [18, 62, 63], they offer outstanding flexibility which allows their adaptation to various shapes
and opens up broad prospects of applications. Polymer-based gel electrolytes are arguably the most suitable
for such MSCs because they add a key factor of safety. Further, such quasi-solid-state electrolytes can push
the flexibility to its limits as demonstrated by our group from their extremely deformable planar M-MSCs by
exploiting encapsulation of planar MXene-based microelectrodes inside hydrogel electrolyte [29]. However, a
major drawback in planar M-MSCs is the low volumetric energy density. This has been tackled to some
extent by designing asymmetric M-MSCs with complementary electrodes like MnO, that extend the voltage
window [51], selecting different electrolytes to suppress high voltage decomposition/side reactions [26], or
by applying unique methods to create flexible 3D microelectrode arrays [23]. Simple thicker microelectrodes
may result in the reduction of volumetric capacitance and sluggish rate capability, whereas thick porous
microelectrodes while boosting areal capacitance may sacrifice its volumetric counterpart, necessitating a
trade-off in the design and areal/volumetric performance of microelectrodes. However, the ease of
fabricating M-MSCs with different form factors using high throughput techniques such as screen-printing
[64] and demonstration of one-step integration with microelectronics (e.g. sensors) [20] certainly raise
hopes for the bright future of planar M-MSCs.

Apart from small-scale applications, MXenes have witnessed a greatly boosted performance in terms of
specific areal capacitance aided by 3D printing technology. Recently, a rigid 3D printed, freestanding M-MSC
has been reported with an astounding areal capacitance of 2 F cm ™~ at current density of 1.7 mA cm 2
(figures 4(d) and (e)) [24]. Main attraction is the property scaling with the thickness of electrodes and the
variety of shapes that can be easily realized by increasing the number of layers. However, such increased
capacitance comes at the cost of flexibility. MXene itself has limited stretchability, which could be greatly
enhanced by compositing with other 2DMs. Very recently, Gogotsi’s group demonstrated an additive-free
MXene-reduced graphene oxide composite with high resistance to damage under strains greater than 250%
in uniaxial or biaxial directions [66]. A competitive capacitance of 19 mF cm ™2 could be well retained at
nearly 100% even after 1000 cycles. Such stretchability ensures damage resistance and is a crucial parameter
for wearable MSCs. But the ultimate test for them is self-healing because it takes restoration from damage to
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Figure 4. (a) Schematic showing the ingredients required for fabricating M-MSCs and their subsequent advantages. (b) Schematic
showing the fast ionic transport between two adjacent fingers in planar M-MSCs occurring in the lateral plane. (c) The plot of
areal capacitance vs. current density highlighting the incredible rate capability available from such architecture of M-MSCs
(MSC-25 to 75 represent different thickness of electrodes) [63]. Copyright 2017, Royal Society of Chemistry. (d) 3D printed
structures made using MXene ink. (e) Thick M-MSCs made by 3D printing can offer capacitance as high as 2 F cm ™2 [24].
Copyright 2019, Wiley-VCH Verlag GmbH & Co. KgaA. (f) Photographs demonstrating self-healable MXene-graphene MSC at
different stage of damage and recovery, and (g) corresponding galvanostatic charge-discharge (GCD) profiles obtained at different
healing cycles showing excellent healing efficiency [65]. Copyright 2018, American Chemical Society.

the next level. Although currently available self-healable supercapacitors are far from being applicable in
wearable systems, the demonstrations of working prototypes are impressive. MXene has also entered as a
competitive active material that is compatible with different self-healing approaches. A common self-healing
approach is coating a quasi-solid state supercapacitor with a self-healable polymer like
carboxylated-polyurethane [65]. In this case, MXene-based composite itself cannot recover from breakage,
but if aligned properly may restore electrical connection (with small conductivity loss). This method has a
decent recovering efficiency evident from the retention of 81% capacitance (figures 4(d), (f)—(g)), but the
internal resistance increases by nearly 50 2 over five healing cycles. Consequently, it is even more desirable to
create MXene-based electrodes that are intrinsically self-healable [67]. However, no such work has been
reported so far. Nevertheless, recent experiments on integrating MXene into self-healable viscoelastic
material [68] and demonstration of their dielectric-based capacitive behaviour [69] would be a
stepping-stone for realizing fully healable MXene-based supercapacitors.

