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Chapter 1: General introduction

Owing to growing concerns about climate changes and air pollution from the burning of fossil
fuels and depletion of the world fossil energy resources, many researchers and policymakers have
started to turn their attention to energy storage solutions.™ Indeed, energy storage systems can help
to solve issues related to the intermittent nature of renewable energies such as solar and wind power;
it can also, in many cases, make a smart grid city quick to respond to large fluctuations in the
demand and hence reducing the needs of backup power sources.>® The performance of an energy
storage system is determined by how rapidly it can react to changes in the demand, how quickly it
can be charged and discharged, and how largely it can store the energy. To make the grid city smarter
and eco-friendly, a broad range of applications (e.g., UPS, electric vehicle, renewable energy)
requires the high performances of energy storage such as fast charge/discharge capability, long cycle
life, good safety, and high energy density as shown in Figure 1.1.%® Therefore, many energy storage
materials and mechanism (intercalation, alloying, conversion, and adsorption) have been widely

explored to provide higher energy and power densities.**°
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Figure 1.1 Many applications require the high performance of energy storage system for eco-friendly smart
grid city. For examples, energy storage system is used as a backup source during power failure. Instead of
fossil fuels, energy storage system acts as a power source for electric vehicle. Energy storage system is needed

for intermittent nature of renewable energies.



Li-ion batteries have widely been used for a variety of applications such as portable electronic
devices (e.g., cellular phone, laptop, and camera) and electric vehicles."**? Lithium has a light
molecular weight and a low negative electrode potential (E = -3.04 V, Li*/Li vs. standard hydrogen
electrode).”® Thus, commercial Li-ion batteries provide large energy density (> 200 Wh/kg).' Li-ion
batteries operate via chemical reactions converting between chemical energy and electric energy
where Li-ions are transferred between a cathode and an anode through an electrolyte. Li-ion batteries
largely consist of the cathode, anode, electrolyte, and separator. As for commercial Li-ion batteries,
metal oxides (e.g., LiCoO,)™ and graphite'® are widely used as active materials in the cathode and
anode. Electrolyte plays critical role in transporting Li-ions, and separator acts as a membrane of
Li-ion transport while blocking electrical short between the cathode and anode. As shown in Figure
1.2, Li-ions transport from the cathode (e.g., LiCoO,) to the anode (e.g., graphite) through the
electrolyte and separator during discharge process; on charge process, Li-ions flow reversely from
the anode to cathode. Although Li-ion rechargeable batteries have been the most studied and widely
commercialized as energy storage devices due to the high energy densities, their low power densities
coming from low ionic conductivity and high Li-ion diffusion energy barrier in electrode limit

further applications requiring high current output.

 Electrolyte
Cathode
Separator (LiCoO,)
(Cathode) LiCoO, Li,,CoO, + xLi* + xe-
(Anode) C4 + XLi* + xe- Li,Cq
, charge ) )
(Overall) LiCoO, + Cgq Li, ,CoO, + Li,Cq4
discharge

Figure 1.2 Schematic illustration of discharge process in Li-ion batteries. Chemical formula indicates

chemical reactions between the cathode (LiC00O,) and anode (graphite) during charge/discharge process.



Alternatively, electrical double-layer (EDL) capacitors have widely explored using materials with
large specific surface area (e.g., activated carbon). EDL is formed at the interface between electrode
surface and adjacent electrolyte for neutralizing the charged electrode surface as shown in Figure 1.3.
EDL is commonly divided to three regions'’*®:

1. Inner Helmholtz plane: it comprises the absorbed solvent molecules and sometimes
peculiarly absorbed ions on electrode surface due to chemical interactions.

2. Outer Helmholtz plane: counter-ions (charged opposite to the negatively or positively
charged electrode surface) are closely packed by the electrostatic force.

3. Diffuse layer: it contains free ions (excess solvated cation and anions), which can be affected

by the electrostatic force of the negatively or positively charged electrode surface.
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Figure 1.3 Schematic illustration of EDL formation during charge process. Solvated cations are

electrochemically absorbed on the electrode surface.

EDL capacitance is generated at the interface between electrode surface and electrolyte. The first
layer is formed with negatively (or positively) charged electrode surface and sometimes peculiarly
absorbed ions on electrode surface due to chemical interactions. The second layer comprises
counter-ions charged opposite to electrode surface. Generally, solvent molecules absorbed on
electrode surface block the chemical interactions between electrode and solvated cations, which
feature a dielectric of typical capacitors with the mechanism of electrochemical adsorption and
desorption. Activated carbon has widely been used as an electrode for commercial EDL
capacitors.*% Although it provides fast charge/discharge capabilities, its capacitance is limited by

specific surface area accessible to an electrolyte.”??



Pseudocapacitors involve a faradaic charge-transfer reaction between electrode surface and
electrolyte, unlike EDL capacitors in which charge storage occurs with an electrostatically adsorption
through EDL formation. Pseudocapacitance materials have several types of reversible faradaic
reaction mechanism: (1) underpotential deposition (UPD), (2) surface redox pseudocapacitance, and
(3) intercalation pseudocapacitance. Underpotential deposition is a phenomenon that metal ions are
electrochemically reduced on the substrate, generating an adsorbed monolayer of metal. As for
surface redox pseudocapacitance, electrochemical adsorption of ions occurs with fast reversible

4.23,24

faradaic redox reaction on electrode surface as shown in Figure 1. Intercalation

pseudocapacitance (e.g., Nb,Os) involves the faradaic reaction in the bulk of the electrode materials.
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Figure 1.4 Schematic illustration of surface redox pseudocapacitance. Generally, oxidation state of

transition-metal is changed by redox reaction between electrode and electrolyte.

Typically, redox pseudocapacitance provides even multiple redox couples, leading to the large
capacitances. Transition-metal oxides and conducting polymers have been widely explored as
pseudocapacitance electrode materials.?>%’ In particular, RuO,-based materials?® have the most
studied due to their higher capacitance than commercial activated carbon and better electrochemical
stability than conducting polymers. Since the discovery of the considerably enhanced capacitance of
hydrous ruthenium oxide (RuO;-nH,0) with an amorphous phase (much larger than that of RuO,),
many studies have been focused on exploring the further high-performance of RuO,-based materials

and interpreting the material structure and electrochemical behavior.?



Although hydrous ruthenium oxide (RuO;-nH,O) as shown in Figure 1.5b gives capacitance
ranges from 600 to 800 F/g much higher than that of anhydrous RuO, (Figure 1.5a), it has low
electric conductivity, leading to low power density. W. Sugimoto et al. reported that a new layered
ruthenic acid (Ho2RuO,; -nH,0) as shown in Figure 1.5c, which provides high energy density (up to

390 F/g) as well as high power density.3**
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Figure 1.5 Schematic illustration of fractal tree-root model of (a) anhydrous RuO,, (b) hydrous RuO,-nH,0,
and (c) layered ruthenic acid (Ho,RuO,-nH,0) to understand the relationship between material structures and

electrochemical performances.®

A fractal tree-root model (Figure 1.5) is employed to explain the relationship between material
structures and electrochemical properties.®® In this model, secondary particles are made by
agglomeration of primary particles. Mesopores are formed between secondary particles, which can
be described as the thick trunk root. The micropores between the primary particles can also be
considered as the thin roots. lonic conductivity increases with increased pore size due to low ionic
resistance. Commonly, RuO,-nH,O has the loosely-packed and 2 nm-scale primary particles,
providing hydrated micropores (Figure 1.5b). On the other hand, anhydrous RuO, has the
closely-packed 10-20 nm-scale primary particles, mostly forming mesopores (Figure 1.5a).
Ho2RUO- 1 -NH,0 has layered lamellar structure where proton-conducting hydrous layers (nH,0) are
interleaved between nano-sheets (Ho,RuO,) with high electrical conductivity. This structure with
proton-conductive interlayer spacing (Figure 1.5c) offers intercalation psudocapacitance, which can
utilize large amounts of active sites for charge storage, leading to high energy density (up to 390 F/g)

without sacrificing power density. Mesopores are formed between secondary particles made by
5



stacking the layers. Large interlayer distance corresponds to the mesopores with low ionic resistance,
and large planar interlayer spacing contributes to high energy density. Therefore, anhydrous RuO;
provide high proton conductivity via hydrated mesopores from secondary particles while less amount
of active sites for charge storage, leading to low energy density. Hydrous RuO,-nH,O provides large
amount of active sites for charge storage via hydrated micropores while it has poor electric
conductivity and proton conductivity due to water content and high ionic resistance in the hydrated
micropores, respectively. Layered ruthenic acid (Ho2RuO;-nH,0) has large interlayer spacing and
distance, providing large amounts of active sites for charge storage as well as good electric
conductivity and proton conductivity. However, critical drawback of ruthenium-based materials is
very expensive because ruthenium is noble metal.

Two-dimensional (2D) materials (e.g., graphene, MXene) similar to the structure of the layered
ruthenic acid have been considered as promising candidates to enhance both energy and power
densities for energy storage applications because they exhibit unique properties (e.g., high electrical

conductivity, low diffusion energy barrier) with large amounts of electrochemically-active sites.>*>¢

1.1 Two-dimensional materials

To enhance the ion accessibility between electrode surface and electrolyte, many dimensional
types of materials have been reported such as nanoparticles (OD), nanotubes (1D), nano-sheets (2D),
and mesoporous structures (3D).5"* These materials provide a large specific surface area and rapid
charge transport, which are radically required for the high-performances of energy storage and
conversion applications (e.g., Li-ion rechargeable batteries, supercapacitors). As shown in Figure 1.6,
different dimensional carbon-based nanomaterials (Fullerenes (OD), carbon nanotube (1D), graphene
(2D), activated carbon and graphite (3D))* have widely been explored for improving the
electrochemical performances of energy storage systems. For examples, Fullerenes (0D) have been
used as coating agents for electrode materials with low stability in electrode/electrolyte interface,
which offer the stable cycle ability.** Carbon nanotubes (CNTs) have 1D tubular structure with high
electrical conductivity and large surface area, which make them to be served as the EDL charge
storage host and conductive additives.**** 3D activated carbon has been served as a super-capacitive
material owing to its large specific surface area and hence they provide fast surface EDL capacitance
and relatively higher energy density than conventional electrolytic capacitors.** In 2004,
two-dimensional (2D) graphene was first discovered by the isolation from the three-dimensional (3D)
graphite for the first time.*> Graphene is crystalline carbon allotrope with an atomic-scale

honeycomb lattice, which is composed of carbon atoms placed in a hexagonal structure. Each carbon
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Figure 1.6 Schematic design of carbon-based materials in different dimensions: i.e., OD-fullerene,

1D-nanotube, 2D-graphene, and 3D-activated carbon

atom is connected each other with o-bonds and delocalized n-bonds in the sp? honeycomb lattice.*®
Thanks to the 2D geometry and electronic structure of graphene, which takes advantages of good
chemical stability, high electrical conductivity and excellent ion accessibility leading to a broad
range of applications.*” Since the discovery of graphene, numerous 2D materials such as hexagonal
boron nitrides (h-BN),***° transition-metal dichalcogenides (TMDCs),**%? metal oxides®,
hydroxides®*, MXenes, etc. have been explored as shown in Figure 1.7 and Table 1.1.%° The unique
properties of 2D materials originated by their single layers, bulks, and layered counterparts promote
to explore many types of 2D materials for a broad range of applications. 2D materials possess
excellent properties such as high thermal and electrical conductivity, high mechanical strength, high
mobility, high sensitivity, insulator behavior, etc., which can be applied for energy storage, catalysts,
water purifications, filters, semiconductors, and sensors.>® In addition, 2D materials have versatile
chemistry achieved by heterostructure, composite, doping, etc. which can provide new properties
such as metallic character, semi-conductor, and insulator by controlling electronic structures. Since a
variety of compositions can also offer favorable properties, novel 2D materials have been explored to
synthesize: e.g., MXene,”’ silicene,”® germanene,*® stanene,®® and plumbene® were discovered in
2011, 2012, 2014, 2015, and 2019, respectively.
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Figure 1.7 Examples of 2D layered materials.”

Table 1.1 Existent or potential 2D layered materials, which can provide unique properties for many

applications.”

Group VIV Dichalcogenides  Trichalcogenides  Oxides Halides Potential 2D
Graphene C VSe,, NbSe,, Bi,Ses, Bi,Tes, MoOs, V,0s, FeCls, FeBrs, Zintl Hosts
Graphane CH TiS,, ZrS,, HfS,, Sh,Tes, Bi,S;, WOs, ... CrCl;, CrBrg, CaSis,,
Fluorographene CF ReS,, PtS,, In,Ses, As,S;, MoCl;, MoBrs;, CaGey,
Silicene Si TiSe,, ZrSe,, As,Se;, NbSe;, Nitrides TiCl;, TiBrj, Ca(SiyxGey),,
Germanane GeH HfSe,, ReSe,, TiS;, ZrS;, ZrSe;,  h-BN InBr3;, Pbl,, BazSn,Asg

PtSe,, SnSe,, ZrTes, HfS;, AIClI3, InBrs, CaMg;N;
MXenes TiTe,, MoTe,, HfSe;, HfTes, Oxychlorides CrBr;, FeCly, Caln,
Ti3C,Ty, Ti,CTy, WTe,, CoTey, NbS;, TaS;, BiOCI, FeOCl, MgCl,, CoCl,, CaNiyP,
Nb,CT,, M0,CT,, ... RhTey, IrTe,, TaSe;, ... HoOCI, ErOCIl, VCl,, VBry, CaAuGa, ...

NiTe,, PdTe,, ErOCI, TmOCI, VI, CdCl,,

PtTe,, SiTe,, Mono- YbOCI, LnOCI, Cdl,, ...

NbS,, TaS,, Chalcogenides

MoS,, WS,, GeSe, GeTe, Layered Silcate  Thiophosphates

TaSe,, MoSe,, GaSe, GaS Minerals FePS,, MnPS;,

WSe,, MoTe,, Egyptian Blue, NiPS;, ...

SnSe,, SnS,, ...




2D materials have been considered as promising energy storage hosts because unique 2D layered
structures offer many benefits such as rapid transportation of ions and electrons compared to
complex 3D structures, and large amounts of active sites for charge storage as shown in Figure 1.8.3
Indeed, many 3D electrode structures such as the spinel structure exhibit geometrically intrinsic
problems (e.g., high diffusion energy barrier in the electrode), leading to poor rate capabilities. To
improve the performance such as energy density, power density, and cycling ability for batteries and
supercapacitors, 2D structures may effectively be used for good charge storage hosts with fast charge
transportation.

Energy density of 2D materials is determined by how much the amounts of charge can be
accommodated in their interlayer spacing. 2D materials have a face to face planar structure,
providing large amounts of electrochemically-active sites for charge storage. This large lateral size of
the 2D materials can store large amounts of ions in interlayer spacing in parallel to charge storage on
the surface, which can deliver higher energy density comparable to batteries.®? In addition, 2D
structures with large interlayer distance provide excellent ion accessibility and fast diffusion pathway

in interlayers, resulting in high power density.

3D pathway 2D pathway

Figure 1.8 Schematic design for 3D and 2D pathway of ions and electrons.

6384 (e.g., attachment of surface termination groups, insertion of

Moreover, versatile chemistry
intercalants as a pillar) of 2D materials grants new properties for the high-performances; for example,
increased interlayer distance gives excellent ion accessibility with a low energy barrier of
ion-transportation in the interlayer. Also, metallic and zero-band gap 2D materials with high
electrical conductivity can be achieved by tuning of electronic structures.®>®® Rich chemistry of 2D
materials opens a new door for the synthesis of new materials, which can make them have favorable

properties for energy storage applications.®”®



Figure 1.9 shows a schematic illustration of an ideal 2D supercapacitor with intercalation
capacitance in the interlayers of 2D materials. During discharge process, solvated-ions in a 2D anode
material transport to a 2D cathode material through an electrolyte while electrical current flows as
the electrons move to cathode electrode. On the other hand, solvated-ions and electrons move
backward during charge process. Owing to large interlayer distance and spacing, 2D materials
provide fast charge transportation and large capacitance, which can be considered as alternatives to
electrode materials for Li-ion batteries. Indeed, there have been many reported 2D materials for
energy storage applications. Graphene has been the most studied due to their advantages of high
electrical conductivity and large specific surface area.”® In addition, many other types of 2D-based
materials such as TMDCs, metal oxides, metal hydroxides, MXenes etc. have been used as active

electrode materials for energy storage applications as listed in Table 1.2.

