POZNAN UNIVERSITY OF TECHNOLOGY

Faculty of Chemical Technology

Institute of Chemistry and Technical Electrochemistry
Division of Applied Electrochemistry

DOCTORAL DISSERTATION

Study of electrode/electrolyte interface of novel
layered 2D materials

Badanie granicy faz elektroda/elektrolit nowych,
warstwowych materiatéw dwuwymiarowych (2D)

Masoud Foroutan Koudahi

Field of study: Chemical Technology

Supervisor:

Prof. dr hab. Elzbieta Frackowiak

Poznan, 2024



ONAL SCIENCE CENTRE
D

Acknowledgment to the National Science Centre of Poland for providing financial
support under the frame of the OPUS project (2018/31/B/ST4/01852), titled “Study of
electrode/electrolyte interface of high stability and quick charge response” (Principal
Investigator: Prof. dr hab. Elzbieta Frackowiak) and the opportunity of conducting the
Preludium project (2022/45/N/ST5/02275), titled “Preparation and characterization of

novel 2D MXenes material” (Principal Investigator: mgr inz. Masoud Foroutan Koudahi).



tudy of electrode/electrolyte interface of novel layered 2D materials@

“If you want the moon, do not hide
from the night. If you want a rose, do
not run from the thorns. If you want
love, do not hide from yourself.”

Rumi



L) Study of electrode/electrolyte interface of novel layered 2D materials@

Acknowledgments

The presented findings and achievements in this
dissertation are the result of the dedication and help that |
have received during the implementation of PhD studies
from my supervisor and mentor, Professor Elzbieta
Frackowiak, as well as my colleagues of the
powersourcegroup, Poznan. Working as a PhD student at
Poznan University of Technology provided me precious and
applicable understanding of the world of energy storage
devices. | truly appreciate your assistance that allowed me

to expand my knowledge.

In addition, | would like to express my gratitude to all co-
authors of my publications for their perseverance and

collaboration.

| would like to acknowledge my family, in particular my
parents, for their unceasing support and care during my

studies.



Study of electrode/electrolyte interface of novel layered 2D materials

Table of contents

ACKNOWIEBAGMENT.....ccee ettt et e et re et s e e see stesbesaees e et aes e saesaesneennenreens 4
Table Of CONTENTS. ..ot e b e st e ebe s een e s 5
ADSEIACT ...t e e b bbb e 7
Abbreviations and SYMDOIS........coiiiiiii et e 9
CAPTEE Lottt ettt st b e e ete st et e bt e e et sbesbeereeseebaenben e nresheeesbeeneens 11
LitEIatUIE FEVIEW . . ittt e ettt s s st e s e e 11
1. Motivation and context of the research..........ccocveiiiiini 11
2. INEFOTUCTION ..ttt st e s s s e s s s s e e 13
2.1 ENergy StOrage dEVICES.....iuiieieie et ceee ettt s te et taesssaes e saestesaeanseneeens 13
2.2 Electrochemical CapaCitorS. .....uuuiiiieeiecee ettt et et ee v et ere e 15
2.3 Electrode materials for electrochemical capacitors.......cccceeeceve e cecceeveevveeeiene, 19
2.3.1 Carbon STIUCTUIES......ccteceiiieiee ittt et s es e s 20

2.3.2 Transition metal dichalcogenides.......couvivieieceicese e e 32

2.3.3  Transition metal carbides/Nitrides. ......ccoveiveeeveveeeeieeeeeeeee e 38

2.4 Electrolytes for electrochemical capacitors.......ccooeeeeveeceivineiceceece e 43
2.4.1 AQUEOUS ElECTIOIYLES. ...eivieeieitieee ettt sttt e ste e e e 44

2.4.2 OrganiC eleCtrolyLeS....uiiuiireeie ettt 45

2.4.3 10NIC LIQUIS.ccvicceeeiiece ettt sttt et ste v e e e ste et e aesrseeabes sresebbensaesaens 45

2.5 Electrochemical Cells........coiiiiiiiiie s 46
2.6 Electrochemical tEChNIQUES........cvvvvetecieeee ettt e 49
2.6.1 Cyclic VOItammEtry (CV) ..ottt ee s eve e 49

2.6.2 Electrochemical Impedance Spectroscopy (EIS).....coeeveveeveniecreecenreeenen. 49

2.6.3 Galvanostatic Charge-Discharge (GCD)......ccccevvereeveeieeieeiece e ce e e e 50
CAPEEE 2ttt et st et e e ete sttt ae sheeheeaeeseer e e st te ebeeae s eneaennens 51
EXPEIIMENTAl WOTK ..ot sttt a e e e sae e et e esseane s sae e e e e see e 51
3L ATEICIE T e e s e s 51

B ATEICIE 2ottt e e et e e ettt e ee et ateeea et aee et et aeeaan e tae et ateeen et anteraaeaann 63



LT Y & A o] (=T TP 78

6. ATTICIE 4. e e e e e e e e e 92
7. Article not included in the dissertation tOpiC......cccevevieiecieiese e 115
LIST OF fIGUIES ettt sttt st e e e e e s ettt e e e et anesaeaneeeseere s 116
Scientific aCCOMPlISNMENTS....c..cviicii s e e 117
8. PUDBIICATIONS. .t et st st s e e 117
1S T =T o Yo o TSP SSTRE 118
10. SCIentific CONTEIENCES. ....c.ooiuieireee et s e s e 118
11, RESEAICN PrOJECLS ..oevvvittiiieieeite ettt sttt ser et bes b sae sbesbeanseer et benseennesre one 120
LIt EratUNE. i e s 120

Co-authorship StatEMENTS....cc.ccciiece et et et e s 143



7/ Study of electrode/electrolyte interface of novel layered 2D materials

Abstract

The content of this thesis can be divided into four main sections. The initial chapter
provides an introduction as a literature review based on the fundamentals and
operational principles of energy storage devices. The main focus is dedicated to the
design and performance of electrochemical capacitors (ECs) because the target
materials in this dissertation are engineered as electrode materials for ECs. The second
chapter presents investigations and results already published during the realization of
my PhD studies. In particular, four publications, named Article 1, Article 2, Article 3,
and Article 4, were selected as they present studies on novel 2D materials (3DG/FeS,,
3DG/VS,, MXenes) used as electrodes in ECs operating in agueous media and ionic
liquids. Article 1 and 2 concern meaningful information and strategies regarding the
precise engineering of electrode materials based on transition metal dichalcogenides
(TMDs) and carbons using hydrothermal reactors. The goal is to find safe potential
limits for both EC electrodes, without electrolyte decomposition. Article 3 presents the
fundamental understandings of the charge storage of transition metal carbides
(MXenes) in agueous media. The target is to clarify the type of bonding during
charging/discharging of MXenes and to show alternatives for designing wide voltage
range of ECs. Key information is related to the interactions involved in the hydrogen
storage in MXenes. In Article 4, advanced operando technique such as electrochemical
dilatometry is employed to track the volumetric expansion of different MXenes in ionic
liquids. For the first time, a thorough investigation regarding the energy storage of such
materials as TiMo/MXenes is presented. Two main members of MXenes, including Ti
and Mo/Ti carbides, are prepared using different etching agents to remove Al from
MAX phases. Various interlayer spacing and surface functionalities are obtained under
different etching conditions. Ti carbides show high capacitive charge storage due to a
high volumetric expansion in the negative potential range. In addition, faradaic
currents driven by hydrogen bonding contribute to the capacitance of the electrode.
In contrast, Mo/Ti carbides showed a significant strain increase for the positive

electrode that correlates with the higher capacitance values.
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The third chapter indicates the achievements, including publications, attended

conferences, and projects that were conducted.

Streszczenie

Tres¢ niniejszej pracy doktorskiej mozna podzieli¢ na cztery gtdwne czesci. Rozdziat
poczatkowy zawiera wprowadzenie bedgace przeglagdem literatury dotyczacej podstaw
i zasad dziatania urzadzen magazynujacych energie. Gtéwny nacisk poswiecono
budowie i dziataniu kondensatoréw elektrochemicznych (EC), poniewaz materiaty
docelowe w tej rozprawie zostaty zaprojektowane jako elektrody dla EC. W drugim
rozdziale przedstawiono opublikowane wyniki badan, ktére zrealizowano w trakcie
studiow doktoranckich. Wybrano cztery publikacje zatytutowane Artykut 1, Artykut 2,
Artykut 3 i Artykut 4, ktére przedstawiajg wyniki badan nowych 2D materiatow
(3DG/FeS,, 3DG/VS,, MXenes) jako elektrody ECs, w $rodowisku wodnym oraz w
cieczach jonowych. Artykuty 1i2 omawiajg strategie dotyczace precyzyjnej preparatyki
materiatow elektrodowych na bazie dichalkogenkéw metali przejsciowych (TMD) i
wegli w reaktorze hydrotermalnym. Celem tych badan byto okreslenie potencjatéow
bezpiecznej pracy obu elektrod, bez rozktadu elektrolitu. Artykut 3 przedstawia badanie
procesu magazynowania fadunku w weglikach metali przejsciowych (MXenes) w
Srodowisku wodnym. Motywacjg do tych badan byto wyjasnienie mechanizmu
tadowania/wytadowania na granicy faz elektroda/elektrolit i zaproponowanie
alternatyw dla projektowania EC o szerokim zakresie napiecia. Przedstawiono mozliwe
interakcje zachodzgce podczas magazynowania wodoru w MXenes. W artykule 4
zastosowano zaawansowang technike, tj. elektrochemiczng dylatometrie, w celu
Sledzenia rozszerzania sie objetosciowego réznych MXendw w cieczach jonowych. Po
raz pierwszy przedstawiono szczegétowe badania dotyczgce magazynowania energii w
materiatach typu MXenes. MXenes na bazie Ti i Mo/Ti spreparowano przy uzyciu
dwéch sposobdéw wytrawiania Al z fazy MAX, stad rdznig sie odstepami
miedzywarstwowymi i grupami funkcyjnymi. Wegliki Ti prezentujg wysoka pojemnos¢
w zwigzku z objetosciowg ekspansja w zakresie ujemnych potencjatéw oraz

elektrochemiczng sorpcja wodoru. Przeciwnie, wegliki Mo/Ti wykazujg objetosciowe



Study of electrode/electrolyte interface of novel layered 2D materials

zmiany podczas polaryzacji dodatniej elektrody, przy czym wzrasta takze jej

pojemnosc.

W rozdziale trzecim wskazano osiggniecia, w tym publikacje, udziat w konferencjach

oraz zrealizowane projekty.

Abbreviations and symbols

Abbreviation

3DG
AC
Ar
BeSO4
BMP
C3mpyr
CA
CO,
cv
CvD
CNT
CNF
ECs
EDL
EDLC
EMIm
FeS>
GO
GCD
GITT
HCI

Description

-three-dimensional graphene
-activated carbon

-argon

-beryllium sulfate
-1-Butyl-3-methylimidazolium

- N-Propyl-N-methylpyrrolidinium
- Carbon Aerogel

-carbon dioxide

-cyclic voltammetry

-chemical vapor deposition
-carbon nanotube

-carbon nanfiber
-electrochemical capacitors
-electrical double-layer

-electrical double-layer capacitor
-1-Ethyl-3-methylimidazolium
-iron disulfide

-graphene oxide

-galvanostatic charge-discharge
-galvanostatic intermittent titration technique

-hydrochloric acid
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MXenes
PTFE
SWCNT
TMDs
KF

LiF
Li2SO4
Mo2Ti2AlC3
Mo2Ti2C3Tx
MoS2
NaF
Na;S04
NHs
NOs
NaNOs3
TAA
TizAlC;
TizCoTx
TFSI

VS,

WS,

-sulfuric acid

-ionic liquids

-transition metal aluminum carbides/nitrides
-transition metal carbides/nitrides
-poly(tetrafluoroethylene)

-single walled carbon nanotube
-transition mental dichalcogenides
-potassium fluoride

-lithium fluoride

-lithium sulfate

-molybdenum titanium aluminum carbide
-molybdenum titanium carbide
-molybdenum disulfide

-sodium fluoride

-sodium sulfate

-ammonia

-nitrate

-sodium nitrate

-thioacetamide

-titanium aluminum carbide
-titanium carbide
-(trifluoromethylsulfonyl)imide
-vanadium disulfide

-tungsten disulfide

10
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Chapter 1

Literature Review

1. Motivation and context of the research

Today's world is facing an urgent need to replace traditional energy sources with clean,
renewable energies [1-4]. Concerns have been raised about the shortage and
overgrowing consumption of fossil fuels [5-6]. Predictions state that the main
reservoirs, including gas and oil, will run out by 2050 to 2060, and coal resources will
be out of reach by 2080 [7-8]. Such exploitation significantly impacts air pollution and
global warming [9]. As climate change accelerates, the global community at the UN
Climate Conference 2015 agreed to reduce the earth's surface temperature by
decreasing gas emissions [10]. Around the world, human beings are experiencing
ramifications such as droughts, extinction of different species, food shortages, and
rising sea levels [11-12]. Thus, social pressure to take necessary and effective measures
for a quick transition from fossil fuels to green energies has been increased. The
decarbonization of today’s energy systems allows us to moderate the temperature
increase below 2 °C, and to create a more compatible climate [13].

Hopefully, the planet offers a variety of clean energy resources such as hydropower
[14], biomass [15], tidal energy [16], wind power [17], and solar energy [18] to end the
further CO, pollution of our globe. Conversion of stored energy to electricity,
transmission, and distribution between the consumers must be implemented to

provide the required energy (Figure 1) [19].

11



Figure 1. Schematic representation of necessary steps from the generation to the provision of

electricity for the consumers.

Therefore, the European Commission aims to accelerate the electrification of
industries, grid infrastructure, and the transport sector to meet the EU’s 2030 climate
and energy framework [20]. One of the key priorities is to establish strong,
competitive, and sustainable energy storage devices in Europe. Meeting this target
allows us to enhance the stability and efficiency of the power supply in not only
portable applications such as transportation but also stationaries. The energy supply
in the industry and grid sector is an example. In peak hours when the demand for
power increases, the distribution system faces frequent interruptions as a result of an
overload [21]. Natural accidents such as storms may disturb the stability of the energy
supply to put a grid out of power for a time period, or even to cause a serious failure
in electrical equipment [22]. This problem can be addressed by realizing backup power
systems for a quick injection of electricity during the intervals [23]. Another issue is
related to the cost of energy which varies at different hours of the day. In peak hours,
consumers have to pay a higher price as the demand for energy supply goes up [24].
To decrease the power price, customers can store energy during the off-peak hours
when the energy price is low and enjoy uninterrupted, cheap power in the high-

demand period [25].

12
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Where do we need to be in 20307 By 2030, Europe should be the host of reliable and
efficient energy storage systems to guarantee grid and transport electrification giving

a significant reduction of CO; emissions [26].

2. Introduction

From the Stone Ages till the modern era, energy supply is a must for having a
convenient life and an essential production input. Without a doubt, energy can be
considered the core driver for industrial evolution, where power accessibility led to a
long-run growth of the economy, and subsequently, a rapid population increase [27].
In particular, the modified Newcome engine, also known as the Watt steam engine
[28], allowed machines to be driven by steam instead of wind, water, or manpower.
Noteworthy, Watt’s engine was turned into a principle for the production of the steam
turbine, from which the globe’s electricity has been provided [29]. Although electricity
generation lighted streets around the world, the primary energy for industry and
transportation was provided by burning fossil fuels such as coal, oil, and natural gas
[30]. The world gradually has become adopted for the maximum production, fast
transportation, and easy utilization of energy. Overconsumption of traditional fuels has
led to the pollution of the atmosphere, which subsequently causes major issues such
as air pollution and global warming. We are at a critical stage in our lives, as society is
encountering a fast transition from traditional to renewable energies and their
consumption in the form of electricity. The stable and efficient provision of electricity
depends on the development of energy storage devices [31]. The first battery was
invented by Alessandro Volta in 1800, discovering the passage of current by soaking
two pieces of silver and copper into an electrolyte. It is still the basis on which chemical

batteries are working [32].

2.1. Energy Storage Devices

Electrical and electrochemical energy storage systems such as capacitors [33],

electrochemical capacitors [34], batteries [35], and fuel cells [36] have attracted much

13
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attention in the recent years. They can be categorized mainly based on the nature of
the mechanisms or interactions by which energy is stored. Traditional capacitors are
made of two conductive plates and a separator in between, made of solid dielectric
materials like ceramic [37-38]. Once a potential difference between plates is applied,
the negative and positive charges are polarized on the surface of the plate with the
opposite charge. Such interactions are electrostatic, and no chemical reactions are
involved [39]. The fast kinetics of adsorption/desorption allows capacitors to deliver a
small amount of electrical energy on short notice [40-41]. On the other hand, batteries
and fuel cells follow the second type of mechanism in which faradaic reactions are
responsible for energy storage [42-43]. These reactions require the transportation and
diffusion of active ions into the bulk of electrode materials, and therefore, they are
slow in kinetics compared to electrostatic interactions [44]. Nevertheless, a higher
energy is accessible because of the occurrence of faradaic interactions [45]. To exploit
both high energy and power densities, electrochemical capacitors (ECs) were largely
introduced [46]. In these devices, fast adsorption/desorption of ions at the surface
rather than in the bulk of electrodes is at the origin of energy storage [47]. Hence, the
kinetics of interactions are substantially faster than in-bulk faradaic reactions. Another
advantage of ECs is their long cyclability in comparison with batteries [48]. This is
because of the nature of surface interactions, which is more stable and less destructive
than faradaic interactions that require repetitive ionic insertion/deinsertion into the
bulk sites [49]. Figure 2, known as the Ragone plot, compares the energy versus power
performance of different energy storage systems [50]. These factors are determined
by the nature of reactions by which the energy storage system operates. As a result,
batteries and fuel cells with a slow kinetic interactions are located at the top left corner
of the plot, while electrochemical capacitors can be found on the right side. On a
practical basis, however, various factors govern the performance of a system, which

will be discussed in detail further.

14
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Figure 2. Comparing the energy and power performance of different energy storage devices.

2.2. Electrochemical capacitors (ECs)

Electrochemical capacitors, or supercapacitors store energy by the fast
adsorption/desorption of active ions at the electrode surface [50-51]. ECs consist of
two electrodes and a porous membrane in between that is ionically conductive but
electronically insulating. Electrodes are connected to the current collectors, and both
of them are soaked in an electrolyte medium [52]. ECs can be divided into two main
categories (Figure 3), distinguished by the type of involved interactions in each system

[53].
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o

supercapacitors

Figure 3. The main category of ECs, including electrical double-layer capacitors (EDLCs),

pseudocapacitors, and hybrid capacitors [53].

Electrical double-layer capacitors (EDLCs) store energy exclusively by charge
separation [54-55]. In other words, the cell does not undergo chemical reactions.
Applying an external voltage difference between the negative and positive electrodes
results in the migration and accumulation of ions at the electrode surface with an
opposite charge [56]. During the discharge, ions return to the bulk electrolyte. By doing
so, a small amount of energy in a quick interval is accessible. The energy storage
mechanism of EDLCs can be defined by different theories, including Helmholtz [57],
Gouy-Chapman [58], and Stern models [59]. The Helmholtz theory is the earlier
explanation, and the term “double-layer” comes from this model. During charge,
electronic and ionic layers at the electrode/electrolyte interface are formed. These
layers are insulated by a single layer of solvent molecules, named the inner Helmholtz
plane, and therefore, no charge transfer occurs between the electrode and electrolyte
[60-61]. The ionic layer is called the outer Helmholtz plane, which includes solvated

ions with the opposite charge than the electrode surface. Furthermore, a second layer
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of solvated ions, named the diffusion layer, is formed far from the surface [62]. The
EDL capacitance can be taken as the sum of capacitances originating from the outer
Helmholtz plane and diffusion layer [63]. In Equation 1, €0 and & are the permittivity
of free space and relative permittivity of the electrolyte medium, A is the electrode

surface area, and d stands for the thickness of electrode/electrolyte interface [63, 64].
A .
Cqy = €0ty Equation 1

According to Equation 1, the magnitude of EDL capacitance has a direct relation with
the surface area of electrode materials. Therefore, carbon materials with a well-
developed micro and partly mesoporous structure are usually the best candidate as
electrode materials for this application [65]. The second type of ECs, pseudocapacitors,
indirectly store electrical energy by redox reactions at or near the electrode surface
[66] rather than charge accumulation (EDLCs) or in-bulk redox mechanisms (batteries).
The term “pseudo”, meaning false or fake, is being used as a prefix here to indicate the
comparable but slower kinetics of interactions in comparison with EDLCs [67]. As
faradaic reactions are responsible for the passage of charge, higher energy than EDLCs
is stored, while the power performance of the cell may face a decline [68]. Up to now,
three different types of pseudocapacitive interactions have been explored. The earlier
one was introduced by Conway and Gileadi in 1962, where the quick electrochemical
adsorption/desorption of hydrogen or hydroxides at the surface of platinum or metal
oxide were responsible for charge storage [69]. These interactions were taken as
“pseudocapacitive adsorption”, because the deviation of capacitance versus voltage
was linear, and the adsorption of the aforementioned species was occurred exclusively
at the surface. In 1997, the same assumption was used by the Conway group to hold
“redox pseudocapacitive” currents responsible for the observed faradaic behavior of
hydrous RuO; in an aqueous acidic medium [70]. Recently, MXene metal
carbides/nitrides have shown pseudocapacitive response during the ionic
insertion/deinsertion, although the electrode shows no structural changes. These

interactions are named as “intercalation pseudocapacitance” [71-72]. However, the

17
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term intercalation usually is used for describing the interactions of ions with anodic
graphite in batteries [73]. Figure 4 schematically compares the difference between the
three types of pseudocapacitive interactions and the intercalation behavior of battery-
type electrodes. Noteworthy, all pseudocapacitive interactions are different from
intercalation or insertion in battery materials, as during a pseudocapacitive response
the electrode undergoes no phase or structural transformations due to faradaic
reactions. Another misleading definition that must be highlighted here is that many
researchers assign the term “pseudocapacitive” to the battery-like behavior of an

electrode [74-76], but these two are different.

M* in bulk electrolyte
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Figure 4. Comparison between different types of pseudocapacitive mechanisms in

electrochemical capacitors and intercalation with phase transformation in batteries

Electrodes with a pseudocapacitive response usually suffer from a working in a narrow
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potential ranges. Hence, materials with a pure capacitive behavior usually is employed
as the counter electrode [77-79]. Integration of EDLCs and pseudocapacitors results in
harvesting a high energy and power density simultaneously (hybrid supercapacitors)
[80-81]. Improving the energy and power performance of the cell is also reachable by
combining pseudocapacitive and EDL materials (hybrid electrodes) [82-84]. In
particular, EDL materials such as nanotubes can act as a conductive additive, they also

serve as a substrate for the deposition of pseudocapacitive materials.

2.3. Electrode materials for electrochemical capacitors

As it was mentioned, ECs store energy by ionic adsorption/desorption at the electrode
surface, and therefore, high surface area materials are of interest. Traditionally, porous
carbons have been used as active materials in EDLC applications [85-86]. Following the
theoretical conceptualization of pseudocapacitance by Conway and Gileadi, various
materials such as metal oxide/hydroxide [87,88], sulfide [89], carbide/nitrides [90] or
conductive polymers [91] were employed as the electrodes to improve the energy
performance of ECs. These materials can be classified based on the target application
for which the electrode will be designed. Figure 5 presents different type of materials
that is used as the electrode in ECs.

