Exploring Charge Storage Mechanism in MXene as
Supercapacitor Electrode: A First-Principles
Approach

Mandira Das

Roll No. : 186121013

under the supervison of
Prof. Subhradip Ghosh

Department of Physics
Indian Institute of Technology Guwahati
Guwahati-781039, Assam, India

November, 2023

TH-3302_186121013



TH-3302_186121013



Exploring Charge Storage Mechanism in MXene as
Supercapacitor Electrode: A First-Principles
Approach

A thesis submitted by

Mandira Das

to
Depratment of Physics
Indian Institute of Technology Guwahati
in partial fulfillment of the requirements
for the award of the degree of
Doctor of Philosophy in Physics

Department of Physics
Indian Institute of Technology Guwahati
Guwahati-781039, Assam, India

TH-3302_186121013



TH-3302_186121013



Statement

The work contained in the thesis entitled “Exploring Charge Storage Mechanism in MXene
as Supercapacitor Electrode: A First-Principles Approach” has been carried out at the
Department of Physics, Indian Institute of Technology Guwahati, India by me under the supervison
of Prof. Subhradip Ghosh. The material of this thesis has not been submitted elsewhere for any
other degree. Works presented in this thesis are all my own unless referenced to the contrary in
the text.

(Mandira Das) Date:
Department of Physics

Indian Institute of Technology Guwahati

Guwahati-781039, Assam, India

TH-3302_186121013 i



TH-3302_186121013



Disclaimer

The bibliography included in this thesis is, by no means complete but contains the ones which are
consulted thoroughly by me. I apologize for inadvertently missing out some of the research papers,
review articles and other scientific documents pertaining to the focus of this thesis which should
also have been cited. For illustration purpose some of the figures in this thesis are taken from other
sources and properly cited.

TH-3302_186121013 iii



TH-3302_186121013



Certificate

It is certified that the work contained in the thesis entitled “Exploring Charge Storage Mecha-
nism in MXene as Supercapacitor Electrode: A First-Principles Approach” by Mandira
Das, a Ph.D. student of the Department of Physics, Indian Institute of Technology Guwahati is
carried out under my supervision and has not been submitted elsewhere for the award of any other
degree.

(Prof. Subhradip Ghosh) Date:
Department of Physics

Indian Institute of Technology Guwahati

Guwahati-781039, Assam, India

TH-3302_186121013 v



TH-3302_186121013



Dedicated to my parents

II-"\.

TH-3302_186121013



TH-3302_186121013



Acknowledgements

I thank my supervisor, Prof. Subhradip Ghosh, for his guidance during my Ph.D. tenure. His
continuous support helped me keep my motivation during the tough times I have faced during my
Ph.D. I am thankful to him for keeping faith in me and allowing me to work in a field that is new
to him.

I want to thank Prof. Biplab Sanyal, one of my collaborators from Uppsala University, for men-
toring me. I am grateful to him for hosting my visit to Uppsala University. I thank Prof. Pravat
Kumar Giri and Dr. Uday Narayan Maiti from IIT Guwahati for choosing me as one of their
theoretical collaborators. A special thanks to Dr. Uday Narayan Maiti for his advice from the
experimental point of view, which helped me prepare my thesis flow.

I want to acknowledge my doctoral committee members - Dr. Uday Narayan Maiti, Prof. Girish
Setlur, and Prof. Mohd. Qureshi for their valuable advice during my annual assessment. I thank
our former HoD Prof. Subhradip Ghosh and present HoD Prof. Perumal Alagarsamy. I especially
thank Basab-da for his assistance with any cluster-related issues. I am thankful to Param Ishan,
IIT Guwahati, for the supercomputer facility. I thank the Department of Physics II'T Guwahati,
India, for allowing me to utilize the Newton cluster, funded under the FIST program by DST,
India. T acknowledge SERB, India for hosting my conference visit to Germany.

I thank Dr. Saugata Bhattacharya from Vidyasagar College for motivating me to choose a career
in Physics. I express my respect to Prof. Jayanta Kumar Bhattacharjee for mentoring me during
my M.Sc. days.

I sincerely thank the seniors, Biswanath Da, Souvik Da, Ashis Da, and Sheuly. A warm thanks
to Sayandeep Da for his advice from time to time. My best wishes to my juniors Himangshu, Hi-
manshu, Madhumita, Swati, and Arvind for their future, and thanks for creating some memorable
moments. My special thanks to Murari for collaborating with me on one of my thesis papers.

I especially acknowledge Google for answering all my queries.

My best wishes and thanks to the whole 2018 Ph.D. Physics batch of IIT guwahati. I am lucky to
have friends like Angana, Debu, Raju, Monu, Prantik, Sudeshna, and Bhargabi at IIT Guwahati.
I thank Riajul, Rajesh Da, Swarup, Surojit, Sayan Da, Subhajit Da, and Shilpi for creating a
friendly environment for me.

Finally, I would like to express my gratitude and respect to my parents for their unconditional love
and support.

Ultimately, I cheered up myself for the continuous hard work I put through my Ph.D. days.

TH-3302_186121013 ix



TH-3302_186121013



Abstract

The exfoliation of layered transition metal carbides/nitrides, MXenes (M,4+1X,), from its 3D
precursor MAX is a remarkable event in the history of 2D materials. MXenes caught attention
due to their applications in versatile fields, such as electromagnetic shielding, energy storage, Hy
storage, energy conversion, sensors, and memristors, to name a few. TizCsy, the first discovered
MZXene, caught everyone’s attention due to its excellent charge storage capacity as a supercapacitor
electrode. It has been the most explored MXene in this 2D subfamily. 70% of the MXene research
is on this compound only. Baring TisCs, various other transition metal-based MXenes have been
synthesized to date. This 2D subfamily exhibits diversity in structure and composition. MXene
is enormously famous due to its performance as an energy storage device. The high electrical
conductivity, hydrophilicity, surface redox activity, and mechanical stiffness make it a potential al-
ternative to Graphene as an electrode in energy storage devices like batteries and supercapacitors.
Experimental evidence suggests that diversity in structure, composition, and surface passivations
affect the supercapacitive property of MXenes. However, there are a few scattered attempts to
explore these aspects for varieties of systems to understand the mechanisms of charge storage in
MXene-based supercapacitors. This thesis provides a systematic study on understanding structural
and compositional effects on the electrochemical performances of MXene-based supercapacitors.
Our investigations start with exploring the capacities of MyC and M3Cs MXenes as supercapacitor
electrodes. We consciously choose various 3d and 4d transition metals as M elements. We show
the significance of quantum capacitance on energy storage performance. We also explain the effect
of surface passivation on MXene capacitances. Further, we provide a comparative study of substi-
tution and doping in enhancing the storage capacity of MXenes. An explanation of the influence
of doping sites on the redox capacitance of TizCs is given. Next, we attempt the route of surface
engineering to improve the energy storage capacities of MXenes. To this end, we construct Jnus
MM'C MXene and study their electrochemical performances. In the course of this study, we find
that much superior capacities are obtained if one of the components of Janus is a magnetic element.
We extend the study by considering solid solutions of one of these systems and investigating the
effect of chemical and magnetic disorders on its supercapacitive performance.

In a nutshell, this thesis systematically explores the structure-property relationships about elec-
trochemical performances of various MXenes that can yield substantial insights into the physics
and chemistry of this family of 2D compounds.
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Chapter 1

Introduction

1.1 Energy Storage Devices and the rise of Supercapacitors

Energy consumption continues to rise with technological advancement, changes in mobility, and
globalization. Sophisticated power grids have been developed to ensure the smooth transference
of energy on the requirement. The current energy consumption has come at the price of the
diminution of fossil fuels and the upsurge of Greenhouse gases in the environment. The depletion
of fossil fuels and the Greenhouse effect has become a global threat to humankind. Researchers
from all over the world are working hard to face such significant challenges against any odds. Solar
energy, wind energy, tidal energy, etc., are some renewable energy sources that are environment
friendly. Naturally, significant attention is diverted in tapping such sources. Devices are the
necessary components for effective usages of the huge energy reserve that the nature offers.
Energy devices can be categorized as energy conversion devices and energy storage devices. Energy
conversion devices collect and convert the energy in the environment into easy-to-use electrical
energy. Solar panels, photovoltaic cells, tribo/piezoelectric nanogenerators, thermoelectric devices,
water-induced power generators, etc., are energy conversion devices that convert solar, mechanical,
thermal, and potential energy into electricity. The nature-dependent energy sources have the
characteristics of discontinuity, liability, and uncontrollability. The power generator based on
renewable energy sources produces small, unstable, and discontinuous energy supplies. The energy
storage device is an essential solution to this problem, storing the harvested energy and supplying
the same upon demand. Energy conversion and storage devices are solutions to the problem of
sustainable energy supply from renewable sources. Energy storage device mainly includes secondary
ion batteries and supercapacitors. The basic construction of the battery and supercapacitor is the
same but varies in working principle as well as in performance parameters like energy density,
power density, life cycle, and stability.

(a) (b) " (c)

my
. Fuel-cell -
'M
| Patentla V]

Supercapacitors 2-6nT

o
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Anodic Peak

it [A)
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Figure 1.1: (a) A Ragone plot, showing the energy and power density of energy storage devices.
Schematic current-potential(I-V) curves of (b) a Supercapacitor, and (c) a Battery are shown.

Figure 1.1(a) is a Ragone plot (energy density vs. power density plot) of various energy storage
devices. The Ragone plot establishes supercapacitor as a bridge between conventional capacitors
and batteries. A supercapacitor has higher energy density than a capacitor and higher power
density than a battery. The fundamental difference between a supercapacitor and a battery is the
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1.1. ENERGY STORAGE DEVICES AND THE RISE OF SUPERCAPACITORS

charging mechanism. Figure 1.1(b) shows the I-V characteristic curve of supercapacitors. It offers
a constant current-potential relationship during charging/discharging. However, a battery shows
redox peaks (anodic and cathodic peaks) in the I-V curve during operation, as shown in Figure
1.1(c). The charging/discharging mechanism happens at the surface of the electrode for a super-
capacitor, whereas, for a battery, an intercalation of ions occurs at the electrode. Supercapacitors
and batteries have some specific field of application. The battery is suitable where one needs con-
stant energy output for a long time., like a mobile phone, inverter, etc. However, supercapacitor
plays a key role when colossal energy output is required in a shorter time, such as electric car, port
system, elevator, etc.

Research and commercialization on supercapacitors started in the 1970s and 1980s in the United
States, Japan, Russia, Switzerland, South Korea, etc. United States’ Maxwell, Japan’s NEC,
Panasonic, Tokin, and Russian Econd are some leading companies to occupy the global market.
According to Bosch’s Research report (2007-2022), the global supercapacitor market has reached
a value of 16x10'° US dollars in 2015, and it could exceed 92.3x10° US dollars by 2020. These
statistics speak about this storage device’s rising popularity in technology market. Supercapaci-
tors have evolved from energy storage devices to large-scale power sources with unique advantages.
Helmholtz’s proposed idea of double-layer capacitance in 1857 provides the basis of this storage de-
vice. Bcker first proposed the idea of a smaller capacitor as an energy storage device with a specific
energy density close to batteries in 1957. The commercialization of supercapacitors started in 1968
when Standard Oil Company Sohio first proposed a patent for making double-layer using carbon
materials with a high specific area. In 1979, Japan’s NEC first produced a supercapacitor as the
starting system of electric vehicles. The industrialization of supercapacitors started in the 1980s
with NEC, Panasonic, and Mitsubishi products. In the 1990s, Econd and ELIT joined the race of
supercapacitor commercialization. In the next section, storage mechanism in a supercapacitor is
briefly described.

1.1.1 Storage mechanism in a Supercapacitor

(a) (b)

Charge
(|

<>CD

So[ij"h.rat"air % Redox :!eaction
0 GG:@@G) v o '8@:@3 81 .
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2.7 0120+ & e 1 @9k &
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] -
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Figure 1.2: Different componenets of supercapacitor. (a)the discharged and (b) the charged con-
dition.

A supercapacitor is an efficient electrochemical energy storage device. It uses polarised elec-
trolytes to store energy. Figure 1.2 shows the schematic of a supercapacitor. It consists of two
electrodes, an electrolyte sandwiched between them, and a separator to avoid short circuits. Two
types of charging mechanisms occur at the electrode/electrolyte surface of the supercapacitor. On
application of an external voltage, the anions and cations of the electrolyte move towards the
positive and negative electrodes, respectively, as shown in Figure 1.2(a). The electrolyte ions ac-
cumulate over the electrode surface due to electrostatic force between opposite charges and form
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Figure 1.3: Types of Supercapacitor, along with the timeline of it’s development. The schematics
of current-voltage(I-V) characteristics are shown.

a layer of ions. The charged electrodes and the accumulated ions act like two charged plates of
a conventional capacitor; the electrolyte acting like the dielectric. This charging mechanism is
known as the Electrochemical Double Layer (EDL) mechanism. The storage capacity of the EDL
mechanism depends on the distance (‘d’, as shown in Figure 1.2(b)), area of the electrode, ‘A’ and
the dielectric constant of the electrolyte. Two conventional capacitor-like double layers form at
the two electrode surfaces of the supercapacitor device (the circuit like structure of Figure 1.2(b)),
and they combine in series to give the total capacitance of the device. Apart from this, when the
electrode material contains redox-active elements, charge transfer occurs across the double layer
between electrode and electrolyte ions (Figure 1.2(b)). This charging mechanism is known as the
Redox mechanism. The supercapacitor discharges on connecting it with a load, and the ions de-
tach from the electrode surface (Figure 1.2(a)). Supercapacitors are classified into three categories
depending on the charging mechanism, (Figure 1.3): (a)Electrochemical Doule Layer Capacitor
(EDLC), (b) Redox Capacitor, (¢)Hybrid Capacitor. The charging mechanism of a supercapacitor
depends on the electrode materials used in the device. In EDLC, the electrostatic force between
the opposite charges is responsible for the charging/discharging, whereas reversible faradaic redox
reaction is responsible for Redox Capacitor. The hybrid capacitor shows both the EDL and Redox
mechanism. A schematic of I-V characteristics for all the capacitors is shown in Figure 1.3. The
I-V curve is rectangular for EDLC. The Gaussian-like I-V curve is the signature of the oxidation
and reduction reaction at the electrode/electrolyte interface of the redox capacitor. The hybrid
capacitor shows a rectangular current-voltage relationship throughout the voltage range and oxi-
dation/reduction peaks at particular voltages. The storage capacity of a supercapacitor depends
majorly on the electrode materials and the type of electrolytes. In the next section we provide
information on this.

1.2 Electrode Materials

The electrode material of a supercapacitor has a significant role in determining the charge stor-
age performance. The electrode materials must have some key features, such as high electrical
conductivity, high specific surface area, thermal stability, chemical stability, corrosion resistance,
economical, and most importantly, environment friendly. Besides this, the morphology of the elec-
trode materials is also essential. The pore size, pore size distribution, pore shape, and availability
of redox-active sites to the electrolyte affect the electrochemical performance of the device. The
pore size of an electrode material inversely affects the capacitance but directly affects the power
density of the material. The selection of electrode material becomes specific to the applications.

TH-3302_186121013 3



1.3. MXENE

In 1975, Bcker used carbon-based material as an electrode for supercapacitors[l]. High conduc-
tivity, thermal stability, chemical stability in various electrolytes, and symmetric galvanostatic
charge-discharge profile make carbon materials a promising electrodes for supercapacitors. Later,
activated carbons(AC)[2], carbon nanotubes (CNT)[3], carbon fibers[4], carbon aerogels[5] emerge
as potential electrodes for supercapacitors. Metal oxide-based electrode materials are also devel-
oped in the meantime as they provide redox active sites, which enhances the storage capacity as
well as the power density of the device. RuOz[6], NiO[7], MnO3[6], are some examples of such
materials.

The storage capacity of supercapacitors achieved a new high with the discovery of the first two-
dimensional material, graphene, in 2004[8]. It is established experimentally and mathematically
that a material with a higher specific area can provide higher energy density. The high specific area
of two-dimensional material offers an extensive platform for electrolyte transport and enhances the
storage capacity. Graphene has some unique structural and electronic features, namely:

e The large surface provides a comprehensive platform for electrolyte transport.

e High electrical conductivity offers low diffusion resistance, enhancing power and energy den-
sity.

e Superior tensile strength.

Graphene provides all the features to be used in flexible, high-performance supercapacitors. The
processing of graphene thin film limits due to restacking of the graphene sheets resulting from
m-m interaction and Van-Der Waal forces. This reduces the surface areas and limits electrolyte
ions’ diffusion through the graphene layers. Researchers attempted to overcome this bottleneck
by adding spacers, template-assisted growth, and crumpling of the graphene sheet|9]. Researchers
have developed graphene composites, heterostructure of graphene with other materials, graphene
oxides, reduced graphene oxides, and foreign element doping to get an excellent combination of
energy and power density. Two-dimensional transition metals dichalcogenides(TMDs) and h-BN
are also on the list of promising electrodes for supercapacitors.

Graphene was the famous energy storage electrode until the discovery of TizCq in 2011[10]. The
successful exfoliation of TigCs from layered 3D precursor TigAlCy set a new benchmark in energy
storage research. Ti3Cs belongs to the two-dimensional family known as MXene. MXene with
chemical formula M, 41X, (M: transition element; X: C or N) is represented as M,, 11X, Ty, where
T denotes functional groups (-F, -O, -OH) that passivate the MXene surfaces during the synthesis
process. After discovery, TisCoT, have been widely explored as energy storage material to date.
Gogotsi and co-workers demonstrated electrochemical intercalation of several cations(Na®t, K+,
Mg?*+, NHf, AI**) through TizCy with a high capacitance of 300 Fem3[11]. Unlike Graphene,
TizCso T, shows a pseudocapacitive storage mechanism depending upon the electrolytes used. The
terminal -O groups provide the platform of bonding/debonding to the hydronium ion of HySO4
during the charging/discharging, enhancing the redox counterpart[12]. In the next section, we
discuss MXene elaborately, focusing on its electrochemical energy storage performance.

1.3 MXene

MXene is a two-dimensional derivative of the 3D precursor MAX phase. MAX phases are a class
of hexagonal ternary carbide or nitride (X) of a transition metal (M) and group 13-15 elements
(A)[13]. It has a general formula M, ;1 AX,, (space group P63/mmc), where n=1, 2 and 3. Figure
1.4 shows the hexagonal unit cell of 211, 312, 413 MAX phases. The unit cell consists of MgX
octahedra, interleaved with the layers of A element. The difference between the three structures,
as seen from Figure 1.4, is in the number of M layers separating the A layers. The MX layers
are twinned to each other and separated by the A layers, which act as a mirror plane. They
show the combined characteristics of metals and ceramics|[14]. For example, they conduct heat
and electricity like metals and are elastically stiff, strong, brittle, and heat tolerant like ceramics.
MAX phases are termed ‘thermodynamically stable nanolaminates’[13] to distinguish them from
artificial nanolaminates. A ‘nano laminate’ is a material with a laminated-layered structure in
which the thickness of the individual layers is in the nanometer range. The more stringent descrip-
tion of ‘thermodynamically stable nanolaminates’ refers to the MAX phases as ‘inherently nano
laminate’ (i.e., nanolaminate by nature, not by artificial design). They are called ‘layered ternary
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ceramics,’[13] as they contain exactly three elements and have a layered structure.

The M, 41X, layers are chemically stable com-
pared to the ‘A’ layers, which are relatively
weakly bounded and most reactive specie. Re-
searchers have tried many experimental tech-
niques to remove the ‘A’ element from the
MAX phase without deforming the MX layers.
A For example, on heating Ti3SiCs in a C-rich at-
mosphere, the Si atoms escape, leaving behind
M TiCyx as the end product[15]. When the same
experiment is carried out by placing TizSiCs
in molten cryolite[16] or molten Al[17], TiCq g7
forms in a partially ordered cubic phase. In
2011, Yury Gogotsi and co-workers reported a
chemical route to etch out the ‘A’ layer without
deforming the ‘MX’ layers[10]. The exfoliated
‘MX’ layers are called ‘MXene’. The nomen-
clature ‘MXene’ comes from metal (M) and
Figure 1.4: Unit cells of Mn11AXyn, n=1,23. carbon and/or nitrogen (X) along with ene
Grey, Blue and Yellow balls represent the A, M from the family of 2D materials like graphene,
and X atoms, respectively. silicene, germanene, etc. The following subsec-
tions discuss MXenes substantially, which in-
cludes the synthesis process, members of the MXene family, and its various applications.

1.3.1 Synthesis

In 2011, Yury Gogotsi and his team first reported the successful synthesis of TisCo MXene from
its 3D MAX precursor TizAlCs[10]. The synthesis of MXene is a two-step process; first is the
chemical etching of the ‘Al’ layer, and the second is the exfoliation of MX layers. Figure 1.5 shows
the schematic of the synthesis process. According to the experiment, the ‘Al’ layers are etched out
from the TizAlCs by treating it with Hydrofluoric Acid (HF); this process is called etching (step-1
of Figure 1.5). During the etching process, some functional groups get attached to the surfaces
of the MX layers. The functional groups are -F, -O, -OH. The chemical reactions involved in the
process are given in equations (1.1) - (1.3). The equation (1.1) is the essential ‘Al’ removal step.
The surface functionalizations happen through the reactions given in equations (1.2)-(1.3).

3
TizAlCy + 3HF = AlF3 + iHQO + TizCy (11)
TizCo + 2H,0 = TigCQ(OH)Q + Hy (12)
TisCs + 2HF = TizCoFy + Ho (1.3)

It is not possible to synthesize pristine MXenes. The MXene surfaces always gets passivated by
some functional groups (-F, -O, -OH), which led to synthesis of functionalized MXenes[10]. Several
groups have used etchant to remove the ‘Al’ layers form MAX. One of the established process is
in situ formation of HF by direct reaction of hydrochloric acid (HCI) with Lithium Fluoride (LiF)
solution, to exfoliate MXene from MAX][18]. The different available etching agents are given in
the Table 1.1. After selective etching of A elements from MAX phase using etching agents, the

Table 1.1: Different etchants used to exfoliate MXene from MAX

Methods Etchant Temperature(°C) Ref
. HF 27-55 Adv. Mat.,23(37), 4248, 2011
with HE H,0, + HF 40 Ange. Chemie Int. Edi., 57(19), 5444, 2018
L HCI+LiF 35-55 Nature, 516, 7529, 2014
in situ HE HCl+ (Na,K or NH,F) 30-60 Appl. Sur. Sci., 416, 781, 2017
using molten salt LiF+NaF+KF 550 Nanoscale, 8(22), 11385, 2016
hydrothermal NaOH 270 Ange. Chemie Int. Edi., 57(21), 6115, 2018
NaBF4, HC1 180 Ceramics Int., 44(15), 18886, 2018
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Figure 1.5: The two steps of TizCoTx MXene synthesis from 3D precursor TizAlCs.

relatively strong metallic bonds between M and A in the corresponding MAX phases are replaced
by weaker bonds with -OH, -O or -F resulting in multilayered MXenes. To get a single layer
MZXene it is important to exfoliate it from its multilayered structure (step-2 as shown in Figure
1.5). The method, typically used for exfoliation, is intercalation with large organic molecules,
intercalation with cations,shaking and/or sonication. The process of exfoliation depends on the
etching agents. For example, LiT ion will be used for intercalation if LiF /HCI is used as etching
agent|18], faciliating their exfoliation by simple shaking or sonication[19].

The next subsection discusses the synthesized and theoretically predicted MXenes.

1.3.2 Members of MXene family

" . M (MAX and MXene) X A A-elements Vo
H 2 13 14 15 16 17 He
P M M(only MAX) [T i L s:"‘ i
u B (only MAX) A B

= gl
el
& 3%
n Ga Se Br Kr
b b cm bl
. s
Sn Sb Xe
Je | 1 | Xe
85

Hg TI Pb

psaten en
fors] iy b Siisi | poown | o 2208
12 2 m 16 7 18

Ncmr“. Nh I 'Mc v 'Ts Og

gomicum || Wincnium || flervum | Moscavim || Uvermoriom | Ternessre | Oganotian
28] 288 20 209 253 234 1204]

57 68
rDy rHo Er rTm
orpetter | ot [ s | i | v

%0 99 100
Aeiniae Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

uuuuuuuuuuuuuuuuuuu Beselum | Calfomium | Evstemum | Fermum | Merdelevum | Nobelum | Lasrencium
S || waws | "Tos FE Tonn | mans | ‘Taser | s 2arem 251080 54 57085 a1 3101 ez

g € u ‘Gd “Tb

Ce | Pr mNd

Sm

e | tae 120908 ez || are el e e

Figure 1.6: Different transition elements(M)(in MAX and MXene), group 13-15 elements(A), X
elements, functional elements(T) are shown in the perodic table with different colour codes

MZXene synthesis requires successful precursor MAX phase synthesis. Over 150 MAX phase
compositions have been synthesized to date[20]. Out of them, 70 synthesized MAX phases have
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Figure 1.7: Members of MXene family investigated till date are shown. The experimentally and
theoretically explored MXenes are shown with specified colour codes.

been reported before 2011[21]. After the synthesis of several MXenes, the search for transition-
metal based MAX phases has also increased remarkably. Recently, lanthanide-based MAX phases
have also been synthesized successfully. However, lanthanide based MAX phases are yet to be
exfoliated to MXene[22]. Figure 1.6 shows different synthesized MAX and MXene elements with
specified colour codes. Two MXene phases have been reported to be synthesized from the non-
MAX phase. Selective etching of Ga-Ga layers from MoyGasC results in synthesis of MoyCTy[23]
and removal of Al3Cjs layers from ZrzAl;Cs results in synthesis of ZrzCoTyx[24].