ﬁ )

.
Intercalation
capacitance

ﬁ 9 rLo- ‘,,. # . ¢
Electrolyte
$ —
$ — /
Large interlayer
Anode distance

Figure 1.9 Schematic example of supercapacitor using 2D anode and cathode, which enable solvated-ion
intercalation and deintercalation. During discharge process, solvated-ions move to cathode material and
intercalate into interlayer while electrons transport to cathode side along to an electrical circuit. Conversely,
solvated-ions and electrons move back to anode material during charge process. 2D supercapacitor system is
considered as a promising candidate for future energy storage device due to relatively high capacitance and fast
solvated-ion transportation. Solvated-ion intercalation without the desolvation facilitates fast charge/discharge

in the absence of high desolvation energy barrier, typically featured in commercial Li-ion batteries.
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Table 1.2 Various 2D materials for energy storage applications.

Material Description Ref.

Graphene sheet Highly corrugated graphene sheets (HCGS) showed -
capacitance of 349 F/g in aqueous electrolyte.

MnQO,/chemically Capacitance of 389 F/g at a current rate of 1 A/g and

modified graphene  superior capacitance retention of 97.7 % at a current rate of 72
35 A/g in aqueous electrolyte.

Graphene Capacitance of 117 F/g in aqueous electrolyte. -3

Graphene oxide Graphene oxide hydrogel provided capacitance of 232 F/g in 24

hydrogel aqueous electrolyte.

Exfoliated graphene  Exfoliated Graphene exhibited capacitance of 120 F/g in -
organic electrolyte.

MoS,/rGO High concentrations of MoS; with RGO (HCMo0S,/RGO) 76
showed capacitance of 148 F/g in aqueous electrolyte.

Fe;04/rGO Fe;0.@RGO nanocomposites exhibited superior 77
capacitance (326 F/g) in aqueous electrolyte.

Boron-doped Boron-doped graphene showed 172.5 F/g at a current rate of 18

graphene 0.5 A/g in aqueous electrolyte.

200-pum MXene film  200-um MXene film exhibited exceeding 200 F/g at a high 29

scan rate of 2 V/s in aqueous electrolyte.
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1.2 MXenes

MXenes are an emerging class of two-dimensional (2D) transition-metal carbides and nitrides. In
2011, M. Naguib et al.>” have first discovered 2D graphene-like MXene obtained by the extraction of
Al layers in a MAX phase TisAIC; in hydrofluoric acid solution. MAX phases are ternary layered
carbides and nitrides with general formula of M,.+1AXp; n: 1, 2, or 3, M: early transition-metals, A:
mostly 13A and 14A groups, X: C and/or N. More than 60 different members of pure MAX phases
have been found as shown in Figure 1.10.2>® However, different combinations of M and X atoms
could quite enlarge the number of MAX phases, which can make their intrinsic properties adjustable.
All reported MAX phases have layered hexagonal structures with space group of P63/mmc in which

the Mp1 X, layers (the X atoms are filled in octahedral sites between the nearly close-packed M

layers) are interleaved by the A layers.®>®
Early
1A transition-metal MA IVA VA VIA VI
Group A
Be oM element
° A
Mg " B * X C and/or N

Fe Co Ni Cu

Ru | Rh | Pd | Ag

Figure 1.10 Reported MAX phases Mn.;AX, (n: 1, 2, or 3) in periodic table. Schematic chemical structure

shows an example of MAX phase of M,AX (hexagonal layered structure, P6s/mmc).
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Figure 1.11 Schematic design of etching process of Al layers from Ti,AIC to MXene TisC,T, (T,: surface

termination groups from etchant).

The MpX, layers are chemically stable with a mixed covalent/metallic/ionic bonding stronger
than a metallic bonding between M and A atom. Therefore, the A layers can be selectively extracted
by an appropriate chemical treatment. A multilayered MXene TizC, Ty (Tx: termination group from
the etchant) have successfully been synthesized by the selective removal of Al layers from a MAX
phase TizAIC, in HF acid solution as described in Figure 1.11. Considering the etchant compounds
of a HF agqueous solution, selectively etching process resulting in formation of Ti3C, Ty (Tx: -OH, -O,
-F) possibly occurs (Equation 1.1-1.4).>" %2 Furthermore, delaminated 2D MXene (same structure
with graphene) can be synthesized by sonication and centrifugation of the multilayered MXene

TisC, Ty due to weak van der Waals force between the layers as shown in Figure 1.11.%"

(Equation 1.1) TisAIC, + 3HF = AlF; + 3/2H, + TisC,
(Equation 1.2) TizC, + 2H,0 = Ti3Cy(OH), + H,
(Equation 1.3) TizC,(OH), = TizC,0 + H,0
(Equation 1.4) TisC, + 2HF = TizCyF, + Hy

As for etching process, the metallic bond of Ti-Al from TizAIC, is weakened by the strong
etchant of HF, leading to the formation of Ti3C, as shown in Equation 1.1. Termination group (-OH,
-O, -F) as described in Equations 1.2-1.4 could be attached to Ti atoms confirmed by
energy-dispersive X-ray (EDX) analysis.”” MXenes can be also synthesized by the removal of A
layers in a LiF/HCI aqueous solution. LiF/HCI treatment is so-called in situ HF formation method

because HF is generated by reaction between LiF and HCI as a following Equation 1.5.%
13



As HF is an extremely dangerous chemical, LiF/HCI (in situ HF) treatment has widely been
employed for etching process. In addition, this treatment takes several advantages by attachment of

chloride termination groups as a following Equation 1.6 and large lateral size of MXenes.**%

(Equation 1.5) LiF + HCI = HF + LiCl
(Equation 16) TizC, + 2HCI = TisC,Cl, + H,

In LiF/HCI treatment, larger size of the chloride atom (1.75 A) compared to that of fluoride atom
(1.47 R) provide enlarged interlayer distance of Ti,CTy (8.7 A). Indeed, this value is larger than that
of HF treatment of Ti,CTy (7.7 A), providing higher capacitance of 300 F/g (Ti,CT, (LiF/HCI)) than
240 F/g (Ti,CTx (HF)) owing to superior ion accessibility in MXene interlayer in a non-aqueous
electrolyte.” Moreover, LiF/HCI treatment was much milder than HF treatment, providing larger
lateral flakes with low probability of nano-size defects, usually detected in HF-treated MXene
materials. LiF/HCI treatment also takes advantages of high yields of MXene and high electrical

conductivity (~1500 S/cm) achieved by non-defected, large lateral structure.”
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Solid-solution M:
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. °
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Figure 1.12 Reported MXene M,.: X, Ty (M: transition-metal, X: carbon and/or nitrogen, n: 1, 2, or 3).

As shown in Figure 1.12,%° MXenes (Mn:1Xn Ty, N: 1, 2, or 3) can be synthesized with different
phases; M,XTy (21 phase), M3X,Tx (32 phase), and MsX3Tx (43 phase). They also have different
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forms; ordered single-M (e.g., Ti,C, Ti3C,), a solid solution of transition-metal (e.g., (Ti,V).C),
ordered double-M (e.g., (Mo,Ti)C,), and a solid solution of carbon and nitrogen (carbonitrides).
Because a variety of MXenes have different chemical, physical properties, they might be promising
candidates for appropriate applications.

In summary, MXenes are a new class of two-dimensional transition-metal carbides,
carbonitrides, and nitrides. Their general formula is M1 X, Ty; n: 1, 2, or 3, M: Ti, Nb, Mo, V, etc., X:
C and/or N, Ty (surface termination group from etchants): -OH, -O, -F, -Cl. Approximately 20
different MXenes have been successfully synthesized and characterized. Besides extant MXenes, the
properties of new MXenes have also been computationally characterized and they have been
challenged to synthesize. Exploration of new MXenes (e.g., different M atoms, solid solution of M
atoms, combination of C and N atoms, different surface termination groups) provides a great
potential for tuning the properties.””* Recently, many researchers have studied a variety of MXenes,
which have been employed not only in energy storage applications but also in many field such as
composites for strong mechanical strength, water purification, electro-catalyst for oxygen and

hydrogen evolution, sensors, etc. (Table 1.3).

Table 1.3 MXenes for various applications other than energy storage.

Application Material Description Ref.
Structural TisCoTy-PVA Enhanced  mechanical  strength, 100
composite Ti3C,T\-PDDA hardness, and anti-friction properties.

Water purification ~ Ti3C,(OH), Heavy metal filtration (e.g., Pb). 101
lon sieving Ti3C, Ty Membrane for filtering NacCl, 102

MgSQy,, etc.
Oxygen evolution Ti3C,T,/graphitic Freestanding oxygen electrode for 103
C3Ngy rechargeable Zn-air batteries.

Hydrogen evolution Mo,CTy Hydrogen evolution in sulfuric acid. 104
Gas sensor V,C-PDMAEMA CO, and temperature sensor. 105
Antibacterial TisC,Ty 98% bacterial cell viability loss. 106
material
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1.3 Energy storage applications of MXenes

The chemical and structural versatility of 2D MXenes offers favorable properties such as high
electrical conductivity and large interlayer distance providing excellent ion accessibility and large
amounts of electrically-active sites. These features could lead to high energy and power density for
energy storage applications.”® M. R. Lukatskaya, et al.'”’ reported intercalation of various ions (Li",
Na*, K*, NHs", Mg®*, AI*) in TisC,T, MXene interlayers, opening the door of new 2D MXene
electrodes for batteries and supercapacitors. Although TizC,Tx was reported to have much lower
surface area of 23 m?/g than 2500 m?/g of activated carbon, the capacitance of TisC,Tx (80 F/g) is
comparable with 100 F/g of activated carbon in Li,SO4 aqueous system, suggesting that different
charge storage mechanism occurs other than surface EDL capacitance.'’” Because MXenes have
large interlayer distance (> 10 A), solvated-ions might be intercalated into MXene interlayer. Indeed,
reversible shifts of 002 diffraction peak were observed during charge/discharge process, indicating
expansion (charge) and shrinkage (discharge) of interlayer distance based on ex situ XRD.'%®
Therefore, charge storage mechanism of MXenes generated by surface EDL capacitance on
exfoliated surface and intercalation EDL capacitance in MXene interlayers could give large

capacitance, despite such low specific surface area of 23 m?/g as shown in Figure 1.13.1071%®

EDL Capacitance EDL Capacitance
on exfoliated surface o in MXene interlayers

84800 5.0kV 8.7mm x10.0k SE(M)

Figure 1.13 Scanning electron microscope (SEM) image of Ti,CT,. Solvated-ions can be not only
electro-adsorbed on the exfoliated surface (surface EDL capacitance) but also intercalated in interlayers of

MXenes (intercalation EDL capacitance) with aqueous system.
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Figure 1.14 Cyclic voltammograms of LiF/HCl-treated Ti,CT, in a typical aqueous electrolyte 1 M Li,SO,
and a non-aqueous electrolyte 1 M LiPFg in EC/DMC (1/1, vol.%). Re-experimental data from ref. 108.

Figure 1.14 shows cyclic voltammograms (CV) of MXene Ti,CTy in aqueous and non-aqueous
system. The CV in a commercial 1 M Li,SO,4 aqueous electrolyte shows a rectangular shape, which
is characteristic of a typical capacitor. In contrast, the CV in 1 M LiPFg in EC/DMC (1/1, vol.%)
exhibits a distorted rectangular with larger capacitance, suggesting different charge storage
mechanism with aqueous system.'® The capacitance (163 F/g with a specific capacity of 20 mAh/g)
of Ti,CT, with a 1 M Li,SO., aqueous system'® is much lower than that (320 F/g with a specific
capacity of 250 mAh/g) with 1 M LiPFs in EC/DMC (1/1, vol.%).% In addition, M. Naguib et al.
reported the high reversible capacities of 170 and 260 mAh/g for Nb,CT, and V,CTy with 1 M LiPFg
in EC/DEC (1/1, wt.%).°

(@) EDL Capacitance (b) Desolvation  Redox Reaction

Aqueous System Non-Aqueous System

Figure 1.15 Schematic illustration of the different charge storage mechanisms in MXene interlayer with (a)

aqueous and (b) non-aqueous electrolytes.

Here, M. Okubo, et al.’®® systematically investigated differences of charge storage mechanism in

aqueous and non-agqueous systems as shown in Figure 1.15. Since cations in aqueous system
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strongly coordinated with water molecules, hydrated-cations (e.g., Li*-4H,0) can be intercalated in
MXene interlayers without redox reaction between ions and surface terminations as shown in Figure
1.15a. Indeed, ex situ XRD of Ti,CTx with a Li,SO4 exhibited reversible shifts of 002 diffraction
peak during charge/discharge process, indicating that hydrated-Li* are intercalated in MXene
interlayers. As shown in Figure 1.15b, the cations in non-aqueous system are weakly coordinated
with solvent molecules, resulting in an ease desolvation. Thus, orbitals of desolvated-cations can be
hybridized with the orbitals of surface termination groups leading to redox reactions in MXene
interlayer. These redox reactions cause the distorted CV in non-aqueous system (Figure 1.14),
providing the higher capacitances than those of aqueous system.*®

Pe Pri

2l A
v o "% .V,
T Ny Yo e Ve Y, G e, Y

,,,,,,,,,,,,,,,,,,,

van der Waals ® /

force

v v
,,,,,,,,,,,,,,,,,,,,
''''''''''''
,,,,,,,,
...........
............

AQ C: specific capacitance
= ——— AQ: stored charge per electrode weight
A(‘Pe - §0Li) A(p. — ¢y;): change of inner potential difference
between electron and lithium ion

Figure 1.16 Schematic illustration of solvated-ion intercalation in MXene interlayer with an equation of the

specific capacitance (C) in aqueous system.

The specific capacitance (C) in MXene interlayers can be expressed as an equation in Figure
1.16 in aqueous system. In aqueous system, AQ is small due to the narrow electrochemical potential
window and hence A(g, — ¢,,) is constant owing to no band-filling effect (¢, is constant) and no
chemical interaction of solvated-ions (¢, . is constant). Thus, intercalation capacitance behaves like
EDL capacitance with solvated-ions as shown in Figure 1.3, providing rectangular CV shape
(Figure 1.14). Unlike the Li aqueous system, TisC,Tx MXene in acidic aqueous electrolytes (e.g., 1
M H,SO,) showed distorted CV shape, providing the faster charge/discharge capability and higher
capacitance comparable to that of non-aqueous system.’**"*3 |n acidic atmosphere, M. Hu, et al.***
demonstrated charge storage mechanism (faradaic reaction) that the change in transition-metal state
is accompanied by fast protonation of oxygen surface termination group in MXene (e.g., TisC,Ty)

interlayers as a following Equation 1.7.”

(Equation 17) TingOa(OH)bFCC|d +0e +0H" = Ti3C20a_5(OH)b+5FCC|d
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Figure 1.17 shows schematic illustration of faradic reaction in the MXene interlayer. This rapid
protonation of oxygen surface group in large lateral MXene interlayer gives faster charge/discharge
capabilities and higher capacitances compared to those of other aqueous system (e.g., Li, Na). In
addition, designing MXene electrode architectures with enhanced ion accessibility to
electrochemically active sites can further improve their electrochemical performances. Indeed,
macroporous MXenes, MXene hydrogels, and MXene thin-film in the acidic electrolyte delivered

high capacitances of exceeding 300 F/g below scan rate of 1 V/s and exceeding 200 F/g at 10 V/s.”
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Figure 1.17 Schematic illustration of charge storage mechanism in MXene interlayer with acidic aqueous

electrolyte.