[ Electrochemical J

Capacitors
EDLCs
F llérene I
u
¥ Graphene Carbon
cQDs Aerogels
Carbon Activated Hybrid Capacitors
nanotubes Carbons | I
Functionalizet) ED:CS :
Carbons Pseudocapacitors

Figure 5. Classification of various active materials for EC application.
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2.3.1. Carbon structures

Carbon materials are well known for their outstanding properties, including low price,
versatility in form, easy processability, being environmentally friendly, high
conductivity [92-95]. In addition, they have a high chemical [96] and electrochemical
[97] stability. Therefore, carbons have been widely used as active materials for various
energy storage applications. In particular, the energy performance of EDCLs strongly
depends on the surface properties of active material, where carbon structures with
controllable micro and mesoporosity and a large surface area are among the best
candidate [98-100]. These materials can be categorized based on their dimension.
Figure 6 indicates examples of already investigated carbon structures as active

materials.

Fullerene (0OD) CNTs (1D)

Figure 6. Carbon materials with various dimensions.

20



LU Study of electrode/electrolyte interface of novel layered 2D materials

Activated carbons

The most commonly used electrode materials for EC applications are based on
activated carbons (ACs) [101-102]. Various natural or artificial raw materials can be
carbonized and subsequently activated to prepare ACs [103]. Controlling the physical
and structural properties of the material is doable by manipulating the reaction
parameters, type of precursors, or the synthesis route [104]. Following the
carbonization of raw materials, an activation step will be taken to enhance the surface
area of the final product (up to 2000 m? g) [105]. Having such a developed surface
area, AC-based ECs can deliver a specific capacitance between 100 to 150 F g'* which
depends on the type of electrolyte medium [106]. The high corrosion resistance of ACs
guarantees the stable storage performance of the cell over a long-period of charge-
discharge cycles. Physical activation of ACs can be done by applying microwave
radiation [107] as well as CO; or steam treatments at high temperatures [108]. For the
chemical activation, exposure of AC particles to acidic media (1M H2SO4 or H3PO4) [109]
or basic solutions (KOH) [110] at high temperatures is carried out. The porous texture
of ACs must be tuned carefully as it plays an important role in the ionic mobility within
the electrode. Template-based techniques can be employed to tune the porosity of the

target AC with a high precision [111].

Fullerene and carbon quantum dots

Fullerenes comprise a highly symmetric cage-like skeleton in which each carbon has a
sp? hybridization and is connected to 3 other carbons. Owing to its promising
structural, electrochemical, and photophysical characteristics, such as a low band gap
(1.6 eV), high electron affinity (2.65 eV) [112], and a strong electron-accepting
property, Ceo is the most studied member of the fullerene family [113]. One of the key
features of fullerenes is their facile functionalization and integration with a variety of

bulk components, to give high electronic and conductive features onto the surface of
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the material. As an example, Ji et al. reported the preparation of cobalt/nitrogen-
doped fullerene electrode materials with a significant EC performance in 1M H,SOa,
reaching a high capacitance of 416 F g* at the current density of 1 A g [114].

Another example of 0D materials is carbon quantum dots (CQDs) [115], made of
ultrafine and quasi-spherical nanoparticles with a m-conjugated system and a particle
size ranging less than 10 nm. In addition, CQDs can be easily functionalized or even
integrated with pseudocapacitive materials for high energy density applications. For
instance, a designed core-shell structure based on carbon quantum dots and
polyaniline was able to deliver a capacitance equivalent to 264 F g at the current

density of 2.5 Ag1[116].

Carbon nanotubes and carbon nanofibers

Carbon nanotubes (CNTs) are hollow tubes (diameters 15 to 40 nm and a length of 5-
20 pum) with single or multilayer sp? hybridized carbon sheets. They have low density,
excellent conductivity, large specific surface area (50-1315 m? g) [117], and high
mechanical and chemical stability. Therefore, they are a suitable candidate for EC
applications, especially for high power demands [118]. The tunable electronic and
ballistic electron transport properties of CNTs and nanofibers drive researchers to
design various composite electrodes. Xu et. al reported the preparation of CNT bundles
coated with a thin layer of polypyrrole. The core-shell design in this study facilitated
the charge transfer between the CNT and polymer. The assembled flexible EC cell
based on this electrode showed a high specific capacitance of 350 F g* and good cyclic
stability with preserving 75% of its initial capacitance after 5000 cycles [119].

Conductive carbon structures with a high accessible surface area guarantee the
effortless electronic and ionic transportation [120]. Owing to characteristics such as
porosity and electrical conductivity, CNFs have attracted much attention in designing
electrodes for high power performance applications. CNFs can be synthesized by a
facile electrospinning step, followed by carbonization of polyacrylonitrile (PAN). The
self-standing electrode based on the CNFs shows good conductivity and ionic diffusion

due to the available mesopores. Therefore, a high energy and power density in
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aqueous and nonaqueous-based electrolytes is reachable [121]. In another study, a
binary Mn0O,/Co304 oxide was wrapped around carbon nanofibers by electrospinning
technique. The uniform coverage of metal oxides at the CNF surface allows the EC-
based cell to reach high pseudocapacitive and EDL capacitance, hence, a high energy
density of 64.5 Wh kg' at the power density of 1276 W kg! was obtained.
Furthermore, the cell showed excellent capacitance retention by losing only 28.2% of

its initial capacitance over continuous 11000 cycles [122].

Graphene

Graphene is a remarkable 2D material composed of a single layer of sp>-bonded carbon
[123]. Perhaps it can be nominated as the most reactive form of carbon materials, as
both surfaces in a layer are accessible. Since its discovery in 2004 by Andre Geim and
Konstantin Novoselov, many investigations has been oriented to utilize the
outstanding chemical, physical, and electrical properties of graphene for various
applications (Figure 7). It has a high theoretical surface area of 2675 m? g (equivalent
to a theoretical specific capacitance of 550 F g') [124], excellent electrical and thermal
conductivity, and great tensile strength (~ 1 TPa). Graphene can be synthesized by a
variety of top-down and bottom-up approaches, including mechanical exfoliation
[125], chemical vapor deposition (CVD) [126], liquid phase exfoliation [127], chemical
oxidation/reduction [128-130], and epitaxial growth [131]. After the delamination,
graphene layers tend to ripple to have higher stability in the environment [132]. The
chemical oxidation/reduction method, which has been applied extensively by
researchers, is a top-down approach consisting of two major steps. First, graphite is
oxidized using acidic media in combination with oxidant agents such as potassium
permanganate, and in the second step, chemical or thermal treatments will be carried
out to reduce the resulting graphene oxide to graphene. Upon applying the process,

structural defects may arise at the surface of layers.
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Figure 7. Properties of graphene, and its possible applications [133].

Figure 8 presents the formation of structural vacancies in a graphene oxide layer during
the oxidation step in acidic media. Although the presence of vacancies may be taken
as an advantage in some applications, they interrupt the charge mobility at the surface
of graphene layers [134]. Hence, the energy storage performance of the cell can be
degraded. In addition, structural defects may disrupt the continuity of the layer, and
the resulting exposed edges may enhance the susceptibility of electrode material to

corrosion reactions [135]. Subsequently, the long-term stability of the cell may decline.
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Figure 8. Transformation of graphite to graphene oxide during the first step of the
oxidation/reduction process and the formation of structural defects (pink dashed circles) at the

surface.

The high energy of the graphene surface makes it an ideal candidate for the decoration
of pseudocapacitive materials or heteroatom doping. Liu et al. prepared nitrogen-
doped graphene (NGS) by grafting ethylenediamine on the surface using the
microwave method. The assembled cell based on NGS delivered a capacitance of 197
F g'lat the current density of 0.5 A g'tin an alkaline aqueous electrolyte. Furthermore,
the cell showed 98% of capacitance retention after 5000 cycles [136]. In another work,
a ternary electrode based on nickel foam/NiCo,04 deposited on reduced graphene
oxide was designed by the solvothermal method followed by a calcination step [137].
The EC-based hybrid electrode reached a promising energy density of 40.63 Wh kg™ at
a power density of 858.81 W Kg* and superior long-term cyclic stability by reaching
90.1% of its initial capacitance after 20000 charge-discharge cycles.

Despite such promising reports, graphene layers are suffering from a restacking
tendency [138]. Agglomeration of graphene sheets to return to the former graphite
structure results in a decrease in reactivity, initial surface area, and electrical

conductivity.
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In 2010, Shi et. al prepared a 3D graphene hydrogel (3DGH) by triggering the self-
assembly interaction between the 2D graphene layers [130]. Upon applying certain
temperatures and pressures on graphene oxide aqueous dispersion with a specific
concentration (>2 mg ml?), the m-7m attraction forces overcome the restacking
tendency between graphene layers. At a critical point, the partial overlapping of layers
results in a connection from the edges to produce a porous framework (Figure 9). By
doing so, the agglomeration of graphene layers, which usually happens from basal
planes is prevented. The resulting porous skeleton has pores with a wide range of size,
a high electrical conductivity, very low density, and robust framework. Subsequently,
the electrochemical performance of the prepared 3DGH was evaluated in a symmetric
EC cell in aqueous electrolyte, where a specific capacitance of 160 F g'! at the current
density of 1 A gt was recorded. Elemental analysis showed the incomplete reduction
of graphene oxide to graphene. Thus, the resulting 3DGH usually consists of untreated
oxygen functionalities to some extent. Although the wettability of 3DGH electrodes in
aqueous media considerably increases, the remained oxygen groups decrease the
conductivity of the sample.

Tuning the porosity of graphene hydrogel can be an effective strategy for improving
ionic electronic transportation, thereby increasing the capacitive performance of ECs.
Duclairoir group evaluated the possibility of manipulating the pore size in 3DGH during
the self-assembly process. For this purpose, they used hydrazine, ethylenediamine,
and 1, 4-diaminobutane as the linkage to control the distance between graphene
layers before becoming connected from the edges. The obtained images from SEM
studies revealed porous 3DGHs with different pore size depending on the selected
linking agent. In addition, the elemental composition of the resulting hydrogels was
different, as the treated GO suspension with hydrazine showed a lower oxygen than
the other two products. Finally, a high specific capacitance of 190 F g%, 152 F g%, and
136 F g was recorded (current density of 0.5 A g!) for the obtained 3DGH by
hydrazine, ethylenediamine, and 1, 4-diaminobutane treatments, respectively [139].
Noteworthy, the hydrazine-based 3DGH showed a pure capacitive response even at

extremely high current densities (100 A g!). As these linkages have nitrogen in their
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structure, one can claim that the higher content of nitrogen, and therefore, the higher
pseudocapacitive response in the treated sample with hydrazine is the reason for the
higher capacitance of the cell. However, elemental analysis of samples proves that the
hydrazine-based 3DGH has a lower N content than the other two samples. The higher
capacitance of this sample can be attributed to the higher electrical conductivity (1141
S m1) of the hydrogel (higher EDL capacitance) rather than its nitrogen content (higher

pseudocapacitance).

Figure 9. Image of the graphene oxide (GO) suspension and 3DGH as the precursor and the
product of the self-assembly treatment (a). The high robustness of the freeze-dried 3DGH in
preserving its structure against applying high pressure or weight (b). SEM images from the

porous structure of the freeze-dried 3DGH (c-e) [130].

Owing to the high robustness of the framework, 3DGH can be used as a support for the
decoration by other active materials, in particular, for high energy density applications.
Sun et al. reported the formation of composite electrodes based on MnO; deposited
on 3DGH by immersing the cylindrical graphene into a KMnOs solution, and
subsequent thermal treatment. The assembled asymmetric cell based on 3DGH/MnO>

showed a capacitive behavior in a wide voltage range (up to 2V). Moreover, an energy
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density of 34.7 Wh kgt at the power density of 1 kW kg* was obtained [140]. In another
study, Wu and his co-workers designed a hybrid electrode based on V,0s nanofibers
decorated on 3D graphene hydrogel [141]. For this purpose, the mixture of precursors
was left under vigorous stirring till the gelation of the final product. Figure 10 presents
the physical properties of the freeze-dried 3DGH-V20s monolith. The yellow color of the
resulting cylindrical monolith reveals the integration of pseudocapacitive part with the
graphene substrate. From the SEM images, homogenous dispersion of V,05 nanofiber
over the graphene walls is visible. An ideal pseudocapacitive response in 1M NaSOa4

aqueous electrolyte is reported using the symmetric cell.

Figure 10. Structural properties of the freeze-dried 3DGH-V20s monolith, including a photo of

the aerogel (a). SEM images from the interior framework of the composite (b-c) [141].

Another strategy to minimize the restacking tendency of graphene is by stabilizing the
layers using spacers. Nanoparticles, conductive polymers, or carbon materials such as
CNTs can be placed in the interlayer space between graphene layers to prevent their
connection from the basal position. By doing so, the active surface area of graphene
increases, as in this situation, both sides of the graphene layers are accessible to active
ions. Mullen group engineered a composite electrode based on Fe304 nanoparticles
and nitrogen-doped 3DGH, using a one-step hydrothermal self-assembly reaction
[142]. Figure 11 indicates the morphological characterization of the prepared material.
The SEM and TEM images revealed the presence of nanoparticles with a size ranging
from 20-80 nm. Interestingly, it appears that some particles are encapsulated in
between layers. A statistical analysis based on the obtained SEM images indicated that

nearly 30% of the nanoparticles are sandwiched between two layers.
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Figure 11. SEM (a-b), TEM (c), and HRTEM (d) images of the 3DGH/Fe304 hybrid material
[142].

Carbon aerogels

Carbon Aerogels (CAs) are lightweight, interconnected macro/meso porous
frameworks in which pores are filled with air [143]. With the possibility of undertaking
high thermal treatments, in contrast to carbon hydrogels, CAs can deliver a very high
electrical conductivity [144]. Hence, they are favorable as electrode material for EDLCs
for high-power rate applications. CAs synthesis can be implemented through both top-
down and bottom-up approaches [145-146]. In top-down methods, a thin layer of
carbonaceous materials such as graphene and its derivatives are deposited at the
surface of a porous substrate. Various techniques, including electrochemical
deposition [147] and chemical vapor deposition (CVD) [148], can be used for this
purpose. The thickness of the deposition can be controlled by the repetition of the
process. Afterward, the substrate can be removed using a proper etchant [149]. The

remained self-standing carbon may undergo further treatments for the decoration of
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secondary active material. Wei et al. reported the synthesis of a hybrid electrode based
on reduced graphene oxide (RGO) by deep-coating, using nickel foam (NF) as the
substrate. Afterward, the NF/RGO was decorated with Ni3S; and MoS; in a one-step
hydrothermal reaction to enhance the energy performance of the electrode. An
asymmetric cell based on the prepared composite showed a pseudocapacitive
behavior in a wide voltage range (up to 1.6V) as well as high-rate capability and cycle
performance [150]. The bottom-up routes for CAs production usually is divided into
three stages. After gelation and subsequent aging, the material undergoes a solvent
exchange step, followed by the final formation of the aerogel using various techniques
such as pyrolysis, calcination, or carbonization. The resulting carbonaceous templates
can act as the substrate for the deposition of pseudocapacitive materials. Bando and
his co-workers reported the realization of self-standing 3D strutted graphene by a
sugar-blowing approach [151]. The initiation of the gelation process was set by
combining glucose with ammonium chloride. Furthermore, a specific temperature-
programmed calcination step under an inert gas allowed to control the properties of
the foam-like graphene (Figure 12). The calculated porosity of 99.85% and a very low
density (3 mg cm3) for the product was calculated. The assembled CA-based EC has
reached a power density of 893 kW g at a very high current density of 100 A g*.
However, it is necessary to underline that volumetric capacitance for such a low
density material will be extremely low that can exclude EC from practical application

where a volume for energy device is limited.

Glucose Melanoidin : ' : N Graphene

Figure 12. Schematic presentation of graphene-based CAs prepared by sugar-blowing process
[151].

Designing electrodes that are thermally resistant and stable against corrosion
improves the favorable capacitive behavior of the electrode. Activated carbon
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electrodes provide a stable charge storage in a wide voltage range to 2.8 V in organic
electrolytes. In practical applications, however, reaching a 300 to 500 V working
voltage requires the stacking of a high number of ECs. To address this issue, Nishihara
et al. suggested to increase voltage of a single cell by the preparation of mesoporous
carbon sheets, using sacrificial alumina template [135]. In this design, the ratio of free
edges to basal sites was reduced (Figure 13a). By doing so, the stability of the
electrode, especially in high potential, was increased. The assembled cell based on this
sample reached a very high voltage of 4.4 V with no obvious sign of electrolyte
decomposition or electrode corrosion. Increasing the temperature of the study to 60
°C, the cell was able to operate up to 3.5 V. In fact, a small content of free edges slightly
decreases the stability of the electrode material. The low ratio of D to G band which
can be further translated to the small portion of free edges to basal planes already was
reported in study of grain boundaries during the growth of graphene. Chen et al.
compared the Raman mapping of different graphene structures, and he observed high
intensity of D band because of not only structural defects but also due to grain

boundaries (Figure 13b-c) [152].
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Figure 13. Step by step synthesis procedure of graphene mesosponge (GMS) powder (a).
Raman mapping of a single (b) and connected GMS layers (c) [152].
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In this dissertation, the following carbon materials have been used: Three-dimensional
graphene (3DG), activated carbon Black Pearl (BP2000), activated carbon (YP8OF),
carbon nanotubes (CNTs). 3DG material served as the component of composites (3DG-

FeS, and 3DG-VS;), prepared by hydrothermal technique.

2.3.2. Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are an appealing family of two-dimensional
layered materials with a general formula of MX;, in which M represents transition
metals (from group 4 to 10 in the periodic table), and X stands for chalcogens (S, Se,
and Te) [153-154]. In these materials, the covalently bonded atomic layers of
chalcogen/metal/chalcogen form a sandwich structure which is taken as a layer of MX,.
The metal atom share electrons from their d orbital (oxidation state +4). Coverage of
both surfaces of the metal layer with two layers of chalcogens in the absence of
dangling bonds provides good stability for the TMD layer against reacting with the air
and the environment. TMDs naturally exist in the bulk state and are made of a few
layers that are connected by Van der Waals forces. Based on the coordination of
transition metal with chalcogen atoms, multi-layered TMDs can be found in different
polymorphic phases, including trigonal prismatic (2H or 3R) and octahedral (1T) [155].
These phases can be differentiated based on the stacking order of atomic layersin each
MXz unit (Figure 14a-c). Considering the first chalcogen layer as X1, the metallic plane
as M, and the second chalcogen layer as X;, it can be stated that in a 2H phase the
chalcogen planes in X1-M-X, combination are faced exactly in front of each other, while
in the 1T and 3R phases, X1 and X, occupy different positions. Regardless of
polymorphic arrangements, each transition metal atom is coordinated with 6
chalcogen atoms. For example, MoXs in 2H, 3R, and 1T phases has a hexagonal,
rhombohedral, and tetragonal geometry, respectively. In the bulk state, MX; layers
are connected by Van der Waals (VdW) forces (Figure 14d), that brings important
physical properties to TMDs such as forming van Hove singularities [156], band gap
evolving [157], lattice vibration [156], and the quantum Hall effect [158-159].

Furthermore, the weak nature of VdW forces facilitates the cleavage of layers from the
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bulk to the single monolayers. However, TMDs have the same tendency as graphene

layers to restack to each other in order to have a higher stability [160].

a 2H b 1T

covalent bonding
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‘Chalcogen
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Figure 14. Top view schematic of 2H (a), 1T (b), and 3R (c) coordinations of transition metals
and chalcogens in TMDs. Side view representation of two MXz planes that are bonded by Van

der Waals interactions (d).

Having unique physical, chemical, and electrical characteristics, TMDs have found their
pathway in a variety of applications ranging from electronics, optoelectronics, and
valleytronics. Molybdenum disulfide is the first member of this family that was
produced by Frindt in 1963. He used an adhesive tape to peel off a 100 A-thick layer

from its bulk phase [161]. In addition to molybdenum disulfides, there are various
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TMDs such as WS, , TiSy, NbS,, VS, FeS; that have been extensively studied during
recent years. Polymorphs in TMDs have an influence on topology, thermodynamic
stability as well as electronic and structural properties [162]. For instance, the most
abundant form of MoS;, the 2H phase, shows a higher stability and but lower
conductivity than 1T coordination. As another example, 3R-MoS; is promising in
catalytic or photonic applications as there is a lack of inversion symmetry in their
crystal phase in contrast to the 2H phase [163]. However, we cannot conceive a direct
relation between the type of polymorph and the properties of TMDs. For example, WS;
with a 1T phase has a metallic and distorted lattice, while its 2H phase has a higher
conductivity. On the other hand, the 1T TiS; or 1T and 2H NbS; are superconductive.

Figure 15 indicates the variation of TMD properties based on their polymorphic state.

Figure 15. Most studied TMDs, which are based on transition metals from group 4 to 7, and
their properties with respect to the 1T and 2H phases.

TMDs can be synthesized by various physical and chemical approaches. The top-down
preparation of these structures by mechanical exfoliation using scotch tape is of
interest as it results in high-quality single layers, which are ideal for surface application.
Such delamination is also feasible in the liquid solution through sonication of the bulk
sample in a proper solvent such as N-methyl-2-pyrrolidone. This technique is suitable

for large scale production of TMDs. Nevertheless, precise sonication parameters must
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be applied to avoid the breakage of layers. Also, the exfoliation and expansion of bulk
TMDs is possible by intercalating proper ions such as lithium. In most cases, the
resulted product is composed of pure monolayers with a high yield. However, the
process is time consuming and it requires high temperatures. Therefore, the properties
of the final product can be affected. To overcome this issue, electrochemical
intercalation by galvanostatic charge-discharge technique, followed by a subsequent
exfoliation step in H20 or CH3OH can be employed. By doing so, a better control over
the sample is reachable, as the ion intercalation step can be monitored. Although top-
down approaches are simple and inexpensive, they fail to provide monolayers with
large lateral sizes like graphene. To solve this challenge, a proper substrate is
submerged in a precursor solution to deposit a thin layer of TMD. The quality of the
precipitated film can be improved by the calcination treatment in high temperatures.
Preparation of large-area TMDs is doable by using the chemical vapor deposition (CVD)
technique, which includes two stages of thermal treatments for converting precursors
to the desired TMD and further heating to enhance the properties of the sample.
Hydrothermal and solvothermal treatments are another bottom-up routes that have
been used extensively for preparing TMDs.

In these approaches, a high temperature and pressure are applied to combine and
form TMDs with controllable morphology and size from their transition metal and
chalcogen precursors. For example, the possibility of tuning the morphology of the
MoS; prepared in different solvents was evaluated by Wang [164]. They found that
adding ethanol in a small amount to octylamine solvent during the solvothermal
reaction alters the dimension of 2D TMDs nanosheets to a 3D hollow tubular
arrangement that provides a higher ionic diffusion rate. In particular, ethanol
molecules prevent nanosheets from interacting, which results in forming a tubular 3D
morphology. The properties of TMDs can be tuned based on the target application. For
example, reducing the thickness of the 2H-MoS; results in changing the position of the
valence and conduction band. Subsequently, the band gap is converted from an
indirect state to a direct one, thereby improving the conductivity of MoS; [165] for

optoelectronic applications. Moreover, TMDs generally show a low overpotential for
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hydrogen evolution reactions, which makes them an ideal candidate for catalytic
application [166]. Various parameters that are involved during the preparation of
TMDs result in the formation of structural defects or an increase in the portion of high
energy edge sites. One of the consequences in this case is an increase in the rate of
catalytic activities [167].