Figure 1.7 shows the different classes of M, 11X, with n = 1, 2, 3. In Figure 1.7, pink and blue
colours specify the experimentally synthesized and theoretically explored MXenes, respectively|21].
When two different transition metals are combined to synthesize the precursor MAX phase, the
double-transition metal MXene is synthesized. The double-transition metal MXenes can be of
two types, as shown in Figure 1.7; one is random, and the other is ordered. The ordered double-
transition metal MXenes are categorized into in-plane and out-of-plane ordered MXenes. The
in-plane ordered double transition metal MXenes exist only in MyCT, phase, while out-of-plane
ordered one exist in M3CyTy and M4C3Ty phases[25]. If two different transition metals M and
M’, occupy the same M plane along different orientations in MyCTy structure, the give rise to
in-plane ordered MXene (i-MXene) with general formula M %M’% CT. Further etching removes

the M’ from the system and results in ordered divancancy MXene with formula M 4 CTx. When
two different transition metals, M and M’, occupy two different M layers in M3CyT,, M4C3Ty,
an out-of-plane ordered double transition-metal MXene is formed. The corresponding fomulae are
MoM/'Cy Ty and MaM,C3 Ty, the M/ are in the central M-layer. In a random solid solution MXene,
M and M’ randomly occupy any M sites in the same M planes. These kinds of solid solution
provides a full range of mixing of M and M’ and are more applicable in tuning any target property
by tuning the compositions. (Mo,V),C5Ty is a solid-solution MXene with limited range of mixing
compositions[26]. MosVC4Ty is an example of ordered M5C4 MXene with twining at the central
M layer[27]. (Ti,Ta);C4Tx and (Ti,Nb)5C4Tx are two M;5Cy solid-solution MXenes that are came
into existance recently|28]. MXene solid solution with four or more transition elements, the high-
entropy MXenes has been synthesized MXenes|[29]-[30]. Solid solution MXene with mixing in the X
site also exists. Recently, Tia(CyNj_y)Tx, Tig(CyNi_y)2Tx and Tis(CyN;_y )3Ty solid-solutions
have been synthesized[31]. Ordered TizCNT, is an ordered MXene where one X layer is by C
atoms and another by N atoms.[32]

The following subsection discusses how the compositional and structural diversity gives rise to
many exotic properties of MXenes
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1.3.3 Properties of MXenes

Two-dimensional materials show unique and exotic mechanical, electronic, thermal, and optical
properties than their bulk counterparts. MXenes are no exceptions to that. Since the discovery
of MXene in 2011, a substantial amount of theoretical and experimental research has been going
on to explore and/or tune various properties by playing around with the compositions of M or X,
surface terminations, doping with foreign elements, to name a few. Here, we provide an overview
of the mechanical, electronic, and surface properties of MXenes.

Mechanical Properties

The mechanical properties of MXenes are
the first to be studied by first principle
calculations[33]. Figure 1.8 shows a compar-
ative cq1 plot of Mo AC and corresponding pris- [
tine MXenes (data are adapted from the Ref 700
[33] ). When pulled along the basal plane, i
the transition metal carbide sheets possess a
twice higher ci; value than the MAX phase.
This same trend is observed in higher order,
i.e, in MXenes with n=2 and 3 too. Exper-
imental measurements show Young’s Modulus [ ]
of TizCyTy is 333430 GPa[34], close to sim- 400 ;

ulated value of 300 GPa for TizCy(OH)s [35] : d
and 386 GPa for TizC204[35]. These values 300!/.__\/,/E
are 60% higher than MoS, and graphene ox- L \ " \ ]
ide. NbyC3T, has Young’s Modulus of 390 Ti,C  VoC  CrC  Zro,C  HEC TapC
GPa[36], much higher than graphene oxide and
reduced graphene oxides. MXenes shows a
combination of mechanical stiffness, bending
rigidity[37], and flexibility, making it suitable
for device applications like batteries, sensors,
supercapacitors, wearable electronics, etc.
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Figure 1.8: comparative cy; plot of pristine MsC
MXene and corresponding MAX phases.

Electronic Properties

It is clear from Figure 1.7 that the theoretical study of MXenes is more volumnous as compared
to the experimental research. Electronic structure calculations reveal that pristine MXenes show
metallic ground states. The physics changes when the surface functionalizations come into the
picture. The competition between the ‘d’ orbitals of transition elements and ‘p’ orbitals of carbon
and functional atoms changes the electronic structures. For example, -O functional TiyC is a
semiconductor with a band-gap of 1.0 eV in the ground state, while pristine and -F, -OH functional
TiyC are metallic[38]. The electronic structure again changes when more layers come into picture.
TiyCO; is semiconductor but TizCe02 and TiyC502 are metallic in nature[39]. With increasing
number of Ti planes, d-states start filling out the band-gap of TioCOs at the Fermi level and thus
restore the metallic behavior. MooTiCoTy is the first synthesized out-of-plane ordered double-
transition element MXene[40]. Its structure resembles Ti3Cy Ty with outer Ti layers replaced by
Mo layers. Both the MXenes are metallic in nature.

A correlation is observed between the valence electronic configuration and the ground state
electronic structure. The iso-electronic transition element-based -O functional MXenes show the
same electronic behavior. For example, Ti, Zr, and Hf are the same group elements, and -O func-
tional Ti, Zr, and Hf carbide MXenes are semiconductors in the ground state[41]. (V, Nb, Ta)
and (Cr, Mo, W) are group IVB and VB elements, respectively, follow this trend. -O passivated
(V, Nb, Ta) MXenes are metallic[42],[43],[44], while (Cr, Mo, W) are topological insulators[45].
Electronic structure calculations show that ordered double transition element MXenes with -O
passivation, MaM’'C2045 and MoM5,C3502 (M’ in the central layers)(M= Mo, W; M’ = Ti, Zr, Hf),
are topological insulators and topological semi-metals, respectively[46]. MooM’'C30, (M’ = Ti,
Zr, Hf) show spin Hall effect at room temperature due to the presence of significant topological
gaps(0.1-0.2 eV)[47]. Theoretical studies show that by tuning the amount of surface passivation,
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location and orientation of functional groups, compositions of transition, and X elements, one can
adjust the valence band maxima, conduction band minima, redox potential, and overpotentials to
improve target properties.

Surface Properties

Surface properties bear significant importance for MXenes as their surfaces get passivated during
synthesis process as discussed in section 1.3.1. The passivated elements and amount of passivation
can be controlled by controlling the amount of reactant, reaction conditions, etc. MXene posses
a combination of high electrical conductivity (TizCoTy shows a conductivity of 24000 Scm~1[48],
much higher than Graphene) and high hydrophilicity due to presence of functional groups -F, -O,
-OH, etc. The passivated units, -F, -O; make the MXene surface negatively charged. Theoretical
studies show that surface passivation affects the work function of the MXenes. For example, the
presence of -O groups increases, and -OH groups decrease the work functions compared to the
bare MXenes[49]. The surface and conductive properties make MXene a potential candidate for
electrochemical energy storage devices. However, there is one disadvantage of MXene due to this
surface passivation. They gets oxidized in presence of air because of surface hydrophilicity, leading
to their degradation.

TizCyo Ty, the first discovered MXene caught the world’s attention for its promising energy stor-
age performance. The high conductivity, hydrophilicity, mechanical stiffness, flexibility, and bend-
ing rigidity make Ti3Co Ty an excellent competitor of graphene in energy storage applications[50],[51].
The presence of surface groups enables the surface redox activity of TizCy Ty, which is advantageous
over graphene. Later, the MXene family expanded with the synthesis of new other MXenes. Ap-
plications of MXene are not limited to the energy storage field only. The diverse structure, compo-
sitions, and surface passivations make it versatile in several application fields. It has been explored
in various areas like hydrogen storage[52], catalysis[53], thermoelectrics[54], opto-spintronics[55],
optoelectronics[56], wearable electronic devices[57], neuromorphic computing[58], electromagnetic
interference shielding[59]|, and biomedical areas[60]. As we aim to explore various factors affecting
the energy storage performance of MXenes, we are keeping our discussion limited to only energy
storage applications of MXenes.

1.3.4 Energy Storage Applications of MXenes

MXene has been exfoliated for a new anode material for the Li-ion battery[61]. TizCyTyx possess
five times smaller lithium ion diffusion barrier than TiO, anatase and graphite[50]. It shows a
gravimetric capacity of 410 mAhg~!, higher than that of graphite[50]. MoyCT, shows a capacity
of 423 mAhg~!, higher than Ti3CyT,[62]. MXenes with n=1 structure, for example, TioCT[63],
NbyCTy[64], VoCTy[64] and ScaCTy are more promising than TizCeTyx or any other higher n
MXenes. Theoretical investigation shows that Ti;CT, can accomodate 50% more Li-ions than
Ti3CyTy[63]. One TiC inactive layer in TigCyTy prevents Li-ion storage[63]. An experiment re-
ported 1.5 times higher Li-ion uptake is possible in TioCTy than TizCyTy[65]. NboCTy and VoCTy
exhibit higher Li-ion capacity than TioCTy[64]. It is theoretically explored that -O surface passiva-
tion favors Li-ion adsorption compared to -F and -OH terminations[66],[50]. The theoretical study
and experimental verification claim that continuous change in the oxidation state of transition el-
ements is the mechanism behind the enhanced Li-ion storage in MXene[51]. Theory suggests that
MZXene is useful as an anode for Na, K, Mg, Ca, and Al batteries, too[67],[68]. One major drawback
of MXene is it stacks during the charge/discharge process, which results in lower ion diffusion. Ren
and co-workers used a composite of carbon nanotube spacer with TizCsTy flakes to prevent the
stacking and reported four times higher capacity for Li-ion storage than TizCyTy[69]. Hybridiza-
tion is another method to improve the performance, MoSs/TizCo@QC is one of such example[70].
MZXene’s unique surface passivated structure provides a way of surface engineering. Halogeneting
Tiz3Cyo Ty, i.e that is passivating surfaces with halogen group elements or their mixtures, made this
MZXene a promising cathod material for Zn-ion batteries|71].

Gogotsi and his team first demonstrated electrochemical intercalation of Lit, Na*, K+, Mg?*,
NH; and AI** from aquous salt solution between the TizCoT, layers|72],[73],[74]. Multilayered
TizgCy Ty performed better than carbon and activated graphene as a supercapacitor electrode in
the presence of a basic(KOH) electrolyte. TizCaTx shows a capacitance of 340 F/cm? | whereas,

TH-3302_186121013 9



1.3. MXENE

the value is 180 and 200-350 F/cm? for carbon and activated graphene, respectively[18],[75],[72].
An enhancement in capacitance value of TisCyTy is observed, in presence of an acidic(H2S0y4)
electrolyte. It shows capacitance of 900 F/cm? at scan rate of 2 mVs~![18]. The huge difference in
capacitance of TizCyTy is observed when exposed to basic and acidic solutions could be explained
by the charge storage mechanism. In basic solution, TigCyTy shows only EDL mechanism, whereas
in acidic solution it exhibits both EDL and redox mechanism. It is established theoretically and
experimentally that the significant presence of -O surface functional groups leads to major redox
contributions, and -F, -OH leads to EDL contributions[76]. Simon et.al. first reported that the
change in the oxidation state of Ti in TizCy Ty during charging/discharging is the reason for the
high electrochemical performance of it in acidic electrolyte. Different synthesis techniques of MX-
ene also affect the capacitive performance. TizC;Ty hydrogel shows a volumetric capacitance of
1500 F/cm?® at 2 mVs~! scan rate in HoSO4 electrolyte|[77]. Other MXenes like, VoCTy, MooCTy,
TioCTy have been explored experimentally for supercapacitive performance. VoCT, exhibits a
high capacitance of 487 F/g at a scan rate of 2mV/s in 1 M HySOy4 solution[78]. MosCTy and
ordered di-vacancy MXene Moy 33CTy show promising performance. The vacancy proves to be ben-
eficial to Moy 33CTy, as it shows a capacitance of 700 F/cm?3, 65 % higher than MoaCT[79],[23].
To enhance the supercapacitive performance of MXene, researchers have constructed composites
of MXene, doped with foreign elements, and synthesized solid solutions. TisCyTyx /HGO(holey
graphene oxide) exhibit a volumetirc capacitance of 1445 F /cm? at scan rate 2mV /s[80].
MXene/MnOs heterostructure shows a capacitance of 611 F/g at 1A /g in 0.2 M KOH solution[81].
MXene/NbN composite delivers a capacitance of 900F /cm? at 10mV /s in 1M HySO0,4[82]. Wang’s
group studied the effect of Nitrogen-doped TisCsTyx MXene electrodes for supercapacitors for
the first time. N-doped MXenes (N-TizCoTy ) with 1.7-20.7% surface nitrogen concentrations
were obtained at temperatures from 200°C to 700°C under ammonia treatment[83]. They found
that N-doped MXenes annealed at low temperature (200°C) exhibits a specific capacitance of
192 Fg~! in HySO, electrolyte, much larger in comparison to that of pristine TizCoT, (34 Fg—1).
Gogotsi and co-workers studied the capacitive performance of (Ti,Nbq_y)2CTx and (VyNb;_,CT)
solid solutions and concludes that their capacitive performance lies between the two end point
compounds|84].

The exciting results on their potentials as supercapacitor electrodes opens up the following
routes of further investigation: exploration of (a) new MXenes with regard to their charge storage
capacities as supercapacitor electrodes, (b) role of doping and substitution in enhancing the ca-
pacitances of pristine M,,11X,, MXenes, (¢) understanding of the contributions of various charge
storage mechanisms behind the storage capacity of a MXene electrode in a supercapacitor assembly.

1.3.5 First-principles Electronic Structure Methods and Simulation of
Materials Properties

The above discussions establish that the theoretical exploration of the working mechanism of MX-
ene is crucial in designing a supercapacitor electrode. It is essential to examine the effect of doping,
substitution, surface engineering, and disorders in enhancing their electrochemical performance.
However, it would be time-consuming and costly if one attempted to do this in a laboratory. The-
ory and simulation-based techniques provide a way to solve actual materials to get their ground
state electronic properties, surface, magnetic, and mechanical properties. Theoretically, one needs
to solve the Schrodinger Equation for electrons in a real solid in the presence of the effective
potential of other electrons and atomic nuclei. Solving the Schrédinger Equation exactly for a
many-body system is not possible. Hence, a theory is required with various approximations to
overcome such a problem. The ‘Density Functional Theory (DFT)’ provides a way of solving
the n-electron Schrodinger Equation by projecting the many-body interacting system onto a non-
interacting single particle one. The many-body interactions are approximated in a single term.
Density Functional Theory is the first-principles method to solve real solids in a parameter-free
way. Density Functional Theory has been implemented in several advanced software to handle
complex problems accurately in a reasonable time frame. Density Functional Theory has been
used in computing the electrochemical performances of materials. These methods help predict
the properties of new materials. Therefore, the Density Functional Theory based first-principles
methods are the essential tool for the fundamental understanding of the material used during my
doctoral research.
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1.4 Outline of thesis

Using Density Functional Theory (DFT)[85], the well established first-principles methodology to
compute materials properties in a parameter-free framework, in conjunction with thermodynamic
model to address electrode-electrolyte interaction[86] in a supercpacitor assembly, in this thesis we
have explored the three routes mentioned above. While we started out with computations of ca-
pacitance of TizCy, the most intensely explored MXene, the study was extended to other MXenes
that are either synthesised or their precursor MAX phases are synthesised|[22]. In the course of our
investigations, we have explored the effects of doping, substitution, chemical disorder, magnetic
disorder and asymmetric surfaces on the charge storage capacities of MXene electrodes in contact
with acidic electrolyte. The chapters in the thesis are arranged the following way:

In Chapter-I we start by discussing in detail the importance of supercapacitor as an energy
storage device followed by the history of their evolution and their construction and working mech-
anism. This is followed by a general overview on two-dimensional materials as materials for energy
related applications. The chapter concludes with introduction of MXenes and a brief discussion of
their potentials discovered till date.

Chapter-II discusses the theoretical methods used in this thesis. The chapter starts with brief
description of DFT and the method for calculations of the electronic structure that has been used
in this dissertation. This is followed by the models that have been used in conjunction with DFT
to simulate the electrode-electrolyte interactions. Two different approaches have been used in this
thesis: one a much simpler one where the adsorption of protons from acidic electrolytes on the
negative charged MXene electrode surface is considered by "Rigid Band Approximation"[87] that
is the adsorption of a proton does not change the band structure substantially but only shifts it
rigidly. This formalism, though does not perform an ensemble averaging of the various configura-
tions possible in an interacting electrode-electrolyte assembly, captures the essential physics. The
other method, the Joint Density Functional Theory (JDFT) is an ab indito method that combines
the quantum mechanical DFT for solid electrodes with a classical DFT for aqueous electrolytes,
uses implicit solvation models to address the electrode-electrolyte interactions[88]. Complete sta-
tistical minimisation of thermodynamic potentials is done in this method enabling extraction of
the contributions of different mechanisms towards charge storage in a quantitative manner. Details
of both methods are elucidated in this chapter.

In Chapter-III, we perform a systematic investigation of the electrochemical properties of
pristine and O-functionalised TizC, VoC, NbyC, MosC, TizCsy, and Nb3Cy MXenes[89]. Sl MX-
enes except Nb3Csy are synthesised recently. However, their utilities as supercapcitor electrodes
have not yet been assessed. Here we attempt to do that. We systematically explore the variations
in the capacitances as we move across MXenes made up of transition metal constituents from 3d
to 4d electrons and provide microscopic insights into the trends observed. We find that all the
compounds explored will display excellent charge storage capacity when used as negative electrode,
and that there is hardly any difference in the capacitances irrespective of which series of transition
metals M is from. In this work, we also propose Nb,,11C,, as a potential new electrode material
with capacities at par with other MXenes that are synthesised and/or investigated.

Doping and substitutions are standard procedures to improve upon the physical properties of
materials. A couple of experiments on the effects of Nitrogen doping on the electrochemical proper-
ties of functionalised Ti3Co MXene electrodes in various aqueous electrolytes have been performed
recently; the outcomes have been mixed[83, 90]. In Chapter-IV, we have attempted to interpret
the results of the experiments through detailed calculations exploring various sites of doping. We
find that the redox mechanism is dominant and that the doping at the functional site yields the
best values of the capacitance whose origin lies in the structural aspects of the systems[91]. As
such our results are in good agreement with one of the experiments. Additionally, we investigate
the effects of substitutions at the X and M sites by Nitrogen and Molybdenom, respectively. Our
results show that the improvements due to substitutions are not as great as ones observed upon
doping. In the light of these results, we discuss in detail the limitations in making a direct com-
parison between the theory and the experiment in this context.
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Recently, double transition metal MXenes with chemical formula (MM’),;1X,, have shown
interesting structure-property relationships. At the same time, Janus structures for layered com-
pounds have exhibited exciting properties, the origin of which lies in the asymmetry of the surfaces
due to the differences in their constituents[92, 93, 94, 95]. A MXene with Janus structure can be
obtained with n = 1. In Chapter-V we have explored a route to enhance the charge storage ca-
pacity of MXene electrodes in acidic electrolyte by construction of Janus MXenes. Although Janus
MXenes are yet to be synthesised, we have taken cue from the fact that several solid solution
MAX phases with chemical formula MM’'C have been realised and investigated three function-
alised Janus systems NbVCT,, MnVCT, and CrMnCT,; T, stands for functional groups. We
find that Janus MXenes have superior charge storage capacities in comparison to their end point
counterparts MaCT,. Our calculations attribute such behaviour to the co-operative behaviour of
EDL and redox mechanisms upon formation of Janus structures. The results of this chapter bears
significance in terms of paving new ways to exploit the flexibility in structure and compositions
among members of the MXene family to realise superior functional properties.

Although a few MXenes[96] and MAX compounds with magnetic constituents have been syn-
thesised, the role of magnetism in shaping up other functional properties in them has not been
explored at all. The study about the effects of chemical disorder on properties of MXenes, partic-
ularly with regard to applications in supercapacitors, too, has been a handful. In Chapter-VI we
examine the effects of both chemical and magnetic disorder on the charge storage capacities of solid
solution Vo_,Mn,CT, MXenes. In this work we find a correlation between the charge transfer
and magnetic configurations of the surfaces that significantly affects the redox part of the electrical
capacitance. This is a significant result as it enables one to design the MXene surfaces to boost
the charge storage capacity. Although the results obtained are for a specific chemical composition,
there is a scope for this to be generalisable. The experimentalists can use this feedback to design
new supercapacitors with enhanced storage capacities by choosing appropriate temperature and
the voltage window.

The concluding Chapter-VII discusses the open problems in the field and the possible exten-
sions of the work presented in the thesis.
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Chapter 2

Methodology

This chapter describes the theoretical background used in this thesis for materials simulations.
After introducing the first-principles approach to simulate material properties, we discuss ‘Den-
sity Functional Theory (DFT)’, the backbone of ab initio calculation of materials properties in
complex systems. After a brief discussion of Pseudopotential method in construction of the ab
initio calculations used in this thesis we introduce a variant of DFT | the ‘Joint Density Functional
Theory,” necessary to simulate the electrode-electrolyte interactions in an actual supercapacitor
set up. Detailed discussions on structural models of MXenes and the procedures to compute the
charge storage capacities due to different sources follow thereafter.

2.1 First-principles Approach

Loius de-Broglie’s imagination of particle and wave as a single entity, "matter wave," in 1924
established the foundation of today’s quantum description of the matter world. The following
equations give the mathematical description of the wave-particle duality of matter,

p= by (2.1)

E=hv (2.2)
where p and E are the momentum and energy of the particle and A, v are the wavelength and
frequency. ‘h’is the Planck’s constant and has a value of 6.626x10734 joule-second. According to
equations (2.1) and (2.2), the wave nature of the electron is noticeable due to its relatively minimal
mass than our everyday objects. The particles like electrons need a description considering their
wave nature.
In 1926, Erwin Schrodinger gave the wave equation, known as famous Schrédinger equation. The
equation is A
HY(ri,r1,t) = E¥(ri, 1y, t) (2.3)
fI, ¥ and E are the Hamiltonian operator, wave function, and system Energy, respectively. r; and
r; are the coordinates of the electron and nucleus, respectively.
The H has the form,

H = EN" 4 B9 4 Uy 4 Uy + Uy (2.4)
where, E%‘i“ and E%‘in are the kinetic energies of nuclei and electrons, respectively. Uijr, Uj;, and Uy
are the potential energies due to Coulomb interaction between electron-nucleus, electron-electron
and nucleus-nucleus, respectively. The Schrodinger model of electrons and nuclei is complex and
can be solved only for hydrogen-like systems. There are some simplifications have been introduced
to deal with this problem. The assumptions are following,

e One can eliminate the time variable by restricting the interest to the ground-state energy of
electrons. The potential energy of the system is constant in time.

e One can eliminate the time variable by restricting the interest to the ground-state energy
of electrons. The potential energy of the system is constant in time. Nuclei are more mas-
sive than electrons(1836 times for hydrogen). The electrons respond instantaneously to nu-
clear motion and always occupy the ground state of that nuclear configuration. The nuclei
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are considered ‘frozen’ from the electron’s view. This approximation is known as Born-
Oppenheimer approximation(1927)[97].

The above two approximations simplify the Schrodinger equation (2.3). The resulting equation,
known as time-independent electronic wave equation is given as,

HY(r;) = E¥(r;) (2.5)

The kinetic and potential energy terms related to nuclei are omitted under the Born-Oppenheimer
approximation, and H operator becomes,

H=EN" 4 Uy + Uy (2.6)

The terms of equation (2.6) are expressed as (in atomic units),

- h2 n 1 n
Esnda A 2 - - 2 2.
T Z V=35 Z Vi (27)
where V? is the Laplacian operator.
N n 7
Ui--3 > o
I i !

where N and n are the number of nuclei and electrons in the system. Z; are the charges of the
nuclei. The interaction of all electrons to all nuclei is taken care of by the double summation.

el
== E _ 2.9
UJ 2 L |rij| ( )
i#j

The simple form of Schrodinger equation works for hydrogen and helium atoms. However,
solution of a system containing n-electrons interacts where each electron with all other electrons
simultaneously is tricky. In the following we discuss the Hartree and the Hartree-Fock(HF') methods
to solve interacting n-electron Schrodinger equations.