Owing to favorable properties (e.g., intercalation capacitance, high electric conductivity) of
MXenes, many studies on MXenes have been conducted as electrode materials for supercapacitors.
Furthermore, the versatile chemistry and chemical composition change of MXene provide the
synthesis of new MXenes, which feature excellent electrical conductivity, superior ion accessibility,
and large space of electrochemically active sites. First way to enhance electrochemical performances
of MXenes is to tune the surface termination groups. S. Kajiyama et al.*® reported enhanced ion
accessibility in MXene interlayer by the substitution of surface groups from -O, -OH, -F (HF
aqueous solution etching) to -O, -OH, -F, -CI (LiF/HCI aqueous solution etching) due to increased
interlayer distance coming from larger chloride atomic size as shown in Figure 1.18. Ti,CTy
(LiF/HCI) showed the higher gravimetric and volumetric capacitance of 300 F/g and 130 F/cm® than
240 F/g and 100 F/cm?® of Ti,CT, (HF) with 1 M LiPFg in EC/DMC (1/1 vol.%). Furthermore, Li-ion
hybrid capacitor with Ti,CTy (LiF/HCI) and LiNiy3Co01/3Mny30, provided an high energy density of
160 Wh/kg at 220 W/kg in 1 M LiPFg in EC/DMC (1/1 vol.%), which is comparable with those of
commercial Li-ion batteries. This work suggested that larger surface termination groups (e.g., -Br
and —I) may further enhance electrochemical performances of MXenes.
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Figure 1.18 Schematic design for different interlayer distances of HF-treated Ti,CT, and LiF/HCl-treated
Ti,CT,. Larger chloride atomic size provides increased interlayer distance, which can enhance ion

accessibility.

Second approach to improve electrochemical behavior is to employ pre-intercalation of large
molecules. Pre-intercalation of large organic molecules (dimethyl sulfoxide, urea, hydrazine,
long-chain alkylamines, etc.) offers large interlayer distances, which facilitate the ion transport in
MXene interlayers. For examples, cetyltrimethylammonium bromide (CTAB) pre-intercalation'®” in
TizC,Tx opens magnesium storage capability for Mg-ion batteries while magnesium ions cannot
intercalate without CTAB as shown in Figure 1.19. And also, hydrazine pre-intercalation in Ti;C,Ty
enhanced the capacitance of 250 F/g with excellent rate capability compared to 100 F/g of pristine
TisC,Ty in 1 M H,SO, aqueous electrolyte. ™

MXene interlayer %%%s%%ﬁ%’%%;i;%%%

CTAB

(large organic molecule) ﬁ> Large interlayer ﬁ>0pening Mg intercalation

Figure 1.19 Schematic design for pristine MXene and CTAB-intercalated MXene interlayers. By virtue of

increased interlayer distance of CTAB-intercalated MXene, it provides the pathway of Mg-ion intercalation.
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Third way to increase energy and power densities is to synthesize delaminated-MXene films as a
shown example of delamination process in Figure 1.20.**"'?° Because interlayers of MXenes are
interacted with weak van der Waals force, MXenes can be easily delaminated by sonication
(with/without intercalation of large organic molecule) and centrifugation, forming a colloidal MXene
solution. After filtration of solutions of delaminated colloidal MXenes, a binder-free freestanding
film can be obtained. Freestanding MXene films show high electrical conductivity, excellent ion
accessibility, high packing density, and good flexibility, leading to high power density and large
volumetric and gravimetric capacitances for flexible supercapacitors. MXene films have widely been
studied for high-performance flexible supercapacitors; for an example, flexible MXene electrode
shows high gravimetric capacitance of exceeding 300 F/g with excellent power density ina 2 M

H,SO, aqueous electrolyte.”

e00® °4
xfg%,..O < ) JJJ i.
J j 3 3 oro: ¥ .-/ ] ‘i X — .’ - -T— -
. b j‘; Ti;C, T, film SEM of TizC,T, film
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TleCaTx TMAY Filtration
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Figure 1.20 Schematic design for an example of delamination process of Ti;C,T, assisted by TMA®
intercalation. Colloidal TisC,T, solution is obtained. After filtration, freestanding Ti;C,T, film is fabricated.

Other methods are to fabricate 2D heterostructures using MXene and other 2D materials (e.g.,
graphene) and to make MXene composites with other compounds (e.g., high capacitance materials
with low electric conductivity) to produce synergy effects'?'; for examples, MXene/Si/SiO,/C and
MXene-supported Co3z0, quantum dots showed high lithium storage performance. In addition,
MXene/graphene 2D heterostructure provides the fast charge/discharge capability and MXene/MoS;
2D heterostructure gives high gravimetric capacitance.*?” In summary, a variety of combination of
MXene, versatile chemistry of MXene, and MXene-based composites would be promising

candidates for high-performance supercapacitors.
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1.4 Purpose of this thesis

Energy storage devices are required to have eco-friendliness, cost-effectiveness, and excellent
electrochemical performances for a variety of applications such as electric vehicles, renewable
energy, and electronic devices. Aqueous supercapacitors have been considered as promising
candidates owing to their fast charge/discharge capabilities, inexpensive price, and eco-friendliness.
However, their energy densities have been confined by the narrow operating potential window of
water (1.23 V). Herein, the author has concentrated on enhancing energy storage capabilities of
aqueous supercapacitors with several strategies as illustrated in Figure 1.21; first is to use 2D
transition-metal carbides (MXenes), which can provide high electric conductivity and high
capacitance generated by surface EDL capacitance and intercalation EDL capacitance with large
lateral size. Second is to employ a concentrated aqueous electrolyte called hydrate melt featuring
wide electrochemical potential window (>3 V). Third is to challenge synthesis of novel 2D
transition-metal borides (MBenes) for energy storage hosts with high electrochemical performances
(e.g., excellent electrical conductivity, superior charge storage capability) predicted by the

first-principle calculation.'®

Intercalation EDL capacitor

: ,’%’%%’%’%’%ﬁ%%i’%%@j ,
Large '!%?c%c%%’s ‘%ﬁ AR, -3
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Figure 1.21 Target of high energy and power aqueous supercapacitor using 2D MXene electrodes and a
concentrated electrolyte called hydrate melt.
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The following is main topics covered in this thesis.
1. High energy and voltage MXene supercapacitor with a hydrate melt electrolyte.
2. Clarification of rate-determining step of ion transport on MXene electrodes in concentrated
aqueous electrolytes.
3. Topochemical synthesis of phase-pure Mo,AIB, through staging mechanism: A possible

precursor for novel 2D transition-metal borides (MBenes).

Through systematic studies on 2D MXene/concentrated electrolyte systems and synthesis of

potential 2D MBenes, their potential, problems and future perspectives will be handled in this thesis.
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Chapter 2: General experimental procedures

In this chapter, detailed experimental information on synthesis of MAX/MXene and
MAB/MBene, and characterization is described. Moreover, electrode and electrolyte preparation,

electrochemical measurement methods, and data interpretation are provided.

2.1 Synthesis
TioCTy and Ti3C,Tx MXenes have mostly been used in this thesis. For exploring electrochemical

behavior of other MXenes, Mo,CT, and Nb,CT, have been partially investigated as well.

Synthesis of MAX Phase Ti,AIC and Ti,CTy

A mixture of Ti (High Purity Chemicals, Japan), Al (High Purity Chemicals, Japan), and TiC
(High Purity Chemicals, Japan) was poured into a ball milling pod in a molar ratio of 1.2:1.2:1
followed by zirconia-ball milling for 1 h at 200 rpm. After ball milling, the obtained powder was
pelletized under 30 MPa pressure and heated in a high-frequency induction furnace at 1350 °C for 1
h with a temperature increase rate of 10 “C/min under Ar flow. The heated pellet was crushed with a
metal mortar and ball-milled again for 1 h at 200 rpm to obtain a uniform Ti,AlIC powder.

A Ti,CTy powder was prepared by an acid treatment of Ti,AIC with LiF and HCI. A0.709 g (0.9
M) portion of LiF (Wako Chemicals, Japan) was added to 30 mL of 6 M HCI (Kanto Chemicals,
Japan) followed by the addition of 0.5 g of Ti,AIC into the PTFE flask. The mixture was stirred for
15 h in a 40 °C water bath. After the acid treatment, the Ti,CTy slurry was filtered and washed with
deionized water until the pH of the filtrate becomes neutral. Then, the filtered Ti,CTx was
vacuum-dried at 60 °C for 12 h.*?

Synthesis of MAX Phase TizAIC, and TizC,Ty

The precursor Ti,AIC was obtained by following above procedures. For synthesis of TisAlIC,,
Ti,AIC and TiC powders were well-mixed in a molar ratio of 1:1 by ball-milling for 1 h at 200 rpm.
The obtained mixture was pressed in a pellet form at 30 MPa and heated at 1350 °C for 1 h under Ar
flow. The heated pellet was crushed and ball-milled for 1h at 200 rpm.

For synthesis of Ti3C,Ty, 2.3 g (3 M) portion of LiF was added to 30 mL of 10 M HCI followed
by the addition of 0.5 g of TisAIC; into the PTFE flask. The mixture was continuously stirred for 15
h at 40 °C in a water bath. After washing the obtained slurry with 1 M HCI, the TizC, Ty slurry was
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filtered and dried at 60 °C overnight under vacuum.’

Synthesis of MAX phase Nb,AIC and Nb,CTy

A mixture of Nb (High Purity Chemicals, Japan), Al (High Purity Chemicals, Japan), and NbC
(High Purity Chemicals, Japan) was poured into a ball milling pod in a molar ratio of 1.1:1.2:1
followed by zirconia-ball milling for 1 h at 200 rpm. After ball milling, the obtained powder was
pelletized under 30 MPa pressure and heated in a high-frequency induction furnace at 1500 °C for 1
h with a temperature increase rate of 10 “C/min under Ar flow. The heated pellet was crushed with a
metal mortar and ball-milled again for 1 h at 200 rpm to obtain a uniform Nb,AIC powder.

For synthesis of Nb,CTy, 2.3 g (3 M) portion of LiF was added to 30 mL of 12 M HCI followed
by the addition of 1.0 g of Nb,AIC into the PTFE flask. The mixture was continuously stirred for 6
days at 55 °C in an oil bath. After washing the obtained slurry with 1 M HCI, the Nb,CTy slurry was

filtered and dried at 60 °C overnight under vacuum.*

Synthesis of MAX phase Mo,Ga,C and Mo,CTy

A mixture of Mo,C (High Purity Chemicals, Japan) and Ga (High Purity Chemicals, Japan) was
well-mixed in a molar ratio of 1:8 and poured in the quartz tube. Under the vacuum, quartz tube was
sealed, placed in the furnace, and heated at 850 °C for 48 h. A sintered mixture was extracted from
the quartz tube and placed in 12 M HCI solution to dissolve excess amount of Ga. After drying, the
prepared mixture was sealed in quartz tube and re-heated at 850 °C for 24 h in the same manner as
above. After crushing the obtained mixture, pure Mo,Ga,C powder was obtained.’

For synthesis of Mo,CTy, 1.0 g of M0,Ga,C powder was slowly poured into a solution consisting
of 1.56 g (3 M) of LiF and 20 mL of 12 M HCI. The mixture was continuously stirred for a week at
55 °C in an oil bath. The resulting precipitate was stirred in 1 M HCI solution, filtered, and washed
with deionized water until the pH reaches to neutral. The separated slurry was dried at 60 °C for 12 h

under vacuum.

Synthesis of MAB phase MoAIB and phase pure Mo,AIB;

The mixture of MoB (High Purity Chemicals, Japan) and Al (High Purity Chemicals, Japan) in a
molar ratio of 1:1.15 was pelletized under 40 MPa pressure and heated to 1200 °C for 1 h under Ar
atmosphere using a high-frequency induction furnace. The heated pellet was powdered by milling
with zirconia balls to obtain a uniform MoAIB powder.®’

For synthesis of phase pure Mo,AIB,, 0.5 g of MoAIB powder was slowly poured into a solution
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consisting of 2.3 g (3 M) of LiF (Wako Chemicals, Japan) and 30 mL of 10 M HCI (Kanto
Chemicals, Japan). The mixture was continuously stirred for 48 h at 40 °C. The resulting precipitate
was stirred in a 1 M HCI solution, then filtered, and washed with deionized water until the pH
reaches to neutral. The separated powder was dried at 60 °C for 12 h under vacuum.

2.2 Characterization

The crystalline structure of obtained materials was analyzed by X-ray diffraction (XRD, Rigaku,
RINT-TTR 111) with Cu Ka radiation. XRD data were recorded in the 26 range of 3-80° with a step
size of 0.02°. Morphologies of obtained materials were observed with a scanning electron
microscope (SEM, Hitachi, S-4800). TEM images of the MoAIB and Mo,AlB, were collected using
transmission electron microscopy (TEM, JEOL, JEM-2100). Chemical composition was evaluated
by energy-dispersive X-ray spectroscopy (EDX, JEOL, JEM-6510LA). For the structure of
electrolytes and salts, Raman spectroscopy (JASCO, NRS-5100) was measured using a 532 nm laser
in the wave number range of 300-4000 cm™. The surface was analyzed by X-ray photoelectron
spectroscopy (XPS, PHI 5000 VersaProbell, ULVAC-PHI) with a monochromatic Al Ka radiation.

2.3 Electrochemistry
Electrode preparation

To prepare an electrode film (of Ti,CTy or activated carbon), the active material was well mixed
in a mortar with acetylene black (AB), and PTFE binder in the weight ratio of active
material: AB:PTFE of 8:1:1. The prepared film was rolled using a glass stick with a loading of ~5.0
mg/cm? for the MXene electrodes and ~2.5 mg/cm? for activated carbon electrode and finally
pressed on a mesh.

To investigate full-cell performance, active material Ti,CTy (or activated carbon) was mixed with
acetylene black and polyvinylidene fluoride (PVDF) in weight ratio of 8:1:1 in appropriate amount
of N-methylpyrrolidone (Kanto Chemical). Obtained slurries were pasted on Al foil (for Ti,CTy,
hydrate melt) or Ti foil (for the others) with a loading of ~1.2 mg/cm? for Ti,CT, and ~2.0 mg/cm?
for activated carbon, and then dried overnight at 120 °C under vacuum. After drying, the prepared

electrodes were used as the anode (MXene electrodes) and cathode (activated carbon electrode).

Electrolyte preparation
Lithium bis-(trifluoro methane sulfonyl) imide (LiTFSI) and lithium bis-(pentafluoro ethane

sulfonyl) imide (LIBETI) were purchased from Kishida Chemicals, Japan. To obtain a hydrate melt
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(Li(TFSI)o7(BETI)0.32H20) electrolyte, an appropriate amount of LiTFSI and LiBETI salts were
dissolved in ultrapure water (Kanto Chemicals, Japan). For various concentrations of LiTFSI
aqueous electrolyte, a proper amount of LiTFSI salt (1.0, 3.0, 5.2 M) was dissolved in ultrapure
water. Note that 5.2 M LIiTFSI aqueous electrolyte equals to 21 m LIiTFSI well-known as
water-in-salt. And 1.0 M Li,SO4-H,0 electrolyte was prepared by dissolving proper amount (1.0 M)
of Li,SO4-H,0 (Wako Chemicals, Japan) in ultrapure water.

Electrochemical cell configuration

Electrochemical measurements were conducted in a three-electrode cell and a 2032-type
two-electrode coin cell as illustrated in Figure 2.3. For a three-electrode cell, electrochemical active
materials (MXenes or activated carbon) were used as working electrodes, excess amounts of
activated carbon or Pt (for linear sweep voltammetry of current collector) were served as counter
electrodes, and Ag/AgCI (in 3 M KCI) was employed as a reference electrode. For a 2032-type
two-electrode coin cell, MXene electrode, activated carbon, and glass-fiber (GF/F, Whatman) were
used as a working (anode), counter electrode (cathode), and separator, respectively to evaluate
full-cell performances.

3-electrode 2032-type
Configuration Coin-cell
Il
1" |
A Top Can
I
V —
I_ === == Spring
= = Spacer
< T Counter electrode
<> Separator
< \\/orking electrode
Reference Gasket
electrode — —]
e
. Bottom can
Counter electrode Working electrode

Figure 2.3 Schematic design of 3-electrode configuration and 2032-type 2-electrode coin cell.

