Chapter 5 ®
MXenes for Energy Harvesting e
and Storage Applications

Rameez Ahmad Mir, Amardeep Amardeep, and Jian Liu

5.1 Introduction

Energy harvesting plays a crucial role in fabricating and utilizing new clean energy,
self-powered electronic, and energy storage devices. Environmental pollution and
the energy crisis are the major concerns faced by society. To address these prevailing
issues, the need for new, clean, and renewable resources is increasing rapidly for
sustainable energy. Hydrogen energy derived from water (a renewable source) is
considered as a promising approach exhibiting a high-energy density and zero emis-
sion of toxic gases [1]. At the same time, the demand for self-powered microelec-
tronic devices is rapidly increasing for sustainable development and smart living.
For it, there is a need to develop micro-size efficient charge storage devices like
new-generation batteries and supercapacitors that have attained special attention all
over the globe to replace traditional bulk devices. Various materials and strategies
have been developed for energy harvesting depending on their chemical and physical
features. Among the developed materials, two-dimensional (2D) structures exhibiting
idiosyncratic structural, morphological, and surface characteristics appeared as the
potential source for energy production and storage devices. 2D materials, referring
to sheet-like structures or thin films, exhibit an atomic layer thickness and high
lateral dimensions [2]. MXenes, a special class of 2D transition metal carbides/
nitrides (TMCs/TMNs), appeared as attractive materials for energy harvesting due
to their unique physical and chemical properties. MXenes have the general formula
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Fig. 5.1 Energy harvesting
by MXene-based energy
devices

Triboelectric

M,+1 X, Tx, where M is transition metal, X is carbon or nitrogen, and T is a func-
tional group like fluorine, hydroxyl, or oxygen is a good source of energy harvesting
and storage [3, 4]. MXene-based materials are used for harvesting different energy
resources, as shown in Fig. 5.1.

Energy harvesting has a broader scope, so this chapter presents a perspec-
tive on using MXenes to harvest energy (production and storage) from different
environment-friendly renewable energy sources [5]. MXenes emerged as demanding
electrocatalyst materials for energy production, such as hydrogen fuel derived
from water (water electrolysis) through hydrogen evolution reaction (HER)/oxygen
evolution reaction (OER) and electrochemical energy storage (supercapacitors and
batteries) due to their excellent electronic conductivity, large specific surface area,
tuneable properties, and unique micrographical features [4, 6-8]. The typical elec-
trochemical energy production and storage applications of MXenes are shown in
Fig. 5.2.

The different characteristics and structural properties of MXenes, dependent on
the synthesis methodologies, which influence energy production and storage abil-
ities and have already been described [10]. Efforts have been made to investigate
and improve the performance of 2D materials, especially MXenes, due to poten-
tially prolonging Moore’s law in energy production and storage [11]. Along with
the unique chemical and physical properties of MXenes, a high population of active
electrochemical sites or electrochemical active surface area (ECSA) within a small
size and high mechanical stability widens their scope as electrocatalysts for hydrogen
production. The essential features of MXenes, responsible for their improved charge
storage performance, are high hydrophobicity and unique surface charge distribu-
tion [12]. The utilization of nanostructured MXenes gained special attention in
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Fig. 5.2 Essential energy harvesting applications of MXenes [with permission Ref. [9] 2022
American Chemical Society]

energy production and storage due to the improvement of the surface features at
the nanoscale and rapid operating mechanisms. The role of MXenes in hydrogen
production, supercapacitors, and batteries are discussed as follows.

5.2 MXenes for Hydrogen Production (HER/OER)

Currently, the maximum portion of the energy is generated from traditional fossil
fuels, and the reservoirs of these fossil fuels are diminishing. Moreover, the utilization
of these fossil fuels generates toxic gases, which affect the environment and cause a
critical issue of global warming. To address this problem, a global initiative is on the
rise seeking the use of natural (renewable) and clean energy alternatives to dimin-
ishing traditional resources. Various natural energy resources, such as solar, wind,
tidal, and biomass, are being explored for sustainable development. The regional
or seasonal factors affect the intermittent availability of these energy sources [13].
Among the available natural resources, water-derived hydrogen (H,) fuel exhibits
different advantages, such as high purity green fuel (zero emission of toxic gases).
Water electrolysis is considered as an efficient and suitable method for producing
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hydrogen either through HER or OER, as shown in Fig. 5.3a. HER at the cathode
(water reduction) and OER at the anode (water oxidation) in the water electrolyzer
systems are kinetically sluggish and require large overpotentials for water reduction/
oxidation, resulting in low energy efficiency. The electrocatalyst is vital in lowering
the water-splitting potential and enhancing efficiency. The prominent role of the
electrocatalyst in reducing the overpotential and energy barrier for HER and OER is
shown in Fig. 5.3b—c [14].