TMDs have attracted much attention in energy storage applications mainly due to their
extremely high theoretical capacity, fast and highly reversible surface redox chemistry,
and tunable interlayer spacing which can serve as the host for intercalation of active
ions. This requires the exfoliation of bulk TMDs to their nanosheet structure, which
improves the degree of surface interactions and reduces the charge transport
pathway. From theoretical studies, TMDs such as thin layer MoS; can reach a very high
capacity which is comparable to that of carbon nanotubes [168]. For fast surface
charge storage, in particular, monolayer TMDs with 1T phase shows a promising
electrical conductivity between 10-100 S cm™, considerably higher than that of 2H
phases [169]. TMDs have attracted much attention from 1960s to 1970s for their
energy storage performance, especially as the electrode in Li-ion batteries. However,
major progress was initiated by the discovery of graphene in 2004, and since then,
various efforts have been made to convert and isolate 3D TMDs into single layers. By
doing so, better control on key physical and structural parameters, such as the changes
in interlayer coupling and the degree of quantum confinement, was possible [170]. In
recent years, there have been many studies on designing TMDs with a reduced
dimension. One of the earliest investigations on TMD-based supercapacitors was
carried out by Xie group. Briefly, the bulk vanadium disulfide was exfoliated to thin
nanosheets by an ammonia-assisted approach. For this purpose, the bulk phase was
undergoing a sonication step under the inert atmosphere [171]. Exfoliated VS; films
with a high conductivity were obtained. The assembled EC cell reached a high
capacitance of 4760 uF cm™ and a stable cyclic performance, showing no capacitance
degradation after 1000 charge-discharge cycles. In 2015, Chhowalla et al. used the
chemical exfoliation method to turn the bulk MoS; into monolayers, where a mixture

of 2H and metallic 1T phases with a proportion of 3 to 7 was obtained. The deposited
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flexible electrode on the polyimide substrate (Figure 16a) was assembled into an EC
cell in both aqueous and organic electrolytes. The MoS;-based EC (mainly 1T phase)
showed a higher capacitive response than that of 2H MoS; in all aqueous media. The
higher conductivity of the 1T MoS; improved the EC power output such that the cell
maintained its capacitive performance at high CV scan rates of 200 mV s* (0.5M
Na2S04). A high volumetric capacitance up to 700 F cm™ and a satisfactory capacitance
retention (95%) was recorded after 5000 continuous charge-discharge cycles in 1M
H,SO4 [172]. Nevertheless, the high rate of catalytic electrolyte decomposition was
revealed at around 0.8V and 0.6V vs. NHE in neutral and acidic media, respectively

(Figure 16c).
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Figure 16. The image of the prepared flexible electrode based on 1T MoS2 (a). The SEM image
of the exfoliated 1T MoS: (b). The CV response of the electrode in various aqueous media (c)
[172].
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Wider voltage stability, by replacing the aqueous media with organic electrolytes, was
observed (up to 3.5V). The higher viscosity and lower conductivity of organic solvents
in comparison with aqueous media affect the power output of ECs. However, the cell
based on 1T MoS; in organic media showed a stable CV response up to 100 mV s™.
Dryfe compared the energy storage performance of various TMDs, named MoS,,
MoSe;, WS,, and TiS; to provide a better understanding of the mechanism involved in
their charge storage [173]. For this purpose, a stable dispersion of each sample was
prepared by sonication in N-methyl-2-pyrrolidone (NMP), followed by casting the
dispersion on a PYDF membrane. A series of symmetric coin cells based on each sample
were assembled in 1M Na;SOs. It was indicated that TMDs such as TiS; show higher
conductivity and charge storage properties than MoS;. In addition, they found that a
combination of both EDL and pseudocapacitive currents are involved.

Expanding the working voltage of TMD-based ECs is feasible by realizing asymmetric
cells. Manyala et al. prepared VS; nanosheets with a simple hydrothermal method,
which further was assembled in a cell as the positive electrode versus activated carbon
as the negative electrode [174]. A wide voltage range to 1.4V and a capacitance of 144
Fg! at the current density of 1 A g (in 6M KOH) was recorded. However, the cell
showed a high ohmic drop and quite low energy efficiency.

Integration of TMDs and carbon supports improves the electrochemical performance
of the hybrid electrode. Pauzauskie reported the preparation of a composite electrode
based on carbon aerogel decorated with 5-100 nm tungsten disulfide crystals [175].
Besides improving the conductivity and robustness of the hybrid electrode, the
synergetic effect of the carbon framework led to an increase in the volumetric
capacitance to 127%. The cell showed no capacitance degradation up to 2000 charge-

discharge cycles.

2.3.3. Transition metal carbides/nitrides

Transition metal carbides (TMC) are carbon atoms bonded to transition metal from

groups 3 to 6 of the periodic table with an empty d orbital [176]. Basically, they can be
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counted as a combination of covalent solids and ionic crystals, as TMCs show a mixture
of physical and chemical characteristics such as hardness, good electrical and thermal
conductivity, and high melting point.

MXenes, are a new family of 2D materials with a layered structure. MAX phase is the
parental structure of MXenes, which is made of covalently bonded transition metals
(M), metals from group 13 or 14 such as Al, Ga, or Si (A), and carbon/nitrogen (X). MAX
phases are generally prepared by thermal reactions, where elemental precursors in a
stoichiometric ratio are mixed and reacted. The general formula of this phase is
Mn:+1AXn, where the removal of the A element by various approaches results in the
production of MXenes. During the etching process, the outer surfaces of each MXene
unit will be covered by different functional groups such as —F, -Cl, and —OH, which give
a hydrophilic nature to the material. Since early 2011 and by introducing Ti3sC;Ty, as the
first member of the MXenes family, there have been numerous reports based on other

elemental combinations, including synthesized structures or predicted ones.

etching
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Figure 17. Schematic representation of MAX and MXene phases (a), and the diversity of the

elemental combination in MXene materials (b).

Figure 17 demonstrates the chemical structure of MAX phases and MXenes as well as
their elemental composition. MAX phase versatility in terms of elemental combination
allows scientists to design MXenes with desired properties. A high electrical
conductivity, hardness, mechanical robustness, high negative zeta potential, and
efficient electromagnetic wave adsorption can be reached by tuning the elemental
composition of this material.

Therefore, MXenes and their related composites have been employed in a variety of
applications, such as energy storage, water desalination, catalysis, and drug delivery.
There have been many reports on the synthesis of MXenes by wet-chemical
approaches, which is also the earliest preparation method. The first attempt can be
traced back to 2011, when Naquib et al. suggested the acidic etching of TisAlC;, using
50% concentrated hydrogen fluoride solution at ambient temperature and for a
duration of 2 h. In addition, they suggested a chain of reactions involved in the MXene
preparation [177]. After removing the aluminum layer, an accordion-like structure with
an uneven interlayer spacing remains (Figure 18). By doing so, the surface accessibility
increases, although most MXenes have a very low surface area (66 m? g* for titanium
carbides or 19 m? gt in the case of V2CTy), which is lower than the theoretical values

(for example, 496 m? g for TisCaTx) [178].

Figure 18. SEM of a MAX phase (a) and the resulted MXene (b) by HF treatment.

40



Another mild approach to preparing MXene is treating the MAX phase with a mixture
of concentrated HCl and lithium fluoride salt. Formation of HF after 20 min of mixing
results in the cleavage of the aluminum layer. Besides the acidic media, the exfoliation
of the MAX phase is carried out in concentrated basic solutions such as KOH, NaOH,
and NH4Cl. The surface functional groups can be optimized by selecting the proper
etchant. Yoon et al. used 6M KOH at a high temperature and pressure for the Al etching
[179]. After 24 h of hydrothermal treatment, TizC,Tx with a surface covered by oxygen
and hydroxide functionalities was obtained. Interestingly, the aluminum content after
the etching process was considerably decreased, which was comparable to that of acid-
treated MXenes. Zhang and his coworkers prepared a fluorine-free titanium carbide
with high quality by NaOH treatment. Under different temperatures, the MAX phase
showed an exfoliation to some extent. An effective removal of aluminum with a high
efficiency was obtained by applying thermal treatments up to 270 °C. Furthermore, the
electrochemical performance of the prepared MXene was analyzed in a symmetric EC
cell. From the CV analysis in 1M H,SO4, a gravimetric capacitance of 314 Fg'at 2 mV
s! was recorded. Comparing voltammograms of HF and NaOH-treated MAX phases

(Figure 19), different interactions are involved in charge storage of these two samples.
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Figure 19. The electrochemical performance of TisC2Tx synthesized from treating the MAX
phase by HF (a) and NaOH (b) [180].

The prepared titanium carbides in acidic media showed a substantially higher

hydrogen storage ability, which is visible as a pair of redox couple at around 0.6-0.8 V
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vs. Hg/Hg2S04 (Figure 19a) [180]. On the other hand, the prepared sample by the NaOH
treatment presented a lower faradaic response. However, the power performance of
cells was comparable (Figure 19b). In general, structural and chemical differences, in
particular the type of functional groups with which the surface of the outer layered is
covered, can be taken as a reason for such variation in charge storage.

In another study, a mixture of diluted ammonium chloride (1M) and
tetramethylammonium hydroxide (0.2M) was employed for preparing single-layer
TisC,Tx from its MAX phase [181]. Compared to acidic etching, in general, alkaline-
based aluminum removal results in a bigger expansion between MXene layers, and
usually, a higher gravimetric capacitance can be obtained [182]. Recently, solid
solution-based approaches have been employed to prepare MXenes. These
approaches are of interest, especially for being environmentally friendly compared to
wet chemical acidic routes and for having better control over the functional groups at
the MXene surface. Gogotsi et al. reported the preparation of layered titanium nitride
(TiaNsTyx) from its parent phase, using a one-step thermal treatment (550 °C) under
inert gas at the presence of a mixture of fluorine based salts such as KF, NaF, and LiF
[183]. Few-layered particles were further delaminated by sonication in a
tetrabutylammonium hydroxide solution. Interestingly, analysis revealed that the
surface of the sample is covered mainly by oxygen (more energetically favorable)
rather than fluorine or hydroxide functionalities. Simon et al. used the same approach
in the presence of chlorine-based salts to etch the titanium aluminum carbide [184].
For this purpose, a compact tablet was made of MAX phase in combination with a
eutectic salt, including NaCl and KCI. No inert atmosphere was used and to prevent the
resulted MXene from oxidation, the prepared tablet was sealed and covered with a
high amount of ZnCl, during the reaction. The assembled half Li cell based on this
sample showed a pseudocapacitive insertion response in a wide potential range and a
high discharge capacity around 300 mAh g at the current density of 0.1 A g* was
obtained. However, the power performance of the cell was limited in organic
electrolytes. To solve this problem, Gogotsi et al. was used polystyrene (PS) spheres

for the preparation of porous titanium carbide [185]. A colloidal dispersion of few-layer
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titanium carbide and PS spheres was taken under the sonication. Afterward, the
supernatant was vacuum filtered, and the remained film was peeled off from the filter
paper. To remove the template, the sample was annealed at 450 °C under an inert gas.
The remained free-standing film was assembled into a three-electrode cell. 1M LiTFSI
dissolved in different organic solvents, including carbonates, acetonitrile, and dimethyl
sulfoxide, and they were used as the electrolyte. During cycling between 0 to -2.5V vs.
Ag wire, the electrode showed a good power response by increasing the CV scan rate
from 2 to 1000 mV s, Besides the aforementioned routes, other approaches including,
microwave synthesis, chemical or physical vapor deposition [186-187], spark-plasma
sintering [188], and sol-gel methods [189] have been employed for the preparation of
MXenes. In some cases, adopting these procedures may result in defect-free MXene
layers, in contrast to the wet chemical process.

MXenes store energy by a combination of EDL and hydrogen storage. Nevertheless,
thereis alack of explanation about the interactions or, in general, the chemistry behind
the energy storage performance of MXenes. Most of the reported investigations, if not
all, have presented the electrochemical performance of titanium carbide and other
MXenes as a single electrode in a limited potential range (Figure 19). Hence, the
performance of full EC cell built from MXene-based electrodes was remained
unaddressed.

A thorough investigation targeting fundamental aspects of charge storage in MXenes
is presented in the second chapter of this dissertation (Article 3 and Article 4). For this
purpose, Titanium Carbide (Ti3C,Tx) and Molybdenum Titanium Carbide (Mo;Ti2C3Ty)
were prepared by two different etchants (HF and HCI/LiF) from MAX phases.
Electrochemical investigations were carried out in aqueous media (H2SOa, Li;SOa,
BeSO4, KOH) (Article 3) and ionic liquids ([EMIm][TFSI], [BMP][TFSI], [C3mpyr][FSI]
(Article 4).

2.4. Electrolytes for electrochemical capacitors

The interaction of electrolyte ions and the surface of electrode materials plays a

significant role in the electrochemical performance of ECs. Generally, electrolytes can
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be categorized based on their physical state which are aqueous, organic, ionic liquids,
and solid-state. Depending on their chemical and physical properties, each category
shows promise in designing electrochemical capacitors with a specific electrochemical

energy and power response.

2.4.1. Aqueous electrolytes

The properties of aqueous electrolytes are significantly governed by the polarity of the
solvents in which the salt is dissolved. These media offer excellent ionic conductivity
due to their low viscosity, which makes them a perfect candidate for high-power
applications. On the other hand, their stability is considerably limited by the
decomposition of water, and therefore, they have a relatively narrow theoretical
working voltage range (1.23 V). During the negative polarization, agueous solvents are
decomposed and hydrogen molecules are released. The positive polarization beyond
the theoretical line leads to the formation of oxygen molecules. An effective approach
for mitigating such drawback is reducing the amount of the water molecules inside the
electrolyte. Increasing the concentration of salts, water molecules are tightly
surrounded by ions, and therefore, the solvent shows higher stability against catalytic
decomposition. For high energy density aqueous-based applications, “water-in-salt”
electrolytes improve voltage stability of ECs beyond 2V. However, having a lower ionic
conductivity in this case is inevitable. In most cases, aqueous electrolytes are
environmental friendly, cheap, and they require no inert atmosphere for handling or
doing the cell assembly. For long-term cycling, however, aqueous electrolytes are not
in favor, as they reduce the stability of the cell due to the parasitic reactions. In
particular, the cycle life declines and self-discharge of ECs increases. Aqueous
electrolytes can be categorized based on their pH. Acidic electrolytes such as H2SO4
are highly conductive (0.8 S cm™ at room temperature) [190]. The conductivity of an
electrolyte depends on its concentration. In the case of sulfuric acid, a 1M solution
provides the highest ionic mobility, which is greater than that of neutral media. For the
cell assembly, however, current collectors based on noble metals such as platinum or

gold are required. Alkaline electrolytes such as KOH with a proper concentration (6M)
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can offer a superior ionic conductivity, as well. Interestingly, they have no corrosive
effect on typical current collectors such as stainless steel. Similarly to highly acidic
media, EC-based alkaline media usually offer a high capacitance but in a narrow voltage
range. Neutral aqueous electrolytes, e.g., Li»SOs4, NaNOs, are more attractive than
acidic or basic media due to their higher electrochemical stability up to 1.8V. Redox-
active electrolytes are used to improve the energy density of ECs. The added faradaic
activity may degrade some important parameters including the cyclic stability of the
cell. However, such faradaic reactions that usually are localized within a specific
potential range of one electrode, can be used as an effective strategy for regulating

the charge balance between the negative and positive electrodes.

2.4.2. Organic electrolytes

Organic solvents provides a wide voltage stability (up to 2.6V) and a long cycle life as
their performance is not affected by parasitic reactions. These factors make organic
electrolytes a good option from the industrial point of view. Nevertheless, the high
viscosity of organic electrolytes reduces their conductivity, and therefore, the charge
storage performance, and importantly, the power rate of the cell diminishes. Besides
being expensive, their flammability and toxicity raise much concerns for the
environment. They are expensive, as inert atmosphere and special equipment for

drying and storage as well as cell assembly are required.

2.4.3. lonic Liquids

lonic liquids (ILs) can be defined as organic salts composed of cations and anions with
a low melting point (around 100 °C). Basically, the big dimension of cations results in
inefficient packing of ions in the structure which results in decreasing the melting
temperature of ionic liquids [191]. Room temperature ionic liquids are a category of
this family which can remain in the liquid form at ambient conditions. ILs are
environmentally friendly, nonvolatile, and air/water stable, which makes them a
promising candidate for different applications such as energy storage. In contrast to

two aforementioned category of electrolytes, there is no solvent in the composition of
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ionic liquids (ILs), which brings both positive and negative features for this class of
electrolytes. ILs can be categorized further into two main groups, including protic and
aprotic. The most important characteristic of ILs is their superior electrochemical
stability (lack of solvent decomposition), which allows them to operate in a wide range
of voltage (up to 3V). Due to the very high decomposition temperature, around 300 °C,
ILs based ECs can be employed for a wide range of temperature for sensitive energy
storage applications. Versatility in term of ionic size, the charge storage behavior of
ECs can be optimized by selecting proper ILs. IL-based ECs show a superior cycle life
performance in the absence of susceptible solvents. Nevertheless, their high viscosity
results in a poor ionic conductivity (a few mS/cm) as well as limited power
performance. Noteworthy, the conductivity of ILs is related to more than sole viscosity,
because other parameters such as charge delocalization and density are involved. For
example, [EMIm][BF4] has a viscosity equivalent to n = 41.2 mPa, which is higher than
that of [EMIm][TFSI]. However, [EMIm][BF4] shows a higher conductivity.

2.5. Electrochemical cells

In this thesis, three different cells have been used for the purpose of electrochemical
characterizations. The first one is named Swagelok® cell, which is designed in a two-
electrode symmetric system with the possibility of connecting the reference electrode
for three-electrode cell experiments. Figure 20a represents the schematic of this cell,
which is made of two current collectors from stainless steel or titanium/gold for the
sake of running experiments in neutral/basic or acidic media, respectively. The main
body of the cell is made of PTFE (Teflon) to prevent from the short circuit between
electrodes. In this configuration, electrode materials usually are cut in a round shape
with a diameter of £ 10 mm. A microfiber cellulose paper (GFD, Whatman GmbH) with
a 12 mm diameter was used as the separator to prevent from the contact between
electrodes. The amount of injected electrolyte was around a few hundred microliters
(Article 1, 2, and 3).

Another cell that was employed for evaluation of electrode materials in ionic liquids

(Article 4) is named ECC-Ref cell from EL-CELL GmbH, which can be used in both two
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and three-electrode fashion (Figure 20b). For this purpose, electrodes with a diameter
of 16 mm were used in a symmetric way, where two cellulose papers (GFA, Whatman
GmbH) with an 18 mm diameter served as the separator. A 700 microliters portion of
different ILs was used as the electrolyte for these investigations. For three-electrode
experiments, a small piece of carbon was used as the reference electrode. Finally, a
dilatometer cell named ECD-3-nano from EL-CELL GmbH was employed to track the
operando volumetric expansion of electrodes in ILs (Article 4). The dilatometer cell
(Figure 20c) was assembled in a three-electrode configuration, where an oversized
counter electrode is placed against the working electrode (10 mm diameter, 120 um
thickness). A small piece of carbon electrode was used as the reference electrode in
these studies. The cell is equipped with a sensor to measure displacement in the z

direction within the electrode structure.
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Figure 20. Schematic representation of the electrochemical cells that were employed

in this dissertation, including Swagelok® (a), ECC-Ref (b), and dilatometer ECD-3-nano

(c) cells.
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2.6. Electrochemical techniques

Cyclic voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), Galvanostatic
charge-discharge (GCD), are three main techniques that were employed for the

electrochemical investigations in this dissertation.

2.6.1. Cyclic Voltammetry

In CV experiment of two-electrode or three-electrode configuration, the variation of
current against voltage/potential is recorded at constant scan rate. Based on the shape
of the obtained profile, important information about charge storage behavior of a
single electrode or a cell is accessible. For instance, an ideal electrochemical capacitor
should be characterized by a rectangular shape voltammogram and be able to preserve
its rectangular response by increasing the scan rate during charge and discharge of the
cell. Applying high scan rates in a CV experiment allows us to detect the capability of
an EC for a stable energy storage response even at high charge/discharge kinetics. The
electrochemical behavior of single electrodes can be monitored exclusively by
switching from two-electrode to three-electrode configuration. For this purpose, CV
measurements can be used to determine the charge storage as well as the limits of
stable working potential of electrodes. Finally, differentiating between the proportion
of capacitive and faradaic currents is doable by running CV analysis at different scan

rates.

2.6.2. Electrochemical Impedance Spectroscopy (EIS)

The EIS method provides important information regarding the resistivity and
conductivity of an electrode material or a cell. Evaluation of electrochemical responses
in a broad range of time from microseconds to hours allows us to make a separation
between various charge storage processes based on their time constant. This
technique can be performed either by controlling the voltage or current. For instance,

a sinusoidal signal with a small amplitude is carried out at different frequencies, while
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the voltage of the system is fixed. Then, a profile, called Nyquist plot is obtained. The
intersection of profile with the X axis reveals the Electrical Series Resistance (ESR) of
the cell. This parameter represents the resistance that exist within the bulk of the
electrolyte medium. The EIS plot of an ideal EC is characterized by a vertical line,
although in practice there is a semi-circle part, which indicates charge transfer
resistance (Rct). The last element provides information about the resistivity of the cell
versus ionic diffusion, which can be interpreted based on the angle of the observed
vertical line after the semi-circle part. This part which is also called Warburg diffusion
usually has an angle close to 90°in ECs. Another important data which can be extracted
indirectly from the EIS spectra is the relation between the capacitive responses versus
the applied frequency of the cell. An ideal EC usually shows the same capacitive

response in wide frequency range.

2.6.3. Galvanostatic Charge-discharge (GCD)

This technique is considered as the main evaluation experiment for targeting energy
and power outputs as well as long term stability of an EC cell. Generally, the variation
of voltage/potential versus the time, under a specific applied current, results in a
profile with a triangular shape for an ideal EC. In comparison with CV, this analysis
provides a more reliable information related to the practical working voltage of a cell.
Usually the performance of electrochemical cell is affected by a resistance called ohmic
drop or IR drop. As this parameter can be easily distinguished in a GCD profile, the
correct working voltage range of a system should be selected for calculation
energy/power of EC. Similar to the CV experiment, applying high current densities in a
GCD measurement allows us to determine the stability of cell. The cycle life of cell is
mainly determined by GCD test. For this purpose, the cell faces continuous and
repetitive charge-discharge cycles in a designated working voltage until its capacitance
drops by 20% with respect to the value from the initial cycle. The cyclability of a cell

can also be evaluated by a technique called floating (accelerated ageing).
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Chapter 2

Experimental work

3. Article 1

Title: Electrochemical Capacitor Performance of Nanotextured
Carbon/Transition Metal Dichalcogenides Composites

Authors: Elzbieta Fragckowiak*, Masoud Foroutan Koudahi, Maciej Tobis
Journal: Small

DOI: https://doi.org/10.1002/smll.202006821

Motivation

Integrating carbon substrates and redox-active materials is an interesting approach for
enhancing both energy and power density of ECs in aqueous media. Based on the
electrochemical response of the active material, a carbon can play a role as either the
substrate or the conductive additive. In the case of highly conductive TMDs with a box-
like CV profile, it is possible to increase the loading of redox-active materials and
employ carbons only as the conductive agent.