Electrochemical measurements
Linear sweep voltammetry (LSV, VMP3 potentiostat, BioLogic) of current collectors was
conducted at a scan rate of 0.1 mV/s. Chronoamperometry (CA, VMP3 potentiostat, BioLogic) was
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recorded at various applied potentials until reaching a steady state to determine a electrochemical
potential window. Cyclic voltammetry (CV, VMP3 potentiostat, BioLogic) was performed with a
specific scan rate. Charge/discharge test (TOSCAT-3100, Tokyo System) was conducted with a
specific current rate. Electrochemical impedance spectroscopy (EIS, VMP3 potentiostat, BioLogic)

was recorded with an amplitude of 10 mV in the frequency range of 10 mHz to 200 kHz.
Data interpretation
Averaged capacitance and activation energies can be calculated by theoretical equations based on

experimental results.

Calculation of averaged capacitance (C)

Averaged capacitance C (F/g) can be obtained by integrating a cyclic voltammogram. Given that
V' is potential, AV is operating potential range (2AV is operating potential range for round sweep),
m is mass of active material in the electrode, and s is scan rate, and [i(V)dV is total current
obtained by integration of positive and negative sweep in CV, averaged capacitance can be expressed
as:

_Jiw)av
 2AVms

Calculation of activation energy (Ea) of charge transfer based on EIS

Activation energy (Ea) of charge transfer can be calculated by Arrhenius equation. Given that R
(or R)) is resistance of charge transfer in bulk electrolyte (or interface) served as the value of rate
coefficient, A is frequency factor, En is activation energy, R is gas constant, and T is absolute
temperature, Arrhenius equation can be transformed as:
—E, 1000

(——)

mR ! (orlmnRDN=In4+
n R (orln R7) = In A +3500m (—
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Chapter 3: Dense charge accumulation in MXene with hydrate-melt electrolyte

3.1 Introduction

Renewable energy systems are in urgent demand; however, integration of renewable energy into
electrical grids requires rapid load-leveling of abrupt power spikes/drops and a wide distribution of
high-power energy storage devices represents the most promising solution. However, current
electrochemical energy storage devices do not meet all the requirements for grid-scale use,
particularly because of slow charge/discharge rates caused by limited ion transport.

Supercapacitors have rapid operation owing to the formation of an electric double-layer (EDL) at
the electrode surface, which contributes to a higher power density and longer cycle lifetime than
achievable in conventional batteries.>® In particular, supercapacitors based on aqueous electrolytes
are attractive because of their low cost, high ion conductivity, non-flammability, and
eco-friendliness®** However, the energy density of such devices is severely limited by the narrow

potential window of water (1.23 V).'#*4

(LITFSI-2.5H,0)
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F,C. OQ CF, FCFC_0Q CFCF, | I
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Figure 3.1 Electrochemical potential window of pure water, LiTFSI/H,O solution with free H,O, and a

hydrate melt aqueous electrolytes.***°

To overcome this obstacle, | focus on a highly-concentrated aqueous electrolyte known as a
hydrate melt (Li(TFSI)o7(BET1)o3-2H,0, TFSI: bis(trifluoromethanesulfonyl)imide, BETI:
bis(pentafluoroethanesulfonyl)imide), providing wide electrochemical potential window as shown in
Figure 3.1.%° Unlike highly-concentrated aqueous electrolytes called water-in-salt (LiTFSI-2.5H,0)
with more than 10% of free water molecules,'® hydrate melts are defined as liquids in which all water

molecules are independent of each other but interact with other species without forming a hydrogen
41



bonding network. Owing to their unique local coordination structure, a hydrate melt shows an
exceptionally wide electrochemical potential window (> 3 V), which far exceeds the thermodynamic
hydrogen/oxygen evolution limits of water (1.23 V).">*® Even though water-in-salt offers a better
electrochemical stability than those of dilute LiTFSI system and pure water, it shows narrower
electrochemical potential window (3.0 V) than that of a hydrate melt (3.8 V) as shown in Figure
3.1.°% In particular, the notable difference with water-in-salt and hydrate melt is cathodic
electrochemical stability because solid electrolyte interphase (SEI) film on a negative electrode plays
critical role of suppressing hydrogen evolution reaction (HER). As shown in Figure 3.2,
Lio(TFSI)(H,O)x (or Lio(BETI)(H20)x) complexes are formed in concentrated electrolytes, which
become reductively unstable below 2.90 V vs. Li*/Li. Therefore, anions are first decomposed before
hydrogen evolution (2.63 V vs. Li*/Li) and anion-derived SEI film suppresses water
decomposition.>*® Here, hydrate melt offers more stable SEI formation than water-in-salt, because
how much super-concentration promotes anion decomposition in competition with hydrogen
evolution. Also, SEI in hydrate melt without any free water molecules is well maintained because
anion-derived SEI compounds are well-known as water-soluble. As for anodic electrochemical
stability in concentrated electrolytes, lower HOMO (highest occupied molecular orbital) level of
oxygen atom in a water molecule (or dissociated OH’), which donates its electron to the Li",
enhances the oxidation potential.”™> Hydrate melt in which all water molecules are coordinated to Li*

shows slightly wider anodic potential window than that of water-in-salt as shown in Figure 3.1.

Li, TFSI (BETI)

complex > L J
" 4 2 ® Bog
J o /S 1
9 JLi*
Decomposition: ~2.90 V vs. Li/Li* HER: 2.63 V vs. Li/Li*
H2
.'. HER
TFSI .
Anion- Suppression
fderived x
SEI
Electrode

Figure 3.2 Schematic design of atmosphere of chemical species in concentrated aqueous electrolytes.
Concentrated electrolytes provide stable anion-based SEI film suppressing hydrogen evolution, while free
waters can easily decomposed evolving hydrogen gas in dilute system with no stable SEI film.
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Figure 3.3 Cathodic linear sweep voltammetry of a 1 M Li,SO, aqueous electrolyte and a hydrate melt
electrolyte with a Ti electrode at a sweep rate of 0.1 mV/s. Red and black triangles indicate cathodic current

flow due to solid-electrolyte formation before hydrogen evolution.

For example, cathodic linear sweep voltammetry indicates that hydrogen evolution reaction with
a hydrate melt electrolyte is suppressed down to -1.6 V vs. Ag/AgCl, which is considerably lower
than that with a 1 M Li,SO,4 aqueous electrolyte (Figure 3.3). Agueous supercapacitors based on a
hydrate-melt electrolyte are expected to realize much higher voltage operation and hence much
higher energy densities with an appropriate choice of electrode materials. Indeed, some research
groups have reported high-voltage agueous energy storage systems using concentrated aqueous
electrolytes as shown in Figure 3.4.2%% L. Suo et al.*® reported a full Li-ion battery with a LiMn,O.
and MogSs in water-in-salt, displaying an operating voltage of 2.3 V. Using a 4.6 V Ni?*/** redox, F.
Wang et al. reported full MogSg/LiNigsMn;1s0, Li-ion battery in water-in-salt with an operating
voltage of 2.5 V. Using water-in-salt, M. Zhang et al.?® reported a 2.0 V aqueous supercapacitor with
an activated carbon and MnO,. A hydrate melt aqueous electrolyte™ showed full
LisTisO12/LiNigsMny 504 Li-ion battery with an operation voltage of 3.1 V. Beyond water-in-salt and
a hydrate melt, M.R. Lukatskaya et al.?® discovered another concentrated aquoues electrolyte
(Lig2KpgOAC-1.3H,0), which can operate full c-TiO,/LiMn,O4 Li-ion battery operation with a
voltage window of 2.5 V.
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Figure 3.4 Applications of concentrated electrolytes (water-in-salt, hydrate melt, and Li,,KqsOAcC-1.3H,0).
All concentrated electrolytes provide high operation potential over 2 V, far exceeding limit of water

decomposition.

As an electrode material that can maximize use of the wide electrochemical window provided by
hydrate-melt electrolytes, | used transition-metal carbides MXene M1 X Tx (M: Ti, Nb, Mo, V, etc.;
X: C; n: 1, 2, or 3; Ty: surface termination group (OH, O, F, Cl)). MXene is an emerging class of
two-dimensional nanosheets obtained by removing A layers from MAX phases (general formula:
Mn+1AX,, A: Al, Ga, Si, Ge, etc.).?**® Because MXenes are reported to provide a large specific
capacitance greater than 300 F/g in conventional aqueous electrolytes,®” their combination with a
hydrate-melt electrolyte should realize a much higher energy density.

In this work, I focus on Ti,CT, that can deliver a large capacitance in aqueous Li" electrolyte due
to its light molecular weight.® Although Ti,CT (especially when delaminated) is prone to be
oxidized in air or in aqueous solution,* stable anion-based solid-electrolyte interphase formed in a
hydrate-melt system could work as a protective surface layer against this oxidation instability.™
Furthermore, as recently demonstrated using experimental and computational methods, the hydration
shell of strong Lewis acid Li* confined in the interlayer space of MXene has a negative dielectric
constant to reduce a potential difference between an MXene electrode and charged ion, leading to the
largest capacitance among various aqueous electrolytes of alkali ions (Li*, Na*, K*, and Rb*).*

Here, | demonstrate the high-voltage operation of an aqueous supercapacitor consisting of an
MXene Ti,CTy electrode and a hydrate melt Li(TFSI)o7(BETI)o3-2H20 electrolyte. Also, | examine
the charge storage mechanism of peculiar high-density charge storage in Mxenes with a hydrate melt

by ex situ XRD at different states of charge.
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3.2 Synthesis and characterization of MAX phases and MXenes

Figure 3.5 shows an example of the etching process converting from the precursor Ti,AIC MAX
phase to Ti,CTy. The precursor MAX phase Ti,AlC was prepared using a high-frequency induction
furnace at 1350 °C for 1 h. Ti,AlIC have layered hexagonal structures where the Ti,C layers (the C
atoms are filled in octahedral sites between the nearly close-packed Ti layers) are interleaved by the
Al layers. As Ti-C bonds are stronger than Ti-Al bonds, MXene Ti,CTx was synthesized by
selectively removing Al layers from Ti,AIC in LiF/HCI aqueous solution.

©71i0 AeCe®T :-0OH,-O,-F -Cl

Figure 3.5 Schematic illustration of the synthesis of Ti,CT,. LiF/HCI treatment removes Al layer from Ti,AlC,

and a remaining Ti,C layer is functionalized by surface termination groups such as -F, -Cl, -OH, or -O.

The X-ray diffraction (XRD) patterns of Ti,AlC and Ti,CT, (Figure 3.6a) indicate the expansion
of the interlayer distance (dine) from 6.8 (Ti,AIC) to 11.3 A (Ti,CT,) owing to surface
functionalization (-OH, -O, -F, and -Cl) of the Ti,C layer and the existence of water in the interlayer
space.*! To explore other MXenes for excellent electrochemical performances, the precursor MAX
phases Nb,AIC and Mo,Ga,C were first synthesized by heating at 1500 °C for 1 h under Ar flow
(Nb,AIC) and 850 °C for 48 h under vacuum-quartz (Mo,Ga,C), receptively. MXene Nb,CT, and
Mo,CTy were synthesized by the extraction of Al layers (Nb,AIC) and Ga layers (M0,Ga,C) in
LiF/HCI aqueous solutions.
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Figure 3.6b shows XRD patterns of MAX phases (Nb,AIC, M0,Ga,C) and MXenes (Nb,CTy,
Mo,CT,). MAX phases Nb,AIC and Mo,Ga,C have well-ordered hexagonal layered structures and
020 diffraction peaks of MXenes Nb,CTy and Mo,CTy clearly shift to lower angle after the etching
process, indicating the expansion of diyer from 6.9 A (Nb,AIC) and 9.0 A (Mo,Ga,C) to 10.9 A
(Nb,CT,) and 10.5 A (M0,CT,).
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Figure 3.6 (a) XRD patterns of MAX phase Ti,AIC and MXene Ti,CT,. (b) XRD patterns of MAX phases
(Nb,AIC, Mo0,Ga,C) and MXenes (Nb,CT,, Mo0,CTy). The interlayer distance increases after the

transformation from MAX phases to MXenes due to the attachment of the surface termination groups.
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Scanning electron microscopy indicates that MXenes (Ti,CTy, Nb,CT,, and Mo,CT,) have
partially exfoliated morphology (Figure 3.7). Energy dispersive X-ray spectroscopy (EDX) analysis
provides the chemical composition of MXenes (Ti,CTy, Nb,CT,, and Mo,CT), indicating successful
selective etching of Al layers (Table 3.1). All these features (XRD, SEM, and EDX) are consistent
with those reported in previous literature,3*! supporting the successful synthesis of MXenes Ti,CTy,

Nb,CT,, and Mo,CT,.

Figure 3.7 SEM images of (a) Ti,AIC, (b) Ti,CT,, (c) Nb,AIC, (d) Nb,CT,, (¢) M0,Ga,C, and (f) Mo,CT,.
The particulate morphology of MAX phases (Ti,AlIC, Nb,AIC, and Mo0,Ga,C) is transformed to

stacked-nanosheet morphology after LiF/HCI treatment.
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Table 3.1 Energy dispersive X-ray spectroscopy analysis of MXenes (Ti,CT,, Nb,CT,, and Mo,CT,).

Ti/Nb/Mo Al/Ga C

atomic% atomic% atomic%
Ti,CTy 64.7 0.8 345
Nb,CTy 63.4 0.4 36.2
Mo,CTy 63.3 1.8 34.9

3.3 MXene electrodes with hydrate melt

The electrochemical properties of Ti,CT, were first examined with a conventional 1.0 M Li,SO,4
aqueous electrolyte. Note that a hydrate-melt electrolyte with Ti and Al electrodes was reported to
exhibit a low cathodic potential limit due to the formation of anion-based solid-electrolyte interphase
(Figure 3.3)." Therefore, | employed the combination of Al or Ti current collector with aqueous
electrolytes in this work. Chronoamperometry, Figure 3.8, shows a steady-state cathodic current < —
10 pA/cm? under the applied potential of 0.9 V vs. Ag/AgCl, which indicates the electrode is
already outside of the stable potential window.
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Figure 3.8 Chronoamperometry at various applied potentials vs. Ag/AgCl in a 1 M Li,SO, aqueous
electrolyte and a hydrate-melt electrolyte with Ti,CT,. Red lines indicate negligible steady-state cathodic

current smaller than -10 pA/cm?, which determines a cut-off voltage for each system.
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Indeed, cathodic scan below —0.7 V in cyclic voltammetry (CV) causes an irreversible current
flow due to hydrogen evolution reaction (black line in Figure 3.9). On the other hand, the Ti,CTy
electrode in a hydrate-melt electrolyte showed more tolerance to the cathodic potential; it was a
potential below —1.3 V that begins to induce cathodic current < —10 pA/cm? (Figure 3.8). Therefore,
CV at a scan rate of 0.5 mV/s stably exhibits a distorted rectangular CV curve in a much wider
electrochemical window down to —1.1 V vs. OCP (red line in Figure 3.9). The averaged gravimetric
capacitance of the hydrate-melt electrolyte is 168 F/g, which is slightly greater than that of the 1.0 M
Li,SO4 aqueous electrolyte (158 F/g). The slight difference between the CV curve shapes should
arise from the difference in a rate-determining step (e.g., low conductivity/slow ion diffusion of
hydrate melt for a hydrate-melt system while low electronic conductivity/slow ion diffusion of
Ti,CTy for a 1.0 M Li,SO, system). Note that viscosities were 1.5 and 202.5 mPa-s for 1.0 M Li,SO4
and hydrate melt, and ionic conductivities were 61.2 and 2.8 mS/cm for 1.0 M Li,SO, and hydrate

melt.
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Figure 3.9 Cyclic voltammogram of Ti,CT, with a 1.0 M Li,SO, aqueous electrolyte (black line) and a
hydrate-melt electrolyte (red line) at a scan rate of 0.5 mV/s. Open circuit potentials (OCP) are —0.2 V vs.
Ag/AgCI for a 1.0 M Li,SO, aqueous electrolyte and 0.0 V vs. Ag/AgCI for a hydrate melt electrolyte,
respectively. Dotted lines show linear sweep voltammetry curves for a cathodic scan exceeding the stable

electrochemical window.
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Cyclic voltammetry curves of Nb,CTx and Mo,CTy with a 1 M Li,SO4 and a hydrate melt

aqueous electrolytes have also been screened as shown in Figure 3.10. Nb,CT, and Mo,CTy

electrodes in a hydrate-melt electrolyte showed wider electrochemical potential windows than those

of 1 M Li,SO, aqueous electrolyte. The averaged gravimetric capacitances of the hydrate-melt
electrolyte are 106 F/g (Nb,CTy) and 82 F/g (Mo,CTy), which are slightly greater than those of the
1.0 M Li,SO4 aqueous electrolyte (101 F/g for Nb,CTx and 80 F/g for Mo,CT,). Finally,
Ti,CTy/hydrate-melt system with the highest gravimetric capacitance was decided for further studies.
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Figure 3.10 Cyclic voltammograms of (a) Nb,CT, and (b) Mo,CT, with a 1.0 M Li,SO,4 aqueous electrolyte