The theoretical potential to generate hydrogen from water is 1.23 V (Fig. 5.3c).
However, in practical applications, the required potential is higher than the theoretical
value due to the involvement of various resistances in the water electrolyzer systems
[14]. Different electrocatalyst species have been developed and tested to lower the
water oxidation and reduction potentials [16, 17]. To date, platinum (Pt) or Pt/C
and ruthenium oxide (RuQ,), and iridium oxide (IrO,) exhibited potential results for
efficient HER and OER, respectively. The lower abundance and high cost of noble
metal electrocatalysis limit their practical/commercial implications. Different metal
and non-metal electrocatalysts specie as substitutes to noble metals have been devel-
oped, such as transition metal (TM) oxides (TMOs), transition metal dichalcogenides
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Fig. 5.3 Schematics diagram of water electrolysis, a HER/OER processes, [with permission Ref.
[14] 2023 Elsevier] and b—c role of electrocatalyst in HER and OER [with permission Ref. [15]
2021 Springer]
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(TMDCs), TM carbides (TMCs), TM nitrides (TMNs), non-metal supported combi-
nations like graphene species, carbon nitride, and carbon supported electrocatalysts,
etc. [14, 18-21]. With advances in 2D material electrocatalysts, especially graphene,
graphene-like materials such as TMCs and TMNs showed potential to replace costly
noble metal electrocatalysts due to their higher carrier mobility and intrinsic layered
structure. One of the essential properties of TMCs and TMNSs, which makes them
attractive, is their similar electronic structure to noble metal elements like Pt and are
considered as a potential candidate to replace Pt and IrO,/RuQ; electrocatalysts in
HER and OER, respectively [22, 23]. To enhance the HER and OER activity and
stability of the TMCs/TMN:s, the 2D MXenes attained attention due to their excep-
tional intrinsic and extrinsic characteristics. The band structure of MXenes similar
to Pt (due to carbon incorporation in a metal lattice), a higher number of edge sites
and improved active sites due to attached functional groups on the surface, improved
the water-splitting performance. Different MXene species based on TM (Ti, Mo, and
V) have been developed and utilized as electrocatalyst candidates for HER and OER
[24-26]. Modifying the terminal ends of MXenes enhances the HER performance
by improving the conductivity and surface edge sites. For practical applications and
higher efficiency, the long-term stability of the electrocatalyst is the need of time.
Lim et al. [27] developed Mo,CTx MXene as a low cost, highly active, and stable
electrocatalyst for HER. The hybrid of Mo,CTx/2H-MoS, MXene revealed higher
stability and performance in an aqueous electrolyte. The synthesized hybrid electro-
catalyst requires an overpotential of 119 and 182 mV to yield a current density of 10
and 100 mA cm™2, respectively. The strong interfacial adhesion in the hybrid struc-
ture reduces the HER overpotential by tailoring the MXene sulfidation. Moreover,
the 2H-MoS, layer over MXene suppresses the oxidation of the MXene layers. It
restricts the excessive coverage or blockade of the active interfaces that improve the
charge transfer rate (high current density) without deterioration. The hybrid phase
exhibits exceptionally longer durability, up to 10 days/100,000 CV cycles without
degradation. The results revealed that in-situ sulfidation is a promising strategy for
creating intimate interfaces among different materials and TMDCs for widening their
scope in energy conversion systems. Anasori et al. [28] developed ordered double-
transition metal MXene Moy, Nby_,C3Tx MAX phases (0 < a < 0.3) with different
compositions as a suitable electrocatalyst for HER, as shown in Fig. 5.4.

Ordering bimetals (Fig. 5.4b—c) such as Mo (outer layer) and Nb (inner layer)
affects the HER activity. The synthesized MXene phase exhibits improved HER
activity (higher cathodic current) with respect to other MXene phases due to the
ordering of double TMs (Fig. 5.5a). The Moy,,Nb,_,C3Tx phase requires a lower
overpotential than other MXene phases with varying Nb content, as shown in
Fig. 5.5b. The said phase also outperforms the other electrocatalysts due to its lower
Tafel slope of 91 mV dec™! (Fig. 5.5¢), indicating improved charge transfer kinetics.

The influence of Mo and Nb content on conductivity and flake size (Fig. 5.5d)
revealed that the HER performance is not likely affected by the flake size, but the
occupancy of Mo and Nb (metal) sites plays a key role. The HER performance
hasn’t yet reached the level determined by costly Pt/C electrocatalysts. The avail-
ability of the MXene precursors (transition metals and carbon) on earth determines
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Fig. 5.4 a Ordering of Mo, Ti;C3T, MXenes, where TMs are segregated into separate M atomic
layers. b Mo, Nby_,C3 Ty MXenes allow controllable ordering in the M layers, and ¢ The gained
control in Moy Nby_,C3T, MXenes, permits designable material behavior, as demonstrated in
HER electrocatalytic applications [with permission Ref. [28] 2023 American Chemical Society]

the potential use of MXenes as a cost-effective electrocatalyst in water electrolyzers.
Further modifications are required at both intrinsic and extrinsic levels to boost the
activity and stability of MXenes compared to noble metal electrocatalysts. Along
with HER in acidic electrolytes, electrocatalytic water splitting is preferred in alka-
line electrolyzers. However, the need for suitable electrocatalysts is still in demand
due to sluggish OER Kkinetics, a four-electron transfer reaction [29]. The hydrophobic
nature of the MXenes allows the coverage of OH™ ions on the surface-active sites,
which improves the formation of O, and the structural characteristics enhance the
ability of O, evolution [30]. Yan et al. [31] synthesized nine atomic layered reac-
tive surface modified (RSM) V4C3T, MXene. The surface modifications with the
different amorphous metal hydroxides (Ni, Fe, and V hydroxides) formed during the
in-situ process improve the inner skeleton’s stability (V4C3Tx) without disrupting
it. The synthesized nanohybrids exhibited higher OER stability for more than 70 h.
The exceptional HER/OER activity and stability of the MXene nanohybrids present
a significant step forward in exploring the MXenes as non-noble electrocatalysts for
water splitting. Various categories of MXenes have been developed and explored as
suitable electrocatalysts for HER and OER. The corresponding HER/OER perfor-
mance of these MXenes is given in Table 5.1, exhibiting better electrocatalytic prop-
erties than other metal/non-metal electrocatalysts. However, the relatively higher cost
due to typical synthesis procedures and a slightly higher overpotential than Pt/C still
restricts their potential applications in commercial systems. Efforts are being made
to synthesize them with easy and manageable strategies to improve their activity
higher than Pt/C. The further exploration and design modification of the MXene
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Fig. 5.5 HER activity of HF/HCI-LiCl-produced Moy;qNby_oC3T, MXenes. a -V plots
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composition next to data) used to derive overpotentials at 10 mA/cm? and Tafel slopes
are shown in b and ¢, respectively. d Conductivity measurements of HF-TMAOH-
synthesized Moy4qNbo_oC3T, MXenes compared to flake sizes of HF/HCI-LiCl-synthesized
Moy+¢Nbo—4C3 T, MXenes [with permission Ref. [28] 2023 American Chemical Society]

family contributes to the energy production application. Along with energy produc-
tion applications, the MXenes also revealed exceptional energy storage performance
in both supercapacitors as well in batteries, as discussed below.