2.1.1 Hartree Method

In 1928, Hartree attempted to solve the interacting n-electron many-body problem by assuming
that each electron is independent and interacts with others in an averaged way[98]. One electron
is now experiencing a mean field of other electrons. An n-electron system becomes a set of non-
interacting one-electrons where each electron feels the average field due to the rest. The wave
equation becomes,

(—;Vz + Uext (r) + UH(I')> U(r) =E¥(r) (2.10)

where Ugyy is the attractive interaction between electrons and nuclei, and Uy is the Hartree po-
tential. The Hartree potential is the classical Coulomb repulsive interaction between each electron
and the mean field. The total energy is the sum of n one-electron energies,

E=E; +Es+---+E, (2.11)
The n-electron wave function becomes the product of n one-electron wave functions,
U=U; xWUyx---xT, (2.12)

For many electron systems, this method can provide a crude estimation of the ground state. The
reason for the failure of this method for many-electron systems are

e It does not consider Pauli’s exclusion principle.

e It does take into account electron-electron interactions of a n-electron system.
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2.1.2 Hartree-Fock Method

In 1930, Fock introduced a new solution technique using the mean-field approach by Hartree. Fock
modified the Hartree wave function and used variational process[99]. The n-electron wave function
is expressed as a linear combination of non-interacting one-electron wave functions in the form of
Slater determinant. The wave function of a system with 2 electrons thus becomes,

_L \Ill(rl) \Ifg(rl) _L r ro) — r r
W) = = [ P = ) - wa )] (219

When two rows and columns are exchanged, the determinant changes sign, guaranteeing the anti-
symmetry of the electron wave function.
\11(1‘1,1'2) = —\I’(I‘27I‘1) (214)

If one considers the spin variable to the wave function the electron wave function becomes,

_ 1 (e, 1) Ua(r, )
= V3 [Wi(ra, 1) Ua(ra, ) (2.15)

If two electrons occupy the same spin wave functions, the determinant would be zero; implying
that such wave function does not exist. This satisfies the Pauli’s Principle. The Slater determinant
can be written for n-electron system as,

\Ij(r17r27T7 »L)

Uyi(ry) Wa(ry) -+ Wyu(ry)
1 [ Pa(rz) Wa(ry) - Wn(ry)
U(ry,ro,....,Iy) = 7 : f (2.16)
Ui(ra) Va(rn) -+ Wa(ra)
where \/% is the normalization factor for n-electron system. After feeding the Slater determinant

to the Schrédinger equation(2.6), the energy E of the system expressed as,

B=Y / W (r) (—%vf + U (1) + Uij(r)> U (r)dr (2.17)

The final expression of the total energy becomes,
E= Ekin + Eext + EH + Ex (218)

The last term of equation (2.17) gives rise to Eg and Ey: the Coulomb interaction energy between
electron i with j, known as Hartree energy and the exchange energy coming from the antisymmet-
ric nature of wave function in the Slater determinant. The interaction between the electrons with
same spin is called exchange effect, whereas the interaction between electrons with different spins
is known as the correlation effect.

The analytical solution of the HF method is possible for a simple system like He, which comprises
of one proton and two electrons. The HF calculation gives the ground state energy -77.5 eV, close
to the experimental value of -78.98 eV. The HF method leads to inaccurate results in many cases
as it considers the exchange part exactly but neglects the correlation effect, altogether.

With the introduction of the Slater determinant for the wave function and the mean-field approxi-
mation, the HF method could capture the physics of materials. However, it can only be applied to
small systems with atoms of the order of tens. In the next section, we discuss the groundbreaking
scheme of Kohn and Sham, known as the Density Functional Theory, which provided the idea
to solve Schrédinger Equation for solids.

2.2 Density Functional Theory

The foundation of Schrodinger wave equation is based on the very origin of Physics and requires
only single input data, the atom numbers, to solve a quantum system. However, in practice, solving
for a real material is difficult due to the many-body effect. An n-electron system requires to solve
3n-coupled partial differential Schrodinger equation. There are no computers that can handle such
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monumental task. The First-principle methodology took a quantum leap in 1964 with two powerful
theorems by Hohenberg and Kohn that put electron density, instead of wave function, at the centre
stage[100]. In 1965, Kohn and Sham provided an implementable scheme for solid state systems.
These two put together and is famously known as Density Functional Theory(DFT)[101].
Hohenberg and Kohn proposed two theorems and proved that electron density is the key quantity.
The theorems link the electron density to the external energy, Hamiltonian, and wave function.
The theorems are as follows,

e The external potential(Ueyy) is uniquely determined by the electron density p(r), so that the
total energy is a unique functional of the density E[p].[102]

e The true ground state density(say, py) minimizes total energy functional E[p| and the result-
ing minimum energy is the ground state energy Eg.[102]

The ground state energy of interacting electrons in an external potential(Uey) is given by
energy functional

mm=ﬂm+/umumwm (2.19)

Flp|] is a universal functional of the electron density p(r), and the second term of equation 2.19
is the interaction energy with the external potential. The total energy in the ground state is
determined by minimizing E[p] using the variational principle.

In 1965, Kohn and Sham proposed the formalism of DFT using Hohenberg and Kohn theorems.
The merit of DFT lies in mapping the many-electron problem onto a single-electron problem and
leads to a Schrodinger like single electron equation in an effective potential, known as Kohn-Sham
equation. The many-electron effects are taken into account in the effective potential. The Kohn-
Sham equation is given by,

(Hks — €)¢i(r) =0 (2.20)

where, Hkg, € and ¢; are the Kohn-Sham Hamiltonian, single-electron energy eigenvalue and single
electron orbital, respectively. The Kohn-Sham Hamiltonian (Hkgs) is given as,

1
Hyks = —§V2 + Uegt (2.21)

where,

Uett = Uext(r) + Un(r) 4+ Uk (r) (2.22)

Here, Uext, Uy and Uy, are the external potential on the single electron due to nuclei, the Hartree
potential, and the exchange-correlation potential due to electron-electron interaction. V. is defined
as ,
0E(r)

op
The density of the system is the sum of the individual electron orbital and is given as

Vie = (2.23)
p(r) = Z |6 (r)[” (2.24)
i=1
The total number of electrons is expressed as
N = /p(r)dr (2.25)
The Kohn-Sham energy functional (Exg)(ground state energy) of the electronic system is given by,
Bxs = Tupl + [ Un(®)p(e)d + Enlp] + Evclg) (2.26)

The Kohn-Sham equation(2.20) is solved in a self-consistent way by starting with an initial
guess of electron density(p(r)) and Ex.[p(r)]. The self-consistent procedure is shown by a flowchart
in Figure 2.1.
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Figure 2.1: The self-consistent procedure to solve Kohn-Sham Equation

The Kohn-Sham theory is exact in principle, but the precise form of Ey. is unknown, except
for the free (homogeneous) electron gas. Some approximations have been considered for Ei..
The simplest approximation for the varying electron densities is assuming the electrons see the
overall system in the same way as they see locally. The electron density in a solid is considered
a homogeneous electron gas, and this approximation is known as Local Density Approximation
(LDA)[101]. The Ey. in LDA approximation is given as,

ELDA[p] = / ()™ (p(r))d%e (2.27)

where €19m°(p(r)) is the exchange-correlation energies per electron with electron density p(r) for

homogeneous electron gas. This LDA works reasonably where the charge density varies slowly,
like covalent systems and simple metals. The surprising success of the LDA is partly due to the
cancellation of errors in overestimation exchange energy (Ey) and in underestimating correlation
energy(E.), which implies LDA gives the correct sum rule for the exchange-correlation hole. How-
ever, real systems are not homogeneous and have varying density around the electrons. By consid-
ering the gradient of electron density(Vp(r)) along with electron density (p(r)) gives more accurate
E,. functional. This approximation is known as Generalized Gradient Approximation(GGA)[103]-
[104] and the energy functional is written as,

EfAp] = / pr)ec ™ (p(r), [Vp(r)|)d’r (2.28)

There exists many GGA funtionals, out of which, PW91 (Perdew et.al. 1992) and PBE [105](Perdew,
Burke and Ernzerhof 1996) functionals give accurate results for most of the systems.
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2.2.1 Pseudopotential(PP) Method

According to Bloch’s theorem, the wave function of an electron in a band is expanded using a
discrete set of plane waves. However, a plane wave basis set is not suitable for electronic wave
functions. Many plane waves are required to expand the tightly bound core orbitals. The rep-
resentation of rapid oscillations of the wave function of the valence electrons in the core region
would be cumbersome using a plane wave basis set. The concept of pseudopotentials(PP) has
removed the rapid oscillations in the wave functions of the valence electrons in the core region,
which results in a smooth valence wave function in the core. A reasonable number of plane waves
are required to present the pseudo-wave function . The reduction in the plane-wave basis set makes
the method computationally affordable. There exist three common PPs, namely, norm-conserving
PPs, ultrasoft PPs (USPPs)[106], and projector-augmented wave (PAW) PPs. PAW is the widely
used PP approach, which gives accurate results in most cases.

PAW approach is proposed by Blochl (1994)[107] and adopted by Kresse and Joubert(1999)[108].
It considers both core and parts of valence wave functions with two separate descriptions. The
PAW wave function (¥paw) can be written as,

\IIPAW = \Ilinter + \I]core + \Ilnet (229)

The Uipter and Ve, represent the valence and core electrons part. Wiyeer is written with the plane-
wave expansion, and W ... is projected on a radial grid at the atom center. W, the overlapping
part of valence and core wave function is trimmed off to make the Wpaw. This method returns
the all-electron charge density of the valence orbitals that other PPs cannot.

Calculations presented in this dissertation are done with PBE functional and PAW method.

2.3 Joint Density Functional Theory

Quantum Density Functional Theory alone cannot address the physics and chemistry of the so-
lute/solvent interface systems, like electrochemical cells. The thermodynamic phase space sampling
complicates the solvent effects in ab-initio approaches. Joint Density Functional Theory (JDFT)
provides an ab-initio theory that gives the electronic density functional description of the solute
and classical density-functional description of the solvent and provides an exact description of the
solvated system. In the context of this thesis, let’s consider a scenario from electrochemistry, like
an electrode/electrolyte (solute/solvent) system. JDFT can accurately address the microscopic
behavior of the electrostatic potential near the electrode surface. An ab-initio electrochemistry
calculation is done by explicitly including the atoms making up the environment and performing
thermodynamical averaging over the locations of those atoms. One can express free energy A of
an explicit quantum-mechanical system with its nuclei at fixed locations and in thermodynamic
equilibrium with a liquid

A= min G[p(r),No(r),V(r)] = [ &V (r)p(r 2.30
pm){Nam}{ ), Na(r), V) = <>p<>} (2.30)

Glp(r),{Na(r)}, V(r)] is a universal functional of electron density of the explicit system p(r),
the densities of the nuclei of the various atomic species in the environment {N4(r)}, and the
electrostatic potential from the nuclei of the explicit system V(r). G[p(r),{Na(r)}, V(r)] depends
only on the nature of the environment, and its dependence on the explicit system is only through
the electrostatic potential of the nuclei included in V(r) and p(r), the electron density of the explicit
system. The functional G[p(r),{Nu(r)},V(r)] can be separated into three parts,

Glp(r), {Na(r) }, V(r)] = Axs[p(r)] + Qiq[{Na (1) }] + AA[p(r), {Na(r) }, V(r)] (2.31)

Agslp(r)] and Q4[{N, }] are the standard universal Kohn-Sham electron-density functional of the
explicit solute system in isolation(including its nuclei and their interaction with its electrons) and
the the ’classical’ density functional for the liquid solvent environment in isolation, respectively.
AAlp(r), {Na(r)}, V(r)] depicts the coupling between the solute and solvent. Implicit solvation
models approximate the solvation effect and the electrolyte response. The free energy in this
approximation is,
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A= In(lr)l(AKS r), {Z1,Ri}] ]+ AAlp r), {Z1,Ri}]) (2.32)
p(r

The effects of the liquid environment appears in the new term,

AA[p(r). {2 Ra}] = min (©0[Na (1)) + AA[p(r). No (). {Z1. R} (2.33)

Z; and Ry are the charges and positions of the surface nuclei. Minimization of equation (2.32)
leaves a functional in terms of only the properties of the explicit system and incorporates all the
solvent effects implicitly. There are many advanced solvation models for JDFT, which include
non-local effects, nonlinear dielectric response, spherically averaged liquid susceptibility ansatz
(SaLSA) [109], and charge-asymmetric nonlocally determined local-electric (CANDLE) solvation
model [110].

2.4 Structural Models of MXene

MZXenes are exfoliated from layered 3D precursor MAX phase by chemical routes[111]. The details
of the synthesis processes are given in the section 1.3.1. A single layer of MXene consists of 2n+1
of atomic layers, where one ‘C’ layer is sandwiched between two ‘M’ layers. Figure 2.2(a), (b) show
the top and side view of MXene monolayer with n value 1(M2C MXene). The outer transition
metal layers are marked M; and My in Figure 2.2(a,b).

(a)- VAvivh w&f) CT
‘9{&?[@’?{@ o
419’ A‘Q'A ont |

(b) (d)a@%&w

t 0 % N M'_&gz.*v*ﬂ.»

M~ [r#?”
%o

Figure 2.2: (a) Top and (b) side view of MsC ; (c) side and (d) top view of M3C5. Blue and yellow
balls show the ‘M’ and ‘C’ atoms respectively. MXene unit cell is shown in the figures.

In Figure 2.2(c)(side) and (d)(top), the structure of M3Cs MXene is shown. The inner ‘M’
layer is marked as M;j, and outer ‘M’ layers as M. Since surface passivation by functional groups
like -O, -OH, -F is inevitable during synthesis, a structural model of MXene must incorporate the
preferred positions of the functional groups on the surface. Accordingly, the structural models of
M, +1C,Tx (T= -0, -OH, -F) are proposed in Ref [112]. For M5C two hollow sites ‘C’ and ‘H’ over
the X atom and M atom of the distant surface as shown in Figure 2.2(a,b)[112]. Another possible
site is on the top of the M elements, marked as ‘T’ in Figure 2.2(a,b). For M5X5; MXene, functional
elements can sit on top of the transition metal site (‘T” in Figure 2.2(c,d)). The hollow sites above
X atom and inner layer transition element (M;,) are also possible passivation sites marked as ‘C’
and ‘H’(Figure 2.2(c,d)). Three possible passivation sites and two surfaces therefore give rise to
six different configurations for passivated MXenes.
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2.5. ELECTROCHEMICAL PROPERTIES: CALCULATION OF ELECTRODE
CAPACITANCES

2.5 Electrochemical properties: Calculation of electrode ca-
pacitances

As discussed in the section 1.1.1, Electrochemical Double Layer Capacitance (Cgpr,) and Redox
Capacitance (Credox) are the two primary charging mechanisms in an electrochemical energy storage
device. Corresponding electrochemical parameters are the EDL capacitance (Cgpy,) and Redox
capacitance (Credox). The total electrical capacitance is the parallel sum of these two(equation
2.34).

Cg = CgDL + Credox (2.34)

‘Quantum Capacitance’ (Cq), a contribution dependent upon the properties of the electrode ma-
terial combine with Cg to yield total capacitance Cr(equation 2.35).
111
Cr G Cq
The following subsections discuss the origin of Cq, Cgpr, Credox briefly and the calculation pro-
cedures for each one of them.

(2.35)

2.5.1 Quantum Capacitance, Cg

On application of voltage to the electrode of an electrochemical charge storage device, an elec-
trochemical double layer forms at the electrode/electrolyte interface. The macroscopic electrode
potential shifts the Fermi level of the electrode materials from ¢ to €; as shown in the figures 2.3.
The shift in Fermi is related to a drop in electron chemical potential (say, Apu.). This potential
drop reduces the device’s capacitance. As the reduction in capacitance arises due to electronic
states of the electrode material, it is known as quantum capacitance, Cq. For a bulk material,
adding or removing a few electrons does not shift the Fermi level significantly, as shown in Figure
2.3(a). The Fermi level shift becomes significant if a finite number of states are present near the
Fermi level(Figure 2.3(b)). The smaller the Fermi shift, the smaller the electron chemical potential
drop(Afie), the larger will be Cq contributing less to Cp. The vice-versa is also true. The above
discussion concludes that the importance of Cq depends upon the choice of the electrode material.
Let’s derive the mathematical expression for Cq. The total number of electrons in a material

(a), (b).

00000

-
-

states ———» states ——»

\/

Figure 2.3: Shift in the Fermi level on application of electrode voltage for (a) Bulk electrode and
(b) Finite state electrode.

before the application of electrode voltage Ny is given as,

Ny = /+°° D(e)f(e)de (2.36)

— 00

D(e) and f(e) are densities of states of the material and the Fermi-Dirac distribution function,
respectively. On application of electrode potential, say V(U is the energy corresponding to it) and
the total number of electrons are given as,

N = / T Dle + U de = / T Do)t - U)de (2.37)

— 00 — 00
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The change in number of electrons is given by,

+oo
dN =Ny —N= / D(e)[f(e) — f(e — U)]de (2.38)
The charge variation (do) corresponding to the dN is given by,

do = edN (2.39)

The differential quantum capacitance (Cinff) is the ratio of charge variation (do) to the electrode
potential variation(dV),

i d dN e
C((,lglff _ 40 _ € _ 62/

e D(e)Fr(e — U)de (2.40)

—00
where Fr(e — U) is the thermal broadening function and is given by,

e—U

" - PnT)

(2.41)

The quantity that gives a clear picture of the material’s charge storage capacity is Integrated
Quantum Capacitance (C}St). It is given by,

: 1 v o
cat=— [ cdfav 2.42
5= ) o8 (2.42)
Total stored charge (Q™) is given by,
Q™ =Cg'v (2.43)

The densities of states (D(e)) are obtained from the self-consistent electronic structure calculations.

2.5.2 Electrical Capacitance, Cy

Cgpr and Cieqox are the two contributors to the total electrical capacitance. Ceqox can be obtained
either from the slope of the integrated densities of states[113] or from the ratio of computed charge
transfer (AQ) and the corresponding voltage change (AV)[114]. However, available literature
shows that both approaches consider electrodes as charge neutral entity, thus, missing out on
the vital effect of storing and releasing charges during the capacitor operation. In this section,
we discuss two approaches adapted in this thesisthat are useful work arounds this issues. The
following assumptions are adapted for the calculations: (a)the electrode is negatively charged and
(b) the electrolyte is acidic (H2SO4), which contains Ht as a positive ion in the solution. The
two approaches, Rigid Band Approximation(RBA) Method[115] and Solvation Method[116] uses
Density Functional Theory and the Joint Density Functional Theory, respectively. Following is a
brief description of the two methods.

Rigid Band Approximation(RBA) Method

This method uses the model of hydrogen ion adsorption on the charged electrode to simulate the
interaction process between negatively charged electrodes and positive hydrogen ions. A 3x3x1
cell of M, 11CL04 is considered for this computation. The hydrogen ions prefer to sit over the -O
atom energetically. A total of nine -O sites are available to the HT ions for the considered cell on
each face (top and bottom) of the electrode. The hydrogen ions get adsorbed over the electrode
one by one. This method uses the fact that upon adding or releasing electrons, the bandstructure
does not undergo any significant change, only shifts rigidly. In other words, a simple shift of the
Fermi level accompanies the adsorption. During this process, Ciedox is calculated by the ratio of
charge transfer(AQ) to the change in the electrode potential(AV) and is given by,

AQ

o~ (2.44)

Credox =
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2.5. ELECTROCHEMICAL PROPERTIES: CALCULATION OF ELECTRODE

CAPACITANCES
AV is obtained from the change in work-function (AWF) as,
AWF
AV = (2.45)
e
The change in work-function is computated as,
AWF = WFoqs — (WFyeq — AEy) (2.46)

WF,4s and WF ., are the work functions of H-adsorbed and neutral electrodes, respectively. AEg
is the change in the Fermi-level when hydrogen atoms are introduced. The work function of any
system is given by,

WF = Eyac — Eg (2.47)

where Ey,. and E¢ are the electrostatic potential of the vacuum far from the electrode surface and
the position of the Fermi-level of the electrode, respectively.
Cgpr, calculation is rather straight forward,

€0 A
CgpL = Od (2.48)

where €, €, are the vacuum permittivity and dielectric constant of the electrolyte, respectively.
‘A’ is the electrode area, and ‘d’ is the width of the Helmholtz layer. For all calculations done in
this thesis, €, is set at 6.0 and ‘d’ at 2.8 A, the radius of hydronium ion.

Solvation method

This method considers a non-ideal Faradaic process to compute the electrostatic electrochemical
double layer and redox charge transfer across the layer when a potential is applied to the MXene
electrode in contact with an aqueous HySOy electrolyte. The reaction is given as,

MnJr]_CnOg aF 2HT — Mn+1Cn02_2x(OH)g; aF 2(1 = X)H+ (aq) (249)

where x is surface hydrogen coverage (between 0 and 1), and q is the net charge on the electrode.
The applied electrode potential controls both q and x during the charging process. The free energy
G(x, @) is computed as,

G(X, @) = E(X) -+ XEZPE =F Q(V(X, (b))(b + EEDL (\/(X7 ‘b)) + (1 3 X),LLH+ (250)

E(x) is the total energy of the solvated electrode with H-coverage x in zero surface charge. Ezpg
is the zero point energy difference of the electrode between no-H and full-H coverage. The term,
Q®, is the electrical work to move the charge Q (net charge on electrode) from zero potential (in
the bulk electrolyte) to the electrode with the potential ®. Egpy, is the energy of the induced EDL
by the electrode charge Q. The last term is the chemical potential of the solvated proton in the
electrolyte. V(x, @) is the relative potential with respect to PZC (Point of zero charge) at coverage
x and electrode potential @,

V(x, @) =@ — Ppze(x) (2.51)
Once V(x, ®) is known , the charge Q(x, ®) and Egpy, can be obtained by,
V=®—-®pzc
Q(x, @) :/ CepLdV (2.52)
V=0
V=¢—-®pzc
EEDL(X, (I)) = / Q(X, <I>)dV (253)
V=0
The final term pg+ (proton’s chemical potential) is given by,
1
pHa+ = iG[HQ] + ePgpr — 0.059 x pH (2.54)
where G[Hs] is
7
G[Hz] = E[Hs] + ZPE[H] + §kBT — TSu, (2.55)
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All physical quantities in the equation (2.55) are obtained from standard DFT calculations and
standard thermodynamic databases. E(x) and ®pyc are obtained from the JDFT simulation. After
knowing ®pyzc, one can evaluate euqations (2.51)-(2.53). The quantities obtained using equations
(2.51) - (2.55) along with E(x) constructs the free energy G(x, ®) according equation (2.50). Once
G(x, ®) is known, partition function Z(®) can be written as,

x=1

Z(P) :/ exp(—BG(x, ®))dx (2.56)
x=0

The average hydrogen coverage (Xavg) and surface charge (Qavg) are then obtained by ensemble

averaging.

125 xexp(—BG(x, @))dx

Xavg((b) = Z((I)) (257)
Quu (@) = S0 A @)ZT;)/}G(X’@”“ (258)

The slope of Xavg and Qavg vs. ® give the value of Ceqox and Cgpr, respectively.
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Chapter 3

Capacitances of pristine and oxygen
functionalized M, 1C,, (M= Ti, V,
Nb, Mo) MXene supercapacitor
electrodes

3.1 Introduction

Since its discovery in 2011, few MXenes have been investigated to assess their potentials as superca-
pacitor electrodes. Despite demonstrating their potential as supercapacitor electrodes, more needs
to be done to understand the origin of supercapacitance in MXenes at the electronic level. Theoret-
ically, efforts have been spent in understanding the pseudocapacitance in TizCs only. Therefore, in
this chapter we present a systematic investigation of various contributions to the total capacitances
of six MXene compounds TisC, VoC, NbsC, MosC, Ti3Cs and Nb3Cy using electronic structure
based methods.

The reasons behind choosing these six are the following: (1) all the MXene compounds except
NbsCy have been synthesized, and (2) whether the trends in their capacitative behavior can be
traced back to the behavior of the d electrons of the transition metal constituents. This is the
reason for selecting compounds with transition metal components from among both 3 d and 4 d
elements in the periodic table. Although surface passivation is inevitable in the process of ex-
foliation from MAX to MXene and the surface passivation can significantly affect the material
properties, several robust theoretical calculations have been performed on different MXenes, they
idealized situations by considering pristine MXenes only. This risks missing out on critical physical
effects due to surface passivation. Thus, in this work, we have considered both pristine and oxygen-
functionalized systems. To our knowledge, no systematic and comprehensive study addressing the
behavior of various components that make up the total capacitances in MXenes is available to
date. Our calculations demonstrate that (1) all compounds considered have reasonable minimum
values of the capacitances, (2) consideration of Cgq is essential to have a realistic estimate of the
total capacitance, and (3) there is no notable trend about the d orbitals of the transition metal
M. These results provide the crucial first step towards understanding the energy storage capacities
and mechanisms behind them for different MXenes.

3.2 Computational Details

We applied the ‘RBA method’, discussed in section 2.5.2, to compute the charge storage ca-
pacities of the considered MXenes. We calculated the electronic structures of the MXenes by the
DFT-based Projector Augmented Wave(PAW) method as implemented in the Vienna ab-initio
Simulation Package(VASP). We used a kinetic energy cut-off of 500 ¢V and a Monkhorst-Pack grid
of 12 x 12 x 1 k mesh for self-consistent calculations. A larger k-mesh 42 x 42 x 1 was used for
the calculation of the electronic structure. A 3 x 3 x 1 supercell of MXene and 4 x 4 x 1 k-mesh

OThe contents of this chapter are published in 2022 J. Phys. D: Appl .Phys. 55 085502
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CHAPTER 3. CAPACITANCES OF PRISTINE AND OXYGEN FUNCTIONALIZED
My+1Cn (M= TI, V, NB, MO) MXENE SUPERCAPACITOR ELECTRODES

were used to apply the ‘RBA Method’. The energy and force convergence criteria were set at 1076
eV and 1075 ¢V A~ for unitcell calculations and 1076 ¢V and 0.05 ¢V A~! for super-cell ones.

