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Abstract

Rechargeable batteries have attained strategic place in applications involving transporta-

tion, microelectronics, and electric power grid in the past 30 years. Yet in a society that

strives to achieve both sustainability and economic growth the concern whether lithium and

cobalt reserves may supply the future demand of multibillion-dollar industries and emerging

markets has risen. To address this concern, research on novel rechargeable batteries com-

posed by earth-abundant elements has re-gained traction recently. As potential candidates

for beyond lithium-ion battery (LIB) technologies, both sodium and potassium present low

cost, reserves more globally distributed, and redox potentials closer to that of lithium metal.

Likewise, from the knowledge consolidated over decades on LIBs, certain lessons learnt can

be applied in the study of these emerging alkali metal ion batteries. One of these lessons is

that to enable the use of sodium- and potassium-ion battery technologies a comprehensive

study of crystal structure and electrochemical processes happening in electrode materials

is crucial. In this scenario, a class of materials known as transition metal dichalcogenides

(TMDs), whose structure was first determined by Linus Pauling in 1923, has re-gained atten-

tion due to layered and wide variety of species and chemistries. To date, approximately 60

species of TMDs are known, in which two thirds present layered structure and polymorphism.

Conducted in the 1970s by the 2019 Nobel Prize in Chemistry, M. Stanley Whittingham,

research on layered TMDs for electrochemical energy storage applications was shortly aban-

doned owing to poor stability of TMDs. Upon the increasing interest on layered materials in

the 2000s, TMD nanosheets were found to have relatively higher uptake and faster diffusion

of Li+, Na+, and K+ in their host structure – leading to high theoretical capacity and rate

capability, respectively. Nevertheless, along with the fascinating properties of TMDs – some

yet to be unveiled – research challenges are also still present.



Molybdenum disulfide (MoS2) is a layered TMD that presents polymorphism, high spe-

cific capacity towards sodium-ions and abundant availability on earth. However, MoS2 as

sodium-ion battery (SIB) electrode shows poor cycle stability and fast capacity degradation,

due to low electronic conductivity, and low reversibility. To address the stability issue of

MoS2, this thesis explored synthesis of a novel composite material of 2H-MoS2 function-

alized with a thin layer of molecular precursor-derived silicon oxycarbide (SiOC) ceramic

as electrode for sodium-ion battery (SIB). The functionalized MoS2 electrode was able to

overcome shortcomings of pristine 2H-MoS2 electrodes in SIB. The improved stability was

attributed to the SiOC, a ceramic material that safeguarded the active material (MoS2)

without compromising sodiation and de-sodiation processes. Moreover, SiOC provided free

carbon domains that showed increased electronic conductivity of functionalized MoS2, as

evidenced by the rate capability test. Electrochemical results show that specific capacity of

MoS2-SiOC was 12 times higher than pristine MoS2 at 200 mA g−1.

Later, in view of the larger interlayer spacing and unique electronic properties of some

layered telluride-based TMDs, tungsten ditelluride (WTe2) was selected as host material for

studies involving potassium-ion storage. In addition to providing a detailed description of

crystal phase of the thermodynamically stable Td phase of WTe2 at room temperature, this

thesis introduces a discussion regarding electrochemical impedance spectroscopy (EIS), a

frequency domain analysis that can provide useful information for electrochemical systems.

Findings shows that due to higher interlayer spacing and conversion type-reactions – con-

firmed by ex-situ post-cycling analysis – Td-WTe2 showed first cycle specific charge capacity

of 3.3 K+ stored per WTe2 molecule, stable capacity of 143 mA h g−1 at 10th cycle number

– outperforming WS2 and graphite – reasonable cycling stability, and low charge transfer

resistance. This is the first known work in the field to highlight the potential of Td-WTe2

as potassium-ion battery (KIB) electrode.

Td-WTe2 was also employed as electrode material in a study of diffusivity of Na+ and

K+ in SIB and KIB half-cells, respectively. Although in the literature there are reports that

suggest the larger ionic radius of K+ (1.33 Å) – in comparison to Na+ (0.97 Å) – lead to

an inferior electrochemical performance of KIBs, in this work we demonstrated that KIB



outperforms the SIB cell in terms of rate capability and cycling stability. This behavior

was explained by Stokes’ radius concept of Na+ and K+ in propylene carbonate (PC) based

electrolyte, which explains the higher mobility of K+ in the electrolyte medium. These

findings corroborate the potential of semimetal TMD electrode materials and highlight how

electrolyte medium has implications on electrochemical performance of electrode materials.

In summary, the scientific contributions attained in this research work intend to support

the current development and understanding of novel sulfide- and telluride-layered TMDs

materials for sodium- and potassium-ion batteries, respectively.
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doned owing to poor stability of TMDs. Upon the increasing interest on layered materials in

the 2000s, TMD nanosheets were found to have relatively higher uptake and faster diffusion

of Li+, Na+, and K+ in their host structure – leading to high theoretical capacity and rate

capability, respectively. Nevertheless, along with the fascinating properties of TMDs – some

yet to be unveiled – research challenges are also still present.



Molybdenum disulfide (MoS2) is a layered TMD that presents polymorphism, high spe-

cific capacity towards sodium-ions and abundant availability on earth. However, MoS2 as

sodium-ion battery (SIB) electrode shows poor cycle stability and fast capacity degradation,

due to low electronic conductivity, and low reversibility. To address the stability issue of

MoS2, this thesis explored synthesis of a novel composite material of 2H-MoS2 function-

alized with a thin layer of molecular precursor-derived silicon oxycarbide (SiOC) ceramic

as electrode for sodium-ion battery (SIB). The functionalized MoS2 electrode was able to
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crystal phase of the thermodynamically stable Td phase of WTe2 at room temperature, this
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frequency domain analysis that can provide useful information for electrochemical systems.

Findings shows that due to higher interlayer spacing and conversion type-reactions – con-

firmed by ex-situ post-cycling analysis – Td-WTe2 showed first cycle specific charge capacity

of 3.3 K+ stored per WTe2 molecule, stable capacity of 143 mA h g−1 at 10th cycle number

– outperforming WS2 and graphite – reasonable cycling stability, and low charge transfer

resistance. This is the first known work in the field to highlight the potential of Td-WTe2

as potassium-ion battery (KIB) electrode.
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outperforms the SIB cell in terms of rate capability and cycling stability. This behavior

was explained by Stokes’ radius concept of Na+ and K+ in propylene carbonate (PC) based

electrolyte, which explains the higher mobility of K+ in the electrolyte medium. These

findings corroborate the potential of semimetal TMD electrode materials and highlight how
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Chapter 1

Introduction and motivation

Nowadays, an increasing concern of governments and private institutions lies in providing

conditions towards economic growth allied with environment-friendly initiatives to comply

with international agreements that propose a decrease in greenhouse gas emissions, such as

Kyoto Protocol and the Paris climate agreement. On the one hand, CO2 emission reduction

is seen as an effort that will benefit the whole world; on the other hand, the changing

lifestyle and world population increase will require more energy. Aiming to supply this

energy demand by 2050, energy equivalent to 1010 tons of oil, i.e. 130 000 TW h, must be

produced yearly, leading to an increase in CO2 emissions1. Therefore, keeping CO2 emissions

at a low level while producing more energy seems a complex problem to solve. First things

first, less dependence on fossil fuels seems to be a good starting point, as according to figure

1.1 oil consumption can be directly related to emissions of this greenhouse gas.

Another point worthy of consideration is that exploitation of renewable energy sources –

e.g., biomass, geothermal, solar, and wind – is one alternative to fulfill this energy demand.

However, renewable energy sources are intermittent, and their energy generation is commonly

not centralized. A solution to this intermittentness aspect of renewables is to store the excess

of electricity when energy conversion is high and the demand is low, e.g., when solar panels

are converting energy during a sunny day but people are not at home to use this energy.

Subsequently, this stored energy can be released to the load when energy conversion is very
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Figure 1.1: Forecast of energy consumption and world population in the next decades. The
energy demand is expect to double from 2010 (14 TW) to 2050 (28 TW). TOE = ton of oil
equivalent. Copyright 2014, Nature Publishing Group, a division of Macmillan Publishers
Limited. All Rights Reserved1.

low or negligible, e.g., at night when conversion from solar panels is negligible and people

are at home1. Now, the question that arises is, how can one store this excess energy? Over

the years, electrochemical energy storage (EES) has been a feasible form to store energy

owing to high energy conversion efficiency, fast response to supply the load, and high power

and high energy densities. As one example, in a battery electric vehicle (BEV), lithium-ion

batteries (LIBs) present energy efficiency of 70%, i.e., 70% of the energy stored in LIBs in a

BEV is effectively used to move the vehicle from point A to point B. On the other hand, in

an internal combustion engine (ICE) only 15% of the total energy is effectively used to move

the vehicle from point A to point B2.

Furthermore, according to Gibb2, approximately 55% of the population in cities sees

that battery electric vehicles (BEVs) provide a substantial improvement in air quality. Thus,

LIB is essential to the future of automobile industry because of higher energy efficiency and

because consumers are sympathetic with LIBs technology due to environmental aspects.

Although LIBs are often in the news recently, they have been studied since the 1970s when

Exxon Mobil Corporation hired Stanley Whittingham to develop a secondary (rechargeable)

battery3. Due to the experience gathered and continuous development of materials, LIBs

are currently the best performing devices in terms of energy density, due to Li reduction
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potential (−3.04 V vs. standard hydrogen electrode (SHE)) and long cycle life. As a safe

technology available to the market since 1991, the energy density of LIB has been increasing

on average 8% per year and is nowadays used not only in BEV but also in cell phones,

portable electronic devices, and in grid energy storage.

Nevertheless, given the increasing demand for lithium precursor materials, the cost of

these materials has also been following the same trend. Lithium metal presents meager

availability on the earth’s crust, and consequently concerns whether the worldwide estimated

reserves of ≈ 14 million tons may meet the demand of a market that went from US$ 10 billion

in 2010 to US$30 billion in 2020 (projected) are rising4;5. To quantify how lithium metal

scarcity is an issue that companies and researchers should carefully look into, in 2008 the

global consumption of lithium was 21,280 tons6. According to Wang et al.7, from 2018 to

2019 the lithium consumption on earth increased ≈ 43%7. However, considering a modest

growth rate of 10% per year on lithium use, the estimated lithium reserves could be exploited

only for ≈ 55 years.

Arising from this concern, research on materials that can replace lithium – known as

beyond LIB technologies – has received considerable attention recently. Examples of be-

yond LIB technologies are SIB and KIB. Figure 1.2(a,b) shows how research on KIB and SIB,

respectively, has gained traction in the past few years.

Figure 1.2: Number of records in articles, books, and authentic open literature related to
(a) potassium-ion batteries, and (b) sodium-ion batteries. Web of Science, April 25, 2021.

Like lithium, sodium and potassium are also alkali metals. However, both sodium and
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potassium present abundant availability on earth’s crust. In the case of sodium, it can be

obtained from abundant and low-cost salts – e.g., Na2CO3, Na2SO4, and NaCl8. Although

SIB is deemed as a complementary technology to LIB, for applications such as energy grid

storage SIBs are potential candidates due to reasonable energy density, long life cycle – mainly

when solid electrolytes are used – and low cost. Hirsh and co-authors9 have published a

comprehensive discussion on this topic. Figure 1.3 shows a world map with reserves and

soda ash (Na reserves) in 2020. Red circles depict Li reserves, and soda ash reserves are

depicted by blue circles (the size of the circles represents the number of reserves in tons).

Furthermore, as brine is a source of sodium, it is illustrated by the light blue color of the

oceans; thus, corroborating the immense availability of Na in comparison to Li.

Figure 1.3: World map showing the main Li and soda ash (Na reserves). It is worth noting
that brine is also a source of sodium, which is highlighted in light blue color in the oceans9.

Likewise, potassium presents abundant availability on the earth’s crust and oceans, with

consequent low cost. This can be illustrated by the cost of potassium carbonate (≈ US$

1,000 per ton), whereas lithium carbonate cost per ton is ≈ US$ 6,500 per ton4. Readers

are reminded that technical aspects of sodium and potassium are discussed in detail in this

thesis in sections 2.2 and 2.3, respectively.

Aware of the strategic importance of studying beyond LIB technologies, the task now is
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to find and develop novel electrode materials that are safe and efficiently store energy, as

well as to understand the chemistry and charge storage mechanism taking place in these

materials as SIB and KIB electrodes. Such developments and a better understanding of the

chemistry taking place in these systems can then assist in developing the next generation of

batteries.

In summary, this Ph.D. thesis focuses on these aspects. Chapter 3 discusses and presents

a mechanism to mitigate a stability issue recurrent of a particular material of interest with

sulfur on its formula – sulfide-based – (for sodium-ion (Na+ storage); therefore, as a SIB

electrode material. Chapter 4 presents a contribution towards understanding potassium-ion

(K+) storage in another material of interest that has tellurium on its structure – telluride-

based – as KIB. Lastly, chapter 5 presents a comparative work of Na+ and K+ storage in the

telluride-based material reported in chapter 4, so certain assumptions in the battery commu-

nity can be re-analyzed based on the presented discussion. The electrode materials studied

in this thesis belong to the same family; section 2.6 presents a comprehensive discussion of

this family of materials.
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Chapter 2

Background & literature review

Batteries are devices with high energy density that can convert chemical energy obtained

from a chemical reduction-oxidation reaction of active materials to electric energy. Con-

cerning rechargeable batteries, the reduction-oxidation (redox) reaction is reversible; thus,

through a reverse process, the battery can be charged to be re-used10. As the energy con-

version process in batteries involves electrochemical energy, no combustion or heat laws are

applied; thus, the conversion efficiency of batteries is much higher than for systems that

obey the Carnot cycle, for instance10. Arising from these advantages, in the past century

several battery technologies have been available to the market. As shown by figure 2.1, LIB

have been leading the market due to high energy density.

2.1 Alkali-ion rechargeable battery technology 1

Alkali-ion rechargeable battery technology – such as LIB – consists of a positive (cathode)

and a negative (anode) electrodes separated by an electronic insulating separator (barrier).

This separator intends to allow the metal-ion exchange in a medium but not electrons. The

medium that provides ion movement is known as electrolyte, which for LIB usually consists

of lithium salts dissolved in an organic solvent. Figure 2.2 shows a schematic of the first

1Reprinted from Soares, Davi Marcelo, et al. ”Additive Manufacturing of Electrochemical Energy Storage
Systems Electrodes.” Advanced Energy and Sustainability Research: 2000111. Copyright, Advanced Energy
and Sustainability Research published by Wiley-VCH GmbH.
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Figure 2.1: Schematic of different rechargeable battery technologies. Except for Li metal
batteries, lead-acid, nickel-cadmium (Ni-Cd), nickel metal-hydride (Ni-MH), LIB, and and
plastic lithium-ion (PLiON) are commercially available. Copyright 2001, Nature Publishing
Group11.

viable commercial LIB, developed by Akira Yoshino, one of the winners of the 2019 Nobel

Prize in Chemistry.

When the LIB shown in figure 2.2 is charged, most lithium (working) ions are stored in

the negative or anode electrode (petroleum coke). When the circuit is closed, and no external

voltage is applied, the cell voltage will start to decrease (discharge) as lithium-ions will leave

the anode electrode towards the positive electrode (cathode). Then, the anode material

oxidation number increases, e.g., from C1/6– to C0; whereas at the cathode the material

oxidation number reduces. In other words, the anode loses an electron while the cathode

gains an electron. Due to the high resistance of the electrolyte and separator, these electrons

are forced to flow through an external circuit; therefore, powering the lamp (load) presented

in figure 2.2. It is worth noting that during the discharge process in a LIB, lithium-ions move

towards the cathode (layered cobalt oxide depicted by figure 2.2) in order to keep the charge

neutrality. A reverse process can be obtained by forcing the lithium-ions to move back to

the anode (negative) electrode; this is known as ”charging” the battery.
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Figure 2.2: Schematic of the first viable commercial LIB developed by Akira Yoshino. Illus-
tration: Johan Jarnestad/The Royal Swedish Academy of Sciences.

As the discharge is an spontaneous process, the open cell voltage can be determined by

equation 2.112.

voltage = −(µc − µa)

z · F
= −∆Gr

z · F
(2.1)

Where in equation 2.1, µc and µa are the chemical potentials of cathode and anode

electrodes, respectively, z is the valence of working ion (+1 for alkali-ions, e.g., Li+, Na+,

or K+), F corresponds to Faraday constant (≈ 96 485 C mol−1), and ∆Gr is the Gibbs free

energy of reaction13.

At this point, it is important to highlight that before the viable commercial LIB pre-

sented in figure 2.2 was developed, other layered materials were studied and some not very

successfully commercialized.

In 1975 Whittingham and Gamble Jr. reported intercalation of lithium in titanium

disulfide (TiS2)
14. In addition to reporting that TiS2 could intercalate lithium-ions in van

der Waals gap, authors also reported the same behavior for molybdenum disulfide (MoS2)
14.

As shown by figure 2.3, in this work TiS2 was used as cathode material along with a lithium-

metal anode (negative electrode). This configuration led to the production of LIB with
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Figure 2.3: Battery developed by M. Stanley Whittingham using TiS2 as intercalation host
for Li+14. Illustration: Johan Jarnestad/The Royal Swedish Academy of Sciences.

metallic lithium anodes by companies, a configuration that later on was found to be unsafe.

In 1989, the Moli Energy Limited commercialized millions of LIB in ”AA” cells size

comprised of MoS2 cathode and lithium-metal anode15;16. The cells released to the market

ended up causing accidents and fires due to dendrite formation. These unfortunate events

forced the company to recall all commercialized cells. Although these mentioned initiatives

were not successful, they highlight a pioneering aspect of LIB as alkali-ion rechargeable

battery technology, which is the use of layered sulfide-based electrode materials to store

lithium-ions (e.g., TiS2, MoS2). A detailed discussion of one class of layered materials of

interest for this thesis is presented in section 2.6.

The strategy of studying layered electrode materials has re-gained traction since 2004,

when Geim and Novoselov reported the insulation of a monolayer of graphite – material

known as graphene17. More than proving that a monolayer of graphite was stable under

ambient conditions, these authors discovered a material with very high mobility and out-

standing mechanical properties. As a result, this finding represented a gateway for research

on materials that present stable mono- or few-layers forms, such as black phosphorus, lay-

ered perovskites, MXenes, hexagonal boron nitride, TMDs, and others that are yet to be

discovered18.
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For energy storage applications, layered materials are of interest because such morphology

allows ions to freely access the whole electrode material, unlike in bulk electrodes. Inherent

during cycling in battery electrodes, phase transformations sometimes may lead to capacity

drop and inactive sites for ions to access in the electrode. In addition, as presented in figure

2.4(a), in bulk (or 3D) electrodes expansion upon ion extraction may yield delamination

or cracks on electrode materials due to mechanical stresses, again leading to an increase

in internal resistance, higher losses, and consequent capacity decay (figure 2.4(b)). On the

other hand, layered electrodes, as shown by figure 2.4(c), present negligible expansion because

nanosheets are loosely stacked and may accommodate structural changes upon ion insertion

and extraction. This feature may allow more storage of ions because the entire surface of

the electrode is available; thus presenting optimal packing density19. As discussed in more

detail in section 2.6, layered and 2D structures may also have their properties tuned, so a

larger interlayer spacing can be obtained for storing larger ions19.

Therefore, nowadays, what we have experienced in battery research is the pioneerism of

M. S. Whittingham being re-ignited, as researchers are looking closely to layered materials

as electrodes – similar to TiS2 reported back in 1976 by Whittingham20 – and methods to

enable the safe use of alkali-metal anodes towards small devices with higher energy density21.

2.2 Sodium-ion battery concepts2

SIBs are deemed as an alternative to LIBs for energy storage systems, owing to their similar

chemical and physical properties, along with abundant sodium reserves in the earth’s crust22.

Although research on SIB dates back to 1980s, it was somewhat limited because sodium-

ions (Na+) have larger ionic radius (1.02 Å) when compared to Li+ (0.76 Å), higher standard

electrode potential (−2.71 V vs. SHE) than Li (−3.02 V vs. SHE) in aqueous media, and

very low capacity toward conventional graphite (< 35 mA h g−1)6;23. Table 2.2 presents a

comparative list of properties of some alkali-metal ions.

2Reprinted with permission from Soares, Davi Marcelo, Santanu Mukherjee, and Gurpreet Singh. ”TMDs
beyond MoS2 for electrochemical energy storage.” Chemistry - A European Journal (2020). Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Figure 2.4: Schematic of bulk and layered materials in battery electrodes. (a,b) 3D inter-
calation electrode. (c,d) Layered material with zero-expansion. Copyright 2017, Macmillan
Publishers Limited19.

Graphite is deemed as a benchmark material in battery research. In the recent literature,

several studies have been conducted to better understand the instability of Na+ intercalation

into graphite24;25. According to Hwang et al., graphite is thermodynamically unstable upon

formation of NaC6 and NaC8 compounds, and it presents interlayer distance too small (≈

0.34 nm) to properly accommodate Na+6. Corroborating the latter finding, Wen and co-

workers reported that a suitable interlayer spacing of graphite for stable storage of Na+ should

be 0.37 nm23. To confirm their hypothesis, expanded graphite was synthesized with interlayer

lattice distance of 4.3 Å. In 1 M NaClO4 in polycarbonate solvent liquid electrolyte, the

expanded graphite showed reversible capacity of 284 mA h g−1 at 20 mA g−1 towards Na+23.

Table 2.1 presents results of other developments in SIB in which graphite was employed as

electrode material.

At this point, the readers of this thesis may have questions concerning the fact that Na+
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Figure 2.5: Comparison of ionic radius, or Shannon’s ionic radius, and Stokes’ radius in
PC of Li+ (benchmark) and Na+. Adapted from26. 2018 The Chemical Society of Japan &
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

radius was reported to be 1.02 Å, but the interlayer spacing of graphite (≈ 3.7 Å) was found

to be not compatible for insertion of Na+. How is that possible, considering the interlayer

spacing of graphite is more than three times larger than the informed Na+ radius?

The answer to this question is adequately discussed in chapter 5 of this thesis. The

short answer is that reporting the ionic radius of Li+, Na+, or K+ alone does not provide

meaningful information of the electrolyte interaction with this ion. Thus, any conclusions

require information of the Stokes’ radius of the ion under consideration, as it takes into

account the interaction of this ion with the electrolyte medium26. Figure 2.5 shows that

in PC the Stokes’ radius of Na+ is, indeed, smaller than of Li+; thus, counter-intuitive as

often conveyed in the literature. Therefore, analyzing or reporting only the ionic radius can

sometimes be misleading.

Another challenge that SIBs face is that using sodium-metal anode in SIBs poses a risk

due to unstable Na+ plating, which may lead to dendrite formation – aspect akin to using

Li metal anode in LIBs. The higher reactivity of sodium and its lower melting point (i.e.,

97.8 ◦C compared to 179 ◦C of Li) may result in risky thermal-runaway reactions caused

by dendrite27. Although several dendrite-free materials have been studied, the theoretical

specific capacity (1166 mA h g−1), low anode potential, and low-cost of sodium metal (US$

200 ton−1) are difficult to surpass28.

Recently, using an innovative approach to address the dendrite challenge on SIB, Yu

and co-authors introduced a graphene lattice made by direct ink writing (DIW) – an AM

technique – based on the concept that porous electrodes yield low current densities and
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homogeneous sodium plating distribution, as shown in figure 2.6(a–d). The printed periodical

structure in figure 2.6(e) showed that the current density distribution at the circumference

rim regions was high, indicating preferential spots for sodium deposition (2.6(e,f)). At

current density of 1 mA/cm2, initially the wholes shown in figure 2.6(b) were preferential

nucleation sites for homogeneous sodium infusion, as shown by the SEM image after cycling

in figure 2.6(c,d). The successive layers of deposited graphene oxide (GO) allowed precise pore

control size of 500µm, differing from traditional template method synthesis that typically

does not present precise morphology control29. Overall, precise morphology control from

the additive manufacturing enhanced the electrochemical performance in terms of coulombic

efficiency and voltage polarization and allowed accurate control of sodium deposition in the

electrode while suppressing dendrite formation.

Figure 2.6: 3D printing of hierarchical graphene lattice (GL). (a) Representation of a
light-weight electrode sitting on a dandelion flower. (b) Optical microscopy depicting the
periodic structure of GL. (c,d) SEM images showing Na deposition preferential spots covering
the whole on the periodic structure. (e,f) Current distribution profile at GL structure29.
Copyright 2019, American Chemical Society.

In terms of research beyond graphite electrodes for SIBs, layered sulfide-based materials
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– i.e., materials with a layered structure that contain sulfur on their formula – are in promi-

nence. The rationale for such is that more capacity and energy densities can be obtained

when using these materials than graphite and other carbon-based electrode materials, as

shown by the dark green data points in figure 2.7. A comprehensive discussion about the

class of materials whose electrochemical performance is below described and explaining why

they yield high capacity is presented in section 2.6.

Figure 2.7: Chart of average voltage discharge versus specific capacity of anode materials
for SIBs30. Copyright Royal Society of Chemistry

As previously discussed for graphite materials, the strategy of increasing the interlayer

spacing is also applied to layered sulfide-based materials. Liu et al. expanded interlayer

spacing of WS2 nanowires (NWs) to 8.3 Å solvothermally with subsequent heat treatment31.

The expanded interlayer spacing offered improved ionic accessibility for faster Na+ interca-

lation and deintercalation during cycling. WS2 NWs displayed a capacity of 605.3 mA h g−1

at 100 mA g−1, as anode for SIBs for the voltage range from 0.01 - 2.5 V. Furthermore, for

a different voltage range, i.e., 0.5 - 3 V, authors reported that WS2 NWs presented an ex-

foliation process upon change and discharge, which, therefore, provided more available sites

for Na+ intercalation. Under this condition, the synthesized material presented, at 1 A g−1,

charge capacity of 330 mA h g−1 after 1400 cycles31.

14



ReS2 (rhenium disulfide) is also a species of interest for SIB given its lower interlayer

coupling energy and the fact that it exhibits 1T′ phase; this phase is discussed in more de-

tails in section 2.932. Mao et al. synthesized flexible ReS2 nanosheets onto nitrogen doped

carbon nanofibers (N-CNF) (ReS2/NCNFs) paper as Na+ ion battery anodes33. Intuitively,

the carbon nanofibers (CNFs) improved the electronic conductivity, whilst the doped nitro-

gen could absorb sulfur and polysulfide species during conversion reactions. As a result,

the ReS2/N-CNFs anode yielded a reversible capacity of 245 mA h g−1 after 800 cycles at

100 mA g−1 as SIB anode. Very recently, Chen et al. reported a 1T′-ReS2 with reduced

graphene oxide (rGO) and N-doped carbon layer (rGO@ReS2@N-C)34. The rGO@ReS2@N-C

electrode in SIB exhibited a capacity of 231 mA h g−1 at 10 A g−1, and a long-term cycling

capacity of 192 mA h g−1 at 2 A g−1 after 4000 cycles. Authors attributed the performance

to the enhanced electrical conductivity, as well as Na+ adsorption and diffusion kinetics, to

suitable interface between carbonaceous materials and 1T′-ReS2
34.

Kim et al. reported for the first time using FeS2 (pyrite) as cathode in SIBs35. The

sodium/pyrite cell showed discharge capacity of 630 mA h g−1 at 50 mA g−1. In this study,

authors proposed FeS2 reduction discharge reaction may take place as follows (2.2):

3Na + FeS2 −−→ Na3S2 + Fe (2.2)

It is worth noting that in this study, authors indicate reasons for irreversible capacity

drop. From SEM images agglomerated shapes were identified during insertion reaction –

discharge – which are assigned to sodium polysulfides in the electrolyte. Moreover, upon

charging, the agglomerate remained; which, therefore, may be a reason for a discharge decay

from 630 mA h g−1 to 85 mA h g−1, after 50th cycles35. Indeed, polysulfide dissolution still a

challenge when studying layered sulfide-based materials – e.g., TMDs – for energy storage

systems (ESS), aspect that is addressed in this thesis in chapter 336. As of 2015, Walter et

al. synthesized FeS2 nanocrystals (NCs) as anode in SIBs37. They showed that, as anode

material, FeS2 NCs provided specific capacities higher than 500 mA h g−1 at 400th cycle,

at current density of 1 A g−1. In addition, Hu et al. studied the electrochemical behavior
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varying electrolyte species and voltage window in Na/FeS2 cells38. In half-cell configuration,

authors showed that by tweaking the cut-off voltage for charge-discharge, the rate capability

is considerably altered. For a voltage window of 0.1 - 3 V, at 200 mA g−1, within 50 cycles,

the specific capacity varied from 780 to 100 mA h g−1. In contrast, high degree of reversibility

was achieved for a voltage window from 0.8 - 3 V; therefore, considerable decay within 50

cycles is no longer observed; thus, an evidence that the process of capacity decay is voltage-

dependent38. More recently, FeS2 nanosheets encapsulated on 3D porous carbon spheres

(FeS2@C-2 h) were synthesized using initially Fe2O3 hollow nanospheres by Wang et al.39.

The final material, FeS2@C-2 h, presented characteristic morphology, whose porous structure

assisted in volumetric expansion and shrinkage upon sodiation/desodiation processes. From

electrochemical impedance spectroscopy, FeS2@C-2 h outperforms both FeS2 and FeS2@C

materials, i.e. presents the lowest equivalent series resistance (Resr) and charge transfer

resistance (Rct).

VS2, which behaves as a metallic species, and has many intriguing chemical and physical

properties. Despite its first synthesis is reported back in 197740, the synthesis of 2D high-

purity VS2 nanosheets by hydrothermal methods is still challenging. Zhou et al. synthesized

hierarchical VS2 nanosheet assemblies (NSA) comprised of aligned ultrathin nanosheets41.

VS2 NSA were prepared via a facile solvothermal reaction, which involves vanadyl acety-

lacetonate (VO(acac)2) and cysteine as the precursors. As anode for SIB, VS2 NSA provided

specific capacity of approximately 700 mA h g−1 at a current density of 100 mA g−1; more-

over, excellent rate capability of 400 mA h g−1 at 2 A g−1 was also reported by the authors.

Recently, three-dimensional hierarchical VS2 structure as anode for SIBs was reported by

Wang et al.42. According to the authors, even though the synthesis of 3D hierarchical VS2

spheres was not performed by chemical vapor deposition (CVD), a high degree of purity was

ascribed to the sample based on XRD results. The latter analysis also revealed a hexago-

nal crystal structure. Also, the 3D morphology provided space for volume expansion upon

insertion and extraction of Na+ and facilitated electrolyte diffusion. Accordingly, an initial

coulombic efficiency of 96% is reported, and reversible capacity of 720 mA h g−1 was achieved

after 100 cycles. Finally, the rate capability test showed after 1000 cycles at current density
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of 2 A g−1 565 mA h g−1. Thus, showing the potential of this layered sulfide-based metallic

material.

Sn-based compounds have shown good prospect as high-capacity SIB anodes based on the

theoretical stoichiometry of Na15Sn4 (847 mA h g−1)43. Prikhodchenko et al. synthesized a

nanocrystalline SnS2 coating of rGO produced by the peroxostannate deposition route for SIB

anodes44. According to the authors, GO-SnS2 contains a high concentration of rhombohedral

SnS2 with average size of 2.6 nm, where planes (001) were preferentially oriented in paral-

lel to graphene oxide sheets. With little specific capacity contribution from carbonaceous

materials, i.e. approximately 46 mA h g−1 at 50 mA g−1, GO-SnS2 presented 600 mA h g−1

for 50 cycles, with coulombic efficiency of 99.6%. Synthesis of SnS2 nanosheets confined

in carbon nanostructures was reported by Liu et al.45. They synthesized SnS2 ultrathin

nanosheets confined in carbon nanotubes (SnS2@carbon nano tubes (CNTs)) using MnOx

nanorods as templates. Upon employing Fe2O3 nanocubes or SiO2 nanospheres as tem-

plates, the authors found out that SnS2 nanosheets are confined in carbon ”nanoboxes”,

namely SnS2@CNBs. Also, a morphology known as hollow carbon nanospheres can be ob-

tained, namely SnS2@CNSs. At 200 mA g−1, SnS2@CNSs SIB anode delivered a specific

capacity of ≈ 634 mA h g−1. According to the authors, the carbon shell high surface area

may assist in diffusing Na+ ions, in addition to increasing electronic conductivity and act-

ing as a buffer45. Similarly, Zhang et al.46 reported SnS2/rGO, synthesized by solvothermal

method. In this work, in comparison to MoS2 and WS2, for instance, authors reinforce dif-

ferent mechanism of alloying and de-alloying for Sb and Sn based TMDs. Nevertheless, from

layered SnS2, reversible reaction may happen. Results presented capacity retention of 89%

up to 400th cycle at current density of 800 mA g−1, in which an initial capacitance was found

to be 469 mA h g−1. In addition, at a higher current density, i.e., 12.8 A g−1 (about 28 C),

the SnS2/rGO showed a specific charge capacity of 337 mA h g−1.

Recently, Brown et al. used a 3D freeze-printing (3DFP) method to produce a novel

hybrid, highly porous MoS2-rGO electrode47. Using a nickel foam current collector, ink-jet

printing deposited a water-based ink made from commercially available reagents, namely,

ammonium thiomolybdate (ATM) and GO. Performed at −30 ◦C, the freeze cast caused
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the ATM-GO ink to freeze into ice crystals and form a porous and continuous matrix47.

Following the sublimation process – induced to remove the ice template completely – a

single annealing process was conducted to preserve the porosity and convert the ATM into

MoS2 and the GO into rGO. Then the produced MoS2-rGO aerogel was studied as a half-

cell SIB. The charge and discharge curves showed unique behavior compared to a typical

pristine MoS2-SIB voltage profile, including surface pseudocapacitive behavior per cyclic

voltammogram curves. Therefore, since surface pseudocapacitive behavior infers a charge

storage mechanism based on fast surface reactions, the high porosity of MoS2-rGO was shown

to impact specific capacity48. Since processes rapidly occur at high current densities, the

specific capacity at low current densities was low but stable. On the other hand, at lower

rates, since a conversion-type mechanism has a major contribution, a specific charge capacity

closer to the theoretical value can be achieved. The authors also highlighted the advantages

of rGO for a continuous and electronically conducting scaffold, which is essential at high

rates. Overall, their research combined two promising ESS materials, MoS2 and rGO, and

introduced a Na+ host material with enhanced electrochemical properties during additive

manufacturing47.

As depicted in figure 2.7, some metal oxides are known due to their high specific capacity

in SIBs. Using a state-of-the-art manufacturing process, Down et al. reported a freestanding

sodium-ion full-cell developed entirely using 3D-printed components49. Microporous elec-

trodes such as TiO2 (anode) and NaMnO2 (cathode) were printed with ABS and polyvinyl

alcohol (PVA); the PVA was infused in ABS and later washed away to maximize the surface

area of the electrodes, a relevant factor in electrochemical performance. In addition, no

separator was required in this fully printed cell, meaning the electrolyte was inserted into

the cell AA battery layout, and the electrodes were kept apart due to the cell’s design. Also,

the freestanding nature of the electrodes did not require a current collector. Full cells were

tested in 0.5 M NaBF4 in EMIBF, and the AM/3D-printed full-cell presented 83.4 mA h g−1

at 8.43 mA g−1 (0.1 C). For comparison, an ink-based electrode – made by dr blade – was also

tested and presented a first-cycle specific capacity of 98.9 mA h g−1 at 0.1 C50. Overall, ad-

ditive manufactured electrode batteries may advantageously provide innovative production
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and cell design, porous microstructured filaments, and decreased component costs. However,

challenges such as decreasing the viscosity of ionic liquids while increasing their ionic con-

ductivity and enhancing the electronic conductivity of fully produced AM electrodes remain.

In the context of layered selenide-based electrode materials for SIBs, MoSe2 has also

gained increasing attention. Ko et al. reported for the first time in 2014 the synthesis

of yolk–shell-structured MoSe2 microspheres by a facile selenization process for application

as anode material in SIBs51. The synthesized yolk–shell morphology presented flower-like

structure, which according to the authors facilitated Na+ and electronic kinetics and as-

sisted in the volume changes during charge and discharge cycles51. Initially, the yolk-shell-

structured MoSe2 microspheres showed 85% coulombic efficiency, with an initial charge ca-

pacity of 448 mA h g−1 at 200 mA g−1. Also, Wang and coworkers reported layered 2H-MoSe2

nanoplates as anode materials for SIBs52. Such material delivered an initial discharge and

charge capacities, respectively, of 513 and 440 mA h g−1 at approximately 43 mA g−1 52. Us-

ing a surfactant-directed hydrothermal method, Zhao et al. reported a controlled growth

of MoSe2 nanosheets on graphene53. The resulting 2D nanocomposite, through its strong

electronic coupling, facilitated both electron and Na-ion transfer across the interface and

exhibited reversible insertion/extraction of Na-ion, enabling fast pseudocapacitive Na-ion

storage and stability for over 1500 cycles at current density of 3.2 A g−1 delivering reversible

capacity of 368 mA h g−1.

As an SIB anode material, Zhang et al. studied SnSe2 2D anodes for SIBs because of their

high theoretical capacity, i.e., 756 mA h g−1 54. Authors reported SnSe2/rGO nanocomposites

for the first time, using a stable selenium source. SnSe2/rGO delivered a reversible specific

capacity of 515 mA h g−1 after 100 cycles at 1 mA g−1. Furthermore, at 2 A g−1 the specific

capacity delivered was 365 mA h g−1. Figure 2.8 presents main finds from a study recently

published by Zhang et al., in which SnSe2 nanoparticles were encapsulated in a carbon shell,

material named SeSe2@C55.

Regarding WSe2, Share et al. demonstrated it as an electrode for the first time in

SIBs56. A reversible capacity of WSe2 pristine electrode reported was about 200 mA h g−1

at 20 mA g−1. More recently, carbon-coated WSe2 was synthesized using solid-state reaction
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Figure 2.8: (a) Illustration of the proposed Na+ insertion/extraction mechanisms in
SnSe2@C composite; TEM of (b) SnSe2 before cycling, and (c) SnSe2 after 100 cycles, (d)
SnSe2@C before cycling, and (c) SnSe2@C after 100 cycles. For both materials the current
density and voltage window were, respectively, 2 A g−1 and 0.01 - 2.5 V. It is possible to see
the higher degree of pulverization that took place in the pristine SnSe2. (f) CV for scan rate
0.1 mV s−1 showing the redox peaks for the three first cycles. (g) ex-situ XRD of SnSe2@C.
(h) CV of SnSe2@C for different scan rates. (i) rate capability55. Copyright 2020, American
Chemical Society.

by Zhang et al.57. In this study, tungsten and selenium were first ground by mechanical

milling in their powder forms and subsequently annealed with carbon black. Afterwards, the

WSe2/C was directly used on electrode. WSe2/C nanomaterials exhibited discharge capacity

of 467 mA h g−1 at 200 mA g−1 current density, owing to the buffering of the carbon matrix

and enhanced electronic conductivity of the composites.

In summary, based on this literature review, one can see that despite showing promising

results for graphite, selenide- and sulfide-based materials only recently – a consequence of

lower attention and efforts put into sodium chemistry research – SIBs present great potential
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as a viable technology for several applications in the future. This can be confirmed by the

fact that SIBs are currently used in large-scale electricity storage (e.g., stationary batter-

ies) as evidenced by the approximately 200 units of HT-NSBs used by the NGK Company

worldwide58.

Likewise, one can conclude that certain layered sulfide-based and metal oxides have shown

potential to become candidates for this next generation of SIB battery electrodes due to

the promise of higher energy densities (figure 2.7). Yet in addition to the electrochemical

performance, the availability of materials reported in this section must also be taken into

consideration when it comes to commercial applications, because of the direct impact on of

it on battery costs, as reported in the comprehensive work of Vaalma and co-authors8.

In this regard, MoS2 is layered sulfide-based material, easily available on earth that

has been studied for several applications59. However, as reported in this literature review,

capacity decay and the semiconducting nature of the thermodynamically preferred phase

are drawbacks of MoS2. These issues are known for a long time, and researchers have

found that the use of carbon additives addresses drawbacks towards increased conductivity,

effective stress relief, accommodation of large volume expansion/shrinkage, and facilitation

of electron and Na+ ion transport, as shown in table 2.1.

Nevertheless, to enable the utilization of MoS2, stability upon cycling is still also a

challenge. The chapter 3 of this thesis presents a comprehensive research work that intends

to address this stability issue of MoS2 upon using a supporting ceramic material with sp2

free carbon domains – that yield higher electronic conductivity. To conclude, continuity of

research will bring a better understanding of the electrochemical behavior of Na+ for sulfide-

based electrode materials, and this thesis intends to contribute to serving this purpose.
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2.3 Potassium-ion battery concepts3

Emerging as another alternative to LIBs, KIBs are object of intense research since 2015 due

potassium abundance in earth’s crust, ocean, and relative non-toxicity73.

Although presenting ionic radius larger than Li+ (figure 2.9), K+ presents the closest

standard electrode potential to lithium in aqueous medium, i.e., E0 (Li/Li+) vs. SHE is

−3.04 V, whereas E0 (K/K+) vs. SHE is −2.93 V74. A detailed comparative list of properties

can be found in table 2.2. Re-emphasizing the discussion started in section 2.2, which

highlighted that electrolyte media shall always be considered when reporting ion radii, Okoshi

et al. reported ion-solvent interaction energies of Li, Na, Mg, and K in several solvents75. In

all solvents evaluated, K+ showed the lowest ion-solvent interaction energy75. According to

the authors, this superior performance of K+ occurred due to low reaction resistance arising

from small desolvation activation energy, and high ionic mobility of K+ in the aqueous and

non-aqueous electrolytes analyzed because of small solvated ionic radius75.

Figure 2.9: Comparison of ionic radius, or Shannon’s ionic radius, and Stokes’ radius in
PC of Li+ (benchmark) and K+. Adapted from26. 2018 The Chemical Society of Japan &
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

As a consequence of higher mobility of K+ in electrolyte and smaller Stokes’ radius,

conventional graphite may accommodate reversible insertion and extraction of K+74. Zhao

et al. evaluated the electrochemical behavior of graphite as electrode material for KIB.

Results showed the formation of KC8 and reversible capacity of 246 mA h g−1 at 20 mA g−1

with 89% capacity retention after 200 cycles in 1 M KPF6 EC:PC74; therefore, showing cycling

3Reprinted with permission from Soares, Davi Marcelo, Santanu Mukherjee, and Gurpreet Singh. ”TMDs
beyond MoS2 for electrochemical energy storage.” Chemistry - A European Journal (2020). Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Figure 2.10: Cyclic voltammograms of Ni mesh electrode in 0.5 mol/dm3 of KPF6 EC:DEC

at scan rate of 0.05 mV s−1. Copyright 2015 Elsevier B.V. All rights reserved77.

stability comparable to LIB.

In the work of Komaba et al., standard potential of K/K+ was evaluated by theoretical

and experimental approaches for different electrolytes77. Firstly, based on standard molar

Gibbs free energy calculation78, the standard potential of K/K+ in PC was found to be

−0.09 V vs Li/Li+, i.e., the E0 of Li/Li+ = −2.79 V vs. SHE, whereas the E0 of K/K+ =

−2.88 V vs. SHE78. In addition, according to Nerst equation, for EC:DMC electrolyte the

calculated standard potential of K/K+ was found to be −0.12 V vs Li/Li+; result that was

corroborated experimentally, as figure 2.10 exhibits plating/stripping currents at −0.15 V vs

Li/Li+77. For the two electrolyte media studied, these results first indicate that the standard

electrode potential depends upon the electrolyte, i.e., solvation state of K+. Secondly, one

can see that KIB may present a good performance as high-voltage cells because potassium

exhibited wider standard electrode potential (∆E = 4.6 V) than lithium (∆E = 4.5 V)73.

Arising from these promising properties and growing research into layered electrode ma-

terials for KIBs, there are already documented results in the literature; some of these are

presented in figure 2.11. Moreover, relevant results are discussed in this section with a major

focus on layered selenide- and sulfide-based TMDs. Readers are reminded that TMDs are

explained in detail in section 2.6.
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Figure 2.11: Chart of average voltage discharge versus specific capacity of anode materials
for KIBs79. Copyright c© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In terms of sulfide-based TMDs, Zhou et al.41 reported the synthesis of hierarchical VS2

nanosheet assemblies (NSA) or ultrathin few-layered VS2 nanosheets (figure 2.12(a)), mate-

rial tested as LIB, SIB, and KIB. Figure 2.12(b-d) presents the morphology of the material,

which, according to the authors, possess larger exposed surface area and greater nanosheets

interspacing. For the KIB half-cell tested in 0.5 M KPF6 in EC:DEC, first cycle charge capac-

ity was approximately 380 mA h g−1, value that increased to 410 mA h g−1 after 600 cycles,

all performed at 100 mA g−1. Likewise, by increasing the current density to 500 mA g−1, the

initial specific charge capacity increased from approximately 290 to 360 mA h g−1 after 100

cycles. Authors believe that such increase can be assigned to surface wettability by the elec-

trolyte; therefore, providing more active sites. It is worth noting that authors also present

theoretical results from density-functional theory (DFT) calculations – a trend in high-impact

publications these days.

Lakshmi and co-workers reported nanocrystalline SnS2 dispersed on rGO sheets, the latter

playing a role in minimizing the volume changes during cycling80. Cycled at 25