5.3 MXenes for Supercapacitors

Supercapacitors, also known as ultracapacitors or electrochemical supercapacitors
(ESs), are special systems for energy storage due to their rapid charging character-
istics and high storage ability compared to conventional capacitors [10, 56, 57]. The
fast adsorption and desorption of electrolyte ions on the electrode surface exhibited
a higher efficiency than conventional capacitors. Figure 5.6 shows the basic design
of the supercapacitors.
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Table 5.1 Performance of different MXenes in HER and OER
Sample Reaction | Tafel Overpotential at Electrolyte | References
slope 10 mA cm™2 (mV)
(mV
dec™1)
MXene electrocatalysts for HER
Mo, CT, HER 74.0 | 189 0.5 mol/L. | [32]
H,>SO4
Ti3Co Ty HER 128.0 |538 0.5 mol/L | [33]
H,S04
F-terminated TipCT, HER 100.0 | 170 0.5 mol/L. | [34]
H,SO4
O-terminated TizC, Ty HER 60.7 | 190 0.5 mol/LL | [35]
H,SO4
V4C3T, HER 168.0 | 200 0.5 mol/LL. | [36]
H,>SO4
N-Ti,CT, HER 67.0 |215 0.5 mol/L. | [37]
H,>SO4
TizC, T, nanofibers HER 97.0 | 169 0.5 mol/L | [38]
H,S0O4
Nig9Coq.1 @Nb-TizC, T, | HER 116.0 [434 1.0 mol/L | [39]
KOH
Pt/TizC, T,-550 HER 323 | 327 0.1 mol/LL | [40]
HCIO4
TBA-Ti3C,T,-Pt-20 HER 85.0 |70 0.5 mol/L. | [41]
H,>SO4
Co**-CrCT, HER 112.0 |404 1.0 mol/L. | [42]
KOH
Co**-V,CT, HER 98.1 |460 1.0 mol/L.
KOH
Co**-Tir CT, HER 103.0 458 1.0 mol/L
KOH
Co-MoS; @Mo,CT, HER 82.0 |112 1.0 mol/L | [43]
KOH
PtNPs/TizC, T HER 59.54 | 226 0.5 mol/L | [44]
H,>SO4
MoS,-TizC; HER 40.0 | 110 0.5 mol/L. | [45]
H,S04
PtO,PdO,NPs@TizC, T, | HER 70.0 |57 0.5 mol/LL | [46]
H,SO4
MoS,/Ti3C, MXene@C | HER 450 135 0.5 mol/LL | [47]
H,S0O4
MoS,/TizC, Ty nanoroll | HER 70.0 | 168 0.5 mol/LL | [48]
H,>SO4

(continued)
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Table 5.1 (continued)

Sample Reaction | Tafel Overpotential at Electrolyte | References
slope 10 mA cm~2 (mV)
(mV
dec™1)
CoP@3D TizCy T, HER 58.0 | 168 1.0 mol/L | [49]
KOH
MXene electrocatalysts for OER
FeNi-LDH/Ti3C, T OER 43.0 |298 1.0 mol/L | [50]
KOH
Ti3C,T,-CoBDC OER 48.2 410 0.1 moVL | [51]
KOH
g-C3Ny/Ti3C, Ty, film OER 74.6 420 0.1 mol/L | [52]
KOH
Co-Bi/TizCy Ty OER 53.0 |250 1.0mol/L | [25]
KOH
S-NiFe;04 @Ti3C, @NF | OER 46.8 |270 1.0 mol/L | [53]
KOH
NiCoS/TizCy Ty OER 58.2 | 365 1.0 mol/L | [54]
KOH
Co>*-Ti,CT, OER 63.2 420 1.0 mol/L | [42]
KOH
PtO,PdO,NPs@Ti3C,T, | OER 78.0 |310 0.1 mol/L | [46]
KOH
Nig 7Feq3PS3 @ Ti3C,T, | OER 36.5 |282 1.0mol/L | [47]
KOH
Co/N-CNTs@TizC, Ty OER 79.1 |411 0.1 mol/L | [55]
KOH
CoP@3D TizCy Ty OER 51.0 280 1.0 mol/L | [49]
KOH

The essential features of supercapacitors are that they exhibit high power density
and long-term cyclic stability than traditional capacitors and batteries. Progress has
been made to improve the performance, especially the energy density of the ESs, by
developing suitable and stable electrode materials that enable the electron transfer and
ion diffusion process to occur rapidly and reversibly. On account of the energy storage
mechanism, ESs have been classified as electrochemical or electrical double-layer
capacitors (EDLCs), pseudocapacitors, and newly introduced hybrid supercapacitors
that store and release energy based on non-Faradic and Faradic interactions at the
electrode—electrolyte interface, respectively [59-61]. In the case of EDLCs, a double-
layer is formed between the ions in the electrolyte and the attracted electrons on the
electrode surface. In contrast, the charge is stored in pseudocapacitors by the rapid,
reversible Faradic reactions on the electrode surface. The adsorption of electrolyte
ions is very fastin EDLCs and the Faradic charge transfer during the pseudocapacitive
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e K* % SO,

Fig. 5.6 Schematic diagram of electrochemical MXene-based supercapacitor [with permission ref.
[58] 2021 American Chemical Society]