3.3 Results and Discusssions
3.3.1 Structural parameters

Table 3.1: Lattice Parameter(a) and bondlength of carbon(C) atom - transition metal(dy—c) and
oxygen(O) atom - transition metal(dy_o) in A for Pristine (M, ;C,) and -O functional MXene

(Mn+1 CnOQ)
System aand din A
M,;:Ch M71Ca0;
a dy,-c dv,-c  a dy,-¢ dm,—c dm-o
Ti,C 3.05 2.11 - 3.03 2.17 - 1.96
V,C 2.92 2.06 - 2.90 2.00 - 1.96
Nby,C 3.12 2.19 - 3.10 2.16 - 2.09
Mo, C 2.93 2.11 - 2.87 2.15 - 2.06
TizgCq 3.09 2.06 2.11 3.04 2.19 2.15 1.96
Nb3Cq 3.12 2.13 2.26 3.14 2.19 2.23 2.09

To model the -O functional MXenes, we considered three possible surface passivation sites for
oxygen atoms,(section 2.4). Total energy calculations suggest that the oxygen atoms prefer to
occupy the hollow site of the transition metal atom, i.e, H site (Figure 2.2(a,b))for all the MXenes
except MosC. The hollow site of carbon atoms, i.e, C site is an energetically favorable site for
oxygen atom in Moy CO5. The optimized -O passivated structures of TisC, VoC, NbyC are shown
in the Figure 2.2(a, b) and that of MoyC is shown in the Figure 2.2(c,d). In case of M3Cs systems,
hollow sites corresponding to the inner transition metal layer (M;,, Figure 2.2) are energetically
favorable ones for -O passivation. Figure 3.1(e,f) shows the top and side view of the M3CO, (M=
Ti, Nb) in their ground states. Table 3.1 shows the lattice parameter(a), the bond lengths between
transition metals and carbon and oxygens for Pristine and -O functional MXenes. It is evident
from Table 3.1 that the lattice parameter is reduced upon -O functionalization for all systems,
except Nb3Cs.

Figure 3.1: Top and side view of MaCOs MXene(a,b) in HH (both -O occupy H sites) model, (c,d)
in CC (both -O occupy C sites) model and (e,f) Top and side view of M3COz in HH (both -O
occupy H sites) model.
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3.3. RESULTS AND DISCUSSSIONS

3.3.2 Quantum Capacitance

Table 3.2: Total Charge Storage(Q™) in C/g at + 1.0 V for M, ;C,, and M, 41C, 02 MXenes
considered in this work.

System Q™(C/g)
Mn+1Cn Mn+lcn02
Voltage Voltage
1V -1V 1V 1V
TixC 1713.76  1621.69 822.65  335.96
V,C 1513.13  1758.58 2098.36  821.56
Nb,C 985.68  1803.79 518.04  610.39
Moy C 1156.94 1677.14 348.61  1143.88
TizCo 2261.77  1636.57 844.60  575.78
Nb3Cs 1450.72  1679.05 1514.15 684.81
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Figure 3.2: Variations in the Integrated Quantum Capacitance C§* (in F/g)(top Panel), and total
Charge Storage Q™™ (in C/g)(bottom Panel) with Voltage for M, ;;C, and M, ;;C, 02 MXenes

In Figure 3.2(a),(b) we present the variations of Integrated Quantum Capacitance (C}St) as
a function of voltage. The range of voltages is selected to be £1 Volt. The range is chosen to
keep in mind that the electrochemical stability window of the electrolyte solvent is about 1.25 V
at room temperature [117]. Cié‘t for pristine M,,+1Cy, systems exhibit a uniform behavior. Baring

MosC, all other systems have the maximum C}St near 0 V at room temperature. As the voltage is
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increased, Cié‘t decreases in a non-monotonic way with their minima around the maximum values of
the voltages. Upon oxygen functionalization, the uniformity in the pattern is destroyed. However,
the minimum C}St are near 0 V. As a general trend, Cié“ for functionalized MXenes are less by an
order of magnitude in comparison with their pristine counterparts. These trends can be explained
by the changes in the electronic structures near Fermi levels of the My, 1C,,O2 compounds to the
M, 4+1Cy ones. In all the cases, the p states of oxygen lie deeper in the band, thus depleting the d
states of M atoms near the Fermi levels. As an illustrative example, we show the total and partial
densities of states for TipC (Figure 3.3). Here, the impact of functionalizations is the starkest
as it opens a semiconducting gap near the Fermi level. As a result, there is a significant overall
reduction in Cgt in the voltage range considered.

In Figure 3.2(c),(d) and Table 3.2, we also depict the total charge stored (Q™™*) as a function of
voltage. As expected, the Q™ are maximum at the maximum voltages. Since it depends on the
capacitance, by and large, functionalized MXenes can store charge an order of magnitude less than
that can be stored by the pristine ones. The trends in Q™ vary irrespective of materials and
voltage ranges. In pristine compounds, while TioC and TizCy can store more charge at positive
voltages, the trend is different for others. In oxygen-functionalized compounds, it remains the
same for these two. NbyCOs and MosCOs too follow the same trends as found in their pristine
counterparts. The trends for VoCOs and Nb3Cy0s5, however, follow a trend different than what
was found in their pristine counterparts. After functionalization, VoC and Nb3Cs show significant
charge storage for positive voltages while Moo C has charge storage larger than the rest at negative
voltages. This implies that the former two will perform better as positive electrodes while the
Mo C has better potential as a negative electrode, even after surface passivation.

DOS(states/eV)

0% ) 0 )
Energy(E-Ef)(eV)

Figure 3.3: Partial and total Densities Of States(DOS) of TioC (Top) and TisCO2(Bottom)

3.3.3 Pseudo-Capacitance & EDLC

To calculate the electrochemical performance of the MXenes, we applied the RBA Method as
discussed in section 2.5.2. Pseudocapacitance Cieqox Of the pristine and Oxygen functionalized
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3.3. RESULTS AND DISCUSSSIONS

Table 3.3: Average Charge Transfer(AQ)(e), Fermi-Shift(AEs)(eV), Change in Work-
Function(AWF)(eV) and Work-Function(WF)(eV) for Pristine and Oxygen Functionalized MX-
enes. All results are for 100% H adsorped system.

System Mn+1 Cn Mn+1CnOQ
Avg AQ AE; AWF WF Avg AQ AE; AWF WF
TisC 1.622 0.67 0.693 4.072 0.499 1.20 2565 1.976
V,C 1.536 0.70 1.836 4.961 0.479 0.515 3.770 2.168
NbsC 1.580 0.84 0.56  4.225 0.479 1.21  2.079 2.387
Mo,C 1.478 0.95 0.561 4.604 0.506 2.11  2.805 2.421
TisCo 1.614 0.53 0.518 4.065 0.463 1.12 2,680 2.013
Nb3Cs 1.589 0.74 0.411 4.294 0.480 0.715 2.600 2.121

MXene electrodes are calculated by considering them negatively charged; the electrolyte between
the plates is such that H' ions will be adsorbed on their surfaces. The continuous adsorption of H
on the electrode surfaces would lead to faradaic charge transfer and give rise to Creqox. Since the
charge transfer and the work function both are supposed to vary with change in the surface cover-
age with HT, it would be interesting first to inspect the impact on Cregox. The trends in variations
of Ciedox With H-coverage for Pristine and Oxygen functionalized MXenes are shown in Figure 3.4.
Following two important trends emerge from the results: first, like Cié‘t, Credox Of pristine MX-
enes are one order of magnitude higher than those of oxygen functionalized MXenes, and second,
Credox keeps on varying significantly as H-coverage changes that is as the voltage changes (the ad-
dition of each HT is equivalent to a change in the voltage). Although the variations are extremely
wiggly, particularly in the case of pristine MXenes, we find that in cases of oxygen functional-

. minimum—charged full—charged . minimum—charged full—charged
ized MXenes, C_ 4 < Clodox in general (here, C_ ;" and C_ 4 -

stand for minimum H-coverage and 100% H-coverage respectively) whereas Cf;ggf um—charged
Cfgg;fharged in case of pristine compounds. Such opposing trends emerge from the trends in
the charge transfer AQ and the changes in work function AWF as the H-coverage increases.
While for both pristine and functionalized MXenes, AWEminimum—charged - A yypfull—charged
AQminimum—charged () AQfull—charged {51 pristine (functionalized) compounds. The only ex-
ception to this general trend is Ti;C. For the MXenes, following the general trends, the changes
in the work function have been larger than in the charge transfer, making the work function the

primary deciding factor in the variations of the Cieqox-
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Figure 3.4: Variation in Pseudo-Capacitance(Credox) with H-coverage for M, ;C, (left) and
M,,1+1C, 02 (right) MXenes.

In Figure 3.5(b), we show Ciegox for all the MXenes considered here, both in their pristine
and oxygen-functionalized forms. The Cieqox values given are the ones for calculations with full
H-coverage of the surfaces. This makes sense as the full H-coverage results are equivalent to the
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Figure 3.5: (a) Cgpr, (b) Credox, (¢) and (d) Cq at ~ 0 V and at ~ —1 V, respectively, (e) and
(f) Ct at ~ 0V and ~ —1 V, respectively of M +1C,, and M, 1C,05 MXenes.The red and green
curves represent M, 1C,, and M;,1C,02 MXenes respectively. Credox, Cq and Cr plots each have
two different y-ranges as marked.

condition when the plates are fully charged. We find the following trends: first, the functionalized
MXenes have Cieqox values one order of magnitude less than the pristine ones; second, Cieqox Of
211 MXenes (n=1) considered here are greater than those of 321 MXenes (n=2). To understand
these trends, we first look at the trends in various quantities that make up the expression of C,eqox
(Equation refer Credox eqn) given in Table 3.3.

Before analysing the results given in Figure 3.5 and Table 3.3,it is worth mentioning that the
following are found:

1. In case of neutral electrodes (no H-coverage), WFflggctg;ﬁnaﬁzed_ > WFE:SE;E? Our calculations
got this trend [118] right. Our calculated values of WEfunctionalized _ yWRPHSENe o0 51gq in
good agreement with the results in Ref [118]. Thus, functionalization increases the Work

function of the electrodes when they are neutral.

2. WF does not vary appreciably between neutral pristine and fully charged pristine while it
drops by about 3 eV in the case of functionalized Ti3Cy. The trend is similar for other
MZXenes. This implies that charging affects the functionalized MXenes significantly. Since a
functionalized charged electrode is closer to reality than a pristine neutral one, this result is
to be considered one of the important ones and needs to be understood.

For fully charged electrodes (Table 3.3), we find that across the compounds considered here,
1. AEP™™tne < AEfunctionalized ' the difference is not too big though.
2. WEpristine ~, yypfunctionalized the difference is about 2.0 V.
3. AQpristine > Aqunctionalized while AWFpristine < AWFfunctionalized.

4. AQPUstine on an average is about 1.5e across compounds while AQfunctionalized o an ayerage
is 0.5e. AWFPHstine ig () 5 6V while AWFfunctionalized i 9 5 6V on an average.

The trends described above imply that both charged condition and functionalization affect the
charge transfer and the changes in the Work function substantially. Therefore, an explanation of
the drastic reduction of C,eqox upon functionalization would require an understanding of changes
in both quantities.

In the case of pristine compounds, AQ is larger as the hydrogen gets electrons from transition
metal M directly, while in the case of functionalized one, hydrogen makes covalent bonds with
oxygen and thus shares electrons. The interaction is no longer with the transition metal but
through Oxygen. Presumably, Oxygen, being more electronegative, gains electrons from the M
layers. Thus, an excess of negative charge is created on the outer layer of the surface. Oxygen
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shares this charge with hydrogen. Hydrogen being more electropositive than Oxygen, the net
charge transfer between hydrogen and functionalized substrate is much less.

It is a well-known fact that the work function of a surface increases when the surface adsorbate
is more electronegative. This is perfectly consistent with our calculations if we look at the work
functions of the neutral electrodes. This also means that the charging brings significant changes
to reverse this trend. The question is why.

The large AWFfunctionalized i) jjcates that there is a significant change in surface dipole moment
[118, 119]. This change in surface dipole depends on i) re-distribution of electronic charge between
surface and adsorbate, ii) dipole moment of the adsorbates, iii) change in dipole moment due to
surface relaxation, and iv) shift in Fermi level. In our case, more than the Fermi level shift, it
is the other factors that must be dominant as differences between AE})riSﬁne and AEfunctionalized
are not appreciable. The charge transfer, too, changes by only 0.07e from a neutral TizCs to a
neutral TizCsO4,for example. However, there is a possibility of a significant charge re-distribution
at the surface when an electrode is charged. There will be a dipole contribution from OH covalent
bonds. It has already been established that the internal dipole moment of the OH functional
group is appreciable and can significantly impact the WF of MXenes [118]. Finally, there can be
a contribution due to appreciable surface relaxation due to charging in the case of functionalized
MZXenes. All these factors explain the trends in Cqox found in our calculations.

Electrochemical double-layer capacitance (Cgpr,) can have a significant contribution to total
capacitance. Cgpy, is calculated using Equation (refer EDL eqn) and presented in Figure 3.5(a). In
pristine compounds, Cgpy, are orders of magnitude smaller than the other contributors to the total
capacitance. Upon functionalization, the other two components reduce by orders of magnitude,
and thus, the contributions of Cgpr, would add up significantly to the overall capacitances.

3.3.4 Total capacitance Cr and comparison with experiments

In Figure 3.5(e) and (f), the total capacitance Cr for all M, ;C, and M, ;1C,,02 compounds
are presented. We have reported Ct values at two different voltage regions: near 0 V and the
maximum, that is, -1 V. The reason behind choosing these two is the following: Cq, a quantity
often not taken into consideration, is dependent on the voltage directly. Cq is significant as it can
reduce the Cp substantially unless it is orders of magnitudes higher than the electrical part Cg of
the total capacitance. In our case, while calculating C,eqox, Wwe modeled the systems as negative
electrodes. Therefore, -1V is considered as the maximum voltage. Since the extrema in Cq, in all
cases, are close to 0 and -1 V as discussed in section 3.3.2, we have considered those values of Cq
only. This way, our results set the upper and lower bounds on the Crp.

A one-to-one correspondence between the experimental results and our computations is not
possible. The electrochemical performance of a supercapacitor is experimentally obtained from the
capacitance versus voltage curves (cyclic voltammograms). However, the capacitance values cru-
cially depend on the electrolyte used and the voltage scan rates. Despite this, a rough comparison
between our calculations and the available experimental results can be made. Here, we compare
our results with the available experimental ones by considering the experimental results that yield
maximum values of the capacitances in an electrolyte providing hydrogenic ions for a negative
electrode. We find that our result for Ti3Cy02 agrees reasonably with the experimental value of
246 F/g obtained at a scan rate of 2 mV/s in a 1 M HzSO4 [18]. In the case of Mo2CO3, our
result is in excellent agreement with the experimental value of 196 F/g obtained at a scan rate of
2mV/sin a1 M HySOy [23]. The experimental value of 51 F/g in TioCO4 obtained at a scan rate
of 5 mV/s in a KOH solution [120] too is in fair agreement with the minimum Cr reported by us.
In the case of V,C, the degree of agreement between the experiments and our calculations varied
depending upon the electrolyte used in the experiment. The maximum capacitances obtained in
experiments were 164 F /g [121],184 F /g, 225 F /g, and 487 F /g [78] in NaySO4, KOH, MgSO, and
H5SOy4 solutions. Our calculated result is closer to the first three experimental values.

3.4 Conclusions

MXenes are a new class of low-dimensional materials with tremendous potential as supercapacitors.
Although several MXenes have been synthesized and their electrochemical characteristics studied
recently, to our knowledge, there needs to be systematic investigations into their capacitances by
analysis of the various contributions from different sources. This work is the first in that direction
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CHAPTER 3. CAPACITANCES OF PRISTINE AND OXYGEN FUNCTIONALIZED
My+1Cn (M= TI, V, NB, MO) MXENE SUPERCAPACITOR ELECTRODES

where the understanding of their capacitative behaviors is done from the electronic structures.
The good agreement between our results and the experimental ones for the systems where exper-
iments have been done demonstrates the correctness of our approach and that the models used
closely mimic the experimental situations. Important aspects like the quantum capacitances and
their variations with voltages, the impact of charging the electrodes, and the surface passivation
have been discussed in detail. The results also establish the following: first, the results of pristine
and oxygen-functionalized ones provide the limiting values of the total capacitance. Pristine com-
pounds that exhibit an order of magnitude larger values of the capacitances are idealized systems,
while fully surface passivated ones are the other extremes. In an experiment, the surface may
not be fully functionalized or a mixture of functional groups. Thus, the truth, in all likelihood,
will be in between the two extremes. Therefore, all the compounds considered here will display
excellent capacitative behavior in reality if they are used as negative electrodes; second, although
the transition metal constituents in the compounds considered are chosen from both 3d and 4d
series, there is hardly any noticeable difference or a trend in their relative behaviors as far as the
capacitances are considered; third, we find Nb, 1 C,, as another potential negative electrode that
can be used in a supercapacitor. Its Cr value, close to the other compounds, should attract the
experimentalists to assess its electrochemical performance.

The ‘RBA method’ gives the variations in the capacitances with hydrogen coverage. It is unable
to provide any information regarding electrode potential. In reality, experiments are reported with
a capacitance profile in a chosen electrode potential window. The capacitance behavior changes
significantly with the voltage window. It would be helpful to experimentalists if any theoretical
approach could provide a capacitance profile with varying electrode potential and hydrogen cover-
ages. Keeping this fact in mind, in the next chapter, we used a different approach to gain insight
into the electrochemical performance of considered systems. The next chapter does a comparative
study on the effects of doping and substitution on the storage capacity of TizCoTy.
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Chapter 4

Effects of doping and substitution on
the electrochemical properties of
MXene supercapacitor electrodes:
case study with TigCoTy

4.1 Introduction

Doping and substitution with heteroatoms is a proven effective tool to improve the physical proper-
ties of materials. The electrochemical performances of several 2D electrode materials like graphene
[122], boron nitride [123], and molybdenum disulfide [124] could be significantly improved by
manipulating their electron transport processes through doping. Significant enhancement in the
capacitance was observed for nitrogen-doped Graphene[125, 126, 127, 128]. Very recently, elec-
trochemical performances of nitrogen-doped TisCo MXenes were investigated [129, 130]. In Ref
[129], capacitance improvement by 460% was obtained at a low concentration of doped nitrogen. It
degraded upon an increase in the nitrogen concentration. This significant increase was attributed
to contributions from both EDL and redox mechanisms. A combination of DFT calculations and
experimental measurements were reported in Ref [130]. They examined the influence of site occu-
pancy of the dopant on the capacitance and inferred that nitrogen doping, in general, increases the
value of the capacitance, although the gain was not as substantial as reported in Ref [129]. Their
results indicated that the EDL mechanism dominates nitrogen substitution at the carbon site,
while the redox mechanism prevails for doping at functional or surface sites. DFT calculations for
TizCN monolayer [131]that is a 50% substitution of nitrogen at carbon lattice site suggested that
nitrogen substitution may lead to a significant increase in the charge storage capacity contributed
mainly due to surface redox reaction.

In the investigations on the electrochemical performances of nitrogen-doped and substituted
functionalized TizCy done so far, understanding of the origin of the supercapacitative behavior is
done only qualitatively, often in an indirect way. Direct computation of various contributions to
the total capacitance providing robust ground to the qualitative understanding still needs to be
improved. In this chapter, we look into this unexplored area for both doped and substituted TizCs
using DFT in conjunction with thermodynamic solvation models for an accurate description of the
electrochemical phenomena at the surface of the electrode in an aqueous solution. Since a realistic
MZXene system has different functional groups attached while performing a theoretical treatment,
they are to be incorporated into the modeling. In general, it is the -O and -OH groups that are
present in higher proportions, activating the redox mechanism for charge storage in TizCo Ty MX-
enes; T stands for functional groups, x denotes the percentages of them [132, 133, 134]. Taking
this clue from experiments, here, we have worked with Ti3CsT, where Ty implies mixed func-
tionalization, that is, our system evolves through states from TizC2Oy to TizCo(OH)s. We have
systematically investigated the effects of doping nitrogen at three possible sites in functionalized
TisCy (TisCoTy) by computations of the different contributions to the total capacitance. We also

OThe contents of this chapter are published in 2022 J. Electrochem. Soc. 169 090525
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CHAPTER 4. EFFECTS OF DOPING AND SUBSTITUTION ON THE
ELECTROCHEMICAL PROPERTIES OF MXENE SUPERCAPACITOR ELECTRODES:
CASE STUDY WITH TI3C,Tx

investigated effects of substitution at other sites in Tiz3Cy Ty by substitution of 50% C with N atom
and 66% Mo at the outer Ti layer giving rise to Ti3CNT, and Moy TiCo T, systems, respectively.
The reason behind the choice of such specific substitution is that ordered structures for these two
systems have already been synthesized [135, 136]. However, electrochemical measurements on them
are yet to be done. This systematic exploration yields a substantial understanding of the impacts
of doping and substitution at different sites on the supercapacitive properties of TizCoTy.

4.2 Computational Details

In this chapter, we used Joint Density Functional Theory(JDFT) based ‘Solvation method’
discussed in section 2.5.2 to compute the electrochemical storage performance of doped and substi-
tuted TizCe0s. An implicit solvation model as implemented in the simulation package JDFTx[137]
to obtain the electronic structure and the potential at the PZC of each H coverage for calculation
of the free energy function is used. ®gyg, is taken to be the computational standard hydrogen
electrode. It has been determined to be 4.66 V from PZC calibration of the CANDLE solvation
model in JDFTx[110]. The Generalised Gradient Approximation with the Perdew-Burke-Enzerhof
functional (GGA-PBE)[138]| was considered to approximate electron exchange-correlation for the
DFT calculations. Ultrasoft pseudopotentials[139] were used to describe the ion-electron interac-
tion. Kinetic energy cut-off of 20 Hartree and 30 Hartree were used for structure optimization
and single point energy calculation at the optimized geometry with convergence criteria of 10~
Hartree. To model doped and substituted TizCs05, we have considered a 3 x 3 x 1 supercell of
Ti3C504 unit cell.

4.3 Results and Discussions

4.3.1 Structural models and properties

Figure 4.1: Possible sites of (a)N doping, (b) N or Mo substitution for TizCyTx

In order to model N-doped and substituted TizCs Ty MXenes, we start with optimized structure
of TigCy04. In chapter 3, we observed that oxygen atoms energetically prefer to sit at the ‘H’ site
of TigCy to form -O functional MXene. The final structure is shown in Figure 3.1(e,f). TizCNOg
and Moy TiC305 are modeled by replacing 50% of carbon layer (of Ti3C205) by nitrogen and by
replacing the outer Ti layers (of TizC202)by Mo, respectively as shown in the Figure 4.1(b). Mod-
eling the nitrogen-doped Ti3Cs0O5 is, however, different. It is because nitrogen atoms can occupy
three possible positions when doped into TizCo09 MXene. Accordingly, three structural mod-
els can be constructed: Lattice-Site(LS) model, Functional-Site(FS) model, and Surface-Site(SS)
model. The doped nitrogen replaces carbon and Oxygen atoms in LS and FS models, respectively,
shown in Figure 4.1(a). In the SS model, they do not replace any atoms but position themselves
on the surface of the MXene. They can occupy either the positions on top of the functional atoms
(SS2 of Figure 4.1(a))or the positions between the functional and Ti atom in the outer layers(SSs
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4.3. RESULTS AND DISCUSSIONS

of Figure 4.1(a)). The SS model with an N atom on top of the O atom(SSs) is unstable, whereas
the model with an N atom at the midpoint of Ti and O atom(SS;) is stable. In this work we
have considered 10% nitrogen doping in TizC205. Doped and substituted TizCyTy systems are
then obtained by continuous addition of H atoms to both surfaces of the systems. All systems
are optimized for each x, the H-coverage. The lattice parameters increase linearly with x for all
systems. The lattice parameters of all the systems at x=0 and x=1 are given in Table 4.1. The
results are in excellent agreement with the experimental ones [130]. The SS model is not considered
as calculations in Reference [130] showed it to be dynamically unstable.

Table 4.1: Optimised lattice parameters of pristine and nitrogen doped TizCyTy, Ti3CNTy and
Moy TiCo Ty (T=0,0H) for x =0 and x =1 in A

System Lattice-parameter
x=0 x=1

TizCy T, 3.03 3.08
LS-TigC, T, 3.01 3.07
FS-TisC, T, 3.04 3.10
TigCNT,, 3.02 3.08
Mo, TiC, T, 2.93 2.97

We find that the lattice contracts upon doping at the lattice site and expands upon doping at
the functional site. This trend in the lattice parameters is consistent with the size of the atoms.
The atomic radius of Oxygen, Carbon, and Nitrogen are 60pm, 70pm, and 65pm, respectively.
The changes in the lattice parameters upon doping are consistent with this. The length of the
Ti-C bond expands(contracts) in the FS(2.26A)(LS(2.12A)) model in comparison to that in the
pristine(2.19A) system. A reverse trend is shown in the case of Ti-Ty bond lengths, although the
changes, in this case, are almost negligible. The Ti-N bond length changes substantially between
the two models. This is expected since different atoms are replaced in different models. The charge
sharing between Ti and N will be more in the case of the F'S model than the LS one. Overall, the
trends in the lattice parameters follow the trends in the Ti-C bond lengths.