(black line) and a hydrate-melt electrolyte (red line) at a scan rate of 0.5 mV/s. Open circuit potentials (OCP)

are —0.1 V (Nb,CT,) and -0.2 V (Mo,CT,) vs. Ag/AgCI for a 1.0 M Li,SO, aqueous electrolyte and 0.2 V

(Nb,CT,) and 0.5 V (Mo,CT,) vs. Ag/AgClI for a hydrate melt electrolyte, respectively.
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To further evaluate the charge storage ability of the Ti,CT,/hydrate-melt system, I conducted
galvanostatic charge/discharge experiments at various specific currents of 0.1-1.0 A/g (Figure 3.11).
The Ti,CTy electrodes with the two types of aqueous electrolytes exhibit sloping potential profiles

(Figures 3.11 and 3.12), which are consistent with the rectangular CV curves.
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Figure 3.11 Galvanostatic charge/discharge curves of Ti,CT, at various specific currents of 0.1-1.0 A/g with

() a 1.0 M Li,SO,4 aqueous electrolyte, and (b) a hydrate-melt electrolyte.
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However, owing to the wide electrochemical window, the reversible capacity with a hydrate melt

electrolyte exceeds 45 mAh/g at a specific current of 200 mA/g, which is much larger than that with
a 1.0 M Li,SO,4 aqueous electrolyte (20 mAh/g) as shown in Figure 3.12. More than 99 % of this

large capacity is retained after 100 cycles for the hydrate-melt system, while the coulombic

efficiency exceeds 99 % throughout the cycling. These results suggest stable operation of the

Ti,CTy/hydrate-melt system with minimum occurrence of side reactions, such as hydrogen evolution.
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Figure 3.12 Galvanostatic charge/discharge curves of Ti,CT, with (a) 1.0 M Li,SO, aqueous electrolyte and

(b) a hydrate melt at a current rate of 0.2 A/g during 100 cycles. (c) Cycle stability of Ti,CT, with a 1.0 M

Li,SO,4 aqueous electrolyte and a hydrate-melt electrolyte at a specific current of 0.2 A/g.
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As shown in Figure 3.12, initial cycle with a hydrate melt electrolyte shows a large irreversible
capacity presumably due to anion-derived (TFSI" or BETI") SEI formation which can suppress the
hydrogen evolution, leading to the wide cathodic potential window. Indeed, electrochemical
impedance spectroscopy (Figure 3.13a) shows that hydrated Li* transfer resistance increases with
cycling presumably due to SEI formation on the electrode surface. Also, anion-derived compounds
(e.g., LiF, LioSx, SOx, NOy) are observed on the electrode surface after the cycling (Figure 3.13b).

These features support the SEI formation after cycling with hydrate melt.
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Figure 3.13. (a) Nyquist plots for Ti,CT, with a hydrate-melt electrolyte before cycling and after 10 cycles.
Empty circles: experimental, solid lines: fitting. (b) XPS spectra of F1s, S2p, and N1s for Ti,CT, electrode

after 10 cycles.
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Anion-derived SEI suppresses the hydrogen evolution by blocking the donation of electrons from
the exfoliated surface of MXene to water molecules. Besides, the electrochemical stability of a water
molecule (isolated or coordinated) in the interlayer of MXene should also be considered. As shown
in Figure 3.14, possible explanations of the enhanced electrochemical stability of the water
molecules in MXene interlayer are: (1) lower electric conductivity in basal plane
(transition-metal-surface group (-F, -Cl, -O, and -OH)) than on edge (transition-metal carbide core),
(2) high electronegativity of surface group (e.g., -F), and (3) thin SEI formation by the reaction
between surface group and intercalated-Li ion (e.g., LiF, Li;O). Indeed, many researchers reported

that edge sites play a critical role for the HER.*® In addition, it was reported that HER is suppressed

with higher electronegativity of the surface group.*
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Figure 3.14. Schematic design of MXene interlayer. Electrochemical stability of water molecules in MXene
interlayer can be enhanced by: (1) low electric conductivity of basal plane, (2) high electronegativity of

surface group, and (3) SEI formation.
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Based on the capacities at slow current rate of 30 mA/g as shown in Figure 3.15a, the
intercalation amounts of Li* were calculated; hydrate melt provides 0.33Li" intercalation in
Ti,CT,-nH,0 while 1 M Li,SO,4 aqueous electrolyte offers 0.11Li" in Ti,CTy-nH,O. For comparison,
theoretical capacity of Ti,CT,-nH,O was predicted, assuming that hydrated Li* are close-packed (no
Coulombic force each other) in MXene interlayer as shown in Figure 3.15b. Lattice parameters of
Ti,CT,-nH,O were obtained from XRD analysis and radius of hydrate (4-coordinated) Li* is 2.082
A * Theoretical capacity of Ti,CTy-nH,O with hydrated Li* exhibits Lig s Ti.CTy-nH.O (80 mAh/g),
which is slightly higher than the experimental value with a hydrate melt (Lip33TioCTx-nH,O (60
mANh/g)). It should be noted that this theoretical value is reasonable, considering that Coulombic
force occurs between hydrated Li*. Therefore, a hydrate melt with wide cathodic potential window

could provide dense charge accumulation in MXene electrode.
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Figure 3.15. (a) Charge/discharge curves of Ti,CT, at a slow current rate of 30 mA/g and (b) approximate

calculation of theoretical capacity of Ti,CT,-nH,0O with close-packed hydrated Li".
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3.4 Charge storage of MXene

Having demonstrated the wide electrochemical window and the large specific capacity of the
Ti,CTy/hydrate-melt system, | investigated the charge storage mechanism by considering the EDL
structure of an MXene electrode as shown in Figure 3.16. The specific capacitance (C) of an EDL
capacitor electrode is defined as C = AQ/AE, where AE is the voltage change of the electrode
versus a reference electrode, and AQ is the stored charge per the unit weight of the electrode. As
discussed above, hydrated Li" is intercalated into the interlayer space to form an EDL upon charging.
Assuming constant chemical potentials for lithium-ion and electron in MXene, which is the case for
a typical EDL capacitor electrode, C should have a linear dependence on the inverse magnitude of
(. — ¢,,), Where ¢_and ¢, . are the inner potentials at the positions of stored electrons and Li",

respectively.®®

-

Hydration shell

dinter @ / @
Anion
(TFSI or BETI)

Hydtrate-melt electrolyte

.~

Figure 3.16 Schematic illustration of Li" intercalation to form an electric double-layer in MXene.

To clarify structural changes during charging and discharging, ex-situ XRD patterns were
collected at different charge of states. The 002 diffraction pattern of Ti,CTy with a 1.0 M Li,SO4
aqueous electrolyte show a reversible shift and a reversible increase/decrease of diner by Li*
intercalation/deintercalation (Figure 3.17).
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Figure 3.17 Ex-situ XRD patterns (Left), and the interlayer distance diw (right) of Ti,CT, upon

charging/discharging with a 1.0 M Li,SO, aqueous electrolyte during the first and second cycles.

The variation of diner measured with the hydrate-melt electrolyte was similar to that with the

aqueous electrolyte and reversible (Figure 3.18). The value of diyer Was in the range of 13.7-14.1 A

during charge/discharge, which is much larger than the value for dehydrated Ti,CTy (diner = 8.7 A).

Thus, the intercalation species are not bare Li* but hydrated species, which form an EDL at the

interlayer of MXene sheets.*®*° These results are consistent with a report by Shpigel et al.*> who

observed intercalation of hydrated Li* into TisC,Ty by in situ hydrodynamic spectroscopy.
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Figure 3.18 Ex-situ XRD patterns (Left), and the interlayer distance diy, (right) of Ti,CT, upon

charging/discharging with a hydrate-melt electrolyte during the first and second cycles.
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3.5 MXene supercapacitor with hydrate melt

Finally, I designed high-voltage aqueous supercapacitors based on a Ti,CT, negative electrode,
an activated carbon (AC) positive electrode, and a hydrate-melt electrolyte. Before evaluation of
full-cell (Ti,CT/AC), electrochemical performances of activated carbon were investigated a
conventional 1.0 M Li,SO4 and a hydrate-melt aqueous electrolyte. Both electrolytes with a Ti
current collector give no considerable current flow below 1.3 V vs. Ag/AgCl in anodic linear sweep
voltammetry (Figure 3.19a). Therefore, | employed the Ti current collector with aqueous electrolytes
for positive electrodes. Chronoamperometry (Figure 3.19b) shows a negligible steady-state anodic
current under the applied potential of 0.4 V (1 M Li,SO,4) and 0.9 V (hydrate melt) vs. Ag/AgCl,
which indicates the stable potential window. A steady-state anodic current under anodic polarization
is significantly suppressed on the activated carbon electrode by using a hydrate-melt electrolyte as
compared to that observed ina 1.0 M Li,SO,4 aqueous electrolyte.
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Figure 3.19 (a) Anodic linear sweep voltammetry of a 1 M Li,SO, aqueous electrolyte and a hydrate-melt
electrolyte with a Ti electrode at a sweep rate of 0.1 mV/s. (b) Chronoamperometry at various applied
potentials vs. Ag/AgCl in a 1 M Li,SO, aqueous electrolyte and a hydrate-melt electrolyte with activated
carbon. Red lines indicate negligible steady-state anodic current, which determines a cut-off voltage for each

system.
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The hydrate-melt electrolyte also improves the anodic limit of an activated carbon electrode from
0.25V (1.0 M Li,SO4 aqueous electrolyte) to 0.9 V vs. OCP (Figure 3.20) to ensure the stable cycle
operation. The averaged gravimetric capacitance of activated carbon with the hydrate-melt
electrolyte is 127 F/g, which is slightly smaller than that of the 1.0 M Li,SO4 aqueous electrolyte
presumably due to low ionic conductivity of the hydrate-melt electrolyte (138 F/g).
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Figure 3.20 Cyclic voltammetry curves of activated carbon with a 1.0 M Li,SO, aqueous electrolyte (black
line) and a hydrate-melt electrolyte (red line) at a scan rate of 0.5 mV/s. Open circuit potentials (OCP) are
0.15 V vs. Ag/AgCl for a 1.0 M Li,SO, aqueous electrolyte and —0.05 V vs. Ag/AgCI for the hydrate-melt
electrolyte, respectively. Dotted lines are linear sweep voltammetry curves for a cathodic scan exceeding a

stable electrochemical window.
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Owing to this wide electrochemical window, the AC/hydrate-melt positive electrode system
delivers a specific capacity of 38 mAh/g at a specific current of 30 mA/g, which is much larger than

that obtained for the activated carbon/1.0 M Li,SO, system (Figures 3.21).
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Figure 3.21 (a) Galvanostatic charge/discharge curves of activated carbon at a constant specific current of 30
mA/g with a 1.0 M Li,SO, aqueous electrolyte (black lines), and with a hydrate-melt electrolyte (red lines). (b)
Rate capability of activated carbon at various specific currents of 20-200 mA/g with a 1.0 M Li,SO, aqueous

electrolyte (black) and with a hydrate-melt electrolyte (red).

60



Then, | fabricated a full cell (Ti,CT,hydrate melt|AC) with a capacity-balanced configuration
(Figure 3.22a). As shown in Figure 3.22b, after a small irreversible capacity during initial cycles,
the full cell delivers a specific capacity of 45 mAh/g and a high averaged coulombic efficiency over
99 % at a current rate of 100 mA/g for 1000 cycles. Stable operation is achieved at a maximum

voltage of 2 V.
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Figure 3.22 (a) Potential profiles of activated carbon and Ti,CT, in a hydrate-melt electrolyte at a specific
current of 30 mA/g during the second cycle. (b) Voltage profiles of a capacity-balanced full-cell consisting of
a Ti,CT, negative electrode and an activated carbon positive electrode with a hydrate-melt electrolyte. Cell
was cycled at a specific current of 100 mA/g in the voltage range of 2.0 — 0.0 V. Inset shows the cycle stability

during 1000 cycles. The capacity value of full-cell is based on the weight of Ti,CT,.
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The rate capability tests for the full cell (Figure 3.23) show that the application of a hydrate-melt
electrolyte to a suitable electrode can greatly enhance the total performance of capacitor devices.
Although the performance (ca., 10 Wh/kg at 100 W/kg) is limited in part due to the small
capacitance of the AC electrode and the low conductivity of the electrolyte and is less than those of
aqueous capacitors reported previously (e.g., 104 Wh/kg at 1.27 kW/kg for NiMoO42.5 M
KOH/H,0O|FeOOH or 40 Wh/kg at 17.4 kW/kg for Mns0g|0.1 M Na,SO04/H,0|Mns0g, 30 Wh/kg at
100 W/kg for Ti3C,T«1.0 M Li,SO4/H,0|LiMN,0y4, or 15 Wh/kg at 1 kW/kg for AC|31.3 m
LiTFSI/H,0JAC),***® the use of a hydrate-melt electrolyte can expand the materials candidate that
would otherwise cause hydrogen/oxygen generation at less reductive/oxidative conditions and could

be a general strategy toward improving the performance of aqueous supercapacitors.
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Figure 3.23 (a) Rate capability with various specific currents. The capacity value is based on the weight of
Ti,CT,. (b) Ragone plots of the Ti,CT,/AC full-cell with a hydrate-melt electrolyte (empty squares) and a 1.0
M Li,SO, aqueous electrolyte (filled circles). The energy and power density values are based on the weight of

total active materials (Ti,CT, and activated carbon).
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3.6 Conclusion
To realize high energy and power agqueous supercapacitors, electrochemical properties of MXene

electrode were investigated with a hydrate melt electrolyte, which can provide exceptionally wide
electrochemical window of -1.1 V vs. Ag/AgCl. MXene electrode with a hydrate melt exhibited a
capacity of 60 mAh/g at a current rate of 30 mA/g three times higher than that of a commercial 1 M
Li,SO,4 aqueous electrolyte. Capacity retention of Ti,CTy with a hydrate-melt system showed more
than 99 % after 100 cycles, while the coulombic efficiency exceeds 99 % throughout the cycling.
These results of the Ti,CTy/hydrate-melt system suggest wider potential operation to the cathodic
direction with minimum occurrence of side reactions such as hydrogen evolution, compared to other
references (e.g., AC/0.5 M Na,SO,4, AC/2.0 M Li,SO,4, and RuO,/1.0 M Na,SQO,) as shown in Figure
3.24.13,49,50

Conventional

EIV

“Hydrate Melt”

Figure 3.24 Schematic design of wide electrochemical potential window obtained from CV for a

MXene/hydrate melt system.