process is sluggish but stores more energy than EDLCs. The major drawback of the
ESs based on aqueous electrolytes is the small voltage window restricted by the ther-
modynamic stability of water [62]. The prevailing issues with charge storage devices
are the lower energy and power density exhibited by supercapacitors and batteries.
To overcome these drawbacks, hybrid supercapacitors (HSCs) combine the energy
storage mechanism revealed by the capacitors and batteries. HSCs consist of different
electrode materials, a battery or pseudocapacitors type anode and a capacitor type
cathode to improve energy and power density, respectively. Carbon-based electrodes
are common in EDLCs, pseudocapacitors, and HSCs. Carbon materials exhibiting
higher surface area act as electrodes for EDLCs revealing high power density, but
the energy density is still not comparable to batteries. Efforts have been made to
improve the energy density of ESs. The pseudocapacitors exhibited higher charge
transfer kinetics based on the redox reaction mechanism and enhanced the energy
density of the ESs. Advanced electrode materials are being searched and developed
with a high specific area, high conductivity, and rich redox sites that are highly desired
for developing high-performance supercapacitors [10]. To date, different categories
of electrodes have been developed, like carbon species, CNTs, mesoporous carbon,
carbon shells, transition metal oxides (TMOs), 2D materials like graphene species,
transition metal dichalcogenides (TMDCs), transition metal carbides (TMCs) and
transition metal nitrides (TMNs). The electrochemical charge storage ability of the
well-known 2D material (graphene) is finite due to the absence of redox reactions and
the main portion of capacitance arises due to EDLC mechanism. TMOs, especially
like MnO; and RuO, being pseudocapacitive materials, exhibited higher capacitance
and energy densities, but the cyclic stability is still lower than the carbon electrodes.
Among the developed materials, the 2D TMCs/TMDs, especially the MXenes, have
attained special attention as electrode materials for ESs due to a particular layered
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Fig. 5.7 Required features for MXene-based electrodes for energy storage

structure, faster electrolyte ion transport kinetics, and higher number of surface-
active redox sites [10]. Figure 5.7 shows the main characteristics of MXenes that
enhance the charge storage performance.

The distance between the layers of the MXene electrode forms the channels to
improve the ion transport favorable for EDLCs. However, the outermost TMO or the
functional groups on the surface layer provides redox-rich sites necessary for making
pseudocapacitive energy storage possible. The inner layer of TMCs in MXenes exhib-
ited excellent electron conductivity [57]. Various strategies have been followed to
improve the charge storage ability of MXenes, such as redesigning electrodes, regu-
lating surface functional groups, and controllable synthesis of the MXene phase
[63]. Moreover, the typical synthesis procedure of the MXenes still restricts their
potential applications in supercapacitor technology compared to carbon species and
other metal compounds. Different MXene species have been suggested based on
transition metals, but only a few have been practically synthesized [63—66]. Due
to the complex chemical composition and structure, the electrolyte ion interaction
of MXenes with different electrolytes (a combination of organic and aqueous elec-
trolytes) has not been explored yet. Among all MXenes, Ti;C, MXene is mostly
studied due to its higher stability and ease of fabrication [67]. Most of the studies
revealed that the supercapacitor performance of MXenes is highly dependent on
the layered structure and the functional groups on the surface [63]. For improved
energy storage in MXene-based supercapacitors, the O-terminated groups provide
more electrochemical reaction sites than the —OH and —F groups [68]. Xie et al.
[69] confirmed that the Li-ion storage ability of 2D MXenes depends on the surface
functional groups. The —OH groups are deliberately removed through heat treatment
or electrochemical reactions during the initial cycling (lithiation cycle). The lithiated
oxygen-terminated surfaces of MXenes are capable of absorbing more Li-ions and
provide a way to increase their capacity. The corresponding effects were observed in
the delaminated MXenes, through XAS and were also revealed by the DFT studies.
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The capacitance of the MXenes is mainly affected by the surface functional group
that influences the conductivity and hydrophilicity. The development of the surface
functional groups during the etching of the MAX phase brings hydrophilicity and
affects the electronegativity of the MXene surfaces [70]. The electrolyte ion inter-
action with MXene affects its structural features and performance. Lukatskaya et al.
[57] observed a downshift in the XRD pattern of Ti;C,Tx, which can be attributed
to an increase in the lattice parameter (c-axis of Ti3C,Tx) in the KOH electrolyte
solution. Similar results were observed in other electrolyte solutions due to cation
intercalation [71]. Gogotsi et al. [72] synthesized 13-pwm thick Ti3C,Tx MXene-
based electrochemical capacitors and achieved a gravimetric capacitance of 310
Fg~!in 3 M H,S0, solution. The highly ion-accessible MXene electrodes exhibited
higher capacitance than graphene and other commercial capacitors [73—77]. Modi-
fying the structural features of the MXene electrodes enhances the accessibility to
the redox-active sites. Mesoporous Ti;C,Tx MXene revealed a capacitance of 210
F g~! even at 10 mV s~!. The MXenes can deliver a ~1500 F cm™ capacitance
higher than state-of-the-art supercapacitor electrodes [73]. Agnese et al. [78] also
studied the influence of surface modifications on the supercapacitor performance of
Ti;C, MXene in an H,SO4 solution. The two-way chemically surface modification
of the Ti3C, MXene is given in Fig. 5.8. The resultant product d-Ti;C; (Fig. 5.8b) is
due to the delamination of layers and the functional group containing Ti;C, MXene
(Fig. 5.8c—d) resulting from the K* intercalation mechanism.

The enhancement of capacitance performance in the case of MXenes revealed by
the electrochemical testing was attributed to the higher number of oxygen-containing

(a) Delamination
DMSO + H,0

sonication

K* chemical
intercalation

LR L K*-Ti;C,(0),(OH),

Fig. 5.8 a Schematic representation of the modifications of Ti3C,Tx MXene, scanning electron
microscope (SEM) images of b Ti3C; Tx, ¢ KOH-Ti3C,, and d d-Ti3C; [with permission [78] 2014
Elsevier]
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functional groups. The CV plots of the synthesized material tested at 10 mV s~! are
shown in Fig. 5.9a. The concentrated electrolyte solution (1 M H,SO, electrolyte)
does not affect the lattice parameters of MXene due to the smaller size of H* ions
compared to K* ions. The delaminated d-Ti;C, exhibited a higher capacitance of 520
F cm—3 due to its thin electrode size and better charge transfer kinetics. However,
the d-Ti;C, MXene shows more dependency on the scan rate (Fig. 5.9b) due to the
alignment of flakes parallel to the current collector.