4.3.2 Electronic Structure and Quantum Capacitance

The quantum capacitance of an electrode material depends on its electronic structure near the
Fermi level. In Figure 4.2(a)-(c), we present the electronic structure of pristine and nitrogen-
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Figure 4.2: Electronic Structure of (a) Pristine, (b) FS-doped, (¢) LS-doped TizCy02 and (d)
Ti3CN02 and (e) MOQTiCQOQ

doped (both FS and LS) Ti3C302. The nitrogen atom has one more valence electron than carbon
and one less electron than oxygen. Therefore, when a nitrogen atom replaces a carbon(oxygen)
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Figure 4.3: Integrated Quantum Capacitance of (a) Pristine and doped TizCy02, (b) TizCNO,
and MOQTiCQOQ

atom, the total number of electrons in the system increases (reduces). As a consequence, the
electronic bands around the Fermi levels are shifted. We find that in the case of doping at the
functional site (Figure 4.2(b)), the electronic band shifts towards higher energies. This happens
due to the reduced number of electrons in the system. In the case of doping at the lattice site, the
shift of the electronic bands is towards lower energies(Figure 4.2(c)). This is due to an increase in
the total number of electrons in the system. Close inspection of the densities of states reveals the
following features: (a) the electronic structure near the Fermi level is most substantially affected
in case of doping at the functional site. This is mostly due to the nitrogen p states occupying
higher energy levels in the valence band, (b) in case of doping at the lattice sites; the nitrogen p
states are deep within the valence band, unable to impact the features near the Fermi level. The
features near the Fermi level, in this case, are mostly due to the Ti d states, (¢) the unoccupied
part of the spectra is overwhelmingly due to Ti d-bands, which implies serious consequences on
the charge transfer. From these, we can predict that it is more likely that the largest contribution
to Cq will come from the functional site-doped system. In Figure 4.3, we present the variation of
Integrated Quantum capacitance(CBt) with absolute voltage. The voltage range is set between +1
V. This range is chosen because, at room temperature, the electrochemical stability window of the
electrolyte solvent is about 1.25 eV [117]. In the negative part of the voltage window, the maximum
Cié‘t (Figure 4.3(a)) of FS-doped Ti3C30s5 is four times larger than that of the pristine MXene. This
comparative behavior correlates to the changes in the electronic structure near the Fermi level.
As expected from the features in the electronic structure, C}St of LS-doped system(Figure 4.3(a)),
though higher than the pristine system throughout the voltage window, is not as amplified as the
FS-doped system.
Figure 4.2(d) and (e) show electronic structures of TizCNO2 and Moz TiC205. A comparison
between LS-doped TizCy02 and Ti3CNO; can be instructive. One of the prominent features is that
with more nitrogen replacing carbon, the bands move towards lower energy, in general. A consistent
trend emerges as one makes a comparison between pristine, LS-doped, and carbon substituted
TizC304. In TizCNOsy, states near the Fermi level are populated due to more contributions from
nitrogen. The shoulder at around 3 €V in LS-doped TizC50; transforms to a peak in TisCNOs.
The small peak closest to the Fermi level in the unoccupied part of the LS-doped system transforms
into a prominent one with nitrogen substitution. Upon substitution of Mo at Ti positions, however,
the electronic structure changes considerably. The densities of states in Mo, TiC305 are dominated
by contributions from Mo and O near the Fermi level in the occupied part of the spectrum. In the
unoccupied part, states near the Fermi level have dominant contributions from Ti and Mo. The
bands are more extended in Mo, TiCo05 in comparison to TizCsO2 as Mo being from the 4d series
has wider bands. These features reflect in variations in Cic’gt. C}St of Ti3CNO3 and Moy TiCy0,
are shown in Figure 4.3(b). For TigCNOa, the higher density of states in the conduction band
around the Fermi-level leads to significantly larger Ci(st on the positive side of the voltage window in
comparison with that on the negative side. As expected from the features of the densities of states,
iC202 has the lowest integrated quantum capacitance throughout the voltage window. With

Mo, T
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4.3. RESULTS AND DISCUSSIONS

variations in x, there is no change in the overall electronic structure profile of all the materials
except a rigid shift of bands. Therefore, for any given x, the trends observed in case of x=0
(Ti3C203) remain the same. However, the rigid shifts in the band structures lead to significant
changes in the electronic structure near the Fermi levels. These changes in electronic structures
around the Fermi levels get reflected in the Integrated Quantum Capacitance as x changes. A
general trend in almost all cases is noticed: Ci(gt increases with x for both positive and negative
voltages, the only notable exception being negative voltages in case of FS-doped TizCyTy where
higher Cgt are obtained for x=0. One can understand such trends from the features in the densities
of states as x varies. Equation (2.35) implies that a larger value of quantum capacitance will lead
to a higher value of the total capacitance where the electrical part of the total capacitance will be
the sole contributor. If both electrical and quantum parts of the capacitance are comparable, the
total capacitance will be lesser than the least. In the next sub-sections, we explore this point.

4.3.3 Electrical capacitance

As discussed in Section 2.5.2, we have used the model of MXene electrode in contact with an acidic
electrolyte HoSOy4 for the calculation of the EDLC and Pseudocapacitances. We specifically looked
at the effects of doping and substitution at different sites on the evolution of the electron and pro-
ton transfers between the electrolyte and the electrode, giving rise to simultaneous contributions
of EDL and redox capacitances. Experiments on undoped Ti3CyTy have discussed possible mech-
anism behind elevated values of its capacitances [132, 133, 134]. It was found that the dominant
mechanism depends on various factors such as multi-layer nature, the intercalation of alkali ions
[132, 133], and the presence of water between the layers [134]. The literature on nitrogen-doped
functionalized multi-layer TizCs has proposed EDL as a primary mechanism behind the elevated
value of the total capacitance due to nitrogen doping [129, 130]. On the other hand, analysis based
solely on the electronic structures of functionalized TigCN monolayers inferred that the primary
mechanism for O functionalized system is the surface redox reaction while for F and (OH) func-
tionalization, it is EDL [131]. One of our motivations, therefore, is to investigate this aspect, albeit
in the case of monolayer systems.

Nitrogen Doped Ti3C,Ty

According to Equation (2.49), the surface redox behavior is controlled by the adsorption of a pro-
ton on the electrode surface and subsequent electron transfer to the electrode at a given electrode
potential. To determine the extent of the surface redox phenomenon, we calculated G(x,®) (Equa-
tion 2.50) for each H-coverage, x, at different fixed electrode potentials (®); ® varying from -1 V
to +1 V with respect to SHE. In Figure 4.4 (a)-(c), we show G(x,®) as a function of x for pristine,
nitrogen-doped FS and LS TizCyTy , respectively. For all systems and all ®, G(x, ®) is parabolic
in nature. From the minima of G(x, ®), we find that the ensemble-averaged coverage xayz= 0.63
, 0.93. 0.73 for pristine, functional-site and lattice-site doped TizCsTy, respectively. The result
for the pristine compound agrees very well with the existing one [88]. The results imply that the
electrode surfaces are not fully protonated even at -1 V for all systems. However, nitrogen doping
enhances protonation, with the FS system having more than 90% covered, the maximum among
the three systems. Another common feature in all systems is that the x,vo continuously decreases
with increasing ® leading to x,v,=0 at ® =1 V.

The electrochemical behavior of a capacitor in acidic electrolytes like HoSO,4 can be understood
in terms of the net charge on the surface, responsible for EDL, and the proton transfer from the
electrolyte ions to the electrode that is responsible for the redox reaction. The net number of
electron transfers or the total charge storage in the electrode is decided by the cumulative effect
of these two. The electron transfer, surface charge, and proton transfer numbers as a function of
® are shown in Figure 4.5 (a)-(c) for pristine, nitrogen-doped FS and LS systems. The proton
transfer number is given by x,,¢ While the surface charge is the ensemble average of Q in Equation
(2.52). The electrons transferred across the charge layer accumulated over the electrode surface
are obtained by adding these two. For all three systems, accumulated surface charge prohibits
proton transfer to the surface. For the LS-doped system, the variations in surface charge, proton
transfer, and, consequently, the electron transfer numbers are linear with ®. The surface, in all
three cases, is slightly positively charged. This is because part of the positive charge from proton
transfer becomes the net surface charge. In the case of the pristine and the FS-doped systems,

he variations are piecewise linear with changes in slopes at intermediate voltages, the slopes

t
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Figure 4.4: Variations in the Relative Free Energy with H-coverage at different fixed potentials for
(a) Pristine, (b) F'S, and (c¢) LS N-doped TizCyTx.

being larger for the FS-doped system. The pseudocapacitance, the EDLC, and the total electrical
capacitance are obtained from the slopes of proton transfer number, surface charge, and electron
transfer number curves (Figure 4.5(a-c)), respectively. Figure 4.6 (a)-(c) shows variations in the
capacitances for the three systems under consideration.

In the case of the pristine system, total electric capacitance is nearly constant at 250 F/g
between -1 V and 0 V. It decreases linearly to 200 F/g for higher potentials. Both qualitative
and quantitative agreements with the existing result [88] on the variation in the total capacitance
with @ are excellent. For the LS-doped system, the total capacitance is near constant at 250 F/g
throughout the voltage range. This is because of the near-constant contributions from both EDLC
and pseudocapacitance, which is due to the linear variations in proton transfer number and the
surface charge. Therefore, nitrogen doping at the lattice site does not lead to any improvement
in the electrical capacitance of TizCsTy. The doping at the functional site, on the other hand,
improves the total capacitance. This is due to the higher value of Cieqox and lower value of Cgpy,
for this system. Since, in these cases, EDLC acts against pseudocapacitance, a lower value of Cgpy,
implies that the redox mechanism overwhelmingly determines the surface electrochemistry. In the
case of the pristine and LS-doped Ti3CsTy, the EDLC, both qualitatively and quantitatively,
contributes substantially to the total electrical capacitance. In these two cases, though redox
appears to be the dominating mechanism, the effect of EDL is recognizable. The dominance of
redox reaction as found in our calculations, however, contrasts with the predictions made from the
experimental results [129, 130]. A qualitative understanding of the larger value of redox capacitance
for the FS-doped system compared to the LS-doped one can be understood from Bader charge
analysis [140]. With full H-coverage, the average Bader charge transfer from the electrode to the
HT ion is 0.463¢, 0.501e, and 0.455¢ for pristine, FS-doped, and LS-doped systems, respectively.
The largest charge transfer for the FS-doped system can explain the largest pseudocapacitance.
The reason the F'S-doped system has a larger charge transfer than the LS-doped one is the following:
we find that the Ti-N bond length for the FS-doped system is 15% less than that in the LS-doped
system. Ti-N and Ti-Ty bond lengths are comparable for FS-doped systems as doped nitrogen
occupies the functional sites. Due to the significantly smaller Ti-N bond length, the charge sharing
in the Ti-N bond is greater in the FS-doped system than in the LS-doped one. This, in turn,
is reSé)onsible for a larger charge transfer to the HT ions, as can be seen quantitatively from the
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Figure 4.5: Charge storage with applied electrode potential (®) for (a) Pristine, (b) FS, and (c)
LS N—doped Ti3CQTX
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Figure 4.6: Electrical Capacitances with applied electrode potential (®) for (a) Pristine, (b) FS,
and (¢) LS N-doped TizCsTx. The negative values of the EDL capacitances imply that the EDL
mechanism is acting against the surface redox mechanism.
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for (a) Pristine, (b) FS, and (¢) LS N-doped TizCyTx

calculation of Bader charges on each atom.

Substituted Ti3 Cg r]:‘X

The electrochemical behaviors of the substituted systems Ti3gCNTy and Mo, TiCy Ty throw up
quite an interesting picture. Figure 4.8(a)-(b) show the G(x,®) as a function of H-coverage for
TigCNTy and MoyTiCs Ty, respectively. Unlike the doped systems, TisgCNT, and MooTiCoTy
have significantly low coverages, the highest x,,, being 0.35 and 0.31 respectively at -1 V. Be-
haviour of charge storages (Figure 4.9 (a)-(b)) too, are very different from the doped systems.
The magnitude of the charges is less for substituted systems than the pristine and doped systems.
However, the surface charge and protons do not act against each other. The lower amount of
charge storage (compared to doped systems) and the negative sign of the surface charge (unlike
the doped systems) can be correlated with the substantially low H-coverage. The qualitative and
quantitative variations of various components in charge storage are reflected in the behavior of
EDLC and pseudocapacitances (Figure 4.10(a)-(b). The non-linear variations of the proton and
surface charges in TisCNTy determine the variations of the capacitances. While pseudocapaci-
tance was the dominant contributor to negative voltages, EDLC started to play a significant role
with increasing voltage, finally becoming the dominant one for positive voltages. Thus, in nitrogen
substituted Ti3CsTy, the mechanism of charge storage is dependent on the voltage window. Our
quantitative calculations are in agreement with the quantitative analysis that TigCNTy cathode
has surface redox reaction as the dominating mechanism [131].

The behavior of the components in electrical capacitance of Mo, TiCs Ty is found to be different
from all other systems. Here, the pseudocapacitance and EDLC do not oppose each other but
collaborate. While pseudocapacitance turns out to be dominant, and both components remain
near constant for most of the voltage window, beyond +0.5 V, EDLC assumes a more significant
role. However, the absolute values are the least among the systems considered. This can be
understood from the magnitudes of the charge storage, which in turn is connected to the lowest

—covera%e and the fact that Mo, being 60% more electronegative than Ti, is unable to transfer as
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Figure 4.11: Total Capacitances with applied electrode potential (®) at different H-coverages(i.e
x) for (a) Ti3CNTy, (b) MosTiCs Ty

much charge as Ti in the outer layers of the MXene.

4.3.4 Total Capacitance and comparison with experiments

Due to the dependence of Cié’t on x, the total capacitance now depends on x. In Figures 4.7 (a)-(c)
we show the total capacitance (calculated by Equation (2.35))of pristine and doped TisCoTy. In
Figures 4.11(a)-(b) results for TisgCNTy and MosTiC;Ty are shown. The variations in the capac-
itances (for different x values) are plotted with respect to SHE and Ag/AgCl electrode potentials.
We find that by and large, the capacitance profiles for pristine and doped systems follow those of
their quantum capacitances. This was expected as the orders of magnitude of Cg and Cq are not
too different for all systems except F'S-doped one at negative electrode potentials. Consequently,
we obtain high capacitances for FS-doped systems in the negative potential range. For the positive
part of the SHE potential window, the capacitances of pristine, FS-doped, and LS-doped systems
are comparable. A one-to-one comparison with the experimental results is difficult because of
various factors. The capacitance crucially depends on the sample preparation method, the exact
composition, the functional groups, and the electrolyte.
Moreover, in our computational model, the capacitance depends on the surface coverage, leading to
a range of values for the total capacitance. Accordingly, our results contradict the ones obtained in
Ref. [130], where the electrolyte is basic. The capacitances obtained in that work are significantly
lower than our results. Also, they got the highest capacitance value for the LS-doped system and
identified EDL as the primary mechanism, aided by the surface redox reactions due to the surface
functional groups. On the other hand, some correspondences can be made with the experimental
results of Ref. [129] as the electrolyte used was 1 M HySOy, precisely the one used in the model
implemented in our calculations. Although the maximum capacitance reported by them is only
32 F/g for the pristine system as opposed to values between 75-230 F/g in our estimates, there
is a good agreement for the maximum capacitance of the nitrogen-doped system. The reported
value of 192 F/g in the Ag/AgCl electrode potential window of -0.2-0.3 eV agrees well with the
calculated values for FS (180-300 F/g ) and LS (110-210 F/g) doped systems in the same window.
However, there are specific qualitative differences between the results from the experiment and
our calculations. From the high-resolution XPS study, it was suggested that the doped nitrogens
occupy the carbon sites.
Therefore the capacitance reported in their work is that of an LS doped system. It is yet to
be observed whether any further gain in capacitance can be obtained in an FS doped system in
agreement with our results. The experiment also suggested that this gain in capacitance is due
to a larger inter-layer distance due to doping leading to increased EDLC. Therefore, the primary
mechanism in the doped system is EDL. Our calculations could not confirm it. In our estimates,
the EDL part of the capacitance instead went the opposite way. However, it is worth mentioning
hat our calculations are on a monolayer implying infinite inter-layer distances. Moreover, no other
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functional groups except -O and -OH were used in our model, while the experimental sample had
-F functional groups in significant proportions. The presence of -F groups that are less redox active
than -O and -OH in the experimental sample may explain the discrepancy between the experiment
and theory in identifying the primary mechanism for charge storage. The total capacitance of the
substituted systems is less than the doped systems. While the variation in the total capacitance
of Moy TiCo T follows that of its quantum capacitance, the situation is different for TigCNT,.
Though it had larger quantum capacitance for higher voltages (most significantly for x = 1), the
drop in the electrical capacitance with increasing voltage brings the maximum total capacitance in
the negative part of the SHE voltage window. These results show that the quantum capacitance
is a vital component having a substantial influence on the quantitative estimation of capacitances
of super- capacitors as observed earlier.

4.4 Conclusions

Using an implicit solvation model in conjunction with DF'T, we have modeled the electrolyte elec-
trode interaction at the electrode surface to compute the electrochemical parameters of doped and
substituted oxygen functionalized TizCo MXene. This model addresses the surface EDL and redox
effects in HoSOy4 electrolyte solution. We have computed the contributions to stored charges and
the capacitances due to both effects when nitrogen is doped at different sites of TizCoTy as well as
in substituted systems TigCNTy (nitrogen substitution at carbon site) and Moy TiCy Ty (molybde-
num substitution at outer Ti layers). We find that upon inclusion of the quantum capacitance, the
maximum gain in the capacitance is obtained for nitrogen-doped at functional sites of TizCy Ty at
negative SHE potentials. Ct can be as high as 380 Fg~! for full H-coverage. This two-fold gain,
compared to the pristine compound, is due to the larger charge storage dominated by the surface’s
redox activity. The presence of nitrogen dopants at the surface and the largest coverage of H ions
from the electrolyte are responsible for this. Our quantitative results suggest that the surface re-
dox activity is primarily responsible for the electrochemical parameters for the pristine and doped
systems, although the EDL mechanism competes with it. The two mechanisms act against each
other and influence the capacitance’s overall charge storage and electrical part. Our results agree
with the experiment measurements. However, the qualitative explanation of increased capacitance
value differs from ours. With the increase in nitrogen content such that it substitutes 50% carbon
from the lattice site, the capacitance value degrades. It further degrades upon substituting the
surface Ti atoms with more electronegative Mo. These are yet to be verified through electrochemi-
cal measurements, although both compounds have been synthesized. In substitution cases, though
EDL and surface redox phenomena cooperate with each other, poorer charge transfer hinders the
growth of capacitances. In the case of nitrogen substitution, we found the evolution of the EDL
mechanism to become the dominant one upon the increase in voltage. The reverse trend compared
to doped systems can be correlated with meager ion coverage from the electrolyte and subdued
charge transfer on the surface due to more electronegative substituents. Our results suggest that
nitrogen doping is a better strategy for better electrochemical performances in TizCoTyx MXene
electrodes. We also suggest that much better values of capacitances in nitrogen-doped TizCoTyx
can be obtained if samples are prepared with doping at the functional site, and electrochemical
measurements are done in a larger negative voltage window with Ag/AgCl as reference electrodes.
Here, the theory and experiments are compared for SHE and Ag/AgCl reference electrodes. How-
ever, this does not mean the calculations depend on the reference electrode’s choice. The choice of
other electrodes as the reference will only shift the voltage window, thus affecting the maximum
and minimum values of the capacitances. To our knowledge, this work is the first of its kind where
a systematic investigation of the effects of doping and substitution on the electrochemical property
of the most extensively researched MXene TisCs is done by computing different components of
capacitances and providing insights from a microscopic point of view. This approach may pave the
way for understanding the supercapacitative behavior in other MXenes. There are many scopes
for an investigation into this class of materials.
One emerging class of two-dimensional material is Janus material. Janus is a unique two-
dimensional structure where two elements of the same class span the two surfaces of a single-layer
2D material. The first synthesized Janus is MoSSe, a transition metal di-chalcogenides, where S
and Se span the two surfaces. Experiments and theory suggest replacing one element from one
surface with another same class element is an excellent surface engineering to improve a target
roperty. We also attempted something like that with MXenes. In the next chapter, we present
TH-3302_186121013
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results on the study of electrochemical properties of Janus MXene electrodes in contact with an
acidic electrolyte.
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Chapter 5

Improvement in charge storage
capacities of supercapacitor
electrodes by surface engineering:
the case of Janus MXene

5.1 Introduction

One way to explore structure-property relations in 2D materials is to design compounds with
asymmetric surfaces and study their impact on physical properties. To this end, quasi 2D Janus
materials MoSSe[141] and WSSe[142| from the transition-metal dichalcogenide family have been
synthesized. Experiments discovered that these compounds exhibit photo-voltaic properties[143],
superior catalytic activity for hydrogen evolution reaction (HER) [144],vertical piezoelectricity[145],
and Rashba effect[146, 147, 148, 149], among other novel features. These are the effects of the struc-
tural modifications of the pristine dichalcogenides. For example, the superior HER efficiency of
MoSSe over MoSs is due to the presence of single S and Se vacancies that strengthen the binding of
hydrogen with dichalcogenide monolayers, turning the inert surfaces highly active catalytically[144].
As a charge storage device, Janus MoSSe has shown greater potential, too. Monolayer MoSSe can
simultaneously possess good storage ability and fast Na/K ion diffusion and thus can be used as
an anode material for Na/K-ion batteries observed in DFT calculations[150]. First principles cal-
culations on MoSSe monolayer and bi-layer have shown that they can be used as anodes in Li-ion
batteries, too, as the charge asymmetry on the two surfaces induces an internal electric dipole mo-
ment that generates an intrinsic electric field from the Se layer towards S layer facilitating higher
storage of Li ions [151]. Janus monolayer TiSSe and VSSe dichalcogenides, too, were predicted
to be good anode materials for alkali ion metal batteries as computed by first-principles methods
[152].

Though no Janus MXene has been synthesized, a plethora of First principles based simulations
are available [153, 154, 155] that establish the thermal and mechanical stability of both MM'XT,
and MoXTT’ compounds up to significantly high temperatures. (M, M’ (T, T')) are two different
transition metal constituents (functional groups). Calculations predict improved (over their end
point constituents MyXTs) thermoelectric properties[156], HER activity [157], charge storage ca-
pacity in Li and Mg batteries [95], and magnetic properties [154] for a number of them. However,
no investigation of the capabilities of Janus MXenes as electrodes in supercapacitors has yet been
done. In this chapter, using the Joint Density Functional Theory based solvation method (section
2.5.2), we have investigated the charge storage capacities in two different groups of Janus MXenes
MM’COg; in one group M,M’ are Ti,V, and Nb while in the other group, they are V, Cr, and
Mn. M;CTy MXenes as well as solid solutions (M,M")oCTy ( M,M’ are Ti,V,Nb) and MAX phases
(M,M")2AC with M,M’ being V,Cr,Mn, have been synthesized [25, 84]. These indicate that there
is a substantial possibility of the formation of Janus phases with these constituents. Without ex-
perimental reports, we have performed a detailed study on the chances of forming Janus MXenes
by computing their thermal and mechanical stabilities. Our calculations show that of the six -O
functionalized Janus compounds considered, only three are mechanically and thermally stable. The
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electrochemical properties of these three in an acidic electrolyte solution are then computed and
compared with the results on end point MXenes. Better performance due to this surface engineer-
ing is observed in all three cases, suggesting this as a possible route to enhance charge storage in
MXene electrodes for supercapacitor applications.

5.2 Structural Model of functionalized Janus MXenes

Monolayer of Janus MXene MM’'C is obtained from monolayers of MsC pristine MXenes by re-
placing transition metal M atoms of one of the two surfaces with another transition metal M’. The
structure of MM’'C MXene is shown in Figure 5.1. During the synthesis process, MXene surfaces
are passivated by functional groups T; the most common are -F, -O, and -OH. In this work, we
have considered Janus MXenes with surfaces passivated by -O. In Figure 5.1, we show different
positions available to -O for a given surface : (1) site T, the position right over the transition metal;
(2) site H, the hollow site of a carbon atom and (3) site C, the hollow position corresponding to
the transition metal element on the other surface (Figure 5.1(a)). Two asymmetric surfaces and
three possible sites result in 32,i.e, nine models for a MM/CO5 Janus MXene. We first compute the
total energies of all nine structures to obtain the ground state. We then check the dynamical and
thermal stability of the ground state structure by computing the phonon spectra and performing
Ab initio molecular dynamics (AIMD) simulations.

Figure 5.1: (a) Side view and (b) Top view of MM'C Janus MXene structure. Yellow, Red, and
Blue balls represent the C, M, and M’ elements, respectively.

5.2.1 Computational Details

The total energies and the electronic structures are calculated by the DFT-based projector aug-
mented wave method[158] as implemented in Vienna ab-initio Simulation Package(VASP)[159].
The exchange-correlation part of the Hamiltonian is described by Perdew-Burke-Ernzehof (PBE)
Generalized Gradient Approximation (GGA)[138, 160]. We use a kinetic energy cut-off of 520 eV
and a Monkhrost-pack[161] grid of 12x12x1 for self-consistent calculations. A larger k-mesh of
24x24x1 is used for the Densities of States calculations. The convergence criteria for energy and
force criteria were set to 107% eV and 107° eV/ A, respectively. The second-order interatomic force
constants(IFCs) are calculated by the density functional perturbation theory (DFPT)[162] method
implemented in VASP using a 3x3x1 supercell and 6x6x1 k-mesh. The phonon spectra are gen-
erated using these IFCs by the finite-difference method as implemented in the PHONOPY [163]
package. Ab initio molecular dynamics (AIMD) simulations are performed with 3x3x1 supercell
at 300K with Nose-Hoover thermostat[164, 165] as implemented in VASP for 10 ps with a time
step of 2 fs.

For Joint Density Functional Theory calculation, Generalised Gradient Approximation with the
Perdew-Burke-Enzerhof functional (GGA-PBE)[138] is considered as an approximation to exchange-
correlation part of the Hamiltonian. Ultrasoft pseudopotentials[139] are used to describe the ion-
electron interaction. Kinetic energy cut-off of 20 Hartree and 30 Hartree are used for structure
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Table 5.1: Total energy of the Janus MXenes MM'C for different models according to sites of O
occupancy.