The main goal of this article was to improve the electrochemical performance of TMD-
based ECs by designing electrode materials with a wide working potential and fast
frequency response. Various composite electrodes based on different TMDs (FeS,,
ReS;) and carbons (3DG, CNTs) were prepared. To optimize the proportion of TMD-to-

carbon, hybrid electrodes based on interconnected porous 3DG and FeS; with 5, 10,
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15, and 20 wt% were prepared using a one-step hydrothermal reaction. Successful
preparation of composites was confirmed using XRD analysis. SEM studies revealed
that the surface accessibility of 3DG strongly depends on the amount of the deposited
TMD. Loading up to 15 wt% FeS; does not have a significant impact on the porosity of
3DG (no significant agglomeration was detected), while further deposition results in
blockage of micropores. The electrochemical performance of composites was studied
both as the single electrode and in a full EC cell. 1M NaSO4 was used as the electrolyte.
Comparing the CV response of the symmetric cells based on composites showed that
increasing the loading of FeS; to 15% results in an improvement in the energy storage.
However, 3DG-20 wt% FeS; presented a limited charge response.

Furthermore, the cell based on 3DG-20 wt% FeS; (the optimal sample) demonstrated
a wide working voltage (1.5V), indicating its potential for further investigation. Three-
electrode cell characterization revealed the relatively low catalytic activity of FeS; for
hydrogen evolution, as the electrode can operate well below the theoretical HER value.
On the other hand, the positive electrode was polarized no further than the theoretical
02 line. This finding has significant implications for the design of TMD-based ECs, it
suggests that FeS; can be used to enhance the energy storage of ECs with the neutral
aqueous electrolyte. Another key factor is the roughness of electrode materials, which
can accelerate the rate of catalytic water decomposition.

The power response of cells was determined by EIS analysis, in which their charge
storage was monitored in a broad frequency range from 100 kHz to 1mHz. The EC cell
based on 3DG presented better frequency response than 3DG-15 wt% FeS,. CV and
GCD results agreed with the EIS data, as the charge storage of EC based on this
composite showed a decline by increasing the scan rate to 100 mV s or the current
density to 2 A g'1. However, the cell exhibited good cyclability maintaining 80% of its
initial capacitance up to 8000 cycles.

Another reason for conducting this study was to evaluate the effect of morphology and
structural defects on the charge storage of TMDs. Materials with high roughness and
defect-rich surface degrades the working voltage of the cell by promoting the rate of

catalytic water decomposition.
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Electrochemical Capacitor Performance of Nanotextured
Carbon/Transition Metal Dichalcogenides Composites

Elzbieta Frqckowiak,* Masoud Foroutan Koudahi, and Maciej Tobis

Transition metal dichalcogenides (TMDs) are emerging low-dimensional
materials with potential applications for electrochemical capacitors (EC). Here,
physicochemical and electrochemical characterizations of carbon compos-

ites with two sulfides ReS, and FeS, are reported. To enhance conductivity,
multiwalled carbon nanotubes (NTs) serve as a support for ReS, while 3D
graphene-like network (3DG) is utilized for FeS, deposition. Unique structure
of carbon/TMDs composites allows a faradaic contribution of sulfides to be
exploited. Capacitance values, charge/discharge efficiency, capacitance reten-
tion, charge propagation, cyclabilty, and voltage limits of EC with carbon/

used in ECs. However, they offer moderate
capacitance due to the limited specific sur-
face area and non-uniformly distributed
pores which hinder the accessibility
of the vacant sites for ions. Therefore,
more efforts are directed into developing
new composites with redox phenomena
which will meet the requirements of high
energy and power density as well as high
cyclability.*¢ 2D transition metal dichal-
cogenides (2D-TMDs) are promising can-

sulfide composites in aqueous neutral solutions (Li,SO,, Na,SO,) are ana-
lyzed. Special attention is devoted to energetic efficiency of capacitive charge/

didates due to their layered structure, a
large variety of metal-dichalcogenide com-
binations, and exposed active sites.”12

discharge processes. Structure-to-capacitance correlation for the composit: Yet, they offer moderate conductivity and
with various TMDs loading is thoroughly emphasized. The more defected stability which limits their application in
structure of layered NTs/ReS, composite is responsible for the lower capacitor long-term operating devices. So far, molyb-

voltage (0.8 V) owing to quicker electrolyte decomposition. Additionally, the
catalytic effect of Re for hydrogen evolution reaction plays a crucial role in EC
voltage restriction. Contrary, the operating voltage of capacitor based on 3DG/
FeS; is able to be extended until 1.5 V in sodium sulfate electrolytic solution.

1. Introduction

Electrochemical capacitors (ECs) are high-power energy storage
devices that are expected to play a significant role in various
future applications, for example, electrical cars, shuttles, cell
phones, or power plants. It is worth noting that EC escape
battery safety and disposal issues. The energy storage in ECs
occurs mainly through the electrostatic accumulation of charges
at the electrode/electrolyte interface, hence, it is required that
the electrode materials should possess a developed specific
surface area and high conductivity.'*] Many representatives
of carbons such as activated carbon, carbon fibers, carbon NT/
composites, or graphene fit those characteristics and are mostly
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denum disulfide (MoS,) and tungsten
disulfide (WS;) are the most often reported
as EC electrode materials.'>"5 Application
of carbon materials as a conducting sub-
strate for TMDs is indispensable. Depo-
sition of a thin layer of TMDs on carbon
scaffold (e.g., carbon nanotubes (NTs),
graphene) improves not only the power rate but also capaci-
tive behavior of the composite. For example, electrode based on
MoS,-carbon nanoplates have been prepared by hydrothermal-
calcination method and symmetric capacitor cell with such
composite demonstrated a specific capacitance of 248 F g™ at
a current density of 0.1 A g1 Moreover, the aforementioned
electrode showed a fast response, that is, even at high scan rate
of 300 mV s~ the electrode preserved its rectangular shape. In
another study, Chen et al. designed a composite based on car-
bonaceous materials such as CNTs, graphene, and carbon black
as the substrate and MoS, as the redox active material. Among
the synthesized electrodes, CNTs/MoS, showed a high specific
capacitance of 402 F g™ at a current density of 1 A g™\, Also, this
electrode exhibited a good cyclability by maintaining nearly 80%
of its initial capacitance after continuous 10 000 charge—dis-
charge cycles at a current density of 1 A g.["] WS, /composites
have been widely investigated in EC application. For instance,
Rout et al. tailored a hybrid electrode based on reduced gra-
phene oxide (GO) and WS, through one-step hydrothermal pro-
cedure. A high specific capacitance of 350 Fg~' was achieved at
a scan rate of 2 mV s7.1"® Additionally, other types of TMDCs
such as CoS, ™ SnS,,? and VS, were utilized for EC appli-
cation. For example, Jun et al. synthesized electrode materials
based on CoS, deposited on S and N co-doped nanosheets
and such electrodes delivered a high specific capacitance of
283 F g™ at a current density of 1 A g™ Furthermore, this

© 2021 The Authors. Small published by Wiley-VCH GmbH
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electrode showed no capacitance decrease after 5000 cycles of
constant charge—discharge at a high current density of 20 A g™
which indicates its favorable stability at harsh conditions.

Even if in the literature cited above, the high capacitance
values are indicated, very often only cyclic voltammetry (CV)
results in a three-electrode cell are shown without comparison
to galvanostatic data from a two-electrode cell (real system).
Additionally, capacitance values are frequently calculated taking
only Coulombic efficiency (discharge time) but not energetic
efficiency where capacitance is estimated from integrating the
galvanostatic discharge curve. Especially if discharge curve
is concave, the capacitance value calculated from discharging
time is highly overstated. Some studies are performed with the
electrode mass below or equal to 1 mg what is practically not
applicable, long-term cycling by CV in a three-electrode cell has
no sense as well. Hence, the critical point of view is necessary
during literature analysis.

Aside from the most popular TMDs mentioned, rhenium
disulfide (ReS,), which has rarely been explored in the case of
energy storage devices has recently gained significant attention
in metal-ion batteries (M1Bs).?!-%] ReS, is popular in MIBs due
to similar interlayer spacing to MoS, (0.614 to 0.615 nm) and
more than 25 times weaker interlayer energy coupling.?¥l How-
ever, in the case of EC, it has been never reported.

Here, the original composites with a various proportion of
multiwalled carbon NTs and ReS, have been prepared by hydro-
thermal method to study capacitor performance. Additionally,
novel material based on 3D graphene network (3DG) like struc-
ture as a matrix for iron sulfide has been designed. Interest-
ingly both carbon networks (CNTs and 3DG) are characterized
by different structure/texture, hence, composites supplied dis-
tinct electrochemical performance. The target of this research
is to synthesize the composites which show synergistic prop-
erties of both materials, that is, carbons and TMDs, to exploit
their electrochemical performance, conductivity, and unique
structure. The reason of different operating voltage limits for
both composites has been revealed. Voltage range, in turn, is
an important metric that affects the energy of capacitor device.

Three-Dimensional
Graphene (3DG) s
like structure

Carbon
nanotubes
(NTs)

www.small-journal.com

2. Results and Discussion

Low-dimensional materials such as graphene and TMDs have
been under significant consideration as novel materials for the
ECs. Herein, we report on the hydrothermal synthesis of com-
posites based on rhenium disulfide with multiwalled carbon
NTs and iron disulfide with 3DG. The scheme of TMD/carbon
composite preparation via a hydrothermal synthesis is pre-
sented in Figure 1, where carbon NTs and 3DG materials play a
scaffold role for deposition of Fe and Re sulfides.

First, different proportions of NTs and Re sulfide in com-
posite were studied to find the optimal composition. It is well
known that carbon NTs, as highly mesoporous material, pro-
vide negligible capacitance (a few F g7'); generally the more
pure and well organized structure of NTs, the lower capacitance
values.[>20] Hence, the very moderate amount of NTs (7 wt%)
was the most beneficial. In fact, ReS, was the main component
(93 wt%) in this composite. Mesoporous character of the nano-
textured ReS,/7 wt% NTs and NTs was proven by N, adsorp-
tion/desorption. Figure S1, Supporting Information presents
the isotherms and inset with a pore size distribution. Isotherms
show a steep increase of N, adsorbed at low relative pressure
exhibiting limited presence of micropores and a peak at high
relative pressure region indicating presence of bigger pores.
During desorption a significant hysteresis is observed. Type IV
isotherms demonstrate clearly a mesoporous character of both
materials. The volume of N, adsorbed/desorbed by ReS,/7 wt%
NTs is significantly lower than for the pure NTs. It means that
the deposited TMD layers have decreased the overall surface
area mainly in the range of mesopores. Specific surface area
and porosity features are compiled in Table S1, Supporting
Information.

The distribution of elements and the morphology/texture
of such composite (Figure 2) was studied by scanning electron
microscopy (SEM) combined with energy dispersive spectros-
copy (EDS).

The SEM images with different scales show that the com-
posite exhibits derivative morphological shape to the NTs with

FeS,/3DG

C/TMDs
composite

Figure 1. The simplified scheme of synthesis for two different composites: 3DG/FeS, and CNTs/ReS,
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Figure 2. SEM images (left) and EDS mapping (right) of ReS;/7 wt% NTs composite.

cauliflower-like structure. However, at high magnification the
perpendicular flakes with exposed edges are well visible. EDS
mapping shows that the individual atoms of ReS, are well dis-
tributed on the surface of the NTs, it means that the carbon
NTs are firmly covered by ReS, layers. During the synthesis of
the composite, ReS, layers are being formed on the surface of
the NTs favorably at the structural defect sites. Typically, during
deposition process the defect sites play a nucleation role. This
unique morphology allows the electrolyte to penetrate through
the whole electrode. Thus, the dense layered structure cre-
ates many active sites for ions to be freely adsorbed and des-
orbed during ECs charge/discharge. Generally, the layers can
be directed perpendicularly or parallel to the NTs plane.’’) In
this case, due to the low controllability of the hydrothermal
synthesis process the layers are distributed randomly and most
likely vertically to the N'Ts surface as it can be observed in the
inset of Figure 2.

To analyze the crystal structure of the powdered materials,
both samples (ReS, and ReS,/7 wt% NTs composite) were
investigated by the X-ray diffraction (XRD) technique. As shown
in the Figure 3, peaks at 14.5°, 32.5°, 43.5°, and 60.9° (26) are

(001),

Intensity (a.u)

ReS,/7wt% NTs

T T T T T T

20 30 40 50 60 70 80
20 (deg.)

Figure 3. XRD diffractograms for ReS, and ReS,/7 wt% NTs composite.
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observed and can be attributed to ReS, (JCPDS # 00-063-0205)
namely (100), (002), (006), and (008) planes, respectively. The
lack of intense peak confirms the disordered layered structure
of the composite.

After a detailed physicochemical characterization, synthe-
sized materials were successfully employed as electrodes in
electrochemical capacitor (EC) cells and investigated by CV, gal-
vanostatic charge/discharge with potential limitation (GCPL),
and electrochemical impedance spectroscopy (EIS). For the
two-electrode electrochemical investigations, Swagelok cell with
two stainless steel pistons was used. Two separated electrodes
of similar mass were soaked with 1 mol L Li,SO, electrolyte.
Detailed investigation of the individual electrodes was per-
formed utilizing a cell combined additionally with Hg/Hg,SO,
reference electrode.

Deposited ReS, onto carbonaceous materials improved the
overall performance of the assembled EC system due to the
exhibition of faradaic reactions. Cells prepared with ReS,/7 wt%
NTs demonstrated a capacitance of 108 F g! (Figure 4). For
comparison, the cells with pure carbon materials (NTs) were
also investigated.

The performances of the ECs cells were evaluated accordingly
to the very well-known methodology.’®! At the beginning, the
symmetrical cell assembled with ReS,/7 wt% NTs was studied
by CV. The window voltage was extended by 0.1 V beginning
from 0.5 V with the 1 mV s7! sweeping rate (Figure 4a). The
performance of the full cell with the separate behavior of posi-
tive and negative electrodes is presented in Figure 4b. It can
be observed that at low scan rates the electrodes exhibit nearly
rectangular square shape which is characteristic for the capaci-
tive behavior of electric double-layer capacitors. Further voltage
extension shows no faradaic contribution until 0.8 V where
the characteristic peaks, which can be attributed to oxygen and
hydrogen evolution are appearing on the positive and the nega-
tive electrode, respectively. While it is understandable that the
oxygen evolution appears close to the calculated potential value
for the water decomposition, the hydrogen evolution limit is
much further from what is observed experimentally. Layered
ReS; and most of other representatives of 2D-TMDs family, are
consisting of inert basal plane and active edge sites.*>-*! TMDs

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. a) Electrochemical characterization of symmetric EC with ReS,/7 wt% NTs by cyclic voltammetry (1 mV s™") with a gradual voltage extension.
b) Electrochemical behavior of individual electrodes is depicted, c) with the thermodynamic limit of O, and H, evolution. Electrolyte—1 mol L™ Li,SO,

will promote hydrogen evolution, dependent on the amount of
edge site exposed.??*} Additionally, Figure 4c shows that the
positive electrode works on a wider potential window than the
negative one. From characteristics of the negative electrode, it
looks that the hydrogen storage does not proceed at all, just
contrary this material has a tendency to catalyze hydrogen evo-
lution reaction (HER) during the voltage extension. It should
be considered that the NTs as typical mesoporous material
cannot store hydrogen, additionally NTs amount is very low. On
the other hand, hydrogen evolution is governed by a balance
between the surface coverage and reactivity illustrated by the
so called volcano plot, that is, M—H bond strength versus log
iy (exchange current). Re as metal occurs close to noble metals
(Pt, Pd) which greatly catalyze HER. Due to the high evolu-
tion peaks indicating oxygen and hydrogen evolution at higher
voltage, it was decided to perform other electrochemical inves-
tigations at 0.8 V.

The voltammetry characteristics of cells assembled with
ReS,/7 wt% NTs at various scan rate from 2 to 200 mVs™ are
shown in Figure 5a. The rectangular shape of the voltammo-
grams at all sweeping rates indicates the capacitive behavior of
the electrodes. Thanks to the intimate interconnection of the
ReS, nanolayers to the NTs, the composite electrode exhibits
higher conductivity from NTs and increased capacitance due to
the TMD presence as well as because of the higher specific sur-
face area of composite. It can be stated that the composite pos-
sesses the intermediate properties to the parent materials. NTs
significantly improve the charge propagation of the electrode.
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GCPL characteristics for the cells with ReS,/7 wt% NTs lim-
ited to 0.8 V at different current loading from 0.2 to 2 Ag™! are
shown in Figure 5b. The curves represent close to ideal trian-
gular lines which are associated with capacitive behavior. The
integrated capacitance values for ReS,/7 wt% are 108, 94, 82,
and 73 F g1at0.2,0.5, 1, and 2 A g}, accordingly.

The same voltammetry test was conducted for the cell with
pure ReS, (Figure S2, Supporting Information). The ReS, alone
showed a high capacitance but with much lower charge propa-
gation and inferior conductivity. Cell with ReS, comparably to
composite shows nearly squared shape profile but only at lower
scan rates. At higher sweeping rates, the voltammograms lose
the squared shape because of the diffusion limits. The EC in
both cases (ReS, and ReS,/NTs) did not show redox peaks.
It is well known that some electrochemically active materials
do not show redox peaks (e.g., ruthenium oxide, nitrogenated
carbons). Hence, in that case, the faradaic reactions of TMD
should not be excluded. The following reaction can be consid-
ered: ReS, + Li* + e” <> ReS — SLi

EIS is very valuable, complementary technique for capac-
itor investigation. Nyquist plots and the analog circuit dia-
grams for capacitor built with all materials, that is, NTs,
ReS,, and ReS,/7 wt% are presented in Figure S3, Sup-
porting Information. EIS results were measured within
the frequency range of 1 mHz-10 kHz. Pure NTs in com-
parison to composites showed significantly smaller capaci-
tance but exhibited superior charge propagation and great
conductivity. The capacitor working with NTs exhibited

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. a) Voltammetry and b) galvanostatic characteristics for the capacitor built from ReS,/7 wt% NTs composite. Electrolyte—1 mol L™ Li,SO,,

negligible values of ESR and EDR (0.77 and 1.58 Ohms).
The imaginary part of the impedance characteristics grows in
parallel to the y-axis meaning that there is no effect of redox
reactions especially for NTs. However, for the composite clear
diffusion limitation is observed. In case of the cell constructed
with ReS,/7 wt% NT, the system showed comparable values
of ESR and an increase of EDR value (0.8 and 8.2 Ohms,
respectively). Such an increase in resistance of the cell comes
from the addition of ReS, to the composite material. Also,
the shape of the impedance curve is no longer parallel to the
y-axis. Cell assembled with ReS, exhibited distinct semi-circle
due to the redox reactions and lower conductivity of the mate-
rial. Charge propagation is an important EC metric. EIS tech-
nique is perfectly adapted for monitoring this property. In addi-
tion to Nyquist plots, the capacitance versus frequency chart
has been presented in Figure 6. Due to a significant difference
between the capacitance values depicted for NTs in comparison
to other materials, capacitance has been replaced with capaci-
tance retention. Fast response of the N'Ts cell can be explained
by the very high conductivity of the material. For NTs the
capacitance remains stable up to 3 Hz while gradually drops
for ReS,, the composite still preserves 50% value at 1 Hz. As

100

43 V’ﬂ:°00¢00a9°° @ NTs
°o° % ReS,
804 ° @ @ ReS,/7wt% NTs
] °
g 70 . ®
g 60 °
2 504 o
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Figure 6. Capacitance retention versus frequency for ReS,/NTs com-
posite and its components.

Small 2021, 17, 2006821

2006821 (5 of 10)

expected, the composite possesses the intermediate character-
istics. In conclusion, a proportion of components in composite
has a fundamental influence on charge propagation.

The cyclability of the ReS,/7 wt% NTs were also studied
(Figure S4, Supporting Information) by performing 13 000 gal-
vanostatic cycles at 0.8 V with current rate of 1 A g™'. Capaci-
tance retention was found to be 85% of the initial value.

The second TMD/composite material studied in this work
is graphene-like 3DG/FeS,. This unique carbon skeleton char-
acterized by an interconnected, porous structure including
pores with various size, ranging from a few micrometers to
nanometers, provides excellent electron and ion conduc-
tivity.>* Considering the chemical stability and physical
robustness of 3DG-like structure, it can be used as the prom-
ising scaffold for deposition of other active materiall®>-°l such
as FeS,. The structure of 3DG is affected by its precursor, that
is, graphite oxide. The proper oxidation of graphite powder to
graphite oxide is important, since it affects the dispersion of
GO layers inside the solution.[*) Graphite oxides with high
content of different oxygenated functionalities guarantee the
creation of 3DG matrix with interconnected porous structure.
Subsequently, the dispersion level of GO layers has the main
influence on the size of the pores, in the porous skeleton of
3DG.[" Deposition of a thin layer of the TMDs on 3DG net-
work improves not only the power rate but also the capacitive
behavior of the TMDs-based electrodes, since all of the TMDs
content will be accessible to ions for surface electrochemical
interactions.

For physicochemical characterization of graphene-like
3DG/FeS, composite, N, sorption measurements were per-
formed. Figure S5, Supporting Information presents the iso-
therms and the pore size distribution for the nanotextured
3DG/FeS,. Specific surface area and the porosity properties
are displayed in Table S1, Supporting Information. A moderate
drop of porosity is observed for composite material. Figure 7
shows the SEM images of freeze-dried 3DG and 3DG/FeS,
composites. 3DG sample consists of a hierarchical highly
porous structure. The pores are connected to each other and
are spread in the internal structure of this substrate. The walls
of the graphene-like network are thin and majority of the
internal space is occupied by void, which implies the minimal
aggregation of graphene layers.*?l Deposition of the active
materials on such a porous structure, including pores with

© 2021 The Authors. Small published by Wiley-VCH GmbH

57



Study of electrode/electrolyte interface of novel layered 2D materials

ADVANGED. $iridll

www.advancedsciencenews.com www.small-journal.com

Figure 7. SEM images of freeze-dried 3DG and 3DG/FeS, composites at different magnifications a,b) 5, ¢,d) 10, e,f) 15, g,h) 20 wt% FeS,.
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Figure 8. XRD structural characterization of 3DG/FeS, composites with
various content of sulfide.

a wide range size, can be challenging, since high percentage
of loading will result in losing a majority of small pores
which plays a crucial rule in capacitive applications based
on sorption/desorption. Figure 7 displays the images taken
from the inner space of 3DG-5 wt% FeS; (a,b), 3DG-10 wt%
FeS, (c,d), 3DG-15 wt% FeS, (e,f), and 3DG-20 wt% FeS,
(g,h), respectively. All the samples are highly porous and they
are comparable to the internal structure of 3DG skeleton.
Inhomogeneous deposition of FeS, is observed especially for
higher sulfide percentage with a thickness of =30-50 nm.
It can be suggested that too high loading of active material
(20%) can severely deteriorate the transportation of adsorbed
ions into the bulk of capacitor electrode. This fact was proven
further by the electrochemical evaluations.

Figure 8 reveals the XRD pattern of 3DG-FeS, with different
percentage of loaded active materials. The characteristic peaks
which appear at 26°, 34°, 39°, 44°, 57°, 62°, and 65° (26) are
allocated to (111), (200), (210), (211), (311), (023), and (321) planes
of FeS, with JCPDS Card Number of 98-005-9067. The peaks are
quite sharp, it means that all the samples have a well-structured
crystal lattice. From 3DG-5% FeS, to 3DG-20% FeS,, the inten-
sity of the characteristic peaks increases, that confirms the dif
ferent amounts of deposited active materials over the surface of
the 3DG substrate.

EDS mapping of C, Fe, and S elements for 3DG-5 wt% FeS,
to 3DG-20 wit% FeS, proved a gradual increase of sulfide in
composite. All elements have been uniformly scattered at entire
surface of the surveyed area, which verifies the hierarchical
structure of the composites. No significant agglomeration was
spotted while monitoring a broad area of the surface. Moreover,
the elemental characterization of the EDS spectrum is aligned
with the observations from the maps, and further indicates the
presence of Fe, and S elements at the surface of graphene sub-
strate. Figure S6, Supporting Information shows example of
EDS results for 3DG-15 wt% FeS,.

The capacitive performance of the porous carbonaceous elec-
trodes can easily be affected by structural transformation. As
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Figure 9. Comparison of CVs at 2 mV s™' for composites with a different
FeS, content. Electrolyte—1 mol L™ Na,SO,

already discussed, deposition of active materials higher than
an optimum amount decreases the accessible surface area of
the substrate. To specify the proper percentage of loading, the
prepared samples were evaluated by CV analysis. Figure 9 rep-
resents the capacitive/faradaic behavior of the assembled sym-
metric cells based on each composite in comparison with the
ideal behavior of 3DG which has most EDLC profile among
all the other samples. As it can be seen, all the samples show
almost a rectangular CV graph with a low resistance. At applied
scan rate of 2 mVs! redox reactions are well observed in the
form of a wide hump from 0 to 0.6 V. It enhances with the per-
centage of FeS, from 5% to 20%. This ill-defined peak is the
result of redox activities in the composites. The surface area
under the voltammograms for electrodes based on 3DG and
with a higher content of FeS, until 15 wt% gradually increases.
However, 3DG-20 wt% FeS, shows no further charge expansion
in comparison with 3DG-15 wt% FeS, This observation may
suggest that 3DG-20 wt% FeS, has an inferior porous structure
compared to the other samples. Surely, the sample with the
higher content of FeS, lost a part of microporosity at the sacri-
fice of having a higher content of redox active materials.

Faradaic reactions have been confirmed by running a three-
electrode cell investigation of capacitor based on 3DG-15 wt%
FeS, in various voltage windows (Figure 10a—d). It seems that
hydrogen storage could be considered for the negative elec-
trode in the range of potential from —0.33 to —0.7 V versus SHE
(Figure 10c). Redox activity of Fe species is also well observed
from 0.2 to 0.4 V versus SHE.

The quality of interconnected porous structure of composite
can be studied through analyzing the capacitive behavior at the
scan rates from 2 to 200 mV s and at the current densities from
0.2t0 2 A g%, Interconnected porous structure allows a fast charge
response for the 3DG/15 wt% FeS, composite (Figure S7a,b,
Supporting Information). However, at very high rates a sig-
nificant aggravation of characteristics is observed for both
dependences. EIS, in the form of Nyquist plot, for 3DG mate-
rial and all composites with FeS, clearly shows the difference
between materials with various loading (Figure S8, Supporting
Information). To study the charge propagation, capacitance
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Figure 10. a) Voltage extension of 3DG/15 wt% FeS, electrode material in two-electrode cell, b) galvanostatic charge/discharge at 0.5 A g™, c) with
separation of performance for (+) and () electrodes and d) indication of hydrogen and oxygen evolution.

versus frequency has been reported in Figure S9, Supporting
Information for 3DG and composite with 15 wt% FeS,. 3DG
material supplies 50% capacitance at 1 Hz but for the composite
with redox activity capacitance drops rapidly already at 50 mHz.

The cyclability of the 3DG/15 wt% FeS, composite were also
investigated. Figure S10, Supporting Information presents 8000
galvanostatic cycles with current rate of 10 A g%

For the comparison of both capacitor materials based on Re
and Fe sulfides, the detailed charts of capacitance versus cur-
rent loading are represented in Figure S11, Supporting Infor-
mation. Energetic and Coulombic efficiencies for all materials
are also indicated. As a rule of thumb, the higher redox activity,
that is, higher capacitance, the lower charge propagation as well
as energetic efficiency.

3. Conclusion

Two different composites based on carbon materials (NTs or
3DG) and TMDs were successfully prepared by hydrothermal
synthesis and used as EC electrode materials. After detailed
physicochemical characterization, their electrochemical per-
formance was tested in ECs two- and three-electrodes cells.
Mechanism of the energy storage has been elucidated. It was
proven that type of transition metal such as rhenium restricts
the voltage range of the capacitor (0.8 V). The composites show
a specific capacitance of =110 F g~! for ReS,/7 wt% NTs at 0.2 A
g'and 240 F g™ for 3DG/15 wt% FeS,. The composition of the
prepared composite differed completely. 3DG/FeS, consisted
of mainly highly porous carbon matrix, with a small loading
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of TMDs while in ReS,/7 wt% NTs, the majority of the com-
posite was ReS, and NTs served as a conductive additive. The
two different approaches of using TMD as an additive or as a
fundamental component have brought different results based
on the initial properties of the matrix. Selection of the carbon
support and method of composite preparation affect the final
electrochemical performance. Energetic efficiency of charge/
discharge process was exploited for true capacitance evaluation.
It has been proven that voltage extension in aqueous medium
is affected by materials structure, that is, edge sites strongly
restrict operational window, type of metal. The species of the
most noble metals catalyze water decomposition.

4. Experimental Section

Preparation of ReS, and CNTs/ReS, Composite: First, 0.6 g of ammonium
perrhenate (Sigma Aldrich), 0.25 g of hydroxylamine hydrochloride (Sigma
Aldrich), and 1.6 g of L-Cysteine (Sigma Aldrich) were dissolved in 40 mL
of distilled water. The substrate solution was mixed for 2 h before the
autoclave reaction. Then, 0.039 g of (which constituted a 7 wt% of ReS,
material) MWCNTs (OD: 2040 nm; L: 5-15 pum; 95+%, lolitec) were
dispersed in 40 mL of distilled water by the ultrasonic device (Hielscher—
UP50H) for 30 min. The as-prepared mixtures were transferred into a
stainless steel autoclave (Parr Instruments—High-Pressure Compact
Reactor 5521) and kept at 180 °C for 48 h with stirring (125 rpm). After
the reaction, a black precipitate was collected by filtration and then dried
at 70 °C for 12 h. The same procedure was adopted for the synthesis of
ReS,, but without using NTs.

Preparation of 3DG and 3DG/FeS,: Tailoring 3D porous structure
based on graphene was carried out using one-step hydrothermal self-
assembly treatment. GO was prepared according to the modified
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Hummers’ method.*) GO aqueous dispersion (4 mg mL”) was
prepared by sonication of graphite oxide solution using ultrasonic
bath for 1 h. Next, the GO solution was transferred into a Teflon-lined
stainless steel autoclave (100 mL), and was kept without any stirring at
180 °C for 24 hr. Then, the autoclave was cooled down to 25 °C, and the
formed cylindrical hydrogel was extracted and was stored in DI water to
replace the undesired by-products inside the pores with water molecules.
The purified hydrogel was freeze-dried prior the structural and elemental
characterizations. The synthesis of 3DG/FeS, was carried out using a
one-step hydrothermal reaction. For this purpose, different amounts of
FeCl; 4 H,0 were dissolved in 20 mL ethylene glycol. Then, 60 mg of GO
was dissolved into 30 mL of DI water. Later, the FeCl; and GO solutions
were homogeneously dispersed in each other using ultrasonic bath.
The samples contained 5, 10, 15, and 20 wt% of FeCl; in GO solution.
Then, 15 mg of elemental sulfur was added to all the mixtures. The pH
of the mixture was tuned to 9 before it was transferred into a 100 mL
Teflon-lined stainless steel autoclave, and maintained at 200 °C for 24 h.
After, the autoclave was cooled down to the room temperature and
the 3DG/FeS, hydrogels were rinsed with water and ethanol before
electrochemical analysis. Prior to physicochemical characterizations, the
samples were freeze-dried.

Physical Characterization: Morphology of the samples was determined
with the use of SEM Tescan Vega 5135 coupled with the PGT Avalon
X-ray microanalyzer adapter for the evaluation of the EDS.

Diffractograms were obtained from aparatus, BRUKER D8 Advanced,
equipped with Johansson monochromator using Cu Ke radiation (Cu
Ke, A = 1.5406 A) and silicon strip detector LynxEye. The minimum
measurement angle was 0.6 20 deg.

The specific surface area of samples were determined during N,
adsorption/desorption at 77 K by using porosity analyzer ASAP 2460
(Micromeritics, USA). The samples were degassed for 24 h at 100 °C
(He atmosphere and then for 5 h under the high vacuum) prior the
measurements. Pore size distribution was evaluated using 2D-NLDFT
model. The range of 0.01-0.05 relative pressure (p/p;) was used for
calculation of the specific surface area.

Electrode Preparation and Electrochemical Characterization: All the
electrodes based on ReS,/7 wt% NTs composite contained 90 wt%
of active material, 5 wt% of binder, that is, polytetrafluoroethylene
(60 wt% dispersion in water, Sigma Aldrich) and 5 wt% of conducting
agent (C-NERGY Super C65, Imerys). Components were mixed in a
mortar until dough-like material was obtained. Then it was rolled on
a calendaring machine in order to obtain 200 pum thickness sheet of
electrode material. Electrodes in a shape of discs with the diameter of
10 mm were cut from the foil, followed by drying in 70 °C for 24 h. The
electrodes of similar mass separated by a glass microfiber membrane
(GF/A, Whatman, diameter of 12 mm) were soaked with 1 mol L™ Li,SO,
aqueous electrolyte.

For 3DG self-standing samples 1 mol L' Na,SO, was used. Active
materials loading per electrode was 8-10 mg for NTg/ReS, and 2.5-3 mg
for 3DG/FeS, composites.

All the electrochemical cells were investigated by using VMP3 multi-
channel potentiostat/galvanostat (Biologic, France) with the EC-lab
software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Motivation

Designing electrodes with an optimized electrochemical performance is one of the
main challenges in developing aqueous-based ECs. In general, researchers are trying
to integrate pseudocapacitive and EDL capacitive materials to improve the energy
output of the cell. However, one should consider that most of the trendy
pseudocapacitve materials such as 2D layered TMDs and MXenes show a high catalytic
activity for water decomposition in aqueous media which results in narrowing the
working voltage of the cell.

Previous studies revealed the instability of aqueous electrolytes in ReS,-based ECs,
where the working potential of electrodes was limited even below the theoretical
values. In contrast, metal oxide/sulfides based on transition metals such as Mn or V
have delivered charge storage in a wider working potential. Therefore, VS, was
selected for this study as the pseudocapacitive material. Our approach, to improve the
energy and power response of ECs in neutral aqueous electrolytes, was based on
electrodes that are well-stable against parasitic reactions (catalytic activity for water

decomposition and oxidation/corrosion).
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The amount of TMD loading governs the charge response of a hybrid electrode. To
highlight this influence further, two composites with different VS,;-to-3DG carbon
proportions were prepared using a one-step hydrothermal treatment. SEM studies
revealed a well-interconnected porous structure for the optimal composite electrode.
Importantly, the materials seem to be significantly less dense, as the walls of pores are
made of only a few layers of graphene. TEM analysis showed the possibility of having
some VS; nanoparticles that are deposited not on the surface but even in between
parallel layers. In fact, the deposited VS, nanoparticles can play the role of spacer to
prevent the restacking of graphene layers, thereby increasing the surface accessibility
of the electrode.

Temperature-programmed desorption (TPD) analysis showed a very low proportion of
edge-to-basal sites for this sample, which was assigned further to the influence of
ammonia and the other precursors in reducing the 3DG oxygen content and improving
the dispersibility of graphene layers during the self-assembly treatment.
Electrochemical characterization was conducted to analyze the electrode's charge
storage. It has been proven that the catalytic activity of electrodes can restrict the cell
voltage, even in the case of materials like VS, with high loading. Notably, the optimal
composite exhibited a stable charge response, not only below the theoretical H; but
also versus the O, evolution line. This finding is significant as it means a wide working
voltage (1.8V) was available for the assembled symmetric cell, enhancing its practical
applicability. The high stability of the 3DG/VS; electrodes against corrosion reactions
was demonstrated. Three-electrode cell studies also revealed that VS; exhibits faradaic
activity at initial potentials during the positive polarization, while a pure capacitive
response was observed during the negative sweeping.

A very high power response was observed even at 1 Hz or high scan rates and current
densities. The wide working voltage and high-frequency response improved energy

and power density of EC.
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The presented work has undertaken a rational design of composite electrodes based on three-dimensional
graphene-like (3DG) and transition metal-dichalcogenide (TMD), i.e., VS,. The aim was to expand the working
voltage of TMD-based electrochemical capacitor (EC) in an aqueous medium above the thermodynamic limits.
It has been found that designing the electrode material with a low proportion of edge to basal sites decreases
the roughness of the electrode surface, and therefore, the possibility of water decomposition. The assembled cell
based on the optimized composite electrode operating with lithium nitrate (1M) delivered a stable performance
in a wide voltage range up to 1.8 V. Promising cyclic stability with capacitance retention of 80% after 7500
cycles at 1 A g~ was recorded. The engineered structure of the electrode allowed the cell offering a superfast
response with capacitive behavior even at a high scan rate of 3000 mV s~'. In addition, the cell delivered a high
energy density of 18 Wh kg~ at the power density of 430 W kg~! at a current density of 1 A g~'. At high cur-
rent density of 100 A g~! the supercapacitor presented an energy density of 12 Wh kg™! at the power density of

31000 W kg1,

1. Introduction

Efficient energy storage devices play a vital role in designing hybrid
vehicles and advanced portable electronic products [1]. Nowadays, the
industry is facing a growing demand for reliable, fast response power
sources [2]. Electrochemical Capacitors (ECs), by nature, can provide
a high power density, since they follow a non-faradaic mechanism for
storing energy [3]. In recent years, carbonaceous materials such as acti-
vated carbon [4], graphene [5], and carbon nanotubes [6,7] were used
as the electrode materials in ECs. Owing to a developed surface area,
they offer a high capacitance but also long cycle life [8,9]. Conversely,
ECs fail to meet the demand for having a high energy density, which is
several orders of magnitude lower than for the traditional batteries [10].
The energy density (E) of electrochemical capacitors can be calculated
by the following equation:

E==-CVv? (1)

=

It can be improved by enhancing either the capacitance or the work-
ing voltage window of a cell [11]. One promising approach to im-
prove the EC performance is integrating pseudocapacitive materials
such as metal oxides/sulfides which can enhance the energy density
of ECs through fast, superficial redox reactions [12,13]. 2D materials

* Corresponding author.
E-mail address: elzbieta.frackowiak@put.poznan.pl (E. Frackowiak).

https://doi.org/10.1016/j.ensm.2022.04.021

such as Transition Metal Dichalcogenides (TMDs) [14,15] and Mxenes
[16] have gained a lot of attention owing to their layered structure
which provides a promising pathway for electron and ion transport.
TMDs such as MoS, [17] and WS, [18] have been widely investigated
during recent years and they were able to deliver high energy densi-
ties through the fast redox response. However, hybridization of pseudo-
capacitive materials with carbon material is challenging, since it may
result in limitation of the cell voltage. For example, the integration of
metal oxides/sulfides with carbon-based substrate usually increases the
roughness of the electrode surface. By doing so, the electrode materials
and the aqueous electrolytes become vulnerable to corrosion and water
decomposition, respectively. At the same time, it has been proven that
electrolyte medium, especially the type of anion, plays an important
role in reducing water decomposition near the thermodynamic limit.
For example, anions such as NO;~ and ClO,  decrease the tendency of
hydrogen bonding between water molecule (chaotropic species), while
anions such as CH3COO™ are considered as kosmotropic one, since it
increases the possibility of H-bonding between H,O molecules [19].

In addition, having a substrate with a high proportion of edge sites to
basal planes promotes the occurrence of the aforementioned reactions,
as well [20].

Here, graphene-like material with a honeycomb structure (3DG)
was used as the substrate. This framework is made of edge-connected
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graphene walls which minimize the existence of sharp edge sites. In
addition, 3DG provides a conductive porous skeleton for not only fast
transportation of electrons and ions but also the suitable embedding
of redox-active species on carbon materials [21]. Vanadium disulfide
(VS,) was chosen as the pseudocapacitive component owing to a high
electrical and ionic conductivity as well as interlayer spacing of 5.746 A
[22-24]. From the physical point of view, VS, has a low energetic band
of 0.187 eV, which substantially is lower than previously studied TMDs
such as MoS, (1.9 eV) [25]. Moreover, electrode materials based on
VS, show a fast Li* diffusion rate [26]. This layered material previously
was investigated in different capacitor studies [27-32]. From these stud-
ies, the assembled cells based on VS, showed a relatively narrow volt-
age not higher than 1.4V even in an asymmetric cell. However, some
of the presented works did not consider the high ohmic drop, which
imply the fact that the realistic voltage window is narrower than the
reported one. From the charge-discharge profiles at low current densi-
ties, it can be seen that the cells do not deliver capacitance after being
fully charged [28,32]. From the cyclic voltammetry profiles, especially
at scan rates higher than 200 mV s~!, the electrodes failed to show the
correct electrochemical performance which indicates that the assem-
bled cells suffer from a slow power response. In most cases, the cells
revealed a battery-like performance by showing a substantial deviation
from rectangular and triangular shapes of cyclic voltammetry (CV) or
galvanostatic charge-discharge (GCD) profiles, respectively, which from
the electrochemical point of view are characteristic of ECs [16].

In this work, 3DG-VS, hybrid electrodes with different sulfide con-
tents (from 20% to 50% of VS,) were prepared. The assembled cell based
on 3DG-20 wt% VS, showed good voltage stability up to 1.8V in 1M
LiNOg, which is superior to that of 3DG-50 wt% VS,, previously reported
VS, electrodes [27-32], and conventional ACs (1.5V) [33] in aqueous
media. Owing to the synergetic effect (structural and chemical), 3DG-20
wt% VS, offered a rapid response especially in high regimes. These ad-
vanced ECs based on 3DG/VS, composite demonstrated a high energy,
power and long-term cycleability. Present findings draw a clear insight
for formulating new approaches for rational integration of carbon and
pseudocapacitive materials to reach exceptional EC metrics.

2. Experimental section
2.1. Synthesis of 3DG-VS,

Graphene oxide (GO) was synthesized according to the modified
Hummers’ method reported elsewhere [34]. 3DG-20 wt% VS, and
3DG-50 wt% VS, were synthesized using one-step in situ hydrother-
mal method. Briefly, a proper concentration of GO solution (2.5 mg
ml~1) was dispersed using and ultrasonic bath for 30 min. Meanwhile,
0.42 mmol and 1.7 mmol ammonium metavanadate were dissolved in
30 ml mixture of DI water and ammonia (25ml:5ml), separately, and the
two solutions were stirred vigorously. Later, 2.1 mmol and 8.5 mmol of
thioacetamide (TAA) were added to the former and the latter solutions,
respectively. After 30 min of stirring at room temperature, the two so-
lutions were added to their assigned GO solution in a drop wise fashion.
The whole mixtures continued to be stirred for another 20 min before
becoming transferred to the stainless steel autoclave. In the next step,
the samples were kept at the temperature of 180 °C for the duration of 24
hr. Subsequently, the autoclaves were allowed to cool down naturally
to the room temperature. Eventually, the prepared cylindrical hybrid
hydrogels were extracted and washed with DI water for one week to the
complete exchange of unreacted species with water molecules. For the
sake of comparison, the bare substrate in presence of 2.1 mmol of TAA
was synthesized following the same aforementioned protocol.

2.2. Physical characterization

The chemical structure of the prepared samples was evaluated by
XRD and Raman analyses. The XRD investigation using BRUKER D8
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Advanced, equipped with Johansson monochromator using Cu Ka ra-
diation (Cu Ka, 4 = 1.5406 A). Raman analysis was carried out using
ThermoFisher® DXR Raman microscope equipped with a 532 nm laser.
To observe the internal porous structure, the prepared samples were sub-
jected to 72 hr of freezing drying until the complete transformation of
the hydrogel to the aerogel. SEM analysis was performed using Scanning
Electron Microscope SEM Jeol 7001TTLS. To specify the surface area
of the samples, the Brunauer-Emmett-Teller equation in the relative
pressure range 0.01-0.05 was carried out. An ASAP 2460 analyzer (Mi-
cromeritics, US) was used for this purpose. Temperature programmed
desorption (TPD) analysis was carried out using TG equipment (TG209
F1 Iris, NETZSCH) coupled with a mass spectrometer (QMS 403C Aéolos,
NETZSCH). For this purpose, 8 mg of the prepared samples were heated
from 25 °C to 900 °C (heating rate 20 °C min~!) under the helium gas
with a flow rate of 50 ml min~!.

2.3. Electrode preparation and characterization

The electrochemical performance of the as-prepared samples was ex-
amined using two-electrode and three-electrode swagelok® cells with
stainless steel current collectors and inner diameter of 12 mm. The ma-
terials were cut in a disk shape (diameter 8 mm, thickness 1 mm) and
served as both negative and positive electrodes without using any binder
or conductive additive. A round piece of Whatman Cellulose filter paper
(ashless, No. 42) was cut in a diameter of 10 mm and used as the separa-
tor. Before running the electrochemical experiments, the electrode ma-
terial and the separator were immersed in aqueous electrolyte for 72 h
to complete exchange of water molecules in the pores with electrolyte
ions. All the experiments were carried out in 1 M LiNO,. CV, GCD, and
EIS experiments were carried out on a VMP-3 and SP-200 BioLogic®
potentiostat/galvanostat instrument.

3. Results and discussion
3.1. Physicochemical results

Figure S1 indicates the XRD data of 3DG and VS,. The sharp peak at
26=24.8° is assigned to the characteristic plane of 3DG with the inter-
layer spacing of 3.587 A. Considering the spectra of VS,, the character-
istic peaks at 32, 36, 42, 55, 56, 58, and 67.5° are corresponding to the
100, 011, 102, 110, 103, 003, and 201 planes with a hexagonal lattice
indexed by JCPDS card NO.: JCPDS 36-1139 [28]. Fig. 1a-d reveals the
Raman spectra of 3DG, VS,, 3DG-20 wt% VS,, and 3DG-50 wt% VS,.
3DG showed a distinguished peak at 1350 cm™" as the result of graphitic
disorder and defects in graphene walls. Another characteristic peak is
located at 1550 cm~! which explains the Eyg mode of the hexagonal
lattice of -1 carbon bonds (Fig. 1a) [35].

Fig. 1b shows the Raman spectra of pure VS,. The characteristic
peaks are sharp which indicates the well-defined crystal lattice of the
prepared TMD. There are two characteristic peaks, which appeared at
280 and 404 cm™', which are corresponding to the E12g and Ay vi-
bration mode of planes [28] Elzg mode occurs because of the opposite
vibration of the two sulfur atoms in the structure of VS,. On the other
hand, out-of-plane vibration of S atoms in opposite directions results
in forming the A,; vibration mode. The appeared peaks at 482 cm™!
can be assigned to the bending vibration of doubly coordinated sulfur
atoms (S, atoms in Fig. 2). The located peak at 529 cm~! could be the
stretching mode of triply coordinated sulfur atoms (S; atoms in Fig. 2).
However, the presence of vanadium oxygen species should not be
excluded.

Fig. lc-d confirms the successful hybridization of 3DG and VS,. As
the percentage of VS, in 3DG-VS, increases from 20 to 50%, the inten-
sity of the characteristic peaks increases which proves various quantities
of sulfide deposition on 3DG. The proportion of the D and G bands in
3DG and 3DG-20 wt% VS, are 1.3 and 1.4, respectively. A high pro-
portion of intensity for D band to G band indicates the higher percent-
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Fig. 1. Raman spectra of (a) 3DG, (b) VS, powder, (c) 3DG-20 wt% VS,, and (c) 3DG-50 wt% VS,.

age of sp? to sp° carbon hybridization. Due to the addition of reductive
thioacetamide (TAA) in the self-assembly reaction, the 3DG-substrate in
hybrid electrodes lost a high content of oxygen groups which will result
in regaining a higher degree of sp® network [36].

In fact, the Raman mapping of two connected graphene layers shows
a high intensity of the D band in grain boundaries between graphene lay-
ers [37]. In addition, the edged graphene layers are usually connected
with various oxygen functional groups. Considering this fact, measuring
the oxygen content of each sample allows us to gain a clear insight into
the amount of edge-free graphene layers. To do so, a set of thermogravi-
metric (TG) analyses together with monitoring the content of CO, CO,,
and H,0 evolution was carried out. Figure S2 indicates the resulted TG
plots of 3DG, 3DG-20 wt% TAA, 3DG-20 wt% VS,, and 3DG-50 wt%
VS,. Table S1 represents the obtained values of this analysis. For 3DG
sample an overall mass loss of 27.2% was detected whereas 19% loss
can be assigned to the release of oxygen content (Figure S2a). On the
other hand, 3DG-20 wt% VS, mass loss was 18.1%, including only 7.7%
of oxygen evolution (Figure S2¢). To understand the role of TAA in as-
sisting the chemical reduction of 3DG for hybrid samples during the
hydrothermal treatment, 3DG was prepared in presence of TAA (with
the same amount that was used during the preparation of 3DG-20 wt%
of VS,), and the sample labeled as 3DG-20 wt% TAA. The TG analysis
of 3DG-20 wt% TAA indicates a total mass loss of 9.2%, including 6%
of oxygen release (Figure S2b). This data reveals the binary role of TAA
(sulfur source and reducing agent) during the formation of 3DG-VS,

samples. With increasing the content of TAA from 20% to 50%, 3DG-50
wt% VS, showed an oxygen loss equivalent to 4.8% (Figure S2d). To
specify the content of each functional group in the resulted total oxygen
loss, the evolved fragments were further transported with the carrier
gas (He) to a mass spectrometer. Fig. 3 compares the content of CO and
CO, evolution from 3DG and 3DG-20 wt% VS,, including their decon-
volution results. Phenolic groups and quinones are related to CO evo-
lution. On the other hand, carboxyl groups as well as lactones are con-
nected with CO, evolution. The deconvolution of CO profile related to
3DG shows a considerable amount of phenol evolution (1640 umol g=1)
from 400 °C to 900 °C. This value, in the case of 3DG-20 wt% VS,, was
decreased to 59 umol g~'. However, we must take into account that
phenolic groups can be located either at the basal or the edge of GO
layers, and therefore, considering the obtained value of these functional
groups may lead to a misleading conclusion about the content of oxy-
gen at the edges of GO layers. As the result, comparing the number of
surface functionalities such as carboxyl groups as well as lactones and
quinones, which are exclusively positioned at the edge of GO layers,
gives us a more correct interpretation. The deconvolution of CO in 3DG
shows a mass loss equivalent to 620 pmol g~! at the range of 600-900 °C,
which is related to the release of quinone fragments. On the other hand,
this value in 3DG-20 wt% of VS, is calculated as 69 pmolg'. From the
CO, deconvolution, the value of 2100 umol.g~! and 1101 umol g~! mass
loss at the range of 400 to 900 °C were detected that can be assigned to
the evolution of carboxylic functionalities from 3DG and 3DG-20 wt%
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Fig. 2. Schematic representation of a VS,
layer, including the location of sulfur atoms
based on their different coordination number
(Vanadium atoms: blue sphere, Sulfur atoms:
yellow sphere).
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Fig. 3. Comparison between the TPD analysis of 3DG and 3DG-20 wt% VS,, including CO (a) and CO, (b) desorption profiles with their deconvolution in indepen-
dently fitted peaks (colorful dotted lines) and the obtained cumulative thermogram (black dotted lines).

VS,, respectively. Furthermore, the evolution of lactones at 300-700 °C
in 3DG and 3DG-20 wt% VS, was decreased from 1483 pumol g~! to 249
umol g1, These results prove the negligible amount of edged graphene
layers in 3DG-20 wt% VS, in comparison with that of 3DG. The higher
intensity of D/G bands in 3DG-20 wt% VS, is the result of a higher
number of grain boundaries.

Figure S3 represents the content of CO, evolution from 3DG-20 wt%
TAA and 3DG-50 wt% VS,, including their deconvolution results. As
it was expected, 3DG-20 wt% TAA showed a comparable amount of
carboxylic groups evolution in comparison with that of 3DG-20 wt%
VS, (1101 to 1013 pmol g’l), while this content in the case of 3DG-

258

50 wt% VS, was decreased to 799 umol g~!. Moreover, the amounts
of lactone that were released in 3DG-20 wt% TAA and 3DG-20 wt%
VS, are quite similar (249 umol g~1). It is worth mentioning that the
content of CO evolution in 3DG-20 wt% TAA and 3DG-50 wt% VS, was
negligible. Figure S4 indicates the SEM images obtained from the freeze-
dried hydrogels of 3DG. The hierarchical structure of the substrate is
made of macropores mainly with a diameter from 1-5 pm. The image
with the higher magnification represents the existence of smaller pores
that are embedded on the junction of walls. Fig. 4 illustrates the SEM
images obtained from 3DG-20 wt% VS,. Comparing the obtained images
from 3DG and 3DG-20 wt% VS, reveals a higher level of porosity in the
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Fig. 4. SEM images of the freeze-dried 3DG-20 wt% VS,.

composite compared to the substrate. Also, the internal framework of
3DG-20 wt% VS, represents an ordered structure with a higher level of
interconnection and accessibility in comparison with that of 3DG. The
mutual connection of graphene walls minimized the number of edge
layers [20]. Moreover, no sign of agglomeration was observed which
indicates a low ratio of bulk-to-surface within the internal structure.

Fig. 5 illustrates the SEM images from 3DG-50 wt% VS,. At the first
glance, the higher density of the porous structure compared to 3DG-
20 wt% VS, is noticeable. Deposition of VS, higher than the optimum
amount led to the significant blockage of the nanoporous framework,
and therefore, the loss of the pores’ accessibility and interconnectivity.
Figure S5 demonstrates a SEM image for 3DG-20 wt% VS, and 3DG-
50 wt% VS, at the highest magnification. Figure S5b shows an indi-
vidual cube entity of VS, that is assembled by random stacking of VS,
nanosheets, starting from the basal plane. Each sulfide layer has a diam-
eter of 0.5 to 1 um and a thickness of 50-100 nm [38,39]. These units
consist of a few 2D layers which are grown on each other. Comparing
the images with the lowest magnification which are taken from 3DG,
3DG-20 wt% VS,, and 3DG-50 wt% VS,, it can be said that 3DG-20
Wwt% VS, has a more homogeneous porosity. Furthermore, the structure
of 3DG-20 wt% VS, seems to be less dense than the other samples.

Figure S6 and S7 demonstrate the obtained data from the elemental
analysis. The homogenous distribution of various elements, including
V and S at the surface of 3DG is visible from the map data recorded
while monitoring a broad surface of the samples. Comparison of the
maps proves further the complete coverage of 3DG with VS, in 3DG-50
Wwt% VS,. The corresponding EDX spectrum reveals the atomic percent-
ages of individual atoms. Fig. 6 presents the TEM images of the freeze-
dried 3DG-20 wt% VS,. Nanoparticles with a diameter of 20-35 nm are
homogeneously distributed on the surface of a graphene layer (Fig. 6a,
b). Almost no trace of agglomeration can be observed from the unique
size of VS, nanoparticles. Fig. 6¢ indicates the (001) plane of VS, with
the interlayer spacing of 2.6 A. From the selected area electron diffrac-
tion (SAED) patterns, planes 001 and 002 (interlayer spacing of 6.6 f\)
are highlighted (Fig. 6d).
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Figure S8 and Table S2 represent the data from specific surface
area measurements by N, sorption on 3DG, VS,, 3DG-20 wt% VS,,
and 3DG-50 wt% VS,. Considering the isotherm curves, 3DG and 3DG-
50 wt% VS, showed a Hj-type hysteresis, while VS, and 3DG-20 wt%
VS, showed a H,-type hysteresis during the desorption. Comparison of
the sorption values indicates that 3DG-20 wt% VS, has a higher sur-
face area (256 m? g~!) than 3DG (190 m? g~') and 3DG-50 wt% VS,
(178 m? g™").

Importantly, 3DG-20 wt% VS, has a higher mesoporosity
(0.54 cm® g1 compared to that of 3DG (0.23 cm® g~!). On the
other hand, 3DG-50 wt% VS, lost almost half of its mesoporosity (0.12
em? g=1) in comparison with that of 3DG.

3.2. Electrochemical results

To determine the operational working voltage of the 3DG substrate,
and GCD analyses in a wide range of voltage were carried out, and the
recorded data is presented in Figure S9. During stepwise increase of the
voltage, especially from 1.5V up to 1.7V, 3DG showed a current rise in
the mid voltage range, probably as the result of unreduced oxygen func-
tionalities or the semiconductive nature of some graphene walls [20].
The substrate showed almost pure capacitive performance with the up-
per limit voltage from 1V to 1.5V. For further expansion of voltage win-
dow to 1.7V, a deviation from the linear current response, following the
start of the corrosion reactions or water decomposition, was observed. A
steep current rise at the upper limit voltage of a CV plateau can be seen
as an ohmic drop in the galvanostatic charge-discharge profile. Coulom-
bic efficiency calculated only from discharge time (ignoring ohmic drop)
gives higher capacitance values, whereas reliable values can be obtained
only from the integration of the discharge plot. Comparison of the calcu-
lated energy efficiency shows that 3DG has an optimum working voltage
up to 1.5V which is a promising value in aqueous medium. However, the
combination of carbon substrates with pseudocapacitive materials usu-
ally narrows the operational voltage window of a cell. Specifically, most
of the TMDs are catalytically active, and therefore, they enhance the
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Fig. 5. SEM images of the freeze-dried 3DG-50 wt% VS,.

possibility of hydrogen/oxygen evolution. Considering this fact, ratio-
nal hybridization of carbonaceous substrates with TMDs is of paramount
importance [40]. Fig. 7 indicates the stability window of 3DG-20 wt%
VS, in a wide range of voltage. From the CV profile, the electrode is
able to deliver a constant, capacitive response even up to 1.8V with no
obvious sign of a sharp current rise at the upper limit voltage. The GCD
profile reveals the same stable performance with moderate efficiency
degradation. Up to 1.7V, the energy efficiency of 3DG and 3DG-20 wt%
VS, was decreased to 58% and 81%, respectively.

It can be concluded that hybridization of 3DG and 20 wt% VS, does
not affect the stability of the hybrid electrode with catalytic effects.
Moreover, the optimum porous structure of 3DG-20 wt% VS,, which is
made of edge-free graphene walls, minimizes the possibility of the elec-
trolyte decomposition, and allows the cell to provide stable performance
in a wide range of voltages [20]. Following the obtained results, the safe
operational voltage of 3DG-20 wt% VS, was selected to be 1.8V. To see
the effect of VS, with a higher content on the electrochemical perfor-
mance of the hybrid electrode, 3DG and VS, with an equal mass portion
were prepared, as well. Figure S10 illustrates the electrochemical behav-
ior of 3DG-50 wt% VS, upon gradual voltage expansion. Interestingly,
3DG-50 wt% VS, showed a relatively similar working voltage as 3DG. A
significant current rise was observed immediately if expanding the up-
per limit voltage up to 1.3V. From the recorded GCD profiles, 3DG-50
Wwt% VS, showed an instant 16% drop in efficiency as the voltage win-
dow was expanded from 1.2 V to 1.3 V. Hybridization of VS, with 3DG
higher than the optimum value narrowed the working voltage of 3DG-
50 wt% VS, due to the following reasons: (i) A considerable increase in
the catalytic activity of the electrode with sulfide, and subsequently, a
shrinkage of voltage to less than 1.5V (operational working voltage of
the bare 3DG); (ii) losing a considerable number of surficial redox-active
sites, which decreases the involvement of electron transfer, and subse-
quently, the working voltage of the cell [40]. To evaluate the capacitive
performance of the two composite electrodes, a series of electrochemical
experiments in a broad range of sweep rates and current densities was
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carried out [41]. Fig. 8a shows the CV profile of 3DG-20 wt% VS, Com-
paring the capacitive behavior of 3DG and 3DG-20 wt% VS, at 5 mV s~!
reveals that the hybrid electrode has a substantially better performance
as well as reversibility than that of the substrate.

To evaluate the power response of 3DG-20 wt% VS,, CV plot in a
wide range of scan rates was recorded. The sample revealed a supreme
rate capability while maintaining its initial performance at 5 mV s™! to
a high sweep rate of 3000 mV s~!. Fig. 8b presents the charge-discharge
profiles recorded at low current regimes. Considering the triangular
shape of plots, 3DG-20 wt% VS, showed a reversible and capacitive
behavior without sign of ohmic drop. From integrating the discharge
plot, the cell reached a high capacitance of 161 F g~! at the current
density of 1 A g~'. Fig. 8c shows the GCD profiles of 3DG-20 wt% VS,
recorded at an extremely high current density of 50 A g~!, 70 A g~!,
and 100 A g~'. Interestingly, the sample with the lower percentage of
VS, almost preserved its capacitive performance at such high current
regimes, where only a 0.25V IR-drop was observed (at 100 A g~!). From
the Electrochemical Impedance Spectroscopy (EIS) spectra, the vertical
Warburg line shows almost no diffusion resistance against ions trans-
portation. Reaching such a favorable capacitive performance requires
high accessibility of ions to the internal porous structure of the electrode
(Fig. 8d) [42]. In the case of hybrid electrodes, the key factor is the dom-
inance of fast, surficial rather than sluggish, bulk redox activities. Also,
VS, has a small band gap of 0.187 eV which reduces the impedance
against electron transport [25]. Fig. 8e reveals the difference of the ob-
tained capacitance as a function of frequency. 3DG-20 wt% VS, showed
a semi-linear capacitance variation and a 71% capacitance retention
up to 1 Hz. These results are in agreement with the data from pore
size distribution (Table S2). In fact, the high dynamic of charge prop-
agation can be assigned to the presence of mesopores in 3DG-20 wt%
VS, [43].

A three-electrode cell investigation was further carried out to mon-
itor the electrochemical behavior of individual 3DG-20 wt% VS, posi-
tive and negative electrodes with respect to the SHE reference electrode.
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Fig. 6. TEM images (a, b, ¢) and SAED pattern of the freeze-dried 3DG-20 wt% VS,
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Fig. 7. Determination of the maximum operational voltage window of 3DG-20 wt% VS, in 1M LiNO5: CV analysis at the scan rate of 5mV s™! (a) and GCD profile
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Fig. 9a illustrates the CV plots recorded at 5 mV s~! while the potential
window is gradually extended.

As it can be seen, the negative electrode has a pure capacitive behav-
ior with no apparent current rise following the extension of potential.
The positive electrode showed a wide redox peak (hump) in the potential
range of -0.1V to 0.4V that can be assigned to the bulk redox activities.
However, the high broadness of this peak may indicate a combination of
surface pseudocapacitive and bulk faradaic currents that are responsi-
ble for such a current rise. To determine the ratio of mentioned currents
of the appeared hump (without contribution of electrical double layer
(EDL), i.e., rectangular part), the power equation was employed [44]:

i, = a’ )

where, i, is the peak current in a specific potential vs Ag/AgCl, a and b
are constant parameters, and v is the scan rate. CV analysis in a broad
range of scan rates was carried out for the positive electrode (Fig. 10a).
The peak current in each scan rate was determined, and subsequently,

a plot based on the log of ip vs log of scan rate (v) was drawn (Fig. 10b).
The slope of the fitted line (b) can be in the range of 0.5 (bulk faradaic
response) to 1 (surface pseudocapacitive). The slope of the fitted line
(0.62) shows more bulk redox currents responsible for this peak.

To measure the contribution of capacitive and diffusion-controlled
mechanisms in the total capacitance of the positive electrode, a plot
based on the variation of capacitance vs v ~/2 was drawn (Fig. 10c).
The capacitance (Cyp) can be written as follow:

1
Gp= o / (I + 1y)dv ®

Where m is the mass of the electrode, v is scan rate, AV is the poten-
tial window. The diffusion-controlled current (I4.) and the double-layer
driven current (I) are according to Egs. (4) and (5), respectively [45]:

I, = ko'/? )

Iy = kyo O]
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Fig. 9. Electrochemical performance of the EC cell based on 3DG-20 wt% VS, in 1M LiNO,: CV of the positive and negative electrodes at 5 mV s~! (a). Variation of
the electrode potential vs. voltage along with the thermodynamic limit of O, and H, evolutions (b).

Therefore, Eq. (3) can be as follow:

i " 1 /
C, = k dv koo dV 6
P muAV/ v * moAV 2v ©

In Eq. (6), ky, k,, and v are independent of the potential variation.
Thus, this equation can be as follow:

K, -1 K,
Cp=—02+— )

In this equation, %v_% and % represent the capacitance as the re-
sult of the diffusion-controlled current and double-layer driven current,
respectively.

Hence, a plot based on capacitance vs v was drawn. The inter-
section point of the fitted line with the vertical axis shows that 28% of
the total capacitance from the positive electrode can be due to diffusion-
controlled current.

This result further proves the low proportion of bulk to surface active
sites in 3DG-20 wt% VS, Interestingly, both negative and positive elec-
trodes showed no sign of oxygen and hydrogen evolution while cross-
ing the thermodynamic limit of HER and OER. Especially, the 3DG-20
wt% VS, showed a stable capacitive performance under the negative
polarization beyond the HER line. One probable reason may lie in the
effect of anions on the stability of water molecules. Here, NO;~ acts as
a chaotropic agent to decrease the tendency of H-bonding among H,O
molecules. ['°7 In contrast to the theoretical potential value of hydro-
gen evolution, therefore, the cell can proceed to a wider potential range
beyond the HER line. In agreement with the two-electrode cell experi-
ments, no catalytic H, evolution was observed. The diagram on the right
side shows that both electrodes work relatively in the same width of po-
tential range (Fig. 9b). Expansion of the potential window to 2V led to a
shift of both negative and positive potential ranges toward the negative
values versus SHE, probably due to the electrolyte decomposition or the
redox activity of by-products.

The proposed mechanism for the surficial redox reaction in 3DG-20
wt% VS, can be described as follow:

-1/2

VS, +xLi* +xe” < VS, Lit, ®)

Fig. 11 schematically presents the structure of the vanadium disul-
fide layer as well as the proposed sites for adsorption of Li ions at the
surface. It has been proven that monovalent cations such as Lit effec-
tively can be adsorbed at the surface of the VS, lattice. Efficient adsorp-
tion at surface of VS, occurs while Li ions are placed at the top of S~
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ions. In this position, Li ions will be coordinated by three V ions. Irre-
spective of the type of the active sites, the adsorption requires a very
small adsorption energy between -1.25 to -2.5 eV [46].

Generally, the assembled cell based on 3DG-20 wt% VS, operated in
a higher voltage range (1.8 V) in comparison with that of 3DG (1.5 V).
One of the probable reasons behind such improvement might be the ef-
fect of TAA on the substrate during the self-assembly and hybridization
reaction. To gain an insight into this theory, 3DG in presence of TAA,
with the same amount that was used during the preparation of 3DG-20
wt% VS,, was prepared, and the sample was named 3DG-20 wt% TAA.
Figure S11 represents the electrochemical performance of the sample.
Interestingly, the CV profile of the substrate after reduction appears to
be considerably different from the pristine CV profile of 3DG and paral-
lel to that of 3DG-20 wt% VS, (Figure S11a). The first point to mention
is the absence of voltage-dependent current increase that was already
seen in the CV of 3DG. From the GCD plot (Figure S11b), the calcu-
lated specific capacitance is 131 F g=1, which is lower than that of 3DG,
148 F g1, due to the loss of oxygen content. From Figure S11c-d it can
be seen that 3DG-20 wt% TAA illustrated similar conductivity as that
of 3DG-20 wt% VS,. Figure S12 illustrates the electrochemical perfor-
mance of 3DG-50 wt% VS, in a two-electrode cell. With the increase
of the percentage of VS, to 50%, the electrode showed a considerable
resistive behavior in comparison with that of 3DG-20 wt% VS, (Fig-
ure S12a) By increasing the dominancy of slow faradaic currents in the
bulk, surface-based redox activities are no longer the main reason of
energy storage within the cell. Considering the CV plot, there are two
pairs of redox peaks at 0.55V and 0.85V. Figure S12b demonstrates the
charge-discharge profiles which was recorded at low current density.
Deviating from an ideal capacitive response, the sample showed a resis-
tive behavior. Additionally, the cell showed a poor reversibility be gain-
ing almost no charge, especially at the upper half of discharge plot. From
the EIS spectra (Figure S12c), the slope of the Warburg line reveals high
diffusion resistance against the penetration of ions to the pores. Trac-
ing the variation of capacitance versus frequency, extracted from EIS
plot, indicates a poor rate of charge propagation within 3DG-50 wt%
VS, (Figure S12d). Such a high degree of VS, loading led to blockage
of mesopores and loss of the interconnectivity of the porous framework
which play a vital role in accumulation of the charge. To further specify
the origin of the appeared peaks in the CV plot, a three-electrode cell
investigation was carried out on 3DG-50 wt% VS, (Figure S13). The ap-
peared peaks at 0.4V are assigned to the faradaic activity of V+4/v3+
ions.[?8) In addition, the cell based on 3DG-50 wt% VS, showed a limit
potential range which is closer to the thermodynamic limits. The pro-
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1 Fig. 11. Schematic representation of a VS, layer, including the
proposed sites for adsorption of Li ions at the surface.
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Fig. 12. Schematic representation of physical interaction in between ions and electrode materials in 3DG-20 wt% VS, (left) and 3DG-50 wt% VS, (right).

posed energy storage mechanism for insertion of ions in 3DG-50 wt%
VS,, can be described as follow:

XLi* 4+ xe” + VS, < Li,VS, ©)

Fig. 12 compares the schematic representation of the proposed inter-
actions that exist between ions and VS, in 3DG-20 wt% VS, and 3DG-50
wt% VS,, respectively. In accordance with the obtained SEM results, VS,
units (brown spheres) show a homogenous distribution and a proper dis-
tance from each other at the surface of graphene walls in 3DG-20 wt%
VS,. This arrangement allows the fast adsorption/desorption of elec-
trolyte ions at the surface of the electrode. On the other hand, VS, units
in 3DG-50 wt% VS, are grown over each other in a layered fashion.
Such structure requires long-distance intercalation of ions to the inter-
nal space of VS, layers. It is worth mentioning that 3DG-VS, with 10%,
30%, and 40% of VS, were prepared, as well. However, the performance

- -m- - Specific Capacitance (integral of discharge plot)
- -@- - Specific Capacitance (discharge time)

of the two first samples was similar to 3DG-20 wt% VS,, while 3DG-40
wt% VS, showed a comparable performance to 3DG-50 wt% VS,.
Figure S14 compares the performance of 3DG, 3DG-20 wt% TAA,
3DG-20 wt% VS,, and 3DG-50 wt% VS, Considering the CV profiles,
3DG-20 wt% VS, showed a higher capacitance (164 F g~!) than the
other hybrid electrode and bare substrates. EIS analysis, recorded from
100 kHz to 1 mHz includes a semi-circle in higher frequency and a verti-
cal line in low frequencies. The difference between the recorded equiva-
lent series resistance is because of cell assembling. The pressure applied
during cell construction was tuned to be maximum without destruction
of the porous skeleton of the electrode materials. The power capabil-
ity of the samples was further evaluated by drawing a plot based on
the variation of capacitance values versus the frequency (Figure S14c).
The specific capacitance values were calculated at 1 Hz to underline the
rapid response of the electrodes. While 3DG-50 wt% VS, reached 21%
of its initial capacitance, 3DG-20 wt% VS, was able to preserve 71% of

Fig. 13. Variation of specific capacitance, energy efficiency, and
coulombic efficiency as the function of current density for 3DG-20
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Fig. 14. Ragone plot of 3DG-20 wt% VS, and 3DG-50 wt% VS, (a). Capability of 3DG-20 wt% VS, at the current density of 1 A g=! (b).

the initial capacitance recorded at 1 Hz. Fig. 13 indicates the variation
of the specific capacitance, coulombic efficiency, and energy efficiency
at different current densities for 3DG-20 wt% VS,. The net variation of
the specific capacitance and current density represents the high power
capability of 3DG-20 wt% VS, from low to extremely high current den-
sities. Another key point is to highlight the variation of coulombic ef-
ficiency and energy efficiency with the current density. In the case of
3DG-20 wt% VS, these values show a relatively similar and close vari-
ation with respect to the current density. Conversely, these values are
not comparable in the case of 3DG-50 wt% VS, (Figure S15).

High power density materials show a typical, triangular shape of the
GCD plots which leads to relatively similar coulombic and energy ef-
ficiency values. On the other hand, battery-like electrodes show slow
charge propagation, and a smaller integral area of the discharge plot,
especially in the upper half of the voltage window, which results in dif-
ferent coulombic and energy efficiencies. Fig. 14a illustrates the Ragone
plot which is based on the calculated energy density and power density
of the EC at the low current densities. 3DG-20 wt% VS, was delivering
an energy density of 18 Wh kg~! at the power density of 431 W kg~!.
On the other hand, 3DG-50 wt% VS, reached an energy density of 3.98
Wh kg~! at the power density of 193 W kg~!. To investigate the long-
term stability of the optimum sample, 3DG-20 wt% VS, was subjected
to repetitive charge-discharge cycles at 1 A g~! while cycling continued
till 20% of initial capacitance loss was observed.

Fig. 14b represens the obtained data from this analysis. 3DG-20 wt%
VS, preserved 80% of its initial capacitance reaching 8000 cycles.

3. Conclusions

This work presents a rational pathway for integrating carbon-based
electrodes and TMDs toward designing hybrid ECs with a high energy
density without sacrificing their favorable power performance. Expand-
ing the working voltage window of the cell was accomplished through
adopting main strategies as follows: (i) designing a highly porous struc-
ture based on free-edge graphene walls which enhances the smooth-
ness of the electrode surface, and reduces the possibility of aqueous
medium decomposition. (ii) Adopting a capacitor-toward-battery ap-
proach rather than a battery-toward-capacitor one in designing the hy-
brid ECs by integrating VS, with an optimum amount which resulted in
maintaining the initial, high power capability of the substrate, as well
as reducing the rate of catalytic activities. (iii) Choosing the proper elec-
trolyte, including an anion with a chaotropic nature, decreases the rate
of H-bonding between the water molecules, and therefore, increases the
stability of the aqueous medium beyond 1.23V. Employing the afore-
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mentioned strategies allowed the assembled cell based on the optimized
composite electrode to deliver stable electrochemical performance in a
wide range of working voltage up to 1.8V as well as 80% of capacitance
retention after 8000 continuous charge-discharge cycles at 1 A g~'.
The hybrid electrode showed a supreme capacitive performance while
demonstrating almost no resistance in a wide range of sweep rates from
5mVs~! to 3000 mV s~!. Additionally, 3DG-20 wt% VS, showed a 71%
of capacitance retention at the frequency of 1 Hz, which reveals the su-
perfast response of the hybrid electrode. Finally, the cell reached a high
energy density of 18 Wh kg~! at the power density of 430 W kg~! at
a current density of 1 A g~!, while at 100 A g~! the hybrid electrode
reached an energy density of 12 Wh kg~! at the high power density of
31000 W kg~!. Enhancing the energy density of the prepared ECs with
preserving its favorable power rate gives a reasonable way towards en-
ergy storage applications.
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Motivation

MXenes are an interesting class of 2D layered materials that have been investigated
frequently as the EC electrode. However, the main focus was on their charge storage
response in a narrow range of negative potentials and there was no information
regarding the performance of MXenes in a full cell. The mechanism behind the
hydrogen storage of titanium carbides was remained unclear, and therefore, this study
aimed to elucidate it. For this purpose, it was needed to evaluate the electrochemical
response of MXenes in agueous media with different pH to understand its effect on
the hydrogen adsorption/desorption. In addition, it was necessary to understand the
type of interactions by which hydrogen atoms or molecules are adsorbed at the surface
of MXenes. Furthermore, the working voltage of MXene-based ECs was severely
limited. Hence, it was important to find alternatives for realizing cells with efficient,
wide voltage operating.

Careful evaluation of electrochemical interactions at the electrode/electrolyte
interface, provided us with key information regarding the severe charge and potential

imbalance between the negative and positive electrode. It was found that titanium
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carbide MXenes are exclusively active at the negative potentials, where a combination
of capacitive and faradaic currents (hydrogen electrosorption) contribute to the energy
storage. Different mechanism was suggested for the nature of interactions that are
involved in the hydrogen storage of MXenes.

The cell voltage significantly was improved by realizing asymmetric ECs based on
MXenes as a negative electrode and positive electrode in the form of activated carbon.
In this case, a very wide working voltage (2V) in neutral electrolyte was obtained. Long-
term cyclability of the cell was reached with 80% of its initial capacitance value after

22000 cycles.
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Ti;C,T, MXene as Intriguing Material for Electrochemical

Capacitor

Masoud Foroutan Koudahi and Elzbieta Frgckowiak*

This study provides meaningful insight into the charge storage in Ti;C, T,
MXene (M-transition metal, X-carbon, T-Cl, F, O) for electrochemical capacitor
(EC) application. The experiments show that this 2D material is especially
adapted for the hydrogen electrosorption under negative polarization. It is
found that hydrogen bonding to the Ti;C, T, surface occurs through
interactions of various strength. Different mechanisms are suggested to
explain the nature of H stored at the electrode/electrolyte interface depending
on pH and potential range. For the negative potentials, both capacitive and
faradaic currents are involved, and the electrode can operate in a relatively
wide range. On the other hand, the narrow range of positive potentials limits
whole voltage of EC. Such charge disproportion has a major impact on the
performance failure of symmetric MXene-based ECs. New design of MXene
cells with a wide operating voltage is introduced. To equalize the charge
storage of both electrodes, the positive Ti,C,T, electrode is replaced by the
porous carbon (BP2000) with a wide working potential and a good capacitive
response. Thus, EC operating voltage is considerably expanded to 1.3, 1.4,2 V
in acidic, basic, neutral medium, respectively. During cyclingtests at 1A g™',
the asymmetric cell MXene/BP2000 maintains 809 ofinitial capacitance after

22 000 cycles.

1. Introduction

Today’s world is facing an urgent need for replacing fossil fu-
els with clean and renewable energies. Considerable market de-
mand is based on portable electronic applications, and there-
fore, having safe and reliable energy storage devices is essen-
tial. Electrochemical capacitors (ECs) store energy by reversible
adsorption/desorption of ions at the electrode surface. Follow-
ing such non-faradaic mechanism, ECs deliver a high power
response but moderate energy in a wide voltage range.'l In
recent years, many studies have been dedicated to improving
the energy output of ECs. The contribution of faradaic currents
through integrating pseudocapacitive and carbon materials,”*"!
doping hetercatoms,'* and grafting redox active functionalities

M. F. Koudahi, E. Frackowiak

Institute of Chemistry and Technical Electrochemistry
Poznan University of Technology

Poznan 60-965, Poland

E-mail: elzbieta. frackowiak@put.poznan.pl

The ORCID identification number(s) for the author (s) of this article
can be found under https://doi.org/10.1002/sml|.202307 165

DOI: 10.1002/smll.202307165

Small 2023, 2307165

2307165 (1 0f12)

at the surface®l enhance the capacitance
of the cell. Electrochemical hydrogen stor-
age play an important role for batteries,
e.g., Ni/MHs, fuel cells, supercapacitors.'!
Materials with the high ability to store hy-
drogen can improve the energy storage of
a system. MXenes (M-transition metal, X-
C or Nj are a new 2D family as promis-
ing hydrogen storage host!/"*l Different
interactions are responsible for hydrogen
storage in MXenes. Generally, in 2D ma-
terials the hydrogen storage can proceed
by physisorption, chemisorption, or Kubas
interactions.*'"! In physisorption, molecu-
lar hydrogen is adsorbed at the surface by
the weak van der Waals interactions. 2D car-
bons such as multi-layered graphene (3-6
stacked flakes) store hydrogen by the van
der Waals forces with a gravimetric stor-
age capacity of 0.85 wt%.!!l However, the
binding enthalpy of H, molecules with the
graphene surface (2-10 k] mol™') is insuf-
ficient and below the calculated ideal en-
thalpy (20-30 k] mol~')./'¥ Chemisorption
consists of three stages, including evolution
and subsequent dissociation of molecular
hydrogen, followed by a strong chemical sorption of hydrogen
atoms. Carbon electrodes store hydrogen by adsorption of hy-
drogen originated from the reduction of hydronium ions (in
acidic media) or the water molecules (in basic/neutral media).!*!
Strong binding is possible through Kubas bondings, where the
elongated hydrogen molecules (¢ orbitals) and the metallic ad-
sorbent (x orbitals) form a complex."! In terms of the bond-
ing strength, this interaction can be placed between physisorp-
tion and chemisorption. As already mentioned, MXenes are the
recent member of 2D layered materials that show a promising
hydrogen storage performance even beyond the designated U.S.
DOE target (5.5 wt%). A theoretical survey indicates the total stor-
age capacity of 8.5 wt% for Ti,C, including 3.4 wt%, 1.7 wt%,
and 3.4 wt% of the share for physisorption, chemisorption, and
Kubas interactions.! "l MXenes are made of transition metals (T,
Nb, Mo, etc.) that are intervened by carbon or nitrogen layers.
Such combination allows MXenes to offer a high conductivity
and storing performance for energy applications.!'™" The re-
moval of aluminum from the MAX (M-transition metal, A-Al, X-
C or N) phase provides a tunable interlayer spacing '*! for ionic or
molecular insertion. Using etchants during the top-down prepa-
ration leads to the formation of various functional groups at the
surface, which can be further optimized.”! Some theoretical

€ 2023 Wiley-VCH G mbH
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Figure 1. XRD characterization of Ti;AIC, and Ti;C, T,

modeling was carried out to explain the storage performance of
MXenes.'> !l However, there are only few experimental studies
related to the storage mechanism or the nature of interaction that
occurs between hydrogen and MXene surface.

In this paper, MXene (Ti,C,T,) material (T-Cl, F, O), originat-
ing from MAX (Ti;AlC, ), was investigated physicochemically and
electrochemically in detail. The hydrogen storage in titanium car-
bide has been studied by cyclic voltammetry, impedance spec-
troscopy, and galvanostatic charge-discharge in different aque-
ous electrolytes with various pH values. Characteristics reveal
that hydrogen is stored in MXenes through different interactions.
Depending on the bonding strength, each interaction occurs in
a specific potential that can be detected in the voltammogram.
Furthermore, the acquired information provided a comprehen-
sive explanation regarding the reaction overpotential of titanium
carbide! ***'| A big difference between the capacity of the nega-
tive and positive electrodes has the main impact on cell perfor-
mance being at the ongin of the low EC voltage. To address this
problem, we demonstrated that the working voltage of MXene-
based ECs can be substantially expanded by selecting electrode
materials with proper charge response and working potential.
The assembled asymmetric cells were operating in a wider volt-
age range, compared to their symmetric counterparts. In the case
of the asymmetric EC in 1M Li,SO,, the cell showed a stable and
long lifespan at the high voltage.

2. Results
2.1. Physicochemical Characterization

To evaluate the expansion degree of the prepared Ti,C,T,, XRD
analysis was carried out (Figure 1). Shifting the location of the
002 peak can be assigned to the successful delamination of the
MAX phase to its respective MXene.'*! Using Bragg's law, a cor-
responding c lattice value was increased from 4.626 A in Ti,AlC,
to 5.814 A in the case of the Ti,C,T,. The intensity of 104 peak
in Ti,C, T, shows a considerable decrease in comparison with
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that in the MAX phase, which is due to the successful removal
of aluminum, %!

The quantitative analysis of the Ti, C, T, surface was performed
by XPS analysis (Figure 2). MAX compound Ti,AlC, spectra are
shown in Figure §1 (Supporting Information). Surface concen-
trations of chemical bonds obtained from fitting XPS data for
all analyzed samples are listed in Table S1 (Supporting Informa-
tion). The Ti 2p spectra of Ti,C, T, (2a) and Ti;AIC, (S1a) can be
fitted with three 2p doublet structures (p, ,—p, , doublet separa-
tion equals 5.2 eV for Ti** state, 5.7 eV for the Ti** state and 5.6 eV
for TiC) originating from the three different states of Ti. Tita-
nium is found mainly in TiC which appears asa 2p, , centered at
455.0 eV, secandly there is visible Ti** oxidation state from Ti, 0,
or TiF or TiCl expressed with 2p, , line at 456.6 eV (2a) and the
line at 458.8 eV indicates the presence of Ti** state in TiO, | ***
The Al 2p spectrum of Ti;AlC, (S1b) was fitted with two dou-
blet structures (doublet separation p,,-p,, equals 0.4 V) with
first main 2p,; line centered at 72.1 eV which indicates metal-
lic aluminum and second 2p,, line at 74.5 eV which specifies
Al** oxidation state mostlikely in ALO, or Al{OH),.!*] The C 1s
spectra of TiyC, T, (2b) and Ti;AlC, (S1¢) can be fitted with three
components: first line positioned at 281.7 eV which indicates Ti-
C carbide, second line at 285.0 €V shows presence of aliphatic
carbon C-C and/or C = C type bonds and last line at 289.1 eV
which originates from O-C = Otype bonds.*” The O 1s spectraof
Ti,C, T, (2c) and Ti,AlC, (§1d) were fitted with two components:
first line centered at 530.1 eV which indicates mainly metal ox-
ides like O-Ti and O-Al or organic species containing O = C type
bonds and second line at 531.8 eV from either metal hydroxides
and/or some part of O = C organic bonds and O-Si bonds.*®! The
Cl 2p spectrum of Ti,C, T, (2d) was fitted with one doublet struc-
ture {doublet separation p,,~p,, equals 1.6 eV) with main 2p,,
line centered at 199.1 eV which proves presence of Cl™ ions in
TiCL.26]

Fluorine 1s spectrum (2e) was fitted with a single line posi-
tioned at 684.9 ¢V which points out the presence of F~ ions in
TiF,."*! Figure 3 presents the cross-sectional SEM images taken
from Ti;AlC, (3a) and Ti;C,T, (3b). The MAX phase has a dense
structure made of strongly stacked layers with ne available in-
terlayer space. In addition, MAX particles have a broad range of
size. Etching of the aluminum resulted in delaminated Ti,C,T,
flakes with better accessibility to the interior surface and inter-
layer space, however, a part of the bulk grains was left partially
untreated by the etchant.

In general, the flakes are relatively thin and they are made of
a few stacked Ti,C, T, layers. However, the random nature of the
etching process leads to the presence of thicker Ti,C,T, made of
more layers.

The elemental mapping of the MAX and MXene phases are
presented in Figures 52 and 53 (Supporting Information), in-
cluding the EDS results together with the elemental analysis. The
homogenous dispersion of Ti, C, F, and Cl can be noticed in the
prepared MXene. The decrease of the aluminum amount from
21% to 2% correlates with the observed delaminated structure
of the MXene. In addition, the amount of chlorine from 2% in
Ti;AlC, was increased to 7% in titanium carbide which can be
taken as the dominancy of the Cl terminals at the surface of Tilay-
ers. Figure 3cd shows a cross-section of the electrodes prepared
fromTi,C,T,. Obviously, a binder (PTFE) and conductive additive
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Figure 2. XPS spectra of Ti;C, T, including, Ti 2p (a), C 1s (b), O 15 (c), Cl 2p (d), and F 15 (e).

modify the electrode morphology. Nitrogen sorption isotherms
in Figure 4 present the surface area and pore size distribution of
the samples. Delamination of MAX phase leads to an increase of
the accessible surface area of the MXene. From the SEM images,
the presence of untreated MAX grains was noticed. This means
that the resulting particles have a broad range of distribution.
Therefore, the delaminated particles were separated from the un-
treated ones for further analysis. For this purpose, the MXene
aqueous dispersion was subjected to centrifugation at 3500 rpm
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for 1h, and the supernatant, containing fine MXene layers, was
separated after the precipitation. BET analysis on the dried super-
natant shows the surface area of 24 m’ g~' that is considerably
higher than the average surface area (4 m’ g™'). Previously re-
ported N, isotherm of Ti,C, T, demonstrates also that adsorption
and desorption proceeds with different energy!*'l We have also
performed a nitrogen sorption on the prepared electrodes. Spe-
cific surface area of the electrodes was comparable to S SA of pure
Ti,C,T, and it was equal to 10 m* g~'.
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Figure3. SEM images of Ti;AlC, (a) and Ti;C;T, (b). Cross-section of Ti;C, T, electrode (c), {d).

2.2. Electrochemical Characterization

In the first step, the voltage stability of two-electrode symmet-
ric cells based on titanium carbide in different aqueous media
was evaluated. In 1 M H,SO,, the cell showed a pure capaci-
tive behavior up to 0.5 V (Figure 5a). However, the expansion of
the voltage from 0.5 to 0.9 V resulted in a stepwise change of
mechanism into the strong faradaic response. Further extension
beyond 0.9 V led to a severe decline in the cell’s performance,
i.e., the gradual electrolyte decomposition. In neutral pH (1 M
Li,SO,), the cell based on Ti,C,T, showed a relatively stable ca-
pacitive behavior in a wide range of voltage from 0.5 to 1.3 V
(Figure 5b).
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A moderate increase in the current’s response was noticed dur-
ing the voltage extension. In the alkaline medium, the voltam-
mograms show a typical EDL response up to 1 V (Figure 5¢).
Above 1 V, a rapid current rise related to the electrolyte decom-
position was recorded. To find the reason behind the various
working voltage, especially in acidic pH, the electrochemical per-
formance of titanium carbide was evaluated separately for pos-
itive and negative electrodes, using a three-electrode symmet-
ric system (Swagelok cell equipped with reference electrode).
Figure 6 presents the obtained results from the gradual expan-
sion of the potential at scan rate of 5 mV s™! in (a) acidic, (b) neu-
tral, and (c) alkaline electrolytes. The positive Ti,C,T, electrode
showed a considerably narrow working potential range (0.3-0.6 V

(b) ' '
0.008 1
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0.006 1 ——TisC,T, T

———Ti3C, (few layered flakes)

o
o
[
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!

0.002 4

. .
1 10
Pore Width [nm]

Figure 4. N, sorption isotherms at 77 K (a) and pore size distribution (b} of Ti;C,T, and Ti;AlC,.
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Smmall 2023, 2307165 2307165 (5 of 12) © 2023 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

NAND - MICRD | I

www.advancedscien cenews.com

Capacitance/F g’

@ ool T RO T W&
400 -
-~ 200 E
‘™
T ;
g 200 E
2
S 00 . : 1
g o Ti,C,T, in 1M H,S0,
-] 5mvs? ]
-800 - .
-1000 E
-1 200 i L] T |l—|ER L} T T L] T OER T i
04 02 00 02 04 06 08 10 12
Potential vs. SHE/V
(c} T T T T T T T T T
wod O ot inevkon HEH)
Hydrogen desorption
'_J_.,._;'.
o 200 } 7
L
8
5
w0 i
(1]
o
[u]
O
-200 4
i 5mvs’
400", __‘,—'I Hydrogen sorption i
T t'ER T T . T T T Q'ERI
14 12 -10 08 06 -04 -02 00 02 04

Potential vs. SHE/V

www.small-journal.com

BEO it inmuso, 4
Hydrogen desorption - -~ .

i

z

400

;

»

g
b=
L=

o
(=}
1

5mvs’! J

QER

) T J;-lER T L] T T T T
10 -08 06 -04 D2 00 02 04 06 08
Potential vs. SHE/V

-400

Figure 6. CV graphs of TiyC,T,, assembled in a three-electrode Swagelok cell, for the positive and negative electrode, separately. 1 m H;50, (a), 1m

Li; SO (b), and 6 M KOH (c) at the scan rate of 5 mV s~!. Au collectors,

versus SHE) in the acidic medium (Figure 6a) which is far below
the theoretical value of O, evolution (1.2 V). Oxidation process of
the MXene electrode is clearly observed above 0.6 V versus SHE.
Following the negative electrode, titanium carbide presented a
capacitive behavior in the narrow range of potential related to
sorption and desorption of solvated hydronium ions. However,
when the potential range was gradually extended towards the
negative values, the EDL response was accompanied by faradaic
currents. Interestingly, a well reversible current response gradu-
ally increased even beyond the theoretical value of H, evolution
{(—0.03 V) that allowed the electrode to operate in a wider potential
window.

To gain a better insight into the origin of the aforementioned
hump, the capacitive and faradaic currents in the system were in-
vestigated in detail. For this purpese, the Ti,C,T, electrode was
assembled in a three-electrode homemade cell with electrolyte ex-
cess that allows better diffusion. Figure S4 (Supporting Informa-
tion) indicates the CV response of titanium carbide in 1 m H, S0,
during the negative polarization. The EDL behavior of Ti,C,T,

Small 2023, 2307 165

2307165 (6 of 12)

was accompanied by the well visible faradaic currents during the
gradual potential extension. It can be seen that response at 0.15 V
versus SHE is located above the theoretical limit of H, evolution
(—0.03 V vs SHE), hence, it should be related to the desorption of
strongly adsorbed hydrogen. Below —0.2 V versus SHE, the rate
of H, evolution has become intensified. Following such a cur-
rent’s rise, another oxidation hump dlose to the theoretical border
appeared that is a clear sign that hydrogen is differently bonded
to the electrode. 1t is well known that the hydrogen evolution
can occur at underpotential and/or overpotential conditions, ¥/
and therefore, hydrogen desorption may occur at different po-
tential values. Taking into’ account the acidic medium (Figure
54, Supporting Information), the nascent hydrogen begins to ap-
pear even below the theoretical line, hence, hydrogen evolution
reaction can be defined as follows:

H'+4+e™ — H,, (Volmerstep) (1)

2H,, — H, (Tafelstep) (2
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H*+H_ . +e” — H, (Heyrovskystep) (3)

Once the adsorption energy for hydrogen is lower than the en-
ergy needed for H release, and Tafel or Heyrovsky steps have a
low activation barrier, a number of adsorbed hydrogen can com-
bine into H,, Otherwise, the adsorbed hydrogen can diffuse to the
inner space between the titanium carbide layers and becoming
trapped in sites with higher adsorption energy (chemisorption).
Our previous studies on hydrogen storage into activated microp-
orous carbon indicate the correlation of sorption/desorption po-
tentials with the different strength of interactions.!*?! While H
physisorption may occur more easily, i.e., at less negative poten-
tials, Kubas interactions or chemisorption happen at more neg-
ative potentials (more energy needed). Therefore, it can be said
that the peak at —0.03 V versus SHE belongs to desorption of H,
molecules, and the peak at0.17 V versus SHE is assigned to des-
orption of H, ;.. Our experimental results link the nature of inter-
actions between the hydrogen and Ti;C, T, surface obtained from
molecular calculations, i.e., physisorption and Kubas interactions
which contribute equally (3.4 wt96). | Considering the fact that
both ill-defined peaks are well separated it proves that two types
of H sorption sites exist. Hence, anodic humps at —0.03 V and
0.17 V may be designated to release H, molecules that were ad-
sorbed by physisorption and Kubas bonding, respectively.

In 1 M Li,SO, (Figure 6b), Ti,C,T, showed an EDL perfor-
mance in a wide voltage range (to 1.3 V), mainly due to the sta-
ble performance of the electrode in negative potential, Never-
theless, the positive polarization of the Ti,C,T, resulted in the
same charge response as that of titanium carbide in the acidic
electrolyte. Comparing the charge of the negative and positive
electrodes, there is a significant imbalance between both elec-
trodes. Below —0.8 V versus SHE, the capacitive response of the
electrode was accompanied by parasitic currents (H, bubbling),
and therefore, reaching a stable current by further expansion
was not possible. The oxidation peak at 0.1 V versus SHE orig-
inates from desorption of the hydrogen that was more strongly
adsorbed, probably chemisorbed. Considering the CV response
of Ti,C,T, in the alkaline medium (Figure 6¢), a more rectan-
gular CV profile was obtained in comparison with that in acidic
and neutral media. Especially, above the theoretical water reduc-
tion limit (from -0.3 to —0.8 V versus SHE range), titanium
carbide showed almest a pure EDL response. Lower than this
value (—0.83 V), the faradaic currents caused by hydrogen adsorp-
tion /desorption were observed. The mild hump at —0.7 V versus
SHE is assigned to the moderately stored hydrogen. Figure 85
(Supporting Information) presents the EIS spectra recorded after
each 200 mV of potential expansion during the negative CV po-
larization. After the first step of potential expansion, in acidic and
neutral media, the cell shows a charge transfer resistance (semi-
circle) and Warburg diffusion response (vertical line). Further po-
larization towards negative potential results in the disappearance
of the semicircles and a lower diffusion resistance. In alkaline
electrolyte, the EIS spectra consisted of a vertical Warburg line,
and almost no charge transfer was detected during the step-wise
expansion of potential. Generally, in the acidic medium titanium
carbide showed a considerable capacity in a narrow range of volt-
age which was mainly due to the reversible redox reactions of
hydrogen. In the neutral medium, on the other hand, the cell op-
erated in a wider voltage window with a mediocre capacitance.
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To exploit both advantages, the influence of electrolyte pH on the
CV response of Ti,C,T, in 1 m Li,SO, (pH adjusted to 2 and
3)and 1 m BeSO, (pH 2) was investigated. Figure 7 indicates
the obtained voltammograms from the three-electrode symmet-
ric cell experiments. Separate polarization of the electrodes in-
dicates the presence of a redox peak in pH 2 (Figure 7a) and in
pH 3 (Figure 7b) that are comparable to the observed hump in
1M Li,SO, (Figure 6b). The addic pH of the electrolyte drives
the negative electrode to perform in a relatively narrow potential
range (0.9 Vin 1 m Li,SO, with pH 2 and 3 versus 1.1 Vinlm
Li,SO,). In1 m BeSO,, the CV profile of Ti,C, T, negatively polar-
ized showed a redox peak below the theoretical line (Figure 7¢).
Further decrease of the cut-off potential from —0.35 to —0.45 V
versus SHE led to a sudden increase of the hydrogen evolution.
The first and the second peaks during the anodic scan can be as-
signed to desorption of weakly and tightly bonded hydrogen. As
it was expected, there is an imbalance between the capacity of
the negative and positive electrodes that can affect the working
voltage of the cell. Such inequality is due to the different storage
mechanism of both electrodes, especially oxidative degradation
of positive one.

Figure 7d compares the voltammogram of Ti, C, T, (-) in acidic
and neutral electrolytes. Decreasing the pH of the medium im-
proves the rate of hydrogen adsorption/desorption, ie., the ca-
pacity of the electrode but in the narrow potential range. In the
case of BeSO, electrolyte, the higher EDL capacity is observed
than for Li,50, with the same pH, it can be explained by the
smaller size of Be*" ionic radii (0.031 nm) than strongly solvated
Li* {0.060 nm).

In addition, we tried to study the hydrogen storage into the tita-
nium carbide by the galvanostatic charge—discharge test (Figure
56, Supporting Information). For this purpose, the homemade
cell was assembled with 1w H,S0,, 1 m Li,SO,, and 6 m KOH
using Ti,C, T, as the working electrode. At first, the electrodes
were conditioned within the respective stable potential, using
the cyclic voltammetry technique. After relaxation for 1 h un-
der OCV, the electrodes were negatively polarized to the low-
est potential for the hydrogen sorption and were kept at that
point for 12 h to adsorb hydrogen at the surface (current den-
sity of —0.5 A g™'). After that, a current density of +0.025 A g™!
was applied and electrodes were charged up to the highest
potential. It is interesting to observe the OCV values just af
ter the negative polarization. In the case of neutral and al-
kaline medium, the potential of electrode has negative values
—0.6 V versus SHE and -0.9 V versus SHE, respectively. Such
low potential value shows that in the electrode there is elec-
trosorbed hydrogen. However, in the case of acidic medium,
the potential of electrode rapidly reached the positive values.
From our experience gained with the hydrogen sorption in ac-
tivated carbon,!'*# it clearly shows that H-MXene interactions
are more weak in acidic medium than in alkaline and neu-
tral electrolytes. The anodic charge responses (Figure S6, Sup-
porting Information) reflect hydrogen desorption and they are
in agreement with the cyclic voltammograms (Figure 6). From
the previously reported studies by Compton and co-workers'®
carried out on TiC particles, there is no faradaic response due
to the oxidation of titanium carbide in acidic and neutral me-
dia within this potential range, hence, such a response can
be assigned to the electrodesorption of hydrogen from Ti,C,.
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in 1 m Li; 50, with: a) pH of 2; b) pH of 3;and ¢) 1m BeS0,. d) Comparison between the electrochemical performance of the negative Ti;C,T, in acidic

and neutral media. Au collectors.

Surely, the amount of hydrogen stored could be improved with
the more porous MXene samples and the higher interlayer
distance.

We have also performed some EC accelerated aging, so called
floating tests. The symmetric EC system was kept at the maxi-
mum voltage, i.e, 0.7 Vin 1w H,80, and 14 Vin 1 m Li,SO,.
Atthat time, all parasitic reactions could occur during these harsh
conditions and some oxidation of both electrodes was observed.
Oxygen content (wi%) of electrode (+) increased from 5.3% to
9.3%in1mLi,SO, and to 12.6% in 1 m H,S0,. For electrode {-),
the oxygen content increased to 10.4% in 1 m Li,SO, and to 9.3%
in 1 M H,80,. Hence, some moderate passivation of electrodes
cannot be excluded.

The effect of current collectors has also been investigated.
Gold current collectors were used for the com parative electrode
characterization. It was proven that the titanium-based materials
may show a great ability to store hydrogen.**! Figure §7 (Sup-
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porting Information) compares the CV response of the titanium
carbide in the negative potential range, assembled in a three-
electrode cell using titanium or gold current collectors. In 1 M
H,S0,, the capacity of Ti,C,T, shows a considerable improve-
ment (almost two times higher) once gold current collectors were
replaced by Ti ones. Such capacity increase even resulted in the
appearance of the two specific humps instead of one peak, simi-
lar to the observed in Figure S4 (Supporting Information). In our
investigation, we found that the current density shows a consider-
able increase as the potential range of study was expanded toward
the negative values. In 1w 1i,SO,, the assembled cell based on Ti
current collectors shows a relatively same capacity behavior but
in a wider potential window. In basic medium, the obtained CV
profiles are completely the same, and no meaningful difference
was observed. In general, it is better to avoid using Ti current
collectors while evaluating the reliable performance of MXenes
in acidic medium.
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Comparing the performance of Ti;C,T, in a wide potential
range indicates that symmetric cells based on titanium carbide
fail to meet the demand for wide voltage range ECs. Such draw-
back is mainly due to the following reasons: i) the restricted work-
ing potential of Ti;C,T, in negative potential ranges; ii) different
storage mechanisms of titanium carbide in the negative (capac-
itive and faradaic contribution) and positive (oxidative degrada-
tion) ranges that lead to a severe charge imbalance. Another strat-
egy such as cell modification might be a better approach to im-
proving the performance of Ti;C,T,-based ECs. It is well known
that the porous carbons show a stable electrochemical perfor-
mance in a wide range of potentials. Figure S8 (Supporting In-
formation) presents the electrochemical behavior of BP2000 in a
symmetric cell and as the negative and positive electrodes. Dur-
ing the negative polarization, molecular hydrogen will be evolved
(Tafel step). However, no H desorption was detected during the
oxidation. Compared to the positive Ti,C,T,, BP2000 can offer a
suitable capacitive response in a wide potential range. Thus, a se-
ries of asymmetric cells was assembled based on Ti,C, T, and BP
as the negative and positive electrodes, respectively. Figure 8a—
displays the recorded CV profiles from twe-electrode cell exper-
iments. In acidic and basic media, asymmetric cells were able
to perform up to 1.3 and 14 V, respectively. These values are
higher than the working voltage of symmetric Ti,C,T, cells in
1w H,80, (0.9V) and 6 m KOH (1 V). A more significant im-
provement was detected in case of the asymmetric cell in the
neutral medium, where a stable capacitive behavior up to 2 V
was recorded. Figure 8d-f shows the CV response of titanium
carbide and BP in various media. As it can be seen, the ma-
jor improvement is related to the performance of the positive
electrode (BP2000) that operates in a considerably wider poten-
tial window in comparison with the positively polarized Ti,C, T,
(see Figure 6). In a neutral medium, BP2000 operates even be-
yond the theoretical OER border, and it is 4 times wider than
the recorded working potential of the positive Ti,C, T, electrode
{08 V vs 0.2 V). In addition to the expansion of working po-
tential, there is a significant increase in the charge storage of
positive electrode. As it was mentioned, positively polarized tita-
nium carbide stores charge mainly through non-faradaic mech-
anism. While low surface area MXenes (4 m? g™') fail to store
a substantial part of charge, BP2000 with a well-developed mi-
cro/mesoporous surface area (~2000 m’ g~') can supply a high
capacitance. When thereis an imbalance between chargesofelec-
trodes, the capacitance of a cell will be restricted mainly by the
performance of the electrode with the lower capacity. Therefore,
charge balance between the negative and positive electrodes can
be taken as the other reason behind voltage expansion of asym-
metric ECs.

From the galvanostatic charge/discharge profile, the asymmet-
ric cell based on Ti,C,T, reached a coulombic and energy effi-
ciency of 100% and 83%, respectively (Figure 9). The typical con-
cave shape of the discharge curve shows that energetic efficiency
of EC is lower {83%) during whole galvanostatic tests.

To verify the stability of the cell's performance during long cy-
cling, the assembled asymmetric cell was subjected to continu-
ous charge-discharge cycles at 2 V till the capacitance of the cell
was decreased to 80% of its initial value (international standard
limit). The cell was able to operate up to 22000 galvanostatic
charge-discharge cycles at 1 A g~! which is quite promising in
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comparison with the previously reported data. In addition, an en-
ergy density of 11.4 Wh kg~' at a power density of 501 Wkg™" and
a current density of 1 A g7! was calculated.

3. Conclusions

MXenes are a new family of 2D materials applied for various en-
ergy storage systems. Yet, some drawbacks have to be overcome
to fully exploit them. Generally, they are not adapted as a posi-
tive electrode because they are easily oxidized and decom posed at
high potentials. On the other hand, they are attractive candidates
for a negative side. Ti,C,T, MXene was selected as a promising
hydrogen storage material that can be interesting for energy ap-
plications. However, in the literature there are no experimental
investigations regarding the mechanism or the nature of inter-
actions that are involved. This study aims to provide a better un-
derstanding of the energy storage of MXene in EC. For this pur-
pose, the performance of titanium carbide, as the main studied
member of MXene family, was evaluated using full cells in dif
ferent aqueous media and pH values. It has been noticed that
hydrogen adsorbs at the surface/bulk of MXene layers with dif-
ferent bonding strength. As tight bonding may occur depending
on pH, type of electrolyte and overpotentials, it is possible to dif-
ferentiate between the contributions of the weak and strong in-
teractions in the total hydrogen storage of MXenes. The two des-
ignated humps can be assigned to desorption of H, by physisorp-
tion and Kubas interactions. Following the obtained information,
we addressed the problem with the narrow working voltage of
symmetric Ti,C,T,-based ECs due to a lack of the stability for
positive electrode. 1t was found that a combination of capacitive
and faradaic currents is responsible for the energy storage of the
titanium carbide during the negative polarization. However, in
the positive range, a high disproportion with the negligible ca-
pacitive charge is observed. These factors are the two main rea-
sons behind the narrow working voltage of MXene-based ECs.
Employing carbon materials as the positive electrode, the agym-
metric cell based on MXene and BP2000 was able to operate to
1.3, 2, and 1.4 Vin acid, neutral and basic medium, respectively.
These values are substantially higher than the obtained values
from the symmetric Ti,C,T,-based ECs. The asymmetric cell in
1 M Li,SO, was able to reach the performance for continuous
22000 charge—discharge cycles that is quite promising in com-
parison with the previously reported values.

4, Experimental Section

Material Preparation:  Ti;C, T, was synthesized through the exfoliation
of the MAX phase (Ti;AIC;), using a combination of hydrochloric acid
{HCl) and lithium fluoride (LiF)1*73] Briefly, 2 g of LIF was added into
a polypropylene beaker containing 40 ml of 9 m HCI, and the mixture was
vigorously stirred (450 rpm) for 15 min till the complete dissolution of the
Lisalt. Later, the beaker was transferred into an ice-water bath, and it was
cooled down to 10 °C. Afterward, 2 g of Ti;AlC, (<40 pm particle size,
Sigma-Aldrich Co.) gradually was added (in 20 min) to the beaker. Sub-
sequently, the reaction was heated up to 50 °C, and it was maintained at
this temperature for 24 h before becoming cooled down to room temper-
ature, The resulting sample was poured into propylene tubes, and it was
subjected to one step of centrifuge at 3500 rpm for § min before decanting
the HCl residue away. The remaining TiyC, T, precipitate was dispersed in

© 2023 Wiley-VCH GmbH
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DIW, and it was centrifuged for another 5 min at 3500 rpm, and the acidic
waste was separated at the end of the process. This stage was repeated
six times till the pH of the supernatant reached 5.8, Eventually, the sample
was redispersed in 1| of DIW and was vacuum filtered before becoming
dried at 50 °C for 24 h.

Physiochemical Characterization:  XRD analysis was used to examine
the chemical structure and interlayer spacing of the MAX phase and
Ti;C,T, sample. BRUKER D8 Advanced, equipped with a Johansson
monochromator using Cu Ka radiation (Cu Ki, 4 = 1.5406 A) was em-
ployed for the XRD study. The quantitative analysis of surfaces was carried
out using X-ray photoelectron spectroscopy (XPS). The analyses were car-
ried out in a PHI VersaProbell Scanning XPS system using monochromatic
Al Ko (1486.6 eV) X-rays focused to a 100 pm spot and scanned over the
area of 400 um x 400 pm, The photoelectron take-off angle was 45° and the
pass energy in the analyzer was set to 117.50 eV (0.5 eV step) for survey
scans and 46,95 eV (0.1 eV step) to obtain high energy resolution spectra
forthe C 15,0 15, Ti2p, Cl 2p, Al 2p, F 1s, and Si 2p regions. A dual beam
charge compensation with 7 eV Ar* jons and 1 eV electrons were used
to maintain a constant sample surface potential regardless of the sarmple
conductivity. All XPS spectra were charge referenced to the unfunctional-
ized, saturated carbon (C-C) C 1s peak at 285.0 eV. The operating pressure
in the analytical chamber was less than 5 % 10~% mbar. Deconvolution of
the spectra was carried out using PHI MultiPak software (v9.9.3). Spec-
trum background was subtracted using the Shirley method, The morphol-
ogy of the samples was studied using Scanning Electron Microscope SEM
Jeal 700TTTLS. Brunauer-Emmett-Teller (BET) analysis was carried out to
examine the surface area and pore size distribution of the materials, ASAP
2460 analyzer (Micromeritics, US) was used in this case. The surface area
was determined using the Brunauer—E mmett-Teller equation in the rela-
tive pressure range of 0.01-0.05.

Electrode Preparation and Characterization:  Electrodes were prepared
using 90% of active material, 5% of polytetrafluoroethylene (60 wt% aque-
ous dispersion), and 5% of conductive additive (C-NERGY Super C65,
Imerys). The components were transferred into a mortar and mixed to-
gether using isopropanol as the solvent. After the formation of a homoge-
nized dough-like paste, samples were rolled by a calendaring machine into
a sheet with 2150 pm thickness, Subsequently, disc-like electrodes with a
diameter of & mm were cut before drying at 60 °C ovemnight in a dryer.
The mass of the electrodes in the case of assembled symmetric and asym-
metric cells was around 6-7 mg and 3 mg, respectively. Whatman glass
microfiber membrane with a diameter of 12 mm was cut to use as the sep-
arator. Two-electrode Swagelok cells were used for determining theelectro-
chemical performance of symmetric and asymmetric Ti;C, T,-based ECs.
The two-electrode Swagelok cells, equipped with a reference electrode,
were employed to study the capacitive behavior of titanium carbide as the
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negative and positive electrodes. For this purpose, Hg/Hg,50, (in 1M
H,50,) and Hg/HgO (in 6 m KOH) reference electrodes were used for
investigations in acidic/neutral and basic media, respectively, 1 m H;50,,
1m BeSO,, 1m Li;SO, with different pH, and 6 m KOH were served as
the electrolyte. A three-electrode homemade cell with electrolyte excess
was used to investigate the hydrogen adsorption/desorption mechanism
of TiC3 T, In this case, a platinum mesh served as the counter electrode,
Gold current collectors were employed in all experiments, except for the
cyclability analysis of the asymmetric cell in 1 m Li;50,. To see the in-
fluence of current collectors on the charge storage of titanium carbide, a
two-electrode cell with a reference electrode was assembled, and titanium
current collectors were used in this study. A computer-controlled multi-
channel potentiostat/galvanostat (VMP3, Biologic, France) was used to
conduct and control all measurements.
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6. Article 4

Title: Charge storage and operando electrochemical dilatometry of MXene
electrodes in ionic liquids

Authors: Masoud Foroutan Koudahi, Andres Camilo Parejo Tovar, Francois Béguin,
Elzbieta Fragckowiak*

Journal: submitted

DOI: -

Motivation

ILs are one of promising class of electrolytes due to their high electrochemical stability
for energy storage applications. MXenes show a rich charge storage behavior in
aqueous-ECs, although their working potential is severely limited. Design of IL-based
ECs is an important step in extending the applications of MXenes in energy storage.
For this purpose, it is vital to understand the fundamentals of interactions at the
electrode/electrolyte interface in these systems. A comprehensive study was carried
out, where titanium carbides and molybdenum titanium carbides with different
structural and chemical properties were prepared.

Physicochemical characterizations such as XRD and SEM revealed the difference
between the interlayer spacing of the samples. XPS analysis exhibited the possibility of
controlling the surface functional groups, which play a significant role in the energy
storage of MXenes. Ti carbides presented a well delaminated structure, while in the

case of Mo/Ti carbide a relatively dense structure after etching was observed.
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3 Study of electrode/electrolyte interface of novel layered 2D materials

Typical electrochemical characterization but also operando electrochemical
dilatometry measurements, were carried out to explain the importance of preparation
method on key properties such as interlayer spacing and surface functionalities, and
subsequently, their influence on the energy storage of MXenes-based ECs. lonic liquids
with different size of cation and anion served as electrolytes. CV response presented a
combination of faradaic and capacitive current that are involved in the charge storage
of titanium carbides during the negative polarization. Dilatometry investigations
provided important information in linking the growing capacitive response of
negatively polarized titanium carbides with its volumetric expansion. In contrast,
Mo/Ti carbides exhibit volumetric expansion only during the positive polarization.
Faradaic current could be interpreted by the hydrogen bonding, hydroxide surface
groups at MXene can share their hydrogen with ionic liquids that can play the role of
hydrogen acceptor.

For the first time, charge/discharge phenomena of Mo/Ti carbides have been studied

in ionic liquids using operando electrochemical dilatometry.
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7. Article that are not included in this thesis

Title: Reline deep eutectic solvent as a green electrolyte for electrochemical
energy storage applicationst

Authors: Sara Azmi, Masoud Foroutan Koudahi, Elzbieta Frackowiak*

Journal: Energy & Environmental Science

DOI: https://doi.org/10.1039/D1EE02920G

Motivation

Deep eutectic solvents (DES) have been attracted much attention in the recent years
due to their green and environmental friendly nature. In addition, they have an
excellent anti-corrosion properties, resulting in the elongation of the working life of
the current collectors in an electrochemical cell. Similar to organic electrolytes,
solvent-free media can provide a stable working voltage for ECs, although the cell
assembly requires inert atmosphere, which is expensive. Realizing DES-based ECs in
ambient conditions results in a considerable decrease at the cost and the time of cell
production. The flexibility of cell handling at the air allows us to have a better control
over important characteristics of DES such as its high viscosity. In addition, the nature
of interactions between DES molecules and the surface of porous electrodes is
complex. Therefore, reline DES electrolyte with different viscosity and electrode
materials with various porous texture were selected to gain a comprehensive
knowledge about the mechanism of charge storage in these systems. It was found that
a stable EDL response in a wide voltage range (up to 2.2V), with a high energy
efficiency, and a long life span can be reached. Improving the rate of ionic diffusion
was crucial, in particular from the bulk electrolyte to the inner structure of the
electrode. Addition of small amount of water up to the certain value improved the
charge storage of the cell without degrading key metrics such as cycle life or the self-

discharge.
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