The functional group attached to Ti3C, Ty, responsible for redox reaction (pseu-
docapacitive) in acidic electrolytes, was also confirmed by broad peaks in the CV
curves. The transition metal (Ti in this case) in MXene can change its oxidation
states from 37 to 4* due to surface redox reactions. A long-term stability test (GCD
test) performed for MXenes (d-Ti3C, and KOH-Ti3C;) shows no degradation even
after 10,000 cycles (Fig. 5.9c—d). The results revealed that the surface modification
of 2D MXenes is essential for improving the energy storage performance of MXene-
based ESs. Zhou et al. [65] applied the DFT criteria to explore, design, and assemble
the Mo,CTx MXenes for supercapacitors. The supercapacitor performance of the
Mo,CTx MXene was investigated in various electrolytes such as 1 M H,SO4, KOH,
and MgSOy. The adsorption of hydrogen (H), potassium (K), and magnesium (Mg)
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on the surface of Mo,CTx MXene has been explored. The specific capacitance (70.14
Fg~!) obtained in 1 M H,SO, was more than that of KOH (11.27 Fg~!) and MgSOy4
(18.97 Fg~"). The Mo,CT, MXene shows a high retention rate of 89.9% (KOH), 96%
(MgSO0y,), and 98% (H,SO4) over 5000 cycles. After that, different MXene mate-
rials have been developed as supercapacitors based on the transition metal, electrode
type, and electrolyte [73, 79]. Along with pristine MXenes, the nanocomposite of
the MXenes has gained research attention as supercapacitor candidates due to the
improvement in the surface properties necessary for enhancing the storage perfor-
mance [79]. Luo et al. [64] explored that the tailoring of the interlayer spacing was
controlled in accordance with the intercalated agent. The morphological features of
the TizC, MXene before and after the pillaring process are shown in Fig. 5.10.

The SEM micrograph of CTAB @Ti;C; (Fig. 5.10a) showed the presence of some
irregular particles on the TizC, matrix, particularly the anchored CTAB. Almost
no particles were observed in the Sn(IV)@Ti;C, composites synthesized without
the CTAB prepillaring process (Fig. 5.10b). No clear particles can be detected in
the Sn(IV) nano complex assisted by CTAB prepillaring process (Fig. 5.10c—d).
The TEM image of CTAB—Sn(IV)@Ti;C, (Fig. 5.10e—f) shows that the Sn(IV)
nanocomplexes (dot-shaped) are uniformly distributed in the CTAB @Ti;C, matrix.
The particle size was reduced to 2-5 nm (Fig. 5.10f) due CTAB effect, acting as the
surfactant and the prepillaring agent [64, 80]. Figure 5.10g shows a clear layered
structure of the MXene complex, along with the uniform distribution of constituents
as observed in the mapping pattern (Fig. 5.10h—1i). The remarkable energy storage
performance of the developed MXene complex (CTAB—Sn(IV)@Ti;C,) was tested
as an anode in the hybrid capacitor with activated carbon (AC) as a cathode, as shown
in Fig. 5.11a.

The CV (Fig. 5.11b) plots performed at different scan rates in a wide voltage
window of 1.0-4.0 V show no electrolyte decomposition. The deflection from the
regular rectangular CV curve attributes to the redox reactions on the terminated
surface functional groups. The fabricated hybrid capacitor revealed an energy density
0f239.50 Whkg~! due to the pillaring effect. The results revealed that incorporation
of the CTAB—Sn(IV)@Ti;C, MXene anode with commercial AC cathode showed
a better rate capability necessary for higher energy and power density supercapac-
itors (Fig. 5.11c). The capacitance retention is outstanding till 4000 cycles with
negligible loss as shown in Fig. 5.11d. Moreover, along with the superior capac-
itance performance of MXenes, the other advantages such as atomic layer thick-
ness, exceptional hydrophilic properties, micro/nanoscale dimensions, and special
mechanical characteristics enable them (MXenes) to be converted into flexible elec-
trodes. The high conductivity of MXenes attributes to higher power density than
conventional semiconductor metal oxides and also provides a possible way to fulfill
the need for rapid charging materials. This led to the development of semiconductor-
type MXene-based supercapacitors. Qin et al. [§1] developed semitransparent flex-
ible photovoltaic supercapacitor (PSC) and transparent MXene supercapacitors by
incorporating a flexible organic photovoltaic (OPV) with Ti;C,Tx and bare Ti3C, Ty
MXene as the electrodes, respectively. The synthesis, morphological features, and
size of the developed flakes are shown in Fig. 5.12. MXene integration with a flexible
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Fig. 5.10 a SEM image of CTAB@Ti3C;. b SEM image of Sn(IV)@Ti3zC; without cetyltrimethy-
lammonium bromide (CTAB) prepillaring process. ¢—f SEM and TEM images of CTAB-
Sn(IV)@Ti3C;. Inset in (f): lateral size distribution of the anchored Sn(IV) nano complex. g—
i STEM image of CTAB-Sn(IV)@Ti3C; and corresponding elemental mapping of Ti and Sn [with
permission Ref. [64] 2017 American Chemical Society]

OPV photoelectrode as PSC exhibited an enhanced power conversion efficiency of
13.6%, higher than commercial indium tin oxide (ITO).

The transparent MXene-based supercapacitor exhibited a high volumetric capaci-
tance of 502 F cm™3 with improved stability up to 10,000 cycles. The supercapacitor
performance of the developed MXene at varying scan rates and applied currents is
shown in Fig. 5.13. The cyclic voltammetry (Fig. 5.13b) plots show the retention of
a nearly rectangular shape even at a higher scan rate (500 mV s~!), which revealed
the excellent reversible capacitive behavior of the electrode material. The results also
revealed the potential applicability of the developed material as efficient electrodes
for energy storage devices even at higher scan rates (>10 mV s~!). The symmetric
shape of the GCD curve (Fig. 5.13c) revealed that the charge/discharge process agrees
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Fig. 5.12 Synthesis of the TizC>T, MXene colloidal solution. a preparation of MXene from
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Ti3C, T,. The Ti3C, T, flake size distributions f before and g after sonication [with permission Ref.
[81] 2017 (open access) Royal Society of Chemistry (RSC)]

with the CV results. The corresponding capacitance values dependent on the applied
current and scan rate are given in Fig. 5.13d.