System Total Energy (eV) for -O occupancy sites

CC HH CH HC
TiNbCO2 | 0.57  0.09  0.00 0.59
NbVCO2 | 0.03 0.00 0.26 0.13
VTiCOq - 0.00 - 0.16

CrMnCO2 | 0.00 0.57 0.33 0.25
CrvVCO, 0.04 044 0.00 -
MnVCO, | 0.03 0.32  0.00 -

optimization and single point energy calculation at the optimized geometry with convergence cri-
teria of 1076 Hartree. For all calculations, 3x3x1 supercells of the unit cells are considered.

5.3 Results and Discussions

5.3.1 Structural stability and parameters

As mentioned in section 5.1, we have worked with six different -O functionalized Janus MXenes:
TiNbC, VTiC, NbVC, CrMnC, MnVC, and CrVC. As a first step towards investigating their struc-
tural stability, we have performed total energy calculations for each of the nine models discussed in
section 5.2. Out of the nine possible combinations of the two O atoms, ones involving the position
‘T’ (Figure 5.1(a) and (b)) deform the structures completely. Therefore, those possibilities are
discarded. The total energies for the other four models are shown in Table 5.1 for each one of the
compounds. For each system, the model with minimum energy is considered as the reference to
scale energies in other models. We find that while both O atoms occupying H sites minimize the
energy for NbVCO2 and VTiCOs, in the case of CrMnCQOs, both O minimize the total energy by
occupying C positions. For the other three compounds TiNbCO5, CrVCO; and MnVCO;, the O
atom associated with the surfaces of Ti(Nb),Cr(V) and Mn(V) occupies C(H) positions to minimize
total energies. It is to be noted that the structures of VITiCOq in CC, CH models and those of
CrVCO4 and MnVCO, in HC models distort. Those models are, therefore, discarded from further
consideration. In the next step, we perform phonon calculations on all the remaining configurations
where the structures are undistorted. We find that only three systems, NbVCO3, CrMnCO, and
MnVCO; are dynamically stable (Figure 5.2). While CrMnCOs and MnVCOs are dynamically
stable in their respective ground states (Table 5.1), dynamical stability in NbVCO, is obtained in
the CC model, which is energetically only about 5 meV per atom higher than the ground state.
The phonon spectra presented in Figure 5.2(a) are, therefore, calculated with the CC model. Since
the energy of the CC model is very close to that of the ground state, forming this phase at low tem-
peratures is possible, and thus, assessment of the dynamical stability of NbVCO4 by considering
this configuration is justified. The phonon spectra of the dynamically unstable configurations are
shown in Figures (5.3)-(5.4). The dynamically stable structures of the three functionalized Janus
MZXenes are shown in Figure 5.5(a)-(c). We further assess the stability of these three compounds
against thermal excitations by performing AIMD at room temperature. The results are shown in
Figure 5.6(a)-(c). The variations in the Free energies and the temperatures over the observation
time imply that the structures are stable. The final structures shown in the insets of the figures
confirm that they are stable against thermal excitations.

In Table 5.2, information on ground states and structural parameters for the three Janus
MZXenes are shown. The information of the end point MXenes MaCO4 and M5,CO, are also shown
for comparison. Due to magnetic constituents Mn and Cr in MnVCOs and CrMnCO», additional
magnetic calculations were done for these systems to ascertain the ground state. We find that
though O atoms stabilize MnyCOs by occupying ‘H’ positions, in both MnVCOy and CrMnCOs,
the O atoms associated with the Mn surfaces prefer to occupy ‘C’ positions. The O atoms on
V and Cr surfaces in Janus compounds, however, occupy the same positions as those in the end
point compounds VoCOs and CrayCOs. In the case of NbVCOs, the structure is stabilized when O
atoms occupy ‘C’ positions on both surfaces, although both end point compounds have ‘H’ as the

referred %osition of O atoms. Thus, in MnVCOs, the passivation on two surfaces leads to different
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(a) (b)

ONb @V @Cr ©@Mn oc ©0

Figure 5.5: Dynamically stable lowest energy structures of (a)NbVCOs, (b)CrMnCOs, and
(¢)MnVCOs. Both top (upper row) and side (lower row) views are shown.

symmetry. While the functionalization on the Mn surface gives rise to trigonal prismatic symmetry,
that on the V surface leads to octahedral symmetry. For the other two Janus compounds, the
symmetry is trigonal prismatic, irrespective of the surface passivation. The magnetic ground state
in MnVCOsy, is ferromagnetic (FM), different from the antiferromagnetic (AFM) ground state in
MnyCQO;. The electronic ground state, too, is different in MnVCQOy as compared to MnsCOs.
The semiconducting ground state of MnsCOs transforms to a metallic one when MnVCO5 Janus
is formed. In the case of CrMnCOs Janus, too, the electronic ground state is metallic, the same
as that of CroCO,. However, unlike the non-magnetic ground state of CroCOs2, we get an AFM
ground state in CrMnCO5. The points to note are that although the electronic ground states in
both MnVCQO; and CrMnCQOs are the same as the end compound MXenes VoCO, and CroCOo,
the magnetism driven by the inclusion of Mn in one of the surfaces lead to different ground states.
In CrMnCOs, the magnetic ground state of MnsCOs is retained but in MnVCOs,, it changes as
well. It appears that while the properties of V and Cr surfaces are driving the electronic ground
states, the passivation on different surfaces leading to different crystal symmetries in MnVCOsy is
responsible for the magnetic ground state of this compound being different from that of MnyCOs.
In both Mn-based Janus, the Mn moments are nearly equal and are substantially reduced from
that in MnyCOs. This is expected as the Mn-Mn inter-layer exchange interactions are absent in
Janus compounds. In the case of NbVCOs,, both surfaces are passivated by O atoms that conform
to the same symmetry. The Janus system is metallic and non-magnetic like their end compound
MXenes NbyCO4 and Vo,CO5. The lattice constants of CrMnCQO5, MnVCO, and NbVCO, Janus
compounds are almost same as that of CroCO3, Mn,COs and VoCOo MXenes, respectively. In
CrMnCO, and MnVCO3, Mn-C and Mn-O bond lengths decrease around 2-2.5 % in comparison
to those in MnyCOs. The Cr-C bonds in CrMnCO4 shorten by 1% only with respect to CroCOs.
On the other hand V-C bond lengths in MnVCOs increase by 1% while V-O bonds shorten by
2.5% in comparison to VoCO4y.The Mn-C bond lengths in this compound decrease by 2% compared
to MnyCO4. The relative changes (with respect to quantities in the end point MXenes) of M-C,
M’-C, M-0O, and M’-O bond lengths are more significant in NbVCOy Janus. While there is hardly
any change in Nb-C and Nb-O bonds, V-O bonds increase by 3% as compared to that in VoCOs.
We can infer that overall, there are no significant changes in the structural parameters when Janus
MZXene is constructed out of regular MXenes.

5.3.2 Electrochemical Capacitances

We now discusses the charge storage capacities of Janus compounds by making a comparison with
corresponding end point MXenes. In both cases, the MXene electrodes are in contact with HoSOy4
solution. In this work, we have calculated charge transfers and capacitances with applied electrode

otential(¢) in the range -1V to +1V vs. SHE. In Figure 5.7(a)-(f), variations in proton number,
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Figure 5.6: Variations in Free Energy(eV/atom) and Temperature(K) with time step(in ps) in
AIMD calculations for (a)NbVCOg, (b)CrMnCOs, and (c)MnVCOs;. Insets show the top(left) and
side(right) views of the final structures.

Table 5.2: Sites of -O functionalisation, lattice-parameter(a), lengths of M-C(dp—¢),M'-C(dpr—¢),
M-O(dp-0), M’-O (dmr—o) bonds, electronic and magnetic ground states (GS) of all the MM’ COx,
MsCO5 and M'CO5 MXenes are shown. Magnetic moments of transition metal constituents are
also shown for magnetic systems.

Properties Systems
NbQCOQ NbVCOQ VQCOQ MIIVCOQ MHQCOQ CI‘MHCOQ CI‘2 COQ
Sites of HH CC HH CH HH CcC CC
-O functionalisation
a(A) 3.12 2.95 2.91 2.87 2.88 2.68 2.69
dy_c (A ) 2.19 2.17 2.06 2.00 2.04 2.00 2.02
dy_c ( ) - 2.06 - 2.08 - 2.00 -
dv-o (A) 2.09 208 1.95 1.93 1.93 1.92 1.92
dyr—o (A) - 2.01 - 1.92 ) 1.90 -
Magnetic GS NM NM NM FM AFM AFM NM
Electronic GS metallic metallic metallic metallic semi-conductor metallic metallic
Magnetic moment ; of - s - uvn=1.2  puyin=%2.8 pucy==0.1 -
magnetic species i (in ug) wy = 0.95 Unn==x1.0 -

surface charge, and electron number along with variations in corresponding capacitances with ¢
are shown for NbVCO, Janus and the corresponding end point MXenes NbyCO4 and VoCO3). To
understand the results, we first discuss the charge storage mechanism of NboCO5 and VoCOs. As
seen from Figure 5.7(a), the proton transfer number of NbyCOs decreases following a parabolic
trajectory as the voltage is increased from -1V, resulting in a decrease of Cieqox (Figure 5.7(d)).
The change is substantial - from 251 F/g at -1V (vs. SHE) to 10F/g at 0.6V (vs. SHE), saturating
thereafter. Cgpr, of NboCOs shows the opposite trend. The surface charge increases with ¢
(Figure 5.7(a)), the change being slower than the proton transfer. Accordingly, Cgpy, increases
continuously and eventually becomes the dominant contributor to Cg at ¢ > —0.25V. Thus, both
EDL and Redox mechanisms contribute to the charge storage capacity of this compound, producing
a maximum(minimum) Cg of 240(64) F/g (Figure 5.7(d)). The storage mechanism of VoCT2, on
the other hand, is significantly dominated by the Redox mechanism. The proton transfer number
varies linearly with ¢, the slope of the curve being large. The variation in surface charge is linear,
too. However, the change is rather small with increasing ¢ (Figure 5.7(c)). As a result both Cedox
and Cgpy, remain constant at values 264 F/g and 36 F/g, respectively up to ¢ = 0.4V. After
that their values decrease slightly to 237 F/g and 30 F/g, respectively at ¢ = 1V (Figure 5.7(f)),
resulting in a maximum Cg of 228 F/g.

Both proton transfer and surface charge variations in the case of NbVCOs follow two distinct
patterns in two potential windows. The proton transfer number varies linearly up to between -1.0-
0.25V, following the pattern of VoCOs, albeit with a higher slope. Between 0.25V and 1.0V, the
variation is like the one obtained for NboCO5. The same trend is found for variations in the surface
charge. Consequently, in the negative (positive) potential window, both Cicqox and Cgpy, behaviors
resemble that of VoCO2(NbyCO3). However, due to sharper variations in the proton transfer
implying higher redox activity, as compared to the end point MXene compounds, Cyeqox varies

between 328 F /g and 307 F/g in the negative potential window. In the positive potential window,
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Figure 5.8: Various contributions to charge transfer and capacitance for NboCOs, NbVCO4 and
V,CO9

Credox decreases rapidly to about 50 F/g at 1.0V. Cgpr, on the other hand, increases continuously
to a maximum of 80 F/g at 1.0 V. Therefore, the total capacitance Cg varies between 307-285 F/g
(170-130 F/g) in the negative (positive) potential window. This implies that if one chooses the
negative potential window, the enhanced redox activity will produce a significantly larger Cg for
this Janus compound in comparison to their MyCQOs counterparts. Moreover, this result suggests
that more power density, compared with the end compound MXenes, can be extracted from Janus
NbVCOs; in the negative ¢ window. On the other hand, in the positive ¢ region, larger energy
density along with substantial power density can be obtained by synthesizing Janus out of NbyCO4
and VoCOy MXenes, making this Janus very useful as a supercapacitor electrode.

In Figure 5.8, we present the electrochemical behavior of MnVCO5. Here we have not shown
the electrochemical behavior of the end point compound Mns;COs. The electronic ground state
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Figure 5.9: Various contributions to charge transfer and capacitance for NboCOs, NbVCO5 and
V5COso

of MnyCOs is semiconducting. Thus, it cannot be a high-rate storage device like a metal. The
variations in surface charge and proton transfer will be much less than the metallic MXenes.
The variations in proton transfer number, surface charge, and consequently the capacitances of
MnVCO; Janus, expectedly, follow the same trend as that of VoCOs. The sharper variations in
the proton transfer, however, produce Cicqox larger than that obtained for VoCOs. As a result,
the total capacitance Cg varies between 249 F /g - 226 F/g over the entire potential window.

Various contributions to the charge transfer and capacitance and their variations with ¢ for
CryCO5 and CrMnCOg4 are shown in Figure 5.9. Like VoCOs, the charging mechanism in CroCOs
is dominated by the redox charge transfer. But unlike VoCO4y, EDL has a co-operative effect to
Credox- Smaller variation in the proton transfer, in comparison to VoCOs, however, limits Ceqox
to a maximum value of 175 F /g for a small potential window and to a constant value of 156 F/g for
the rest of the potential range. Consequently, Cg varies between 179 -200 F/g. The variations of
the electrochemical parameters in CrMnCQO, Janus, contrary to the intuition, are quite different.
The proton transfer number and the surface charge vary in such a way that between -1V-0.25V,
the Cireqox after staying constant initially decrease; Cgpr, opposes Ciedox in this potential window.
Between 0.25-1.0V, C,eqox decreases faster while Cgpy, co-operates with it. In this potential range,
the EDL charge storage mechanism catches up with the redox one gradually, having almost equal
contributions at ¢ close to 1V. It is noteworthy that at ¢=-1V, EDL has no contribution to total
capacitance, and total capacitance is 350 F/g, the highest among the three Janus compounds
considered in this work. Due to the continuous weakening of the redox mechanism and thus
gradual fall in C,eqox, Cr also decreases substantially to a minimum of 135 F/g at ¢=1V.

The similarity among the three Janus compounds concerning their electrochemical properties is
the dominance of the redox mechanism of charge storage along with significant enhancement in the
capacitances to the end point MoCOo MXenes. The dissimilarity is in the trends in the capacitance
variations, particularly C,eqox Over the potential window considered. To understand the origin of
these, we look at the variations in the charge states of the transition metal constituents in MsCOo

d the corresponding Janus MXene. In NbVCOs, in the redox-dominated potential window that
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Figure 5.10: (a) Total and Partial densities of states of MnVCOs (b) d and p orbital projected
densities of states of Mn and O(connected to Mn), (c¢) d and p orbital projected densities of states
of V and O(connected to V)

is predominantly ¢ < 0V, the charge state of Nb hardly changes (1.83-1.86) while the charge state
of V changes substantially from 1.51 to 1.63. This change is quantitatively slightly more than the
change in VoCO2 (1.57-1.67). However, the change is more rapid in the Janus compound. For
¢ > 0V, the change in the charge state of V in NbVCOs; is substantially smaller (1.63-1.69) than
that in VoCOq (1.67-1.78). This is the reason behind significant drop in the Ceqox for ¢ > 0V
in NbVCO,. Therefore, the variations in C,cqox 0f NbVCO5 can be understood in terms of the
variations in the charge states of Nb and V. In Janus MnVCOs, the charge of V does not undergo
a significant deviation from V,COs, either qualitatively or quantitatively. In the Janus, it varies
between 1.54 and 1.70 over the entire potential window. In VoCOs, the variation is between 1.57
and 1.78. The Mn charge state, on the other hand, undergoes a variation that is larger and more
rapid than that in end point MXene MnsCOs. In MnyCO», the charge state of Mn varies between
1.51 and 1.63 over the entire potential window. In MnVCQs, it varies between 0.97 and 1.28 over
the same window. The larger values of C,eqox along with its nature of variation for MnVCOs, thus,
is due to the chemistry of the Mn surface. The case of CrMnCOs; is intriguing. Since MnyCOg
is a semiconductor and variations in the capacitances of MnVCO, followed the qualitative nature
of V5COg, it is only natural to expect that the same would happen in CrMnCQO,. The departure
from the expectation has roots in the behavior of the charge states of Mn and Cr. In CryCOs, the
charge state of Cr varies by 0.04 as ¢ varies between -1V and 0.25V. The variations for the rest of
the potential window are even smaller. This explains the maximum C,eqox around -0.5V (Figure
5.9))and a smaller value of it in comparison to VoCOs2. Neither the charge state nor its variation
undergoes any noticeable change in CrMnCO4 except that beyond ¢=-0.25V, the charge state
almost does not change. The Mn charge state in MnCrCOs, on the other hand, behaves differently
in different potential windows. The charge state of Mn varies more rapidly in CrMnCO, than in
MnyCOs;. In the negative potential window, between ¢=-1.0V and -0.5V, Mn charge state changes
by 0.19 in the Janus compound; the change is only 0.02 in Mny;CO,. However, in the Janus, the
maximum change in the charge state of Mn for the rest of the potential window is 0.02. Such a
large variation in Mn charge state for a small window explains the largest possible C,eqox Obtained
in the work. The stagnant charge state of both Mn and Cr for the larger part of the potential
window explains why C,eqox continuously decreases in CrMnCOs.

Thus, for both the Mn-based Janus, it is the Mn that takes the pro-active role to enhance the

dox mechanism and consequently the redox charge storage capacity, despite the absence of redox

TH-3302_ 186121013

52



CHAPTER 5. IMPROVEMENT IN CHARGE STORAGE CAPACITIES OF
SUPERCAPACITOR ELECTRODES BY SURFACE ENGINEERING: THE CASE OF JANUS
MXENE

T~d NP
oL,

— 0
Energy(E-E¢)(eV)

DOS(states/eV)

dyy+de_y2 ==== DxtDy
dzz =777 Dy
dy,+dy,

= ~amd Ny =1

Energy(E-E)(eV)

Figure 5.11: (a) Total and Partial densities of states of CrMnCO (b) d and p orbital projected
densities of states of Mn and O(connected to Mn), (¢) d and p orbital projected densities of states
of Cr and O(connected to Cr)

activity in MnsCOs MXene. The reason must lie in the changes in the electronic structure of
Mn in both Mn-based Janus compounds. The significant re-distribution of Mn states in metallic
Janus compounds in comparison with Mn states in semiconductor Mny;CO, changes Mn charge
states substantially. From Figures 5.10 and 5.11, we can see that the Mn dy, + dyx2_,> states are
dominant near the Fermi level of both Janus compounds. Hybridizations with p states of O and d
states of the other transition metals delocalize the Mn states to a large extent. This explains why,
even before the application of a voltage, the Mn charge state changes from 1.51 in Mns;COs to 1.28
in both Janus. It is to be noted that no other transition metal constituent has undergone such
significant change in their charge states upon formation of Janus: V charge state changes from
1.78 in V5CO4 to 1.70 and 1.69 in MnVCOs and NbVCO,, respectively, Nb state changes from 2.0
in NboCOs to 1.88 in NbVCOs, Cr state varies from 1.38 in CroCO4 to 1.28 in CrMnCO5. The

application of external voltage, therefore, affects the charge state of Mn more than that of others.

5.4 Conclusions

This work is the first attempt to assess the potential of Janus MXenes as electrodes in superca-
pacitors. Since the experimental synthesis of Janus MXenes is yet to happen, we chose systems
in which either the Janus MAX phase or a MXene solid solution is synthesized. Careful test on
their thermal and dynamical stabilities are performed to make sure the choice of Janus phase in
these compounds are justified. Out of six compounds considered, only three were found to be
thermodynamically stable up to room temperature. The key result obtained is that the charge
storage capacity increases significantly in Janus MXenes MM’CO; in comparison with the end
point MXenes MaCO4 and M5CO,. In all cases, the enhanced storage capacity is due to enhanced
redox activity upon formation of Janus. The reason behind such enhancements lies in the rapid
changes in the charge states of the transition metal constituents forming the Janus. The formation
of Janus breaks the symmetry of MoC MXenes and affects the electronic structures of the con-
stituents substantially. This in turn affects the charge states. The degree of variation in the charge
states decides the quantum of increment in redox capacitance. This work throws a reasonable
amount of light on the role of surface engineering and the chemistry of materials in the context of
energy storage devices. Our work shows that this can be a viable route to obtain greater storage
acity when MXenes are used as electrodes in supercapacitors.
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5.4. CONCLUSIONS

An important outcome of this work is the influence of the magnetic element (here, Mn) present in
the electrode material on the charge storage capacity. It goes without saying that the, extensive
change in the charge state of Mn on changing the electrode potential has affected the surface re-
dox activity of MnVCOs and CrMnCOs. To our knowledge, no experimental or theoretical study
exists to assess the positive effect of magnetic elements on the surface redox activity of a system.
In the next chapter, we dig further into this aspect by considering charge storage capacities of
solid solution MXene electrodes comprising of two transition metal constituents, out of which one
is magnetic.
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Chapter 6

Effects of chemical and magnetic
disorder on electrochemical
properties of MXene supercapacitor
electrodes

6.1 Introduction

Solid solutions of compounds are often considered to be the route to achieve improvements in the
target properties. Attempts in this direction have been made for MXenes as well. Consequently,
(Ti,V)3C4[166], (Nb,V)2C[84, 167] and (Ti, Nb)2C,[84, 167]| (Ti,V)2C[167] MXene solid solutions
have already been synthesized. The variations in the electrochemical performances of Tis_,Nb, Ty
and Vo_yNb, T (0<y<2) solid solutions as a function of compositions have been investigated by
Wang et.al.[84]. To our knowledge, this is the first comprehensive study on the electrochemical
properties of solid solution MXene. In this work, they found that the charge storage capacities of
(Ti,Nb)2C and (V,Nb),C solid solutions lie between the end-point compounds. Apart from these,
several solid solutions of MAX compounds, the precursor to MXenes, have been prepared [25]. The
synthesis of MAX compounds implies that obtaining MXene solid solutions with those constituents
is only a matter of time.

Prominent among the solid solutions in MAX compounds are (V,Mn),C, (Cr,V),C, and (Cr,Mn),C
[25]. These compounds stand out as either one or both transition metal constituents are magnetic
elements. Although the study of magnetism in 2D materials is still in its infancy, enormous po-
tential in the fabrication of devices by exploiting different magnetic orders makes them interesting
research subjects. The long-range orders found in recently synthesised 2D Crls [168], VSes [169],
CroGeoTeg [170] and FegGeTes [171] have given the research on exploring magnetism in 2D crystals
a filip. In recent years, investigations into the structure-magnetic property relations in MXenes
have also started. Although the number of experimental results on magnetic MXenes, to date, is
limited, a plethora of first-principles electronic structure calculations [172, 173, 174, 175, 176] have
revealed exciting magnetic behavior in them.

With regard to studies on MXenes in assessing their potential for various applications, what is ab-
sent is studies on the impact of magnetism on properties other than the magnetic ones, for example,
the electrochemical performances. As MXenes have mostly been investigated with regard to their
electrochemical performances so that they can be used as suitable electrodes in electrochemical
reactions, it is only appropriate to assess the electrochemical performances of MXenes having one
or more magnetic constituents. The role of magnetic orders on the electrochemical performances
in such systems would provide important insights into the interrelations of magnetic and chemical
interactions. Moreover, the simultaneous presence of chemical and magnetic disorders in a single
material can give rise to interesting and novel phenomena that can provide a different perspective
on the physics and chemistry of the material. Solid solution MXenes with magnetic components
are tailor-made systems for such investigations into the effects of chemical and magnetic disorders
on their electrochemical properties.

Using Density Functional Theory (DFT)[177] based electronic structure methods, in this work, we
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investigate the impacts of chemical and magnetic orders on the electrical and geometrical contribu-
tions to the total capacitances and, thus, the charge storage capacities of oxygen (-O) functionalized
Vo_xMn,C MXenes. We systematically investigate the effects of different disorders by tuning the
degree of spin disorder for systems with a given chemical composition. For the first time, our work
addresses such issues by making an in-depth exploration of physics at the microscopic level. Our
results illustrate the inter-dependence of chemical and magnetic disorders in modifying the charge
storage capacity of MXenes, an important aspect of device fabrication.

6.2 Modeling of chemical and magnetic disorder and Com-
putational details

6.2.1 Modeling of chemical disorder

Our modeling of the 2D solid-solution structure of Vo Mn,C; x = 0.5,1,1.5 starts by the con-
struction of a 4x4x1 cell of optimized VoC MXene. The monolayer is modeled by keeping a
large inter-layer distance of 15 A. The solid solutions that are completely random alloying of V
and Mn are then obtained by replacing V with Mn atoms in such a way that each Mn has the
same environment. This results in 12, 12, and 4 configurations for systems with z = 0.5,1.5 and
1, respectively. The stabilities of these configurations are assessed by computing their formation
energies

Eformation = E(V2—XMDXC) - [(2 — X>E(V) + (X)E(MH) + E<C)] (61)

E(V2_xMn,C); x=0.5,1.0,1.5, is the total energy of the solid solution considered, and E(Mn),E(V),
and E(C) are the energies of constituent elements in their respective ground states. The process of
exfoliation of MXene from the MAX phase inevitably results in surface passivation of by -F, -O,
and -OH functional groups|[10]. There is enough evidence to suggest that the -O functional group
primarily contributes to the redox capacitance, whereas -F and -OH contribute to the electrical
double-layer capacitance[88]. For the purpose of our investigation, in this paper, we consider -O
surface passivated solid solution MXene V5_,Mn,C. The three possible positions of -O atoms on
the surface of pristine MXenes are shown in the Figure 2.2(a, b). Accordingly six different O
occupancy models are possible. In this work, we have considered all six models for finding the
most stable configuration of the functionalized MXene solid solutions.