3. MXene-based batteries

3.1. MXene for lithium-based batteries
Rechargeable lithium ion batteries (LIBs) brought about the much needed but rather unexpected rise of
electrical vehicles and portable electronics by reducing the dependence on a fixed power source, thanks to the
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Figure 5. (a), (b) Voltage profile of Nb, CTy and V,CTy vs. Li/Lit in different voltage ranges [1]. (c), (d) Near-Fermi level band
structure for Ti3C,F, and Ti3C,(OH); respectively and the corresponding Li to C distance in case of optimized lithiation
illustrating the effect of functional group on lithium uptake behaviour [76]. Copyright 2012, American Chemical Society. (e) CV
curves and (f) GCD profiles of Li-S batteries with electrodes composed of sulphur hosted in Ti3C, nanoribbons. Inset in (e)
shows the SEM image of Ti3C, nanoribbon and sulphur hybrid [78]. Copyright 2018, American Chemical Society. (g)
Photograph and SEM image of lithium deposition on graphene and MXene showing advantage of uniform distribution of lithium
on MXene film [79]. (h) Coulombic efficiency of MXene/graphene-Li anode obtained at a current density of 0.5 mA cm ™2 over
2700 h [79]. Copyright 2019, American Chemical Society.

large energy density [70, 71]. In particular, the research on LIBs is focussed on catching up with the
miniaturization of electronics by increasing energy density and reducing footprint while charging faster
[72—-74]. Unsurprisingly, MXene has joined the fray as a strong competitor because it not only enhances LIBs
but also promises viable expansion into batteries beyond Li-ion.

MZXene was first tested as a LIB anode material by Naguib et al in 2011 and showed promising results due
to its high specific surface area, weak interlayer forces, open structure and surface functional groups [75].
Since MXene consists of M (early transition metals), X (C and/or N) and T (functional groups of O, OH and
F), a large number of permutations are possible which can be used for tuning the performance. For instance,
the specific capacity of different MXenes follows the order Ti,C < Nb,C < V,C while both Nb,C and V,C
show high rate capability [1]. Moreover, the voltage profiles are significantly different among different
MZXenes, suggesting the suitability of different MXenes for either anode or cathode (figures 5(a) and (b)).
Furthermore, the functional groups tend to possess fundamentally different band structure, for example,
bare MXene is a magnetic metal while functionalized MXene is semiconductor. Also, they affect the Li uptake
and transport [76]. Non-native functional groups like chlorides can give a steric advantage to MXenes by
increasing the interlayer spacing and mitigate the detrimental effects of the native OH and F functional
groups [77]. In fact, even stoichiometric ratios of ‘M’ belonging to the same species, prepared by varying
fabrication process, can affect the capacity of LIBs indirectly due to the varying degree of surface properties.
Typically, Ti,CT with higher surface energy than Ti;C, Ty tends to have reduced c-lattice parameter, thus
hindering the intercalation of Li ions [36].