The stability of the MXene supercapacitors was analyzed by performing GCD
measurements till 10,000 cycles, and the device shows a retention of 95% as that of
initial capacitance. The long-term durability (Fig. 5.13e) of the fabricated superca-
pacitor is attributed to the non-aqueous organic solid ionogel electrolyte. This type of
electrolyte overcomes the leakage issues faced in aqueous electrolytes. In addition,
the MXenes can form a flexible supercapacitor, as shown in Fig. 5.13f. The obtained
features like high-capacitance, long-term stability, and flexibility as different bending
angles show the promising applications of Ti3C, Ty Mxene as commercial superca-
pacitors. The developed PSC exhibited a high transmittance of over 33.5% and an
exceptional storage capacity of 88%. This strategy widens the scope of developing
the MXene-based, highly active, and stable flexible PSCs essential for printable
electronics for future technologies.
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Fig. 5.13 Electrochemical performances of transparent, flexible, solid-state supercapacitors based
on TizC, T, films. a Schematic illustration of a flexible solid-state supercapacitor based on spin
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as the electrolyte. b CV curves at various scan rates and ¢ galvanostatic charge/discharge (GCD)
curves at different current densities for the flexible solid-state device. d The volumetric capacitances
obtained from GCD and CV. e Long-term charge—discharge cycling performance and Coulombic
efficiency of the Ti3C,T,-based flexible solid-state device. Inset in (e): the typical GCD curves
upon cycling. f CV curves of the Ti3C, T, device bent to different angles at 50 mV s~ . Inset in (f):
optical image of the transparent flexible ultra-thin supercapacitor [with permission Ref. [81] 2017
(open access) Royal Society of Chemistry (RSC)]

5.4 MXenes for Batteries

The exploitation of fossil fuel reservoirs due to the expanded energy usage has
forced researchers to develop alternate energy generation technologies, such as
solar, water, and wind. Although the aforementioned promising renewable technolo-
gies remarkably contribute toward energy production; however, they are geograph-
ically intermittent. Thus, the urgency of the energy storage devices was realized,
which can efficiently function and power the required gadgets irrespective of the
geography and surrounding atmosphere. When discussing energy storage devices,
batteries, especially lithium batteries, have demonstrated superior electrochemical
performance over other alternatives. Despite the supremacy of lithium batteries,
they suffer from low natural abundance and safety aspects due to the hazardous
undesirable Li-dendrite formation. Thus, limiting their usage in high-energy density
lithium metal batteries. Therefore, the alternatives with huge profuse in earth’s crust,
such as monovalent, sodium (Na), potassium (K) batteries, and multivalent, magne-
sium (Mg), calcium (Ca), zinc (Zn), aluminum (Al) batteries, etc., required to be
extensively explored to cope with the pressing global demand.

In the above context, advanced material design is essential, which can store the
corresponding charged species, such as Li*, Na*, K*, Mg?*, Ca>*, Zn?*, and AI**,
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within its structure for respective metal-ion batteries. Graphite, carbonaceous, and
2D layered materials have been of great interest that are capable of reversibly storing
specific metal ions. For instance, graphite and its derivatives (graphene oxide, reduced
graphene oxide, graphene) are suitable for Li and K-ion batteries; however, they
cannot intercalate Na-ions due to specific layer spacing and higher activation energy.
Similarly, hard carbon is ideal for Na-ion batteries compared to the alternatives.
Therefore, significant efforts were devoted toward extensive research innovation to
develop a new class of 2D materials capable of intercalating the above-mentioned
ions for respective metal-ion batteries. Eventually, perseverance was attained in the
last decade by introducing a family of different 2D layered structured materials
like MXenes. The structure of the MXene phase can be tuned during the trans-
formation step of the etching of the MAX phase, which plays a vital role in its
application type. For example, smaller interlayer spacing suffices for intercalating
smaller ions, i.e., AI**, Lit*, Mg2+, 7Zn%* etc., for respective metal-ion batteries; in
contrast, larger ions, i.e., Na*, K*, Ca?*, etc. demand a larger interlayer spacing.
Therefore, the same MXene is not employable for each kind of metal-ion battery,
which necessitates the interlayer-cum-structure tuning of MXenes for applicability
in distinct metal-ion batteries due to their inherently intercalating demand. The
MXene’s (Mp4+1 X, Tx) structure can be tuned by introducing a combination of suit-
able early transition metal (M = Ti, V, Sc, Mo, etc.), carbon or nitrogen (X), the
functional groups (7, = O, F, OH, CI, etc.), and the process adopted, where M and
X support the 2D skeleton, and » and functional groups participate in tuning the
interlayer spacing. The process depends on structural and/or layer spacing modifi-
cation of MXenes for battery application, which is described in details in references
[82-84].

In the above structural and morphological context of MXenes, Greaves et al. [85]
have summarized the various shapes of MXenes, which can be transformed into
crumpled flocs, delaminated sheets, hollow spheres, nanoribbons, nanopillars, and
composites, according to the required applications for different metal-ion batteries.
Moreover, Ming et al. [84] have discussed the individual usage of modified MXenes
via structural engineering, regulating interlayer spacing, substitution, and surface
modification, forming their derivatives, and making hybrid composites for employing
them in suitable battery applications, such as single/alkali-ion batteries (i.e., Li*, Na*,
K*, etc.), multivalent-ion batteries (i.e., AI**, Mg?*, Zn*, etc.), and metal batteries.
The flexibility of interlayer tuning via employing different synthesis routes facili-
tates suitable ionic diffusion within its layered structure sans structural deterioration,
resulting in superior rate performance and better electrochemical cyclic stability. The
previously mentioned manipulatable property of MXenes makes them more suitable
electrodes, especially intercalation-type, than commercially used graphite or other
2D carbon materials for metal batteries. Another major difference between graphite
and MXene is their ion-storing potential. In graphite, the lithium-ion gets interca-
lated close to 0.1 V versus Li/Li*, which is vulnerable to Li-plating, raising serious
safety concerns. Whereas MXenes store lithium ions at around 0.5 V versus Li/Li*,
avoiding the possibility of lithium plating, thus, eliminating the safety risks. There-
fore, employing MXenes instead of graphite in lithium batteries improves the safety
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aspects; however, the cell voltage gets sacrificed due to the higher storing potential
of MXenes.