The wide potential window of a hydrate melt electrolyte realizes unprecedented high-density
intercalation of hydrated Li* in the interlayer space of MXene, where the hydration shells of
neighboring Li" ions are closely packed and overlap with each other. Such a high-density charge
accumulation can induce an anomalous pseudocapacitance of Ti,CTy at the lower potential region.
The electrochemical performance of a full cell (Ti,CT,|/hydrate melt)AC) showed a capacity of 45
mANh/g at a current rate of 100 mA/g while cycle retention presented approximately 100 % after 1000
cycles. To further enhance energy density, high-performance cathode materials (e.g., MnQO;) are
suggested. This work demonstrates that the application of hydrate-melt electrolytes can provide a

new platform for designing advanced energy storage systems.
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Chapter 4: Interfacial dissociation of contact-ion-pair on MXene electrodes in
concentrated aqueous electrolytes

4.1 Introduction

Reliable energy storage devices that achieve both high-energy and high-power densities are an
important goal for sustainable developments, because their wide deployment in a power grid affords
us clean energy.’? Although lithium-ion batteries offer high energy density, slow ion transport
disables quick (dis)charging, resulting in low power density.> Moreover, flammable organic
electrolytes used in lithium-ion batteries give rise to serious safety concerns, which undermines
confidence in their reliability.*

An aqueous electric double-layer capacitor (EDLC) is a promising candidate as safe and
high-power electrochemical energy storage devices owing to fast electric double-layer (EDL)
formation as well as a use of nonflammable aqueous electrolytes.>® However, as the energy density
of EDLCs is expressed as CAE?%2 (C: capacitance, AE: voltage window),’ the narrow
electrochemical potential window of water (V = 1.23 V) severely restricts the energy density of
aqueous EDLCs relative to that of batteries and nonaqueous EDLCs. As an effective strategy to solve

8-10 In

this dilemma, concentrated aqueous electrolytes have attracted significant attention.
concentrated aqueous electrolytes, charge-transport cations are coordinated by both water and anions,
while a trace of non-coordinating water cannot form a hydrogen-bonding network. Thus, the highest
occupied molecular orbital (HOMO) level of most water molecules is lowered by the coordination to
cations, which suppresses an anodic oxygen evolution reaction. On the other hand, a cathodic
hydrogen evolution reaction is suppressed by the formation of a solid-electrolyte interphase (SEI)
derived from the reductive decompositon of anions. Consequently, concentrated aqueous electrolytes
can offer a much wider electrochemical potential window AE > 3 V,**° which significantly increases
the aqueous EDLCs’ energy density.

For example, a 21 mol/kg lithium bis(trifluoromethanesulfonyl)imide (LiN(SO,CFs),, LiTFSI)
aqueous electrolyte (5.2 M LIiTFSI/H,0, H,O/Li ratio: 2.5) called water-in-salt was applied to a
hybrid capacitor consisting of an activated carbon positive electrode and a MnO, negative electrode,
which achieved a wide operation potential window of AE = 2.0 V.* Using binary salts (LiTFSI and
LIBETI where BETI is bis(perfluoroethyl sulfonyl) imide, LiN(SO,C,Fs),), a superconcentrated
aqueous electrolyte Li(TFSI)o7(BET1)3/2H,0 (H,O/Li molar ratio: 2.0) called hydrate melt can

further expand an electrochemical potential window,'® which was applied to a hybrid capacitor
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consisting of an activated carbon positive electrode and a MXene Ti,CTy negative electrode.'?
However, although the applications of concentrated aqueous electrolytes to EDLCs successfully
increased the energy density, it was also revealed that their power density is sacrificed****;

density of the EDLC of MXene Ti,CT,|hydrate melt|activated carbon decreases from 23 to 7 Wh/kg

the energy

with increasing the power density from 10 to 200 W/kg (per the total weight of active materials).*?
For the improvement of the limited rate performance with concentrated aqueous electrolytes, the first
step should be to clarify the rate-determining step during (dis)charging.

In this work, | study the ion transport mechanism of MXene Ti3C,Tx electrode with aqueous
electrolytes. MXene is an emerging class of two-dimensional transition-metal carbides/nitrides with
general formula of M1 X, Ty, where M is Ti, Mo, Nb, V, etc., X isC, N, nis 1, 2, or 3, T is a surface
termination group such as -OH, -O, -F, -C1.**?? Owing to high electronic conductivity and large
interlayer space, MXene TisC,Tx with an aqueous Li* electrolyte exhibits fast intercalation of
hydrated Li* to form an EDL within the interlayer space (Figure 4.1), delivering a large EDL
capacitance over 120 F/g at high charge/discharge rates.’>?*** As shown in Figure 4.1, a
MXene-aqueous electrolyte system is approximated by a Randles circuit consisting of a series
resistance Rs, a surface EDL capacitance Cg, an interfacial Li* transfer resistance R;, and a Warburg
element of hydrated Li* diffusion in interlayer space Z,.>>% Importantly, the energy barrier of each
ion-transport resistance (Rs and R;) can be evaluated using temperature dependent electrochemical

impedance spectroscopy (EIS),?"*

which sheds light on the atomic/molecular-scale ion-transport
mechanism.

Herein, | demonstrate that increasing salt concentration causes the increase of energy barriers for
both bulk and interfacial ion transports, leading to the limited rate performance of MXene electrodes

with concentrated aqueous electrolytes.
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Figure 4.1 Schematic illustration of a Ti;C,T, electrode and an aqueous LiTFSI electrolyte. Hydrated Li* ions
are intercalated/de-intercalated upon charge and discharge. An equivalent Randles circuit is also shown. Rs: a
series resistance including a bulk electrolyte resistance, R;: interfacial Li* transfer resistance, Cq: a surface

double-layer capacitance, W: Warburg element of hydrated Li* diffusion in MXene.

4.2 Synthesis and characterization of TisAIC, and TizC, Ty

MAX phase TizAlC, was prepared by heating the mixture of Ti,AIC and TiC at 1350 °C for 1 h
under Ar flow. The X-ray diffraction (XRD) pattern of TisAIC, (Figure 4.2) is fully indexed to
hexagonal P6s/mmc, indicating the successful synthesis of TizAlC,. MXene TizC, Ty was prepared by
extracting Al layers from TisAlIC, using LiF/HCI aqueous solution (Table 4.1). As shown in Figure 2,
002 and 004 diffraction peaks corresponding to the interlayer distance (diner) shift to lower 26 angle,
which suggests the expansion of dine from 9.2 to 11.4 A after the removal of Al layers. Scanning
electron microscope (SEM) images, Figure 4.3, show that particulate TizAIC; is transformed to
partially exfoliated morphology after the removal of Al layers. All these observations are consistent
with those reported previously, confirming the successful synthesis of MXene TisC,Ty.2**® MXenes
Ti,CT, and Nb,CT, were also synthesized according to the methods reported previously.®** Note
that, as the main interest in this work is the ion transport mechanism of MXene electrodes with
existence of aqueous electrolytes, | used non-delaminated TizC, Ty for electrochemical measurements

to avoid complexities from the porous structure of delaminated MXenes.
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Figure 4.2 X-ray diffraction patterns for Ti;AlC, and Ti;C,T,.
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Figure 4.3 SEM images of (a) TizAIC, and (b) TisC,Ty. The scale bars are 3 um.

Table 4.1 Energy dispersive X-ray spectroscopy analysis of TizC,Ty.

Ti Al C
atomic% atomic% atomic%
TisCoTy 59.7 0.5 39.8
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4.3 Electrochemical properties of MXenes in aqueous electrolytes

First of all, the cathodic potential limit of TisC,Tx electrode was determined by
chronoamperometry (Figure 4.4) with various aqueous electrolytes (LiTFSI/47.7H,O (1.0 M),
LiTFSI1/10.3H,0 (3.0 M), LiTFSI/2.5H,0 (water-in-salt), and Li(TFSI)o7(BETI)0.3/2H,O (hydrate
melt)). Concentrated electrolytes have lower cathodic potential limits (-1.1 V vs. Ag/AgCl for a

hydrate melt and -1.0 V for a water-in-salt) than those of dilute electrolytes (-0.8 V vs. Ag/AgCl for
1.0 and 3.0 M LIiTFSI).

1 M LITFSI 3 M LITFSI 5.2 M LiTFSI Hydrate melt
& L -0.8V L -0.8V R -1.0V i -11V
g 0 -
< - — — i
£ 1.0V ) - )
> 1.3V -1.4 -1.5V
2
Q
o
= L
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O

0 1500 0 1500 0 1500
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Figure 4.4 Chronoamperometry of TisC,T, at various applied potentials vs. Ag/AgCl with various aqueous
electrolytes. Red lines indicate negligible steady-state cathodic current less than -10 pA/cm?, which

determines a cut-off voltage for each system.
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After determination of stable potential window, the electrochemical properties of TizC,Ty
electrodes in various aqueous electrolytes (LiTFSI/47.7H,O (1.0 M), LiTFSI/10.3H,0 (3.0 M),
LiTFSI/2.5H,0 (water-in-salt), and Li(TFSI)o7(BETI)o3/2H,O (hydrate melt)) were evaluated by

cyclic voltammetry (CV) at various scan rates (Figure 4.5). Regardless of an electrolyte

concentration, TisC, Ty electrodes in aqueous electrolytes exhibit rectangular shaped CV curves at a

slow scan rate of 0.5 mV/s, which is characteristic of an EDLC electrode. Hydrated Li* ions

intercalate into the interlayer space of TizC,Tx without charge transfer, and EDL is formed within the

interlayer space.
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Figure 4.5 Scan rate dependence of CV curves of Ti;C,T, in (a) 1.0 M LiTFSI/H,0, (b) 3.0 M LiTFSI/H,0, (c)
LiTFSI/2.5H,0 (a water-in-salt electrolyte), and (d) Li(TFSI)e7(BET1)3/2H,0O (a hydrate-melt electrolyte).

CV scan starts from open circuit potential (OCP) with various aqueous electrolytes.
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Concerning the scan-rate dependence with LiTFSI/47.7H,O (1.0 M), 44% of the specific
capacitance at a slow scan rate of 0.5 mV/s retains at the fast scan rate of 50 mV/s. However,
increasing the salt concentration limits the rate performance (Figure 4.6). For example, with a
hydrate-melt electrolyte, the specific capacitance largely decreases from 141 F/g at 0.5 mV/s to 12.9
F/g at 50 mV/s. If the capacitance is roughly divided into contributions from surface-control and
diffusion-control currents using i = Av%> +Bv (i : specific current, v : scan rate, A :

3132 the fraction of a

diffusion-control  contribution, B : surface-control contribution),
diffusion-control capacitance increases from 36% to 56% with increasing the salt concentration
(inset in Figure 4d), which supports the limited rate performance with concentrated electrolytes. The
limited rate performance of concentrated electrolytes was also confirmed using MXene Ti,CTy and
Nb,CTy (Figures 4.7 and 4.8). As the salt concentration does not affect either ion transport or
electric conduction in MXene, ion transport in an electrolyte and/or at an electrode-electrolyte

interface is a rate-determining step at the scan rates faster than 10 mV/s.
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Figure 4.6 Scan rate v dependence of a specific capacitance. The inset shows the rough estimation of

surface-control (red bar) and diffusion-control (empty bar) capacitances.
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Figure 4.7 Scan rate dependence of CV curves of (a-d) Ti,CTy and (e-h) Nb,CT, in 1.0 M LiTFSI/H,0, 3.0 M
LiTFSI/H,O, LiTFSI/2.5H,0 (a water-in-salt electrolyte), and Li(TFSI),7(BETI)q3/2H,O (a hydrate-melt
electrolyte).
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4.4 Interfacial charge transfer of MXene with aqueous electrolytes

Figure 4.9 shows general trend of bulk electrolyte resistance (Rs) with increased concentration of
electrolytes. In a region of extremely dilute concentration, Rs slightly decreases with increased
concentration because charge carriers become abundant and ionic conductivity increases. However,
Rs dramatically increases in a region of high concentration since charge mobility and ionic

conductivity remarkably decreases.?

>
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Figure 4.9 General trend of bulk electrolyte resistance with various concentrations of electrolytes.

To further analyze the internal resistances, electrochemical impedance spectroscopy (EIS) was
applied. Nyquist plots at 298 K (Figure 4.10) show that both a series resistance (Rs, Figure 4.1) and
an interface resistance (R;, Figure 4.1) increase with increasing the salt concentration (Table 4.2).
The increase in Rs is attributable to the increase of electrolyte resistivity (Table 4.2), while the
increase in R; can be explained by either SEI formation or a change in an interfacial ion-transport
mechanism. It is important to note that R; cannot be described as a charge-transfer resistance,

because hydrated Li* forms EDL in the interlayer space without charge transfer.*%

Table 4.2 Bulk resistivity, series resistance Rs, and interfacial resistance R; of various agqueous electrolytes at

298 K.

H,O/Li" ratio bulk resistivity [Q2 cm] R [Q2] Ri [Q]

1 M LiTFSI/H,O 47.7 28.8 7.4 14.0
3 M LiTFSI/H,0 10.2 19.2 7.9 20.5
Water-in-salt 2.5 117.6 59.2 48.2
Hydrate melt 2.0 448.4 78.7 75.8
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In order to investigate the atomic/molecular-level origin of R;, the temperature dependence of EIS
was measured from 298 to 318 K (Figure 4.10). As concentration increases of LiTFSI aqueous
electrolytes, Rs and R; values gradually increase throughout the temperature. It should be noted that
Rs for TisC,Ty electrode with increasing concentration is well-consistent with the general trend
(Figure 4.9).
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Figure 4.10 Electrochemical impedance spectra for TisC,T, in (a) 1.0 M LiTFSI/H,0, (b) 3.0 M LiTFSI/H,0,
(c) LiTFSI/2.5H,0 (a water-in-salt electrolyte), and (d) Li(TFSI)7(BETI)q3/2H,0 (a hydrate-melt electrolyte).

Solid line indicates a fitted curve obtained by Zview software.
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For chemical reaction kinetics, Arrhenius plots are invaluable tools, which can predict activation
energy (Ea) by analyzing temperature-dependent EIS parameters. Based on Arrhenius equation,

1;(1)5&(@) (A: frequency factor; Ea: activation energy; R: gas constant; T:

InR™" (orR)=1In4+

absolute temperature), the Arrhenius plot (1000/T vs. In R (or Rs™)) can be depicted in a linear form

—Ea
1000R)'

for Ti3C, Ty (Figure 4.11), which could provide estimations of E, from the slop value (
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Figure 4.11 Arrhenius plots of (a) In Ri* and (b) In R, against 1000/T for TisC,T, in various aqueous

electrolytes.
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Figure 4.12 shows the salt-concentration dependence of Ea for R; and Rs with a TizC, Ty electrode.
For comparison, Ea for ionic conductivity o in bulk electrolytes is also plotted. For diluted
electrolytes (1.0 M and 3.0 M aqueous LiTFSI electrolytes), Ea for Rs is in the range of 10-15 kJ/mol
with a TizC, Ty electrode, which is almost same as that for o. Therefore, Ry is dominated by the ion
conduction of a bulk electrolyte (Figure 4.13a). It is well known that a main energy barrier against
ion transport in an aqueous solution is Stokes’ friction force, where a water hydrogen-bonding
network is broken and re-organized in association with the transport of a hydrated ion.**3* The
energy required for breaking a hydrogen bond in pure water was reported as 23.3 kJ/mol,* which is
slightly larger than Ea for Rs. Presumably, the water hydrogen-bonding network is disordered near a
hydrated ion (Frank-Wen model),*® making the hydrogen-bond breaking/re-organizing energy a bit
smaller. On the other hand, Ea for R; is negligibly small (< 5 kJ/mol) relative to that for R, because a
water hydrogen-bonding network at inner/outer Helmholtz layers is largely disordered due to surface
water adsorption and surface EDL formation,®’ and the interfacial transport of a hydrated ion does

not need breaking/re-organizing hydrogen bonds (Figure 4.13a).
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Figure 4.12 Concentration dependence of activation energy in TisC,T, for ionic conductivity o, series
resistance R, and interfacial resistance R;. Stokes’ friction and CIP dissociation regions indicate a dominant

energy barrier for ion transport.
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Figure 4.13 Schematic energy diagram for Li-ion transport in MXene electrodes with (a) diluted aqueous

electrolytes and (b) concentrated aqueous electrolytes.