To overcome the limit of theoretical capacity of bare MXene (Ti;C,, nearly 320 mAh g~!) as anodes for
LIBs [80], there is yet another way of applying MXene-based nanostructured electrodes for lithium—sulfur
(Li-S) batteries which are predicted to reach up to 1675 mAh g~! and large energy density of 2600 Wh kg™!
due to the multi-electron chemistry between Li and S [81]. But the well-known polysulfide shuttling effect
results in fast capacity decay, and serious efforts have been dedicated to mitigate this [82]. Both theoretical
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and experimental evidences suggest the effectiveness of polysulfide-anchoring materials in alleviating this
issue [83-85], and MXenes are coming to the forefront in this research. Recently, Dong et. al. reported
all-MXene-based flexible and integrated sulfur cathode, enabled by three dimensional alkalized Ti;C, MXene
nanoribbon frameworks as S/polysulfides host and 2D delaminated Ti;C, MXene nanosheets as interlayer,
for high-energy and long-cycle Li-S batteries [78]. 3D MXene nanoribbon framework having conductive and
interconnected porous structure greatly advanced electrolyte/electron diffusion to the interior of the
electrodes, and 2D MXene interlayer remarkably prevented the shuttle effect of lithium polysulfides via both
chemical absorption and physical blocking [86]. Most impressively, a capacity of 1062 mAh g~! was achieved
at 0.2 C (figures 5(e) and (f)). Furthermore, due to the strong chemisorption of sulphide on the titanium
sites, the framework acted as a safety net. This greatly hindered the shuttling behaviour, resulting in long
cycle life (200 cycles) at nearly 100% coulombic efficiency, with assistance of MXene nanosheet-interlayer
coated on polypropylene separator. Further, another report has suggested that the thickness of the MXene
layer on separator must be regulated to balance the trade-off between shuttling suppression and lithium ion
transport across the separator [87]. As far as surface terminations are concerned, it is worth noting that
different functional groups, e.g. O and S based terminated groups, have been shown to improve the sulphur
(and polysulphide) anchoring strength compared to bare MXene [88]. Also, nitrogen-doping has been
proposed to assist MXene in increasing physical anchoring and efficient catalytic conversion of polysulphide
and promoting fast sulphur reaction kinetics [89, 90]. These results further consolidate the position of
MZXene with 60+ members in its family and corresponding heterostructures/composites as promising
materials for next-generation Li-S batteries [91].

It should be noted that rechargeable LIBs with low-capacity graphite anodes came along as a substitute
for batteries with lithium metal anodes despite them having the highest theoretical capacity (3860 mAh g—1).
The reason for such shift was the largely unresolved safety concerns arising from the infinite volume
expansion of anode and subsequent dendrite formation that punctured the separator and short-circuited the
cell, causing explosive fires. However, eyeing the huge available capacity, researchers have continued to
explore these avenues in the form of mechanism studies, additives and hosts for making Li metal-based
batteries safer [92—94]. Quite recently, MXene has also contributed to this area by acting as an efficient 3D
lithiophilic host [79]. The MXene-based 3D framework allows uniform distribution of lithium (figure 5(h))
that remarkably suppresses the dendrite growth while retaining a large current density even at high
Li-loading of 92%. As a result, 2700 h of operation with 99% coulombic efficiency at 0.5 mAh cm ™2 was
achieved (figure 5(i)). The trick is to homogenize the growth of dendrites by using 3D framework for the
formation of stable solid-electrolyte interphase[95, 96] or homogenous nucleation of Li-dendrites on the
surface of host by using techniques like nanoparticle doping [97]. MXene is particularly beneficial as a
substrate for this nucleation strategy because it offers large surface area, high conductivity and lithiophilic
properties. This guarantees directional growth of lithium dendrites in bowl-like shapes and avoids infinite
volume expansion while retaining higher volumetric capacity of 40 mAh cm ™2 for 1200 h, compared to the
porous 3D counterparts [98].

3.2. MXene promoting beyond-lithium batteries

Lithium-based batteries are undoubtedly the most researched and reviewed ones in scientific literatures. But
the impending realization that lithium resources are not abundant in Earth’s crust and will soon suffer a
similar fate as fossil fuels with over-consumption, leads us to look beyond lithium. Fortunately, the works on
other metal ion batteries, including Na, K, Al, Mg, Zn and so on, are picking up pace by borrowing heavily
from the research put into LIBs. Although their theoretical capacity is lower than lithium [99, 100], they can
relieve the pressure on lithium resources by acting as alternate energy storage systems.

Although these ions have large ionic radii compared to lithium, they still exhibit high rate capability,
which is likely due to high electronic and ionic conductivity in these MXene with extended interlayer spacing
(figure 6(c)) [99, 101]. Mechanically, MXene can accommodate the stress from volume expansion of the
added nanoparticles and prevents their pulverization during (de-)sodiation while the nanoparticles reduce
the surface energy and prevent restacking of MXene. Electronically, the nanoparticles may assist to better
overlap the conduction and valence band, making it easier for MXene to donate electrons (figure 6(b)) [102].
The electronic conductivity is intrinsic to MXene but the ionic counterpart is more interesting where a
hopping of Na and K ions at the top Ti and C sites of the MXene is evident. This mechanism that allows
reduced diffusion barrier changes for multivalent ions like AI** which causes a horizontal sliding of MXene’s
monolayer. This diffusion barrier can be further reduced, at least for Na™ ion by hybridizing MXene with
other nanomaterials like black phosphorus or transition metal oxides to further enhance specific capacity
(>400 mAh g~!) and stability [102, 103].

The reason for MXene’s excellent ability to handle large ions compared to graphene has been
systematically studied using simulations. MXene with two layers of Li, Na, Mg, K and Ca adsorbed ions
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Figure 6. (a) Relative abundance of different metals in Earth’s crust [114]. Copyright 2019, Wiley-VCH Verlag GmbH & Co.
KgaA. (b) Electronic band structure of MXene (Ti3C;), phosphorene and their composite from left to right [102]. Copyright
2019, Royal Society of Chemistry. (c) GCD profiles of layered 2D phosphorene-MXene heterostructure electrodes for Na-ion
batteries obtained at different current densities. Inset is the cross-sectional SEM image of the active material elucidating the
molecular nanosheet level heterostructure [101]. Copyright 2019, Elsevier. (d) Electron localization functions for Li, Na, Mg, K,
and Ca and corresponding projected density of states of MXene with two metal layers adsorbed [99]. Copyright 2014, American
Chemical Society. (e) Cycling stability and coulombic efficiency of MXene derived sodium titanate (NTO) for sodium ion battery
[16]. (f) Schematic showing conversion of MXene to NTO via oxidation and alkalization [16]. Copyright 2017, American
Chemical Society.

exhibit similar electronic structures and adsorption energies showing similar effects in reducing repulsion
between adsorbed atoms by a screening effect (figure 6(d)). However, similar to lithium’s chemistry in
MXene-based LIBs, hydroxyl and fluoride terminations are detrimental to Na and K ion batteries [99].
Notably, it has been predicted from first principle calculations that replacing —OH and —F groups with P and
Si would boost Li capacity to values in excess of 1200 and 1700 mAh g~! respectively. Similarly, this trend is
also expected for Na and K ion batteries [104], due to the possible enhancement of the metallicity of MXene,
reduced ion diffusion barrier and multilayer alkali ion adsorption enabled by surface modification [105].

Interestingly, MXene can also be converted into sodium/potassium titanate by step-wise oxidation and
alkalization which are known to boost very high capacity for Na* and K™ ion storage due to the desirable
interlayer spacing (figures 6(e) and (f)) [16]. To maximize the number of electroactive sites, 3D porous
structures could be constructed by compositing MXene with N-rich carbon nanosheets. It is noted that the
N-doping effectively increases electrical conductivity and accessible surface area for alkali ion adsorption
[106]. This could also be achieved by ‘pillar-doping’ with large ions, similar in principle to MXene-based
supercapacitors [107].

While Nat and KT ion batteries readily flourished, multivalent ion batteries (e.g. AI’*, Mg?*, Ca**,
Zn>T) have, in general, been slower to be adopted. Although a state-of-the art V,CT, MXene based
rechargeable Al battery has demonstrated a high specific capacity beyond 300 mAh g~ at high current
density of 100 mA g~!, an explanation for the continuous capacity decay upon cycling is yet to be found
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[108]. Surface modification of Ti;C, Ty MXene with other nanoparticles like sulphur and TiO, has shown to
improve stability with capacity retention increased from 26.5% to 72.3% after 120 cycles. The discharge
capacity was also enhanced from only 65 mAh g~! to 151.3 mAh g~! (measured after 120 cycles) [109].
Previous reports of MXene-based multivalent ion batteries have shown a heavy reliance on intercalation of
ions as the primary route for charge storage and rapid capacity decay after few thousand cycles has plagued
all of them [110]. But a recent report on V,CTy-based zinc ion battery exhibited surprising capacity increase
to 508 mAh g~ ! over 18 000 cycles [111]. Closer inspection revealed that the intercalation mechanism had
been overtaken by different chemical reactions arising from gradual phase change of V,CTy to V,0s. Such
works suggest that unconventional routes are required to solve these conventional problems.

Multivalent ionic species do have several attractive features like higher charge to radii ratio, greater
abundance than lithium and safety; but several shortcomings still have not been overcome. Despite their
being plenty of theoretical research on the intercalation of multivalent ions into MXene interlayers giving rise
to high capacity [112, 113], the number of experimental evidences corroborating the predictions are few. The
problems range from lack of suitable electrolyte to inefficient plating/stripping of the anode or excessive
strength of bonding between the MXenes and intercalating ions.

4. Future perspectives and challenges

In summary, we have presented some key development and issues related to MXene-based materials for
supercapacitors and batteries. The number of studies on MXene is growing exponentially, and we are
optimistic that most of the issues may be addressed by pushing the research on MXene in the right direction.
Therefore, in the following paragraphs we provide a few possible research directions that deserve continuous
attention and present us with great opportunities [115].

For supercapacitors, the specific surface area of MXene is lower than graphene, which if brought to the
same level could in principle boost its specific capacitance and energy density. This can be achieved by
adopting new strategies like concentrated acid + base treatment [120] for inducing pores into the electrodes
to overcome drawbacks of MXene’s rigid nanosheets (figure 7(a)). This could further allow more space for
hosting a range of pseudocapacitive nanoparticles and accommodating the suitable ions of high-voltage
electrolytes to further increase the energy density. The recent surge in different metal ion-based capacitors,
such as Li, Na, K, Zn ion capacitors, must be pushed forward to achieve higher voltage[121] or rate capability
[115]. In-situ characterizations have been performed before with Ti;C, MXene electrodes in H,SO4
electrolyte (figure 7(b)) [62], and it stands to reason that other members of the MXene family with different
electrolytes like ionic liquids and water-in-salt may benefit from such experiments.

In an era where electronics devices are occupying smaller spaces, compact energy storage devices like
supercapacitors are needed to catch up with this trend. MXene has already made rapid progress in enhancing
the volumetric capacitance compared to its predecessor graphene. But it can be further improved by
optimizing both physical and chemical aspects. Physically, more compact electrodes are desirable that strike a
balance between mass density and porosity. Currently, a wave of emerging printing technologies like
continuous centrifugal coating [122], can be extended to produce the fabrication of highly compact
MZXene-based microelectrodes. Further, pore-engineering in MXene electrodes should be emphasized in
future researches. But given the brittle nature of MXene nanosheets this is difficult to achieve by physical
techniques. This is where chemical modification comes into play. Just modifying the surface terminations
can induce unique mechanical effects like crumpling at the nanosheet level [90]. Besides, the electrodes and
electrolyte must work in unison to salvage the maximum possible charge storage ability.

Recently, Li-air batteries have experienced a resurgence due to the technological progress in preparing
newer stable materials, the corresponding mechanistic understanding of such systems and the promising
theoretical energy density of 3458 Wh kg ~!. Theoretically, MXene is an attractive cathode for Li-air batteries
[117, 123], but so far, there seem to be no experiments reported, reaping the benefits of these theoretical
guides [124]. Therefore, this direction is particularly attractive. And there is no reason to stop at Li-air
batteries. Recent, studies on Zn-air batteries using MXene-based electrodes (figures 7(c) and (d)) are proof
that this is a direction worth pursuing [116].

Operando characterization of batteries have already proven to be beneficial in understanding sodium and
potassium ion battery mechanisms in MXene-based electrodes. For example, operando XRD studies have
revealed the superior ability of MXene’s (111) plane to accommodate large Na ions by showing no change
over cycles but a pseudocapacitive intercalation mechanism could be guessed based on the (200) plane
evolution (figures 7(e) and (f)) [118]. Since there are a large number of theoretical studies on multi-valent
(e.g. Zn*T, Mg?T, Ca®T, AI>T) ion batteries with MXene-based electrodes but the performance is not as
good as predicted, it is reasonable to assume a gap in fundamental understanding of mechanism. This gap
must be closed by using in-operando characterization techniques to identify the problems and sought

10



I0OP Publishing

J. Phys. Energy 2 (2020) 032004 P Das and Z-S Wu

VLAIC MAX

=VLC MXene—

O

726 19|

o
o

MA‘ ] o 5 —Ti,C,T -CoBDC + Pt-C fis
ij:“w' A ) —IrQ, + Pt-C

F og 721
o g, 5

P

bt
]

5

/
\ A ;

Mt 0 I\ A, ;
= o st AL | 5 704
F J

FURELN

g 708

Mw,/ S
' P o 714

Intensity (arb.units)

Potential (V)

f i o g
o o

o 9
) Pl . £
i o Ly Y carz 4 /i
726 A9 st . charge overpotential= 0.75 V

200 400 600 800 1000 -04-02 0 - - -
Raman shift (¢cm ™) Potential (V) 0 5000 10000 15000 e 1 2 3 4 6
Negative Time (s) Reaction step

lntensi!_y (a.u.)
&

&
Free Energy (eV)

VN

z
>

1st cycle 2nd cycle
e frm_ oo n
u m @ % i
s o TR HAT z
E 3 S H
g g V:j\,"t—»__-.- = -
] g 2 N_M/\/\‘“‘:_ bkt i Waann s
£ 2 EPMA— A
= }] it = o iy an_..-l""\_.,_.,__ F
T NI Sl e—] 4
~ b e
e [
el s\t
el NI T
40 45 50 0 1 2 3 43.5 44.0 445 43.5 44.0 445 9600 9800 10000 10200 10400
2-Theta (degree) Poitential (V vs. Na*/Na) 2-Theta (degree) o (6)

Figure 7. (a) Schematic showing the preparation of porous MXene using strong acid (LiF + HCI) and subsequent KOH
treatment. (b) In-situ Raman spectra of MXene-based supercapacitor anode [62]. Copyright 2016, American Chemical Society.
(c) GCD cycles of rechargeable Zn-air batteries with MXene-based electrodes at 0.8 mA cm™ [116]. Copyright 2017, American
Chemical Society. (d) Calculated energy profiles for formation of lithium nitride complex on lithiated MXene (Ti;CO,Li,) under
equilibrium potential suggesting the feasibility of Li-air battery using MXene electrodes [117]. Copyright 2019, Royal Society of
Chemistry. (e) Operando x-ray diffraction (XRD) results during the first charge-discharge cycle of VN electrodes for Na ion
battery. (f) Magnified view of the VN (200) plane evolution during the same cycling [118]. Copyright 2020, Wiley-VCH Verlag
GmbH & Co. KgaA. (g) Evaluation of zinc hydroxide sulphate hydrate in zinc ion battery using operando XAFS [119]. Copyright
2019, Wiley-VCH Verlag GmbH & Co. KgaA.

suitable solutions. Research is advancing in this direction, evident from operando x-ray studies on hydrate
precipitation having a stabilizing effect on Zn-ion supercapacitor with MXene-based electrodes (figure 7(g)).
Therefore, we are hopeful such research will also benefit and encourage in-situ studies on multivalent ion
batteries.

Most of the demonstrations of batteries using MXene have been done in coin-cells, naturally, because the
primary focus is on characterizing the electrochemical properties of the active material. However, in the
future it will become necessary to assemble pouch-type batteries/supercapacitors and integrate the
batteries/supercapacitors with flexible or wearable devices. Therefore, we should be prepared for that, by
growing the inventory of solid-state electrolytes that can complement the excellent properties of
MXene-based flexible electrodes.

In one sentence, MXene’s worth as a reliable electrode for electrochemical energy storage devices has been
proven by tackling various obstacles and this trend is expected to continue in the future. Therefore, we are
hopeful that MXene will realize its true potential by bringing 2D materials to the industrial-scale application.
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