Electronic properties of electrode materials are also a key requirement or bene-
ficial factor and play a critical role in enhancing the electrochemical performance
of energy storage devices. In addition to higher ionic diffusion, MXenes exhibit
excellent electronic conductivity similar to its competitor graphene due to the avail-
able pool of electrons. Researchers have revealed that most of the MXenes have
metal-like electronic properties; however, they can be significantly tuned by surface
terminations or surface functional groups [86]. For example, TizC,(OH),, i.e., OH
functional group, exhibits a narrow band gap of 0.05 eV, whereas Ti;C,F>, i.e., F
functional group, exhibits a wide band gap of 0.1 eV [87]. Not only the surface
terminations but orbital hybridization of functional groups, viz., p orbitals and tran-
sitions metals’ d orbital could lead MXenes toward semiconductor behavior from
metallic behavior. Moreover, the transition metal M in MXenes is crucial in deliv-
ering the necessary electronic conductivity. For instance, substituting Ti with Mo
in titanium carbide-based MXenes transforms the metallic behavior into semicon-
ducting behavior. Therefore, the surface functional groups and their hybridization,
transition metals, and their arrangements could vastly alter the electronic conduc-
tivity and related properties. The superior electronic conductivity was attributed to
the highly aligned coplanar arrangement of MXene flakes/layers possessing metallic
free-electron density. The higher electronic conductivity of MXenes facilitates swift
electron transport and charge transfer within the electrodes and provides good elec-
trical connectivity, resulting in improved electrochemical performance, proving to
be a potential electrodes for electrochemical energy storage devices, i.e., batteries.

As per the above discussion regarding the suitability of MXenes in batteries, major
research focuses on employing MXenes via compositing with active anodes due to the
possibility of self-discharge from MXenes’ layers having larger interlayer spacing. In
this regard, synthesized MXene-anode composites are used in monovalent lithium-
ion and sodium-ion batteries, as shown in Fig. 5.14 [88, 89]. Figure 5.14a reveals the
SEM image of the as-prepared LiyTisOjp-MXene (Ti3C,Tx) composite, revealing
a clear laminated 2D layered flake-shaped morphology corresponding to Ti3C,Tx
MXene structure. Lis TisO;, has nucleated from the defect sites in the MXene, which
can be observed on the sides of the MXene layers. Such composite morphology was
attained by etching the MAX (Ti3 AlC;) phase with HF resulting in MXene (Ti3;C, Tx),
followed by treating MXene with LiOH in the presence of H,O, to obtain Liy TisO5-
MXene composite. A similar synthesis process was adopted by Huang et al. [89]
to achieve sandwich-type Nag»3TiO,-MXene (Ti3C;) composite by treating TizC,
MXene with NaOH and oxidant. The sandwich-type composite morphology is shown
inFig. 5.14b. The synthesized MXene composites were tested in lithium-ion half cells
to evaluate their performance. Figure 5.14c shows the cyclic voltammogram (CV)
of Liy TisO;,-MXene composite against pristine lithium in a half cell at various scan
rates viz., 0.2, 0.4, 0.8, 1, and 2 mV s~'. The CV curves demonstrate an excellent
rate capability due to negligible distortion of the CV profiles on varying the scan rate.
The superior rate performance corresponds to the unique morphological features and
the presence of MXene. The LisTisO1, particles are grown on the surface of MXene,
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thus, directly attached to them, and MXene is directly in contact with the electrolyte,
allowing easy facilitation of Li-ions from the electrolyte to MXene and LisTisO;
particles. Whereas MXene also facilitates fast electron conduction, resulting in an
interconnected path of electrons throughout the structure, enhancing the reaction
rate during intercalation/de-intercalation of Li-ions. Therefore, LisTisO;,-Mxene
composite exhibits both fast Li-ion diffusion and rapid electronic conduction, proving
superior rate performance. Similarly, Fig. 5.14d demonstrates the first three CV cycles
of sandwich-type Nag 23 TiO,-MXene composite at a scan rate of 1 mV s~!. Except
for the first cycle, which includes the formation of solid-electrolyte interphase (SEI),
the following cycles overlap with each other, revealing good reversibility. The long
galvanostatic cycling of LisTisO,-Mxene composite was evaluated, as shown in
Fig. 5.14e, which revealed a discharge capacity of 178 mAh g~ after 500 cycles
at a high current density of 5 A g~! with maintaining the Coulombic efficiency of
nearly 100%. This excellent electrochemical cycling stability was assigned to the
structural stability, unique morphology, minimal volume expansion, and rapid ionic
and electronic diffusion/conduction. The gradual rise in reversible capacity over the
cycling is due to the widening of the MXenes’ interlayer spacing via trapping Li-
ions and infiltration of non-coordinated solvent species. A similar observation was
made for sandwich-type Naj,3TiO,-MXene composite at the same current density
of 5A g’l, as shown in Fig. 5.14f. Furthermore, sandwich-type Nag 23 TiO,-MXene
composite was subjected to galvanostatic cycling against sodium (in a sodium-ion
half cell), as shown in Fig. 5.14g. The remarkable cyclic stability was attributed
to the above explanation. However, the size of Na-ion is larger than the Li-ions,
the expanded MXenes having more interlayer spacing can explain Na-ion storage,
which can successfully intercalate/de-intercalate larger Na-ions. Therefore, MXenes
or MXene-based composites can easily store monovalent or alkali metal ions for
alkali metal(ion) batteries with superior electrochemical performance.