6.2.2 Modeling of magnetic disorder

In order to investigate the role of magnetism on the functional properties the first thing to determine
is whether the ground states of the systems considered are magnetic. To do this, we first consider
five different ordered spin configurations for spin-polarised calculations (Figure 6.1(a)-(e)), namely,
A) Ferromagnetic where all M elements have their moments aligned along c-axis (Figure 6.1(a)), B)
Anti-ferromagnetic-c, where M elements in the top(bottom) layers have their moments aligned (anti-
aligned) along c-axis (Figure 6.1(b)) but in-plane moments align, C) Anti-ferromagnetic-a where
the moments are anti-aligned along a-axis but are aligned along other two directions (Figure 6.1(c)),
D) Anti-ferromagnetic-b where (Figure 6.1(d)), the moments are anti-aligned along b-axis but are
aligned along other two directions and E) Anti-ferromagnetic-abc where the system overall has an
anti-ferromagnetic structure (Figure 6.1(e)). For a given chemical composition, the energetically
lowest state obtained from total energy calculations on all five magnetic configurations is identified
as the ground state of the system. With the increase in temperature, the spin ordering gradually
gives way to a partial and finally complete spin-disordered paramagnetic state. A key component
in the present work is to investigate the impact of the magnetic disorder on the electrochemical
properties of the MXenes considered. One may think of turning the spin polarisation off to model
the paramagnetic state as the total magnetic moment is still zero in the paramagnetic state. This
would, nevertheless, amount to a loss of information on magnetic interactions among transition
metal atoms which are very much prevalent in the paramagnetic state. Moreover, the modeling of
the partial magnetic disordered states that are indirect representations of different temperatures of
the systems would not be possible to model. A solution to this problem is wonderfully addressed by
the Disordered Local Moment (DLM) method [178, 179]. In this method, each lattice site having
magnetic constituent M is populated with a 50-50 binary disordered alloy M35M$.5; the 1 (})
indicate moments aligning along (against) the magnetization axis. This model thus simulates the

d
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Figure 6.1: Illustrative representations of different ordered magnetic configurations considered in
this work: (a)FM, (b)AFM-c, (¢c)AFM-a, (d)AFM-b, (e)AFM-abc.

paramagnetic state where local moments exist but due to the disorder, the global magnetization
vanishes. Consequently, a partial disordered local moment (PDLM) state that models partially
ordered magnetic structure is obtained by considering a binary alloy MI_YMi at the site of the
magnetic constituent M where 0<y<0.5. In a supercell setup, we obtain a DLM state by randomly
orienting the moments of atoms in the direction of the magnetization axis, keeping the number of
sites where moments are aligning with the magnetization axis equal to the number of sites where
moments are anti-aligning (Figure 6.2 (a)). The PDLM state MI_yMi is obtained by randomly
picking up sites N, out of total M sites, where the spin configuration of N((M-N)) sites are 1 (). A
PDLM system with y=0.25 is schematically shown in Figure 6.2(b). In this work, for each of the
three chemically disordered Vo_Mn,COs MXenes, identified by their x values, we have considered

several PDLM states by changing the ratio ﬁ of moments aligning with the magnetization axis
and moments aligning against it. Each PDLM state is identified by a parameter n = %,

implying the degree of magnetic disorder; n'(n') are the number of transition metal sites where
spin moments aligned along (against) the magnetization direction. A decrease in 7, therefore,
corresponds to an increase in magnetic disorder in the system. Each PDLM state, thus obtained,
is stabilized by performing a series of DFT+U calculations [180] where the Hubbard U parameters
for Mn and V are systematically reduced from a high value to zero. This procedure not only
stabilizes the PDLM states but also stabilizes the individual magnetic moments of Mn and V,
converging them to values close to their ground states for a given solid solution system.

6.2.3 Computational Details

The electronic structure calculations are performed by the DFT-based projector augmented wave
method [160]as implemented in Vienna ab-initio Simulation Package(VASP)[159]. The exchange-
correlation part of the Hamiltonian is described by the Generalized Gradient Approximation
(GGA)[138]. We use a kinetic energy cut-off of 520 €V and a Monkhorst-pack [161] grid of 4x4x1
for self-consistent calculations. A larger k-mesh of 6x6x1 is used for the Density of States calcu-
lations. The energy and force criteria were set to 107 eV and 0.05 e¢V/. We use RBA method
(discussed in section 2.5.2)to compute the Electrical(Cg) capacitance of the considered systems.
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@@OOdH® .-

Figure 6.2: Illustrative representation of the arrangement of spin moments under the DLM picture
used in this work: (a) a DLM system MJ .M ., and (b) a PDLM M] ..M} ,.. M'®) atoms are
shown by red(blue) balls.The yellow balls represent the C atoms.

6.3 Results and Discussions

6.3.1 Ground state properties

The ground states of Vo_xMn,COs for three different x are obtained the following way: non spin-
polarised calculations are first done to find the optimised structure of Vo_yMn,C. In Figure 6.3(a),
we show the formation energies of the configurations, relative to that of the ground state for each
one of the three Vo_,Mn,C compounds. We find that the ground states are lower in energy by
about 8 meV /atom at least, thus negating possibilities of near degeneracies in the configurations
with respect to the ground state one.
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Figure 6.3: (a) The relative formation energies (Rel. Form. Energy) of Vo_;Mn,C for x=0.5, 1.0,
1.5 is shown. The red dashed line indicates the minimum energy configuration for that particular
alloying composition and is set at 0 meV/atom. The respective black bars show the range of
relative formation energies for the other configurations considered. Magnetic ground state of (b)
V1.5Mng 5COs, (C) Vi0Mn; ¢CO2 and (d) Vo.5Mn; 5CO,

For each of the three solid solution compounds, six different calculations by placing the oxygen
atoms at different positions (H,C,T as shown in Figure 2.2(a, b)) on both surfaces are then done to
determine the preferable sites of -O functionalization. After optimisation of the functionalised solid
solution MXenes spin polarised calculations are done for each of the five magnetic configurations
(Figure 6.1). The lowest energy structure obtained from the calculations is considered the final

ound state of Vo_,Mn,CO, for a given x. The ground states for the three compounds are
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shown in Figure 6.3(b)-(d) and the relevant properties are listed in Table 6.1. In the ground states

Table 6.1: Lattice-parameters(a), magnetic ground states, and magnetic moments of constituent
atoms of Vo_Mn,CO,

System a(A) | magnetic ground state moment (ug)
Mn \Y C (@)
V1 5Mng 5COy | 11.64 AFM-c 209,209 002 | -0.07 | -0.01
Vi10Mn; ¢COy | 11.64 FM 2.422 0.053 -0.03 | -0.01
Vo.5Mn; 5CO2 | 11.48 FiM 2.7,2.6,-1.7 | 0.38,0.14 | -0.07 | -0.02

of the compounds, the favorable positions of the oxygen atoms are over the hollow sites of the
transition metal atoms ( Position “H” in Figure 2.2(a, b)). This is consistent with the fact that
for the end-point compounds MnsC and V5C, this is the preferred site for the oxygen functional
group. However, the surfaces of the solid solution MXenes are rumpled. This rumpling is caused
by significant differences in the distances between the two transition metal atom types on the top
and bottom surfaces. This, once again, follows the trend found in the end-point compounds. The
distance between M; and My layers in VoC (MnyC) is 2.18 A (2.0 A).Such differences are observed
even in the solid solution of MnVCOs. The V;-V5 (Mn;-Mn,) distances are 3.00 A, 2.68 A and 3.06
A (2.22A, 2.2 A and 2.21 A) for x=0.5,1.0 and 1.5, respectively. From Figure 6.3(b)-(d) and Table
6.1 it is evident that the magnetic ground states change with changes in the chemical composition.
While the ground state of Vi 5sMng 5CO4 is AFM-c, we get a ferromagnetic (FM) ground state for
V1.0Mn; gCOs. The magnetic ground state of Vg 5Mn; 5COs is quite unique. For this compound
in the ground state, the top surface comprises of Mn spins aligned along c-direction with moments
2.7 and 2.6 pp. The bottom surface, on the other hand, has a ferrimagnetic alignment of Mn
spins. On this surface, one-third of the Mn atoms align anti-parallel to the other Mn atoms. The
magnetic moments on anti-aligned Mn atoms are significantly reduced to 1.7 up while the aligned
Mn atoms have a moment of 2.7 or 2.6 ug on them. One more noteworthy result is the different V
moments of the atom on the two surfaces of Vo sMn; 5CO5. While the V atoms in the top surface
have a sizable magnetic moment of 0.38 up, the bottom surface ones have only 0.14 pp of moment
on them. This distribution of magnetic moments over Mn and V atoms on different surfaces can
be correlated with their magnetic environment and variations in the lengths of the chemical bonds
connecting neighboring transition metal atoms. Such surface dependent magnetic moments are
not observed for the other two compounds. The moments of all Mn atoms for compositions with
x=0.5,1.0 are the same. For these two compounds, the Mn moment increases with an increase in
Mn concentration, an expected outcome due to the presence of more Mn in the neighborhood of
each Mn. The correlations between the magnetic configurations on the surfaces and the chemical
environment around a transition metal atom is likely to influence the localization of charges along
a chemical bond. This in turn should have impacts on the surface-related phenomena, the main
interest of this chapter. The following section discusses the correlation between the chemical and
magnetic environment with the magnetic ground properties of Vo_,Mn,COs.

Magnetic and chemical environments on the surfaces: correlations with the ground
state magnetic properties of V,_,Mn,CO,

There are 16 transition metal atom positions on either surfaces of Vo_,Mn,COy MXene solid
solution in the 4 x 4 x 1 supercell used here. The Carbon layer too has 16 positions. On each
surface, there are 16 oxygen positions passivating the surfaces. For the ground state of x=1.5, the
atomic arrangements on top and bottom surfaces are shown in Figures 6.4(a) and (b), respectively.
On the top surface, spins of all Mn atoms align along c-direction while on the bottom surface,
specific four out of twelve Mn atoms have their spins aligned opposite to c. Each one of these
anti-aligned Mn is surrounded by four aligned Mn atoms in a hexagonal environment while each
Mn atom, aligned along c, is in the surrounding environment of four Mn atoms, out of which two
are also aligned. Two V atoms occupy the remaining vertices of this hexagonal network. In bottom
surface the atoms Mni3-Mnjg are anti-aligned whereas the rest are aligned. If one considers the
hexagon with Mnig, an atom whose spin is aligned opposite to c-direction (the other three with
the same spin direction, out of total 12 atoms on this surface, are Mnj3-Mnj5), at the center, the
four Mn atoms Mnjg,Mnsg,Mnssand Mnsy occupying vertices of the hexagon, have their moments

ligned along c. On the other hand, if the hexagon with Mnjg at the center is considered, Mns,
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Figure 6.4: Top view of the (a)top and (b)bottom surfaces displaying full atomic arrangement in
the ground state of Vo sMn; 5CO5

and Mns,4 having aligned moments occupy two vertices while Mn;5 and Mnyg, the two having spins
anti-aligned, occupy other two vertices. Such arrangements make the magnetic environment around
Mn atoms in the bottom surface inhomogeneous though the chemical environment is homogeneous.
Upon inspecting the Mn-Mn bond distances, we find the following: (a) The Mn atoms in the top
surface having a moment of 2.7 up are connected to four Mn atoms sitting on the vertices of the
hexagon around them with Mn-Mn bond distances along a line connecting three Mn atoms ( which
means two Mn-Mn bonds) between 2.84-2.86 A and 2.92-2.94 A For example, consider Mn, in
Figure 6.4(a). The Mng-Mny, Mnz-Mng,Mn;9-Mny and Mnj3-Mny bond distances are 2.83 A, 2.93
A, 2.86 A and 2.92 A, respectively. The ones that have their moments slightly reduced have one of
the bonds shrunk to 2.75 A while the other along the same line joining the three Mn elongated to

3.02 A.For example, Mng-Mn;g and Mns-Mnjg bond lengths are 2.75 A and 3.02 A respectively,
TH-3302_186121013
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Figure 6.5: Top view of the (a)top and (b)bottom surfaces displaying full atomic arrangement in
the ground state of Vi 5Mng 5CO4

while Mny-Mn1g and Mng-Mnyg distances are more uniform, 2.86 A and 2.92 A, respectively. The
Mn-V bond distances vary too; for Mn;-Mny, the bond distances are 2.89 A and 2.93 A while
for the rest 8 Mn, they are 2.84 A and 3.0 A rendering the bond lengths along a V-Mn-V line
non-uniform, (b) in the bottom surface, when an anti-aligned Mn is connected to four aligned Mn,
the two bond distances along a line connecting three Mn atoms are significantly non-uniform, one
between 2.68 and 2.72 A and the other between 3.06 and 3.1 A. For example, in Figure 6.4(b),
Mn16—Mn22,Mn16-Mn24,Mn16-Mn19 and Man—Mn20 bond lengths are 3.06 A, 2.72 A, 2.68 A and
3.1 A, respectively. When an aligned Mn is connected to two anti-aligned atoms, the distribution
of bond distances are same. However, the two bond distances for bonds connecting three aligned
Mn atoms are 2.77 A and 3 A For example, Mnjg-Mnoy and Mnjg-Mny; shown in Figure 6.4(b),
similar to the case of Mn in the top layer, have a moment of 2.6 up. The moments on the V atoms
on different surfaces can also be correlated to their chemical and magnetic environments. While the
V atoms in the bottom surface, located at the center of a hexagon whose vertices have Mn atoms

have moments of only 0.14 up, the ones in the top layer, sitting in the same environment of

only,
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Figure 6.6: Top view of the (a)top and (b)bottom surfaces displaying full atomic arrangement in
the ground state of Vi ¢Mn; ¢COs

Mn, have moments of 0.38 up localised on them. Here too we find an asymmetry in the Mn-V
bond distances in the two surfaces. While the five Mn-V bond distances of the bottom surface vary
between 2.87-2.94 A, one of the Mn-V bonds in the top surface is elongated to 3 A. Since the spin
polarisation in V must be due to the magnetic Mn atoms, a slightly higher moment on V atoms
in the top layer can be correlated with the non-uniform Mn-V bond distances.

In Figure 6.5(a)-(b), the arrangements of atoms on both surfaces of V-rich Vi 5Mng5CO2 are
shown. Each surface has 12 V and 4 Mn atoms. Here each hexagon with a Mn at the center has
six V atoms on the vertices. The distribution of Mn-V bond lengths are identical for both surface
(There are three Mn-V distances, 3.07 A, 2.95 A and 2.72 A). This can be correlated with identical
Mn moments on each atom, irrespective of its location. The V moment is almost zero due to the
lack of enough Mn in the neighborhood to polarize V.

In Figure 6.6(a)-(b), we show the atomic arrangements on the surfaces of Vi ¢Mn; ¢CO;. Here a
Mn at the center of a hexagon has four V and two Mn on the vertices while a V at the center of
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a hexagon has four Mn and two V at the vertices of the hexagon. In this case the bond lengths
between the transition metals are again identical for both surfaces. The distribution of bond
lengths in the neighborhood of a transition metal atom is also identical with Mn-V bond lengths
being 2.82 A, 2.86 A, 2.99 A and 3.02 A, while Mn-Mn and V-V bonds having identical length
of 2.91 A. Due to no inhomogeneity in magnetic and chemical environment, moments on all Mn
atoms are identical. The V atom is only slightly polarised due to presence of more Mn in its
neighborhood in comparison with V-rich compound.

6.3.2 Electronic Structure: effect of chemical and magnetic disorder

The changes in the electronic structures due to changes in chemical composition and magnetic
order are expected to be significant and throw insights into the role of each type of disorder. This
may have a substantial impact on the electrochemical properties. Quantum capacitance is directly
related to the electronic structure of the material; the changes in the charge transfer due to disorder
will have effects on the electrical capacitance. In Figure 6.7 we have shown the total and atom
projected densities of states of Vo_,Mn,CO5 for different chemically disordered compounds in the
ground state. Since Mn and V atoms should play key roles, only their partial densities of states
are shown. Though the ground state magnetic order is different in the three compounds, there are
a few noticeable features that follow a trend. There is a sharp pseudo-gap around -1 €V in both
majority and minority spin bands of Vi 5sMng 5COs. The symmetry with respect to the spin band
is due to AFM-c magnetic order in this compound. This pseudo-gap turns shallow and nearly
non-existent in Vi gMn; ¢COs. With further increase in Mn content, the pseudo-gap somewhat
re-appears in the ground state of Vg 5Mn; 5CO2 at an energy closer to the Fermi energy and in
the minority spin band only. The partial densities of states for the three compounds clearly show
that the V bands are nearly unoccupied irrespective of the composition and the magnetic ground
state. This explains the near-zero or at the most a small V moment. In order to understand the
electronic structures better, we did a detailed analysis of all Mn and V partial densities of states
in ground state in the following section.
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Figure 6.7: Electronic structure of the respective magnetic ground state of (a)Vi sMng5CO3, (b)
Vl_oMnl_OCOQ and (C) VO_SMHlVSCOQ.
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Mn and V partial densities of states in ground states of V,_,Mn,CO,

Mn and V densities of states for Vo Mn,CO, for different x in the ground states are shown
in Figures 6.8-6.13. The features in the total densities of states shown in the Figure 6.7 can be
understood in terms of the features in the atom projected densities of states. We find that the
magnetic and chemical environment have significant effect on the atom projected densities of states.
We find the presence of a pseudo-gap in V-rich compound that diminishes as Mn concentration
increases, only to re-appear, albeit with strength considerably reduced, for the Mn-rich compound.
The sharp pseudo-gap in the electronic structures of Vi 5Mng5CO5 is a consequence of strong
hybridization of Mn d, V d and O p states.

Mn{]

DOS(states/eV)

25 00705 =25 0.0 25 —25 0.0
Energy(E-Ey) (eV)

Figure 6.8: Projected Densities of States of each Mn atom in Ground State of Vi 5Mng 5CO4

95 -925 0.0 25

In this compound, the electronic structure of each Mn atom (Figure 6.8) is identical which is

a reflection of an identical environment around them, in terms of chemical specie and the bond
distances. Apart from Mn-V bond distances that are uniformly distributed within the hexagon
around an Mn atom, Mn-O, and Mn-C bonds are nearly uniform (Mn-O bond lengths vary between
1.96 A and 2.05 A while Mn-C bond lengths vary between 2.03 A and 2.08 A) The V partial
densities of states, on the other hand, can clearly be grouped into two bunches. Eight V atoms (Vo,
V4, Vo, Vi1, Vig, Vig, Vo1 and Vag, Figure 6.9) have identical densities of states with a pseudo-gap
like feature around -1 €V in both majority and minority bands. For these V atoms, out of the three
V-O bonds, two are significantly smaller (1.76 A) in comparison to the other (1.88 A). For the other
16 V atoms, V-O bonds are much longer, between 1.93 and 2.12 A. Such shorter V-O bonds result
in stronger hybridization between d orbitals of V and p orbitals of O leading to the pseudo-gap
in the electronic structures. This pseudo-gap like feature is observed in the other 16 atoms at a
deeper energy. All Mn and V atoms in the ground state of Vi ¢Mn; ¢CO4 have identical electronic
structures(Figure 6.10 and 6.11). This is expected as the chemical and magnetic environment
around each atom is the same. The surfaces have identical spin alignments too. The effect of an
increase in Mn content is visible if one compares with the Mn-deficient compound. An increase in
chemical disorder smears the main Mn peak observed in the Mn-deficient compound, producing
a peak and a shoulder. The Mn-V bonds relax as compared to the ones in the Mn-deficient
system. In Vi 5Mng 5COs, Mn-V bond distances were 2.72 A and 3.07 A. In V1.0Mnp gCOs, they
are 2.82 A, 2.86 A, 2.99 A and 3.02 A. Such relaxations in the bond lengths reduce the Mn-V
hybridizations resulting in the pseudo-gap completely vanishing in the majority spin band and
becoming shallow in the minority one. Larger disorder in Mn-rich Vy5Mn; 5CO3, as compared
to the Mn-deficient system now further delocalizes the Mn states (Figure 6.12). However, sharp
peaks and more localization of the majority states is observed for 4 Mn atoms (Mn;-Mny) in the
upper surface. For these Mn, the Mn-transition metal bond lengths are more uniformly distributed,
varying between 2.83 A and 2.99 A. For the other Mn atoms, two Mn bonds along a line joining 3
Mn atoms are severely non-uniform, 2.75 A and 3.01 A. The Mn-V bond lengths corresponding to
these Mn atoms follow the same trend. Thus, in spite of having identical chemical environments,
er non-uniformity in bond distances leads to a slightly smaller exchange splitting for these

the lar
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Figure 6.9: Projected Densities of States of each V atom in Ground State of Vi 5Mng 5CO4
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Mn atoms and delocalization in Mn states. The electronic structures of the V atoms are identical
as expected(Figure 6.13). In the bottom surface, the inhomogeneity in the magnetic environments
around a transition metal atom affects their electronic structures. Mnj3-Mnig have their spins
aligned along —c direction and have more localized Mn states as compared to the other 8 Mn
atoms in this surface which have spin orientations opposite to them. They are surrounded by four
Mn with spins aligned along ¢ and two V atoms. On the other hand, any one of the other eight
atoms on the surface is surrounded by two Mn which have the same spin alignment as the atom
in question and two others which have spin alignment opposite to it. This leads to a frustrated
triangular network of Mn atoms resulting in a more delocalized electronic structure. The electronic
structures of the four V atoms on this surface are identical as they are in identical chemical and
magnetic environments. A pseudo-gap-like feature is observed in their minority bands, suggesting
slightly stronger hybridization in comparison to that in V1 ¢Mn; ¢COs. This can be due to slightly
shorter and near uniform Mn-V bonds(bond lengths varying between 2.89-2.94 A) The pseudo-
gap-like feature is observed in the top surface Mn minority bands. There too, out of four Mn-V
bonds, three vary between 2.84-2.93 A only.

Electronic structure of V,_,Mn,CO;> in magnetically disordered states

Total and atom-projected densities of states of Vo_,Mn,COs (x=0.5, 1.0, 1.5) for different mag-
netic disorder (7 states) are shown in Figures 6.14-6.16. In Figure 6.14(b), we show the densities
of states of a PDLM state n = 0.5 for V; 5Mng5C0O5. The PDLM state is obtained by flipping
the spins of one atom (Mny, Figure ??(c)) from the top surface and three atoms from the bot-

m surface (Mng-Mng, Figure ?7(d)). Consequently, the loss of symmetry with respect to the
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Figure 6.10: Projected Densities of States of each Mn atom in Ground State of Vi oMnj ¢COs

spin orientation affects the electronic structures of different atoms in different ways. That the anti-
alignment of spins along c-axis has a profound effect on the electronic structure becomes clear from
the electronic structures for the complete magnetically disordered state n = 0 (Figure 6.14(c)). We
find that the total densities of states for both spin bands are very similar to that of the ground
state. Total and Mn densities of states for n = 0.5 state of Vi ¢Mn; ¢COy are shown in Figure
6.15(c). In comparison with the ground state, We find substantial changes in both spin bands, for
energies near Fermi level. The peak in the minority band and the valley, flanked by two peaks, at
the Fermi level of the ground state, are absent in this partially disordered state. Densities of states
of different Mn atoms undergo noticeable changes from the magnetically ordered ground state. The
presence of anti-aligned spins for pairs of Mn forces a change in the exchange field each Mn atom
is subjected to, resulting in changes in their electronic structures. When the magnetic disorder
is complete (n = 0), there are further changes in the densities of states close to the Fermi level
(Figure 6.15(c)). In case of n = 0.5 partial disordered state of V5Mn; 5CO2 too, the electronic
structure near Fermi level changes considerably (Figure 6.16(c)). The pseudo-gap in the minority
spin band is now wider in comparison with the ground state. The peak around -1 eV next to the
pseudo-gap observed in the ground state has now disappeared. In the complete disordered phase
(n = 0), the electronic structure undergoes further modifications (Figure 6.16(f)). The changes are
prominent in the minority spin band near Fermi level in the occupied part and in both spin bands
in the unoccupied part. The electronic structures for other partially ordered magnetic states are
shown in Figure 6.15 and Figure 6.16 for Vi ¢Mn; ¢COs and Vg 5Mn; 5CO4, show that there are
only slight changes near Fermi level in most cases when 7 changes. It is also demonstrated that
the ordering (or lack of it) of spins and not the number of spins with a particular orientation has a
significant impact on the electronic structures. As an example, one can compare the ground state
and n = 0.66 state of Vg 5Mn; 5COs. The differences in the total densities of states between the
ordered ground state and the partially ordered state (Figure 6.16(a) and (b)) are evident, even

h both have the same number of spins aligned along c-direction. In a nutshell, the state of

thou
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Figure 6.11: Projected Densities of States of each V atom in Ground State of Vi oMn; cCO9

magnetic order has non-negligible effects on the electronic structures of Vo_,Mn,CO,; MXenes,
particularly for the energies close to the Fermi level.

Magnetic disorder has non-negligible effects on the electronic structures of Vo_,Mn,CO; MX-
enes, particularly for the energies close to the Fermi level. The changes in the electronic structures
due to introduction of magnetic disorder should have effects on the Quantum capacitances of the
chemically disordered compounds. In the next sub-section, we present results on this.