With increasing the salt concentration, Ea for Rs and o increase significantly (e.g., 23.0 and 28.9
kJ/mol for the TisC,Ty electrode with a hydrate-melt electrolyte). As Li* is coordinated by anions as
well as H,0 to form contact-ion-pair in concentrated electrolytes,®**° large Ea for Rs and & should
be ascribed to the dissociation of CIP (Figure 4.13b). Indeed, a Raman peak at around 750 cm™
corresponding to the S-N-S bending of TFSI" shows a blue shift with increasing the salt
concentration (Figure 4.14a), indicating the CIP formation in concentrated electrolytes.™® Similarly,
Ea for R; also increases, e.g., from 2.25 (the Ti3C,Ty electrode with a 1.0 M aqueous LiTFSI
electrolyte) to 21.5 kJ/mol (the TizC,Ty electrode with a hydrate-melt electrolyte), as an electrolyte
concentration increases, which indicates change in an interfacial ion-transport mechanism. One
possible explanation is resistive SEI formation, because Ea for R; was evaluated using cells after 10
charge/discharge cycles, where an anion-derived SEI should be formed as reported previously. >4
However, when comparing Ea for R; of the MXene electrodes with a hydrate-melt electrolyte before
and after 10 charge/discharge cycles (i.e., without and with SEI), Ea without SEI (22.2 kJ/mol) is

identical with that with SEI (Figure 4.14b). Therefore, the energy barrier for interfacial ion transport
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is not influenced by the ion conduction in SEI. Considering Ea for R; is in the same range of Ea for
Rs and o in concentrated electrolytes, it is reasonable to consider that the energy barrier for interfacial

ion transport is also dominated by the dissociation of CIP (Figure 4.13b).
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Figure 4.14 (a) Raman spectra of 1.0, 3.0, 5.2 M LiTFSI aqueous electrolytes, and LiTFSI salt in the region
of S-N-S bending vibration and (b) Arrhenius plots of the interfacial resistance R; for TisC,T, electrode before

and after 10 cycles in a hydrate-melt electrolyte.

The similar trend of Nyquist plots (Figure 4.15) and activation energy Ea with various
concentrations of aqueous electrolytes is generally observed for other MXenes (Ti,CTy and Nb,CT).
Activation energy Ea for Ti,CTy and Nb,CTy was also estimated from an Arrhenius plot (Figure
4.16). Figure 4.17 shows the concentration dependence of Ex for R; and Rs. Similar to the case of
TizC,Ty, Ea for Rs is in the range of 10-15 kJ/mol for diluted electrolytes (1.0 M and 3.0 M), which is
almost same as that for o (Figure 4.12). Therefore, R, is dominated by the ion conduction of a bulk
electrolyte. However, with increasing an electrolyte concentration, E for Rs increase significantly
(e.g., 21.9 kJ/mol (Ti,CTy) and 21.1 kJ/mol (Nb,CT,) for a hydrate melt) due to formation of CIP in
concentrated electrolytes. Ea for R; in Ti,CTy and Nb,CTy also increases with increasing electrolyte
concentration, which indicates that interfacial ion transport into the MXene interlayer is dominated

by the dissociation of CIP in concentrated electrolytes.
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Figure 4.15 Electrochemical impedance spectra for (a-d) Ti,CT, and (e-h) Nb,CT, in 1.0 M LiTFSI/H,0,
3.0 M LIiTFSI/H,O, LiTFSI/25H,0 (a water-in-salt electrolyte), and Li(TFSI)o7(BETI)e3s/2H,0 (a

hydrate-melt electrolyte).
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Figure 4.16 Arrhenius plots of (a) In Ri* (Ti.CT,), (b) In Ry* (Ti,CT,), (c) In Ri* (Nb,CT,), and (d) In R,*
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(a) 40 (b) 40
Ti,CT, Nb,CT,
301 stokes friction CIP dissociation 30r Stokes friction CIP dissociation
g g
= 20 = 20r
X <
< <
R
Wl Re ool e
R
of R o
654 3 2 I 654 3 2 65 4 3 2 I 654 3 2
100 10 1 100 10 1
H,O/Li* H,O/Li*

Figure 4.17 Concentration dependence of activation energy in (a) Ti,CT, and (b) Nb,CT, for series resistance
R, and interfacial resistance R;.
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As illustrated in Figure 4.13, in the case of diluted electrolytes (1.0 M and 3.0 M aqueous
LiTFSI electrolytes), hydrate Li* can rapidly migrate and intercalate into MXene with low Ea for
both bulk and interfacial ion transport, achieving better capacitance retention at high rates. However,
with increasing the salt concentration, CIP dissociation with large Ea becomes to dominate both bulk
and interfacial ion transports, which limits fast (dis)charging capability required for high-power
capacitor application. Therefore, to further improve the rate performance of MXene electrodes while
maintaining the high voltage operation with concentrated electrolytes, CIP suppression can be a
strategy, for example, by using an additive that is able to coordinate to Li* preferentially.***?

Figure 4.18 illustrates the overall summary of charge-transport barrier Ea and electrochemical
potential window AE for conventional organic electrolytes, conventional aqueous electrolytes, and
concentrated aqueous electrolytes. It is well known that, despite wide AE exceeding 4 V,
conventional organic electrolytes have large Ea of approximately 50 kJ/mol for interfacial
desolvation, which hinders the high-power operation of Li-ion batteries.?’*° Although conventional
aqueous electrolytes have small Ea of approximately 10 kJ/mol for fast bulk ion transport that
enables high-power operation of aqueous capacitors, narrow AE severely restricts their energy
density. In a striking contrast with this dilemma, concentrated aqueous electrolytes achieve a good
balance of low Ea of approximately 20 kJ/mol and wide AE exceeding 3.0 V. Such balanced
properties of concentrated aqueous electrolytes may offer electrochemical energy storage devices

suitable for various applications.
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Figure 4.18. Schematic illustration of charge transport barrier E and electrochemical potential window AE of
conventional organic electrolytes (large Ea and wide AE), conventional aqueous electrolytes (small E5 and
narrow AE), and concentrated aqueous electrolytes (small Eo and wide AE). Hydrate melt and water-in-salt

can offer the intermediate balanced performances.
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4.5 Conclusion

| have clarified the ion transport mechanism of MXene electrodes with aqueous electrolytes.
With conventional diluted aqueous electrolytes, bulk ion transport is dominated by Stokes’ friction
force while an energy barrier for interfacial ion transport is negligibly small because a disordered
water hydrogen-bonding network at inner/outer Helmholtz layers is not effective to induce frictional
interaction with mobile ions. When concentrated electrolytes are used, both bulk and interfacial ion
transports are dominated by CIP dissociation with Ea of approximately 20 kJ/mol, which is the main
cause for the limited rate performance of MXene electrodes in concentrated electrolytes with respect
to the capacitor requirement. However, the emphasis should be placed on the fact that the values of
conductivity and activation energy observed in water-in-salt and hydrate-melt electrolytes are much

better than those of standard materials in present batteries.
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Chapter 5: Topochemical synthesis of phase-pure Mo,AIB, through staging
mechanism

5.1 Introduction

2D materials such as graphene,™? transition-metal dichalcogenides (TMDs),** and hexagonal
boron nitride (h-BN)>® have incresingly attracted interest owing to their possible widespread use in
various applications including electronics, energy conversion, environment, and energy storage:
Atomically thin 2D morphology yields unique physical and chemical properties that are distinct from
those of conventional three-dimensional materials.”®

Since the discovery by the research group led by Gogotsi and Barsoum in 2011, transition metal
carbides and nitrides, collectively called as MXenes, have emerged as a new class of 2D materials.®
As MXenes are synthesized by removing Al, Si or Ga layers from layered carbides and nitrides
(MAX phases M+1AX,, M: Ti, V, Cr, Zr, Nb, Mo, Ta; A: Al, Si, Ga; X: C, N; n =1, 2, or 3),
MXenes consist of 2D nanosheets with a general formula of M1 X, Tx (Tx (surface termination
group): OH, O, F, Cl), and their compositional and structural versatility allows alteration of physical
and chemical properties as shown in Figure 5.1.1%%? For example, the ion storage ability of MXenes
for battery and supercapacitor applications can significantly be enhanced by changing M, X, Ty or
n.2% Therefore, of essential importance at this early stage of the development of MXenes is to
extend a range of their chemical composition. Nontheless, albeit a relatively wide range of choice in
M, Ty and n, severe limiation presently applies to X, wherein MXenes accomodate only X = C and N.
As a valence band of MXenes is comprised of the 2p orbital of X hybridized with the d orbital of M,
MXenes with different X should drastically modulate the electronic structure.?®

MXene New 2D MBene
. .
X: Cor/and N %analogous X:B
IVln+1AXn
1A : Transition metal WA VA VA VIA VI

Be : A or IVA group

B8 : Cand/or N +
Mg n:1,2,or3

A

Fe | Co Ni

Figure 5.1 A variety of combination for MXene (M,.1X,Ty) including X: B (MBene).
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In this context, it has been an aspirational goal to synthesize MXene with X = B, referred to as
MBenes as shown in Figure 5.1, which can provide favorable properties for energy storage
applications. Indeed, theoretical calculations predicted that MBenes have high electronic
conductivity and a large capacity of Li-ion storage.? It was expected, in analogy with the synthesis
of MXenes from MAX phases, that MBenes could be synthesized by the removal of Al layers from
layered binary borides (MAB phases M,AlIB,) as shown in Figure 5.2.273

MAX phase MAB phase
(hexagonal layered structure)  (orthorhombic layered structure)

B .

¥ M-B (4~5J/m2)

M-Al (2~2.5 J/m?)

M-C (5~6 J/m?)
M-Al (2 J/m2)

" )

Bonding energy

Figure 5.2 Similar to MAX phase with a hexagonal layered structure, MAB phase exhibits an orthorhombic
layered structure where Al layers are interleaved between transition-metal boride (MB) slabs. Based on
first-principle calculations, it is expected that 2D MBene could be synthesized by selective Al etching in MAB
phase because bonding energies of M-B and M-Al for a MAB phase are analogous to those of M-C and M-Al
for a MAX phase.

However, a pioneering work to remove Al layers from a MoAIB single crystal by Alameda et
al.® revealed that MBene could not be obtained directly from MOoAIB becaues of a structural
difference in the Al layers between MAX and MAB phases: MAX phases have a single Al layer
while MAB phases have a zigzag double Al layer. Therefore, Alameda et al.*® proposed to synthesize
a MAB phase with a single Al layer as a precursor for Mbenes. However, because of their
thermodynamically metastable nature, the phase-pure synthesis of an MAB phase with a single Al

layer has not been established.
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In this work, | report the topochemical synthesis of phase-pure Mo,AIB,, an MAB phase with a
single Al layer, as a possible presursor for MBenes. | also show the possible elemental steps upon

topochemical transformation from MoAIB to Mo,AlIB; using theoretical calculations.

5.2 Synthesis of MAB phase MoAIB and Mo,AIB,

An MAB phase, MoAIB with a zigzag double Al layer, was synthesized by heating the mixture
of MoB and Al at 1200 <C for 1 h under Ar atmosphere using a high-frequency induction furnace.
Mo,AIB; with a single Al layer was synthesized topochemically by removing Al layers from MoAIB:
powdered MoAIB was treated with an etchant LiF/HCI aqueous solution (Figure 5.3). The intensive
optimization of synthetic conditions determined that etching with a concentrated etchant (3 M LiF/10
M HCI solution) at elevated temperature of 40 < for more than 48 h is necessary for the complete

transformation.

LiF/HCI g : g ] g

© 0 0 o
Al extraction @ @ m

MoAIB Mo,AIB,

Figure 5.3 Schematic design for the synthesis of Mo,AlIB, treated by LiF/HCI from MAB phase MoAIB.

The powder X-ray diffraction (XRD) pattern for MoAIB (Figure 5.4) is fully indexed to
orthorhombic Cmcm, indicating the successful synthesis of MoAIB.?® It should be noted that
energy-dispersive X-ray (EDX) analysis shows the existence of surface-segregated oxygen (Figure
5.5). The XRD patterns in Figure 5.4 show that a 020 diffraction peak at 26 = 12.6° for MoAIB
shifts to 13.6%after the etching process. Based on the 020 diffraction corresponding to the interlayer
distance (dineer) of MOB layers, diner decreases from 7.1 A to 6.1 A, suggesting successful removal of
Al layers from MoAIB.
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Figure 5.4 XRD patterns of MoAIB and Mo,AlB,. 020 diffraction peak shifts to higher angle, indicating

shrinkage of interlayer distance due to an Al layer loss.

Indeed, energy-dispersive X-ray (EDX) analysis (Figure 5.5) revealed that the atomic ratio of

Mo/Al increases from 1.0 for MoAIB to 2.0 for the product, which confirms the formation of

Mo,AlIB; by the removal of Al layers from MoAIB. Importantly, as a single 020 diffraction peak was

observed for the XRD pattern of the product, MoAIB was completely transformed to phase-pure

Mo,AIB,. Using a MoAIB single crystal as precursor, Alameda et al. found the formation of several
unidentified intergrowth phases of Mo,AIB,, MozAl,B3, MosAl3B,4, and MosAlsBs. % In contrast, this

work successfully isolated phase-pure Mo,AlIB, under the optimized synthetic conditions including

etchant concentration, temperature, and reaction duration time.
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Figure 5.5 EDX results for (a) MoAIB and (b) Mo,AlIB:.
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Scanning electron microscopy (SEM) images (Figures 5.6a and 5.6b) show that the flake
morphology of MoAIB changes to the partially exfoliated morphology of Mo,AIB, presumably due
to the formation of etched cavities as reported previously.***® Transmission electron microscopy
(TEM) images (Figures 5.6¢ and 5.6d) indicate that the layered structure of MoAIB is maintained
after the etching process. The observed diyer are 7.1 and 6.4 A for MoAIB and Mo,AlB,, respectively,
which are in complete agreement with the XRD results (Figure 5.4). Furthermore, the TEM-EDS
analysis confirmed that the oxygen detected in SEM-EDX is a minority element (3.2% per total
atoms). Therefore, all the experimental observations support that the MoAIB with a zigzag double Al
layer is transformed to Mo,AlIB; with a single Al layer topochemically, i.e., maintaining the stacking
structure of MoB layers, (Figure 5.3). As the single Al layer of Mo,AIB; is identical with that of
MAX phases, M0,AIB; is a possible precursor for MBenes.

Figure 5.6 SEM images of (a) MoAIB and (b) Mo,AlB,, and TEM images of (c) MoAIB and (d) Mo,AlIB,.
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5.3 Sequential staging transformation

Figure 5.7 shows the power X-ray diffraction pattern of the samples with different etching times
(0, 24, 48, and 144 h). The XRD pattern for the sample after 24 h etching shows the coexistence of a
phase with an intermediate interlayer distance of diyer = 6.8 A, suggesting the formation of MosAl;B,
(stage 1) before the formation of Mo,AIB, (stage ). Indeed, this XRD results support staging
transformation mechanism proposed using ex situ annular dark-field scanning transmission electron
microscopy (ADF-STEM).* However, the XRD pattern for the sample after an etching time of 144 h
exhibits no further change of interlayer distance same with that of the sample after an etching time of
24 h, indicating a thermodynamically stable compound of Mo,AIB,. Therefore, other harsh etching
condition might be needed for fully-etching of Al layers to synthesize the 2D MBene.

Mo,AIB,
144 h

N Mo,AIB,
S
9; 48 h
> Mo,Al,B,
‘0
o 24 h
IS

o
AN
o
/}\ MoAIB

1 1 1 1

11 12 13 14 15 16
20 (degree)

Figure 5.7 Powder X-ray diffraction patterns for MoAIB, the sample after 24 h etching, the sample after 48 h
etching, and the sample after 144 h. After 24 h etching, a new diffraction peak appears at 20 = 139
corresponding to the interlayer distance of diwr = 6.8 A (presumably, Mo,Al;B,). Based on XRD and
ADF-STEM results, staging transformation from MoAIB through Mo,Al;B, to Mo,AIB, should occur.

5.4 Conclusion
Phase-pure Mo,AIB; with a single Al layer was synthesized topochemically by removing an Al
layer from a zigzag double Al layer in MoAIB. XRD and ADF-STEM results predicted that the
transformation from MoAIB to Mo,AIB, proceeds through a staging route rather than generating
random Al defects in the zigzag double Al layer. As Mo,AIB; has a single Al layer which is identical
with MAX phases, it can be a precursor to form MBene under an appropriate etching condition.
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Chapter 6: General conclusion

6.1 Conclusions in this study

The main perspective of this thesis was to develop MXene/concentrated aqueous electrolyte
system because MXenes are promising materials to give large amounts of active sites for energy
storage and the wide electrochemical potential window was provided by concentrated electrolytes.

Due to light gravimetric weight of a MXene Ti,CTy, its cyclic voltammetry curve exhibited the
highest averaged capacitance (168 F/g) among TisC, Ty, Nb,CTy, and Mo,CTy. Many kinds of cation
(Li, Na, K, Mg, Ca, and Zn) were investigated because large interlayer distance provide
intercalation/deintercalation pathway of various chemical species. Although ZnTFSI system offered
the largest capacitance (> 200 F/g), it was proved that ZnTFSI system easily becomes acidic
atmosphere when dissolved in water; the largest capacitance could be attributed to redox reaction
between proton and surface termination of MXenes. Thus, Ti,CT,/Zn system showed narrow
electrochemical potential window because of hydrogen evolution in acidic atmosphere.

Taking advantage of wide operating potential of a hydrate melt, Ti,CT4 has a capacity of 60
mANh/g at a specific current rate of 30mA/g three times larger than that of a 1 M Li,SO, commercial
aqueous electrolyte. MXene aqueous supercapacitor (Ti,CT,hydrate melt|/AC) with a hydrate melt
also shows a higher energy density (> 15 Wh/kg) at a scan rate of 100 W/kg compared to that of 1 M
Li,SO4 aqueous electrolyte. However, capacity of Ti,CTy is decreased dramatically at high current
densities in a hydrate melt electrolyte.

To clarify capacity decay mechanism, interfacial charge transfer was investigated in dilute and
concentrated systems based on temperature-dependent EIS analysis. Concentrated system showed
much higher activation energy of charge transfer than that of dilute system. Based on Raman
spectroscopy, interaction between anions and hydrated-Li* hinders the transportation of charges into
the electrode. To enhance performances of MXene/concentrated system, hydrogen evolution should
be suppressed by stable SEI formation while interaction between anions and hydrated-Li* should be
reduced.

Since the report on high energy storage capability of MBenes based on first principle calculations,
several studies on synthesis of MBenes have been conducted; however, fully-etching of Al layers
from the MAB phase has not been reported. In this regard, the synthesis of 2D MBene was
challenged with a MAB phase MoAIB.

Through the intensive optimization for etching process of MoAIB, pure-phase Mo,AIB; has first

101



been successfully synthesized as a possible precursor of 2D MBene; however, further studies on
optimization of etching process (e.g., etching time, etching temperature, and etchants) are required to

synthesize 2D MBene with fully-etching of Al layers from MoAIB.

6.2 Outlook

Although Ti,CT,/hydrate-melt system showed higher voltage operation and higher energy density
with good cycle retention compared to those of a commercial 1 M Li,SO,4 aqueous electrolyte,
further studies on aqueous electrolytes and MXenes are required to enhance power density without

sacrificing the high voltage operation for high-performance supercapacitors.

Aqueous electrolytes

Generally, aqueous electrolytes provide higher ionic conductivity than that of non-aqueous
electrolytes; however, their operating potential is limited by the narrow electrochemical potential
window of water, leading to low energy density. Although super-concentrated aqueous electrolyte
(e.g., a hydrate melt) exhibited high operation voltage as described in this work, there are still the
number of requirements that should be addressed to enhance power density without sacrificing the
electrochemical potential window for high-performance aqueous supercapacitors; i) stable SEI film
should be formed on the electrode to suppress hydrogen evolution. ii) interfacial charge transfer

resistance and bulk electrolyte charge transfer resistance should be minimized.

Exploring of new combination of MXenes

Novel MXenes could grant favorable properties (e.g., high electric conductivity, high charge
storage capability) for energy storage applications. Over 60 different pure MAX phases have been
reported up to now. Considering their combination of solid solution of transition-metal and mixing
carbon/nitrogen, numerous MAX phases can be synthesized. The intensive optimization of etching
process using different bonding energy of M-A and M-X could provide successful synthesis of new
MXenes. Furthermore, new 2D compounds MXene with X = B (referred to as MBene) would be

candidates, which can provide extraordinary properties for supercapacitors.

Tuning of MXenes
The versatile chemistry of MXenes offers new properties, which can be favorable to improve
energy storage capability. Surface termination groups of MXenes can affect electrochemical

performances by controlling electronic structure and by donating electrons to hydrated-cations. For
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example, lower electronegativity with surface termination groups (e.g., Br < CI" < F’) can reduce
Coulombic repulsion of intercalated-cations each other, leading to large amounts of charge storage in
the MXene interlayers. Moreover, surface termination groups with larger atomic size provide larger
interlayer distance, which can offer good ion accessibility in MXene interlayers.

Because MXenes have large interlayer distance, many chemical species have been reported as
intercalants (e.g., dimethyl sulfoxide, urea, hydrazine, long-chain alkylamines, etc.). These
intercalants may not only enlarge the MXene interlayers but also make them transformed from 2D
channel to 3D network, which can be new MXene hosts for new types of supercapacitors (e.g., Ca-,
Zn-, and Mg-ion supercapacitor).

Finally, multi-layered TizC,Tx MXene can be easily delaminated by hand-shaking or sonication,
which can provide high specific surface area and high electrical conductivity. Taking these

advantages, they can be used as a conductive agent to enhance electrochemical performances.
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Appendix A: MXene electrode with hybrid electrolyte (acetonitrile/hydrate-melt)

A hydrate melt electrolyte provides wider electrochemical potential window (-1.1 V vs. Ag/AgCl)
than that of 1 M Li,SO,4 aqueous electrolyte (-0.7 V vs. Ag/AgCl); however, low ionic conductivity
and high charge transfer resistance coming from interaction between hydrated-Li* and anions lead to
low power density. One approach to enhance power density without sacrificing high operation
potential is to dilute a hydrate melt with miscible organic solvent (e.g., acetonitrile).

A.1 Liquid structure of hybrid electrolytes

A hydrate melt (28 m) and various concentrations (1, 5, 12, 20 m) of hybrid electrolyte
(acetonitrile/hydrate-melt) were prepared by diluting a hydrate melt with an acetonitrile organic
solvent. Hybrid electrolytes are referred as AHydrate-melt. Figure A.1 shows the S-N-S bending
vibration modes corresponding to the anion environment for pure acetonitrile, 1, 5, 12, 20 m
AHydrate-melt, and a 28 m hydrate melt electrolytes. As electrolyte concentrations are diluted, the
peaks shift to lower wave number far from that of hydrate melt electrolyte, indicating weakening of

Li*-anion interaction.

S-N-S bending
(Li"-TFSI interaction)

Hydrate melt (28 m)

748.8
—/4¥ 20 m AHydrate
746.9
A 12 m AHydrate
743.6
5 m AHydrate

7415
1 |1 mAHydrate

Intensity (a.u.)

Acetonitrile

730 740 750 760 770
Raman shift (cm™)

Figure A.1 Raman spectra of acetonitrile, 1, 5, 12, 20 m AHydrate, and a hydrate melt electrolytes in the

region of S-N-S bending vibration.
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Figure A.2 shows the O-H stretching vibration modes, indicating the existence of free water
molecules. A 28 m hydrate melt shows the appearance of new peak around 3567 cm™, suggesting all
water molecules are hydrated to Li* without any hydrogen bonding each other. As electrolyte
concentrations are diluted, the peaks shift to lower wave number, indicating that hydration between
Li* and water is weakened. However, the extent of weakening hydration between Li* and water is not

severe until a 28 m hydrate melt electrolyte is diluted to the concentration of 5 m by acetonitrile.

O-H stretching
(Li"-H,O interaction)
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Figure A.2 Raman spectra of acetonitrile, 1, 5, 12, 20 m AHydrate, and a hydrate melt electrolytes in the

region of O-H stretching vibration.
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A.2 Electrochemical properties of MXenes in hybrid electrolytes

First of all, stable potential window of Ti3C, T electrode was determined by chronoamperometry
(red lines in Figure A.3, a steady-state cathodic current > —10 pA/cm?) with a 5 m AHydrate-melt
hybrid electrolyte. 5 m AHydrate-melt hybrid electrolyte shows wide operating potentials (-1.1 V vs.
Ag/AgCI), which is same with that of hydrate melt.
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Figure A.3 Chronoamperometry of TisC,T, at various applied potentials vs. Ag/AgCl with a 5 m
AHydrate-melt hybrid electrolyte. A red line exhibits negligible steady-state cathodic current less than -10

nA/cm?, which determines a cut-off voltage.
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After determination of stable potential window, cyclic voltammetry (CV) of TizC,Ty electrode
was measured with a 5 m AHydrate-melt hybrid electrolyte (Figure A.4a-c). For comparison, CVs of
TisC,Tx with 1 M LITFSI and a 28 m hydrate melt aqueous electrolytes were also depicted. 5 m
AHydrate-melt shows the similar degree of distorted curves at high scan rates with 1 M LiTFSI
while the electrochemical potential window (-1.1 V vs. Ag/AgCl) is same with that of a 28 m hydrate
melt. Averaged capacitances of TisC,Tx with a 5 m AHydrate-melt hybrid electrolyte at a scan rate of
0.5 mV/s is 145.2 F/g. As shown in Figure A.4d, rate capability of TisC,Tx with a 5 m
AHydrate-melt hybrid electrolyte is comparable to that with 1 M LIiTFSI. While a 5 m
AHydrate-melt hybrid electrolyte offers high voltage operation of a Ti3C,Tx electrode (-1.1 V vs.
Ag/AgCl) same with that of a 28 m hydrate melt, rate capability is much improved.

(@) 400 (b) 400
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Potential (V vs. Ag/AgCI) Potential (V vs. Ag/AQCI)
(© 400 (d) 160

5 m AHydrate

— L 120 +
5 200 &) 5 m AHydrate
S5 w
[} Q
o o 80
g 0 5
5 £
g g Hydrate melt
8 g Or 1 M LITFSI

-200

0 L \O
-400 1 1 1 1 1 1 1
-1.2 -0.8 -0.4 0.0 1 10 100 1000
Potential (V vs. Ag/AgCl) Scan rate (mV/s)

Figure A.4 Cyclic voltammograms for TisC,T, with (a) 1.0 M LiTFSI, (b) a hydrate melt and (¢) 5 m
AHydrate-melt electrolytes, and (d) rate capability at various scan rates of 0.5, 1, 2, 5, 10, 20, 50, and 100
mV/s.
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Figure A.5 shows temperature-dependent EIS of Ti3C, Ty electrode with a hydrate melt and a 5 m
AHydrate-melt hybrid electrolyte. A 5 m AHydrate-melt hybrid electrolyte shows lower R; and R
than those of a hydrate melt. Based on Raman spectroscopy (Figure A.1), weakening the interaction
between hydrated-Li* and anions brings about low resistance of interfacial charge transfer and bulk

electrolyte, providing enhanced power density (Figure A.4d).
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Figure A.5 Typical Nyquist plot for TisC,T, with (a) a hydrate melt and (b) a 5 m AHydrate-melt hybrid
electrolyte at 298, 303, 308, 313, and 318 K.
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Appendix B: Power-law relationship in MXene electrode with non-aqueous
electrolyte

Large interlayer distance of MXene offers great charge storage host with excellent ion
accessibility and large amounts of active sites. While hydrated-cations are intercalated into MXene
interlayers during charge process in aqueous system, M. Okubo et al.* reported solvated-cations are
intercalated into MXene interlayers at initial charging and desolvation occurs at low potential region
(ca. 1.0 V vs. Li*/Li) in non-aqueous system. Therefore, EDL capacitance occurs at initial charging
and is transferred to pseudocapacitance during further charging. Here, power-law relationship in
MXene electrode is investigated with a different cut-off potential, indicating different charge storage
mechanism between EDL capacitance and pseudocapacitance.

B.1 Cyclic voltammetry of MXenes
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Figure B.1 Cyclic voltammograms of Ti,CT, in the potential range of (a) 0.1 — 3.0 V and (b) 1.0 — 2.5 V, and
TisC, Ty in the potential range of (¢) 0.1 —3.0 V and (d) 1.2 — 2.5V with 1 M LiPFs in EC/DMC (vol.% 1/1).
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Figure B.1 shows cyclic voltammograms of Ti,CT, and TizC, Ty in different potential region with
various scan rates of 0.1-2.0 mV/s. Low potential region (ca., < 1.2 \V vs. Li*/Li) as shown in Figure
B.1a and B.1c exhibits distorted rectangular CV shapes, indicating pseudocapacitance through
orbital hybridization between Li* and MXene. On the other hand, Figure B.1b and B.1d shows

rectangular CV shapes, which are characteristic of typical EDL capacitors.

B.2 b-value determination
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Figure B.2 b-value (i = av® where i is current, v is scan rate, and a and b are adjustable coefficients)
determination; Ti,CT, in the potential range of (a) 0.1 — 3.0 V and (b) 1.0 — 2.5V, and TizC,T, in the potential
range of (c) 0.1 — 3.0 V and (d) 1.2 — 2.5 V with 1 M LiPFg in EC/DMC (vol.% 1/1). (a), (c) the relationship
between the peak current (ca., 1.00 V vs. Li*/Li) and the scan rate. (b), (d) the relationship between the current

at 1.60 V vs. Li*/Li and the scan rate.

Figure B.2 exhibits the plots of log(i) as a function of log(v) for Ti,CTy and TizC,Tx with
different cut-off potential. The currents obey a power-law relationship (i = av°) with the scan rate
(0.1 — 2.0 mV/s), which shows a linear proportionality for the plots of log(i) vs. log(v). The b-value
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of 1.0 indicates that the reaction is surface-controlled while the b-value of 0.5 manifests that the
reaction is bulk-diffusion-controlled principally observed in intercalation-based materials.>* The
cathodic and anodic b-values of the current at 1.60 V vs. Li*/Li for the samples with controlled
cut-off potential (1.0 — 2.5 V for Ti,CTyx and 1.2 — 2.5 V for Ti3C,Ty) are all 1.00, suggesting that a
surface-controlled reaction is dominant (Figure B.2b and B.2d) and thus fast. The cathodic and
anodic b-values of the peak current (ca., 1.00 V vs. Li*/Li) with full-range potential (0.1 — 3.0 V) for
Ti,CTx and TisC,Tx are 0.88/0.94 and 0.89/0.95, indicating that the reaction is partially
bulk-diffusion-controlled (Figure B.2a and B.2c).

300 Ti,CT (0.1-3.0V)
=
L
© 250 Ti,CT (1.0-25V)
g
8
S 200 _
S Ti,C,T (0.1-3.0V)
150 Ti,.C,T (1.2-25V)

0.1 0.2 0.5 1 2
Scan rate (mV/s)

Figure B.3 Rate capability of Ti,CT, in the potential range of 0.1 — 3.0 V and 1.0 — 2.5V, and Ti3C,T, in the
potential range of 0.1 — 3.0 V and 1.2 — 2.5 V at various scan rates of 0.1 — 2.0 mV/s with 1 M LiPFg in
EC/DMC (vol.% 1/1).

Redox reaction (ca., 1.00 V vs. Li*/Li) provides larger capacitances of 350 and 235 F/g for
Ti,CTy and Ti3C, Ty with full-range potential than those with controlled cut-off potential (285 and
170 for Ti,CTy and Ti3C,Ty). However, capacitances with full-range potential decreases sharply with
increased scan rate compared to those with controlled cut-off potential. Based on the power-law
relationship, the poor rate capability of Ti,CTy and TisC,Tx with full-range potential can be attributed
to diffusion barrier in MXene interlayers. Indeed, M. Okubo et al.! reported that interlayer distance

decreases during charging process due to Coulombic attraction between Li* and MXene walls and
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hence desolvation of solvated-Li*, leading to the orbital hybridization between Li* and MXene walls.
It is important to note that other factors (e.g., SEI formation, low conductivity/slow ion diffusion of
electrolyte, and low electronic conductivity/slow ion diffusion of Ti,CTy) can also be influenced on

the rate capabilities of MXenes.
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