MXenes have demonstrated the capability of storing monovalent alkali-ions and
possess the potential to intercalate multivalent ions, such as AI**, Mg”*, Zn?*, etc.,
for respective metal-ion batteries. For instance, Xu et al. [90] revealed the storage
of Mg?* ions by Ti3C, MXene via pre-storing a cationic surfactant (CTAB). Along
with the experimental shreds of evidence, theoretical simulations also verified that
the Mg-ion diffusion barrier could be reduced by intercalating CTA* cations. There-
fore, Mg-ions intercalation/de-intercalation between MXene layers gets significantly
improved, resulting in the volumetric capacity of 300 mAh cm~ at a current density
of 50 mA g~!. Moreover, Vahid Mohammadi et al. [91] employed MXenes for Al**
storage for high-capacity Al-ion batteries, as presented in Fig. 5.15. Figure 5.15a
revealed the typical MXene layered structure of V,CTy after etching the corre-
sponding MAX phase (V,AlC) with concentrated HF for 92 h at room temperature.
The galvanostatic potential profile (Fig. 5.15b) indicated a substantial irreversible
discharge capacity of about 335 mAh g~! at a current density of 10 mA g~!, which
corresponds to chloroaluminate anions’ dissolution and SEI formation. Post the first
cycle; the second discharge cycle delivered a specific capacity of about 178 mAh
g~ !, corresponding to V, Al »4CTy intercalated phase. Broad plateaus observed in the
potential profile indicated a wide interlayer spacing possessing a range of potential
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Fig. 5.14 aSEM image of Li4 TisO2-Mxene (TizC, Tx) composite. b SEM image of sandwich-type
Nag 23 TiO2-MXene (Ti3C;) composite. ¢ cyclic voltammograms of LisTisOj2-MXene composite
at different scan rates, viz., 0.2, 0.4, 0.8, 1, and 2 mV s~! for lithium-ion batteries (LIBs). d cyclic
voltammograms of sandwich-type Nag,3TiO2-MXene composite at a scan rate of 1 mV s~ ! for
LIBs. e galvanostatic cycling of LisTisO12-MXene composite at a high current density of 5 A
g~ ! for LIBs. f galvanostatic cycling of sandwich-type Nag3TiO2-MXene composite at a high
current density of 5 A g~! for LIBs. g galvanostatic cycling of sandwich-type Nag 23 TiO,-MXene
composite at a high current density of 2 A g~! for sodium-ion batteries (SIBs) [with permission
from Refs. [88, 89] Copyright 2018 Elsevier]

for intercalation/de-intercalation, which was confirmed with a cyclic voltammogram
(as shown in Fig. 5.15c), revealing the corresponding cathodic and anodic peaks.
Figure 5.15b clearly shows that there is a severe capacity decay over the cycling for
multilayer MXene. Therefore, by further treatment, MXene was modified to a few-
layer and subjected to electrochemical cycling (Fig. 5.15d, e). By transforming the
multilayer MXene into few-layer MXene, the rapid capacity decay was suppressed;
however, a gradual decay was observed, retaining a reversible capacity of 90 mAh
¢! after 100 cycles at a higher current density of 100 mA g~!. To evaluate the
fast-charging performance of few-layer MXene, a different protocol was employed
with a high charge current density of 1000 mA g~! and a low discharge current
density of 100 mA g~'. Even at this high charging rate, few-layer MXene was able
to retain a specific capacity of 76 mAh g~! after 100 revolutions (Fig. 5.15¢). There-
fore, the applicability of MXenes is not only limited to alkali metal batteries but
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Fig. 5.15 a SEM image of MXene (V,CTy), obtained by treating Vo, AIC MAX phase with 50% HF
for 92 h at room temperature. b initial galvanostatic potential profiles of multilayer V,CTx MXene
electrode against Al-metal anode at a current density of 10 mA g~!. ¢ cyclic voltammogram of
multilayer VoCTy MXene electrode at a scan rate of 0.1 mV s~ ! in a potential window of 0.1-1.8 V.
(V vs. AVAIP*). d galvanostatic cycling of few-layer V,CTy MXene electrode at a current density
of 100 mA g, e galvanostatic cycling of few-layer Vo,CTx MXene electrode at a charge current
density of 1000 mA g~! and discharge current density of 100 mA g~!, showing fast-charging
capability [with permission from Ref. [91] Copyright 2017 American Chemical Society]

also multivalent-ion batteries, metal-sulfur batteries, and metal batteries. However,
the research progress on multivalent-ion batteries, metal-sulfur batteries, and metal
batteries is limited. According to the current research progress, structure modifi-
cation, interlayer spacing tuning, surface or functional group substitution, transition
metal doping, and choice of synthesis process are a few strategies to enhance the prop-
erties of MXenes for an improvement in electrochemical performance for various
metal(ion) battery applications.

5.5 Conclusion

The material composition and architecture of MXenes widen the scope of their
utilization in energy conversion and storage devices. Their performance improve-
ment procedure (energy and power density) depends on the surface features. The
edge sites and the electronic band structure of MXenes enhance their water-splitting
performance to replace precious metal (noble metal) electrocatalysts in water elec-
trolyzer systems. The vertically aligned nanosheets of MXenes decrease the diffu-
sion resistance to enhance the supercapacitor performance. Moreover, the reversible
intercalation of various electrolyte ions in the expanded layers of MXenes makes
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them potential candidates for new-generation supercapacitors. The terminated func-
tional groups on the MXenes play an essential role in energy storage regarding ion
adsorption and ion diffusion barriers. With the good qualities of flexible morpholo-
gies, wide and tunable interlayer spacing, superior ionic diffusivity, higher electronic
conductivity, and reversible volume expansion, MXenes are capable of intercalating/
de-intercalate alkali-ions and multivalent ions due to their inherent large interlayer
spacing. The surface groups on the MXenes control the in-situ growth of active
species responsible for decreasing the charge—discharge process.

Despite the extensive efforts of researchers and promising qualities with excellent
electrochemical performance in supercapacitors and batteries, certain issues are still
prevailing in commercializing the MXenes, such as

1. Understanding the intercalation mechanism of multivalent ions. One has to
explore the relationship between the interlayer spacing and diffusion barrier.

2. Requirement of facile and innovative synthesis strategies and etching methods.
For instance, mostly HF is employed in etching the MAX phase to obtain
MXenes, which is unsafe and harmful for humans and the environment.

3. Toexplore the doping and defect engineering of MXene electrocatalyst for water-
splitting application. The potential doping (metal species) as redox sites in energy
storage systems is yet to be explored. The theoretical and experimental results
may provide a breakthrough energy and power density of MXene-based energy
conversion and storage devices.
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