6.3.3 Effects of chemical and magnetic disorder on capacitances

In this section, we systematically discuss the changes in the quantum and electrical capacitance
of Vo_Mn,COy; MXene electrodes when in contact with an acidic electrolyte like HoSO4. To
this end, we discuss the variations in the integrated quantum capacitance (Cié‘t) over a voltage
window +1 V for different x in the respective ground state. The results are shown in Figures
6.17(a)-(c). C&" for non-magnetic states for each chemical composition are shown for the sake
of comparison. Ci(gt are calculated at room temperature. The wiggled structure in the Ci(gt is
an outcome of the modulations of the densities of states with the thermal broadening function
(Equations (2.40)-(2.42)). We find that irrespective of composition, the maximum of Cié‘t occurs
near OV for the magnetic ground states. This is consistent with the fact that the changes in
the electronic structures across the chemical degrees of the disorder occur near the Fermi level.
Although qualitative behaviour similar to magnetic states is observed, the maxima of quantum
capacitance for non-magnetic states are found to be higher than the magnetic states. Irrespective
of the chemical composition, the maximum value increases with increasing x. However, this is due
to the large densities of states at the Fermi level of non-magnetic states, which signify instability
of the non-magnetic phases. The variations in the maximum C}St with x for the magnetic ground
state are non-monotonic. This is due to the fact that the magnetic ground states are different
for different x. However, since the typical voltage window used in the experiments are rather
narrow and may not include 0V, it is more useful to look for the maximum Cié’t in the positive
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Figure 6.12: Projected Densities of States of each Mn atom in Ground State of Vg 5Mn; 5COo
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Figure 6.13: Projected Densities of States of each V atom in Ground State of Vg 5Mn; 5COs2

and negative voltage windows. Upon inspecting the variations in Cgt in two windows separately,
we do not find any specific trend except that the maximum value of C}St is 1500(2000) F/g in the
negative(positive) voltage window. For all compositions, there is no specific magnetic state that
can be singled out to be the provider of the highest value of Cgm as Cié“ for all i states show
similar Wiggly behaviour in the chosen potential window.In fact, on the positive side of the voltage
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Figure 6.14: Total, Mn and V Densities of States of V1 5Mng5COz in (a)Ground (GS), (b)n=0.5
and (¢)n=0.0 states.

window, several partially ordered magnetic states along with the ground states have nearly the
same maximum value of C}St. Due to the lack of any clear trend over the entire voltage window,

a more appropriate quantity to assess the potential best choice among these compounds is ACHt,

the difference between the maximum and minimum values of C’g’t. The one with the least AC}St
is expected to be a better choice as one can then work with a larger voltage window. In Figure
6.18, we show ACié‘t of Vo_ Mn,CO5 compound for the magnetically ordered ground state and
various spin-disordered states associated with each value of x. The results show that the variations
in the quantum capacitance over the entire voltage window are largest for the ground states of
Mn-deficient and Mn-rich compounds, while the least variations are found for fully or near fully
spin-disordered states. This implies that using these MXenes as electrodes can be advantageous if
operated at higher temperatures.

The redox (Credox) and electrochemical double layer (Cgpr,) capacitances are calculated using
equations (2.44)-(2.48). In the formalism used, the variations in the EDL capacitance are only
due to the changes in the area of the electrode, which is estimated by the lattice parameter of the
compound, as the other parameters (eg, €, =6 and d = 2.8 ) are constant for a given electrolyte. The
calculated EDL capacitance of Vi 5Mng5CO2, Vi oMn; ¢COs, Vi 5Mng 5CO2 is 55.78F /g, 56.70
F/g and 54.18 F/g, respectively. The surface redox contribution to the electrical capacitance,
on the other hand, is expected to be significant with changes in chemical and magnetic disorder
as different chemical and magnetic constitutions at the surfaces, along with variations in bond
distances, should affect the surface charge transfer. In Figure 6.19(a),(b), and (c), variations in
charge transfer (AQ), change in work-function (AWF), and Ciedox with magnetic disorder for
Va_»Mn,CO; are shown. The calculated values of these quantities demonstrate the following: (a)
There is no significant change in C,eqox and thus in Cg values of Vi 5Mng 5CO2 and Vi gMn; ¢COs
as one changes the magnetic state from the ordered ground state to the complete spin disordered
state. Thus, neither the chemical composition nor the spin disorder has any substantial effect on the
electrical capacitances of these two compounds. The insensitivity in these quantities with regard to
disorders is due to a near constant charge transfer and a maximum variation of 4% in AWF, (b) the
case of Mn-rich composition Vg 5Mn; 5CO2 shows an anomaly. Here both AQqo; and AWF for the
ground state are significantly different from the values obtained for various magnetically disordered
states of this farticular compound. A larger charge transfer and a relatively smaller AWF in the
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Figure 6.15: Total, Mn and V Densities of States of Vi ¢Mn; ¢COgz in (a)Ground (GS), (b)n=0.75,
(¢)n=0.50, (d)n=0.25 and (e)n=0.00 states.
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Figure 6.16: Total, Mn and V Densities of States of Vo 5Mn; 5CO5 in (a)Ground (GS), (b)n=0.66,
(¢)n=0.50, (d)n=0.33, (e)n=0.16, and (f)n=0.00 states.
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Figure 6.17: Integrated Quantum Capacitance (Ci(st) of ground states of Vy_Mn,COo;
x=0.5,1.0,1.5. Results for non-magnetic cases are shown in the respective insets.
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Figure 6.19: Variations in (a)charge transfer(AQ), (b)change in work-function(AWF) and (c¢)redox
capacitance(Credox) With spin disorder(n) for Vo_Mn,COs.

ground state produces a Cg value of 172 F /g, the highest among all cases considered. Moreover,
Credox for various 7 states are lower among all systems across compositions and magnetically
disordered states. This is due to the fact that upon introduction of spin disorder in this compound
AQyot decreases by about 2e; e the charge of the electron, and stays near constant with changes in
the degree of spin disorder. Moreover, the AQyqt values for the spin-disordered states are almost
the same as those found in the other two compounds. On the other hand, AWF values are relatively
high in comparison with those in the other two compounds along with a 7% variation among the
magnetically disordered states. This variation is only 1% for the other two compounds. The root
of this anomalous behavior lies in the magnetic constitution of the two MXene surfaces and will
be discussed in the next subsection.

The total capacitance is calculated using equation (2.35). However, since Cq is a function of
the applied voltage while Cg is not, it is more appropriate to consider the average values of Cq
and hence Ct for each case. The averages of quantum(C%,,,) and total capacitance (CL., ) are
calculated by taking the averages over the entire potential window considered here. The average
values of the capacitances imply the most likely outcome of the experiments done within the voltage
window. In Figure 6.20, we present Cg, CQ.,, and CT_  as a function of the degree of spin disorder
71 for each one of the three compounds. We find that in all three compounds, the variations in
the CL_, follow the trends in the Cg closely. This is understandable from the fact that CS.,,
is one order of magnitude greater than Cg, and thus its role of it primarily is to reduce the total

acitance from its electrical capacitance value. The results demonstrate that while the CL, in
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Figure 6.20: Variations in Electrical capacitance(Cg), mean quantum capacitance(CS,,,) and total
capacitance(CT with spin disorder(n) for Va_xMn,COs.
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Figure 6.21: ACr for the ground (GS) and different spin disordered (n) states of Va_xMn,COq
(x=0.5,1.0,1.5).

V1.5Mng 5COs varies insignificantly with the spin disorder, the most significant variation is found
in Vo sMn; 5CO5. The variations of CL . in Vi ¢Mn; ¢COsz is non-monotonic. The highest CL
is obtained in the ground state of the Mn-rich compound.

In order to decide on the potential best choice for an electrode that has minimum fluctuation
across the voltage window, we compute ACr, the difference between the maximum and minimum
values of Cr for each chemical and magnetic composition. The results are presented in Figure 6.21.
The V-rich system has a low ACr that is almost insensitive to the magnetic state. This means that
it can be operated over a large range of temperatures. For the other two compounds, ACt values
lower than this is obtained. However, in order to exploit this trait, they have to be operated at
specific spin-disordered states, that is at specific temperatures which can be considerably high. This
poses a disadvantage in using Vi1 ¢Mn; ¢COs and Vg 5Mn; 5CO5 as electrodes in supercapacitors.

6.3.4 Anomalous electrochemical behaviour of V,;Mn; sCO,

In order to understand the origin of the anomalous electrochemical behavior of Vg 5Mn; 5COs, we
perform a detailed analysis of the charge transfers through the two surfaces. The ground state
urface mag_l-néetic structure of this compound is unique in the sense that, unlike the other two
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Table 6.2: Charge on each element on the top surface of Vo 5Mn; 5CO5(Ground state) before and
after hydrogenation. Transition metal - oxygen nearest neighbor bond distances (in A) are also
given.

Cluster Before hydrogenation | After hydrogenation Atom pair
color code(Figure 6.22(a)) Atom(charge (e)) Atom(charge (e)) (bond length)
03(6.91) 03(7.31) -
Mn3(1158) Mn3(1165) Og—Mn3(195)
orange Mn7(11.60) Mn7(11.68) 03-Mn7(1.92)
Mnyg(11.60) Mng(11.65) 03-Mng(1.92)
3(0 45) -
07(6.94) 07(7.34)
Mny(11.58) Mny(11.65) Or- Mn4( 0)
blue Mn(11.60) Mn~(11.68) O7-Mn7(1.99)
V1(11.07) V1(11.42) 07-V(1.81)
- H~(0.42) -
09(6.94) 09(7.32)
Mn1(1158) Mn1(1165) Og Mnl( )
black Mn9(1160) Mn9(1165) Og Mng( )
V1(11.07) V1(11.42) Oog- V1(1 83)
- Hg(0.45)
015(6.88) 013(7.40) -
Mn5(1160) Mn5(1168) Olg—Mn5(210)
red Mn10(1160) MH10(1165) Olg—Mn10(2.04)
V1(11.07) V1(11.07) 013-V1(1.72)
- H;3(0.27) -

compounds, in this case, the spin orientations of Mn atoms on the two surfaces are different.
The charge transfers from the top and bottom surface of all compounds in any magnetic state,
except this, are identical. While a charge of 7.05e -7.15¢ is transferred through the surfaces of all
compounds, the numbers for this system are 9.648e and 6.352¢ for the top and bottom surfaces,
respectively. This means that for the system in question, there is about 2.5¢(1.5¢) more(less)
charge transfer from the top(bottom) surface in comparison to that for all other systems. To get
more insight into this anomalous behavior, we have computed the Bader charges [140] on Mn,V
and O atoms of both surfaces of Vg 5Mn; 5COy before (no-H) and after(full-H) hydrogenation
and the results are shown in Tables 6.2(Top) and 6.3(Bottom). The results are shown for four
non-equivalent atom clusters marked in Figure 6.22. Each cluster is denoted by a different colour.

From the computed Bader charges, we find that all V atoms had an identical charge of 11.07e
before hydrogenation irrespective of which surface they occupy. After hydrogenation, there is a
0.09e charge more on the V atoms on the top surface. The Mn and C atoms are almost inert in the
redox charge transfer through hydrogenation of the surfaces as the changes in the Mn (C) charges
after hydrogenation are between 0.04e-0.07¢ (0.09¢-0.12¢) only. As expected the surface charge
transfer happens through O atoms, and the largest changes in charge content happen for them.
However, the results suggest that the amount of change depends on the location of the O atoms.
The charge content on the O atoms on the top surface, due to hydrogenation, changes between
0.4e-0.52e, while for those on the bottom surface, it is between 0.2e-0.34e. The reason behind
more charge transfer through the V atoms could be the rumpling structure of the surfaces in this
compound. The rumpling pulls V surfaces closer to the O and thus the H atoms. This is clear from
the V-O bond distances that vary between 1.72-1.83 A whereas the Mn-O bond distances have a
wider dispersion (1.92-2.11 A). The substantially different charge transfer from two surfaces can
be correlated with the magnetic environment around an atom on each surface in the ground state
of Vg sMn; 5CO,. Among the O atoms in the bottom surface, O21-Oo4 (brown block in Figure
6.22(b)) transfer only 0.17¢ upon hydrogenation. Each one of these four is networked with an
Mn atom which has its spin aligned along -c-direction. The same is true for Os5-Osg (magenta
block in Figure 6.22(b)) where only 0.19e electrons are transferred. On the other hand, O17-Oz9

g een block in Figure 6.22(b)) are networked with 3 Mn out of which 2 have spins aligned along
TH-3302_186121013
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Figure 6.22: Top view of the atomic arrangements in (a)top and (b)bottom surfaces of
Vo.5Mn; 5CO5. Non-equivalent clusters of atoms are highlighted with different colours
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Table 6.3: Charge on each element on the bottom surface of Vg 5Mn; 5COy(Ground state) before
and after hydrogenation. Transition metal - oxygen nearest neighbor bond distances (in A) are
also given.

Cluster Before hydrogenation | After hydrogenation Atom pair
color code(Figure 6.22(b)) Atom(charge (e)) Atom(charge (e)) (bond length)
030(6.91) O30(7.24) -
Mn16(1168) Mn16(1168) OQO—MD16(193)
green MH19(1160) Mn19(1164) OQO—MD19(1.92)
MH24(1158) Mn24(11 64) Ogo—Mn24(1.92)
- Hgo(o 51) -
021(6.93) 021(7.10)
Mn13(1168) MH13(1168) 021 Mn13(2 06)
brown Mn;7(11.60) Mn;7(11.64) 021-Mn;7(1.99)
V5(11.07) V,(11.31) 021-V5(1.78)
- H,1(0.69) -
026(6.91) 026(7.10)
Mn16(1168) Mn16(1168) 026 Mn16(2 04)
magenta Mngs(11.58) Mngs(11.64) O26-Mng(1.97)
V5(11.07) V5(11.31) Oohe V5(1 80)
- Ha(0.69)
020(6.90) 020(7.20)
Mn19(1160) Mn19(1164) 029 Mn19(2 05)
violet Mn21(1158) Mn21(1164) 029 Mn21(2 04)
V5(11.07) V5(11.31) O29-V5(1.75)
- Hy(0.51) -

c-direction, the associated charge transfer is 0.33e. A charge transfer of 0.3e happens in case of
029-032 which are in a network with 2 Mn, both having spins aligned along c-direction. Therefore,
the presence of at least two Mn having their spins aligned in the same direction enables more charge
transfer through the O atoms. All Mn spins on the top surface are aligned in the same direction and
the charge transfers associated with O atoms are more. The differences in the amounts of charge
transfer for different groups of atoms can be explained through the variations in the transition metal
neighborhood of the O atoms. A charge transfer of 0.4e occurs for atoms O;-O4 (orange block in
Figure 6.22(a)). These O have three Mn atoms in their neighborhood. The numbers are 0.4-0.42¢
for O5-O12. Here the O are in a network of two Mn and one V atoms (blue and black blocks in
Figure 6.22(a)) with Mn-O (V-O) bond distances of about 2.0 A(1.8 A). The largest charge transfer
of 0.52¢ is associated with the remaining four oxygen (red block in Figure 6.22(a)) which have the
same neighborhood of transition metals as O5-O12 but the V-O distances are shorter (1.72 A) The
above analysis show that the substantially different charge transfer from different surfaces in the
ground state of this system can be correlated with the magnetic environment around an atom. Since
there is identical charge transfer from either surface in partial or fully disordered magnetic states for
this compound, it appears that the non-uniformity in spin distribution on the chemically identical
surfaces must be responsible for non-uniformity in the charge transfer. We have further examined
this proposition by calculating the charge transfer from the surfaces by various combinations of
magnetic configurations on the surfaces of Vi 5Mn; 5CO5. In Figure 6.23 the situations considered
are shown schematically along with the charge transfer AQ; (AQ2) from the top(bottom) surfaces.
The ground state is shown in Figure 6.23(a) while two different situations with identical ordered
configurations on both surfaces are shown in Figure 6.23 (b)-(c). In Figure 6.23(b), both surfaces
are ferromagnetic, the replica of the top surface in the ground state. In Figure 6.23(c), both
surfaces are replicas of the bottom surface in the ground state. In Figure 6.23(d), a completely
different situation with the top surface having a complete spin disordered configuration (n = 0)
and the bottom surface with a partial spin disordered configuration (n = 0.33) is depicted. It is to
be noted that the number of spins aligned(anti-aligned) along(against) c-axis in n = 0.33 state is
the same as that in the bottom surface in the ground state. When both surfaces are ferromagnetic,
the charge transfer from both surfaces is identical and exactly the same as that from the top

rface when the system is in the ground state (Figure 6.23). In situation (c), we find identical
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charge transfer from both surfaces with a magnitude identical to that corresponding to the bottom
surface in the ground state which has an identical spin configuration. From these results, two things
appear to emerge. First, when the surfaces are identical in terms of the magnetic environment
around an atom, the charge transfers are identical, and second, a ferromagnetic configuration
promotes higher charge transfer while a ferrimagnetic ordered configuration promotes lower charge
transfer in comparison with those in magnetically disordered states. The results obtained from the
situation depicted in Figure 6.23(d), however, demonstrate that identical magnetic configuration
on the surfaces is not a necessary condition for identical charge transfer from both surfaces. The
charge transfer numbers in this configuration nevertheless confirm that when there is a mixture
of aligned and anti-aligned spins (along c-direction), a random distribution leads to higher charge
transfer. Since the chemical environment and structure around an atom are kept identical in all four
situations discussed, the differences in charge transfer must be a consequence of different magnetic
environments around an atom. In the ordered ferrimagnetic configuration considered here (Figure
6.23(c)), the environment around each atom follows a particular order but in the partially ordered
situation denoted by n = 0.33, the order vanishes. That the ferromagnetic order promotes the
highest charge transfer, is, however, seen only with this chemical composition. In the other two
compounds, despite intra-surface order being ferromagnetic, we do not find charge transfer of this
large amount. Therefore, the higher concentration of Mn should be the reason. The results, thus,
imply the importance of both chemical and magnetic composition.

(a) % agy o AQ=9ese| [(B) SO0 hhgyAQ-o6se
AQ, ~AQ,
, : - :
60\59@ gt 47 AQ=635¢ ot 12t oy AQ=9.65
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Figure 6.23: Schematic diagram showing various different magnetic structures on the top and
bottom surface of Vg sMnj 5CO5 and corresponding charge transfer from them. (a) The ground
state, (b) a situation where spins of all Mn atoms (top and bottom surface ) are aligned along
the c-axis, a replica of the top surface in the ground state, (c) a situation where spins of 8 Mn(4
Mn) atoms on both surfaces are aligned(anti-aligned) along the c-axis, a replica of the bottom
surface in the magnetic ground state. (d) a situation where the top surface has a spin arrangement
consistent with n=0.00 (complete spin disordered state) and the bottom surface spin arrangement
is according to the partial magnetic disordered state denoted by 1n=0.33.

6.4 Conclusions

Using DFT based first-principles electronic structure calculations, we have explored in detail the
effects of chemical and magnetic disorder on the capacitance of solid solution MXene V,_Mn,COs
electrode in an electrode-acidic electrolyte supercapacitor setup. Although the material is yet to be
exfoliated from its precursor MAX phase, we have considered this as a test case to address the yet
unexplored issues of disorder effects on its charge storage capacity. We have systematically com-
puted various contributions to the total capacitance with changes in the chemical composition and
magnetic structure. We find that (a) the ground state magnetic structure is dependent upon the
chemical composition (b) the total capacitance does not vary significantly with changes in chemical
and magnetic order (c¢) the total capacitance of this material is comparable to the capacitance of

the most extensively studied MXene for supercapacitor application and (d) the minimum

TizC50,,
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and constant variation in the total capacitance with the variation of spin disorder is obtained for
V1.5Mng5CO3, a trait that is most useful for operational purpose. In the course of our investiga-
tion, we have also found anomalous behavior in surface charge transfer. The asymmetric magnetic
configurations on two surfaces lead to significantly different charge transfers from different surfaces
affecting the redox capacitance. We find that the inhomogeneity in the magnetic structure across
surfaces affects the charge transfer mutually. The most important finding is that in this compo-
sition only, ferromagnetic configuration promotes a significantly high charge transfer and thus a
substantially large capacitance can be achieved by designing the system with both surfaces having
ferromagnetic order. This is a new phenomenon hitherto not reported in the literature. This can
have a profound effect on tuning the capacitance of the electrode by manipulating the magnetic
structure of the MXene surfaces. However, a microscopic understanding of the phenomenon as
well as the reason behind different magnetic ground states for different chemical compositions of
(V-Mn)CO2 MXene are beyond the scope of this work and remains a matter of future endeovour.
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Chapter 7

Summary and Future Directions

7.1 Summary

In this dissertation, we have explored the electrochemical performances of MXenes as supercapac-
itor electrodes. The electrochemical performance is one of the primary applications of MXene,
researched extensively. This thesis provides a systematic understanding of the charging mecha-
nisms in MXenes based supercapacitors. The vital consideration in this thesis is the inclusion of
quantum capacitance in computing the total capacitance of MXenes. We have shown that consid-
eration of quantum capacitances gives a closer estimate of total capacitance to the experimental
result. We have used two approaches to compute the electrical capacitance of considered MXenes,
namely RBA and Solvation methods. The solvation method gives a more accurate estimation of
electrical capacitance than RBA, as it implicitly considers the effect of the electrode/electrolyte
interface. The Solvation method requires more computation power and is more time-consuming
than the RBA method. On the other hand, RBA provides qualitative insights into the charge
storage when the system contains a massive number of atoms.

In Chapter 3, we investigated the electrochemical performance of several MoC and M3Cy MXene in
pristine and -O functional forms. We explained the reasoning behind one order higher Ciqox value
of pristine MXene compared to -O functional ones. Our findings from this work are the following;:
first, all the considered compounds will display excellent capacitive behavior if used as negative
electrodes; second, although the transition metal constituents in the compounds considered are
chosen from both 3d and 4d series, there is hardly any noticeable difference or a trend in their
relative behaviors as far as the capacitances are considered; third, we find Nb,;1C, as another
potential negative electrode that can be used in a supercapacitor.

In Chapter 4, we have compared the impact of doping and substitution in enhancing the electro-
chemical performance of TizCoTy. We found that doping of N at the functional site is the most
effective as it enhances the surface redox activity compared to the undoped and LS-doped ones.
Our quantitative results suggest that the surface redox activity is primarily responsible for the elec-
trochemical parameters of the pristine and doped systems, although the EDL mechanism competes
with it. The two mechanisms act against each other and influence the capacitance’s overall charge
storage. With the increase in nitrogen content such that it substitutes 50% carbon from the lattice
site, the capacitance value degrades. It further degrades upon substituting the surface Ti atoms
with more electronegative Mo. These are yet to be verified through electrochemical measurements,
although both compounds have been synthesized.

In Chapter 5, we introduced Janus-MM’C MXenes as promising supercapacitor electrodes. En-
hanced charge storage capacity is observed for Janus MXene due to enhanced surface redox activity.
The reason behind such enhancements lies in the rapid changes in the charge states of the transi-
tion metal constituents forming the Janus. The formation of Janus breaks the symmetry of MyC
MZXenes and affects the electronic structures of the constituents substantially. This, in turn, affects
the charge states. The degree of variation in the charge states decides the quantum of increment in
redox capacitance. This work throws a reasonable amount of light on the role of surface engineering
and the chemistry of materials in the context of energy storage devices.

In Chapter 6, we have studied the effect of chemical and magnetic disorders on the electrochemical
performance of solid solution V,_,Mn,COs MXene. We have systematically computed various
contributions to the total capacitance with changes in the chemical composition and magnetic
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structure. We find that (a) the ground state magnetic structure is dependent upon the chem-
ical composition (b) the total capacitance does not vary significantly with changes in chemical
and magnetic order (c) the total capacitance of this material is comparable to the capacitance of
TizC204, the most extensively studied MXene for supercapacitor application and (d) the minimum
and constant variation in the total capacitance with the variation of spin disorder is obtained for
V1.5Mng 5COs, a trait that is useful for operational purpose. During our investigation, we have also
found anomalous behavior of surface charge transfer in Vo 5Mn; 5C0O5. The asymmetric magnetic
configurations on two surfaces lead to significantly different charge transfers from other surfaces,
affecting the redox capacitance. The inhomogeneity in the magnetic structure across surfaces af-
fects the charge transfer mutually. The most important finding is that in this composition only,
ferromagnetic configuration promotes a significantly high charge transfer, and thus, a substantially
large capacitance can be achieved by designing the system with both surfaces having ferromagnetic
order.

In Chapter 7, we have discussed the summary of this thesis, followed by the scope for further work.

7.2 Future Directions

This thesis provides several routes for more further research that can be taken up further. Following
are some of the avenues that can be explored.

1. A more accurate effect of applied electrode potential on EDL and quantum capacitances
can be simulated using classical molecular dynamics. The EDL and quantum capacitance
vary during charging/discharging. The molecular dynamics simulation helps capture those
changes with time.

2. The ‘RBA method’ and ‘Solvation method’ are specific to HoSO4 electrolyte. In reality, basic
and organic electrolytes are used for experimental purposes. One can develop approaches to
calculate electrical capacitance considering basic and organic electrolytes.

3. This thesis considers the homogeneous functionalization of -O and -OH groups. However,
in reality, -F, -Cl, -O, and -OH groups get adsorbed over the MXene surfaces with varying
compositions. One can model MXene structures such that all functional groups passivate the
surfaces. Studying the effect of different compositions of functional groups on electrochemical
performances would be interesting.

4. We have introduced Janus MXene as a potential electrode for supercapacitors. Those MXenes
can also be explored as battery electrodes. We have constructed Janus MXene with different
M metals. However, one can imagine building Janus with different functional elements on the
two surfaces. As the redox activity is a surface effect, playing with other surface functional
elements could give rise to exciting phenomena with regard to charge storage capacities.

5. The effects of chemical disorder can be explained in more details on a number of MXenes
that are synthesized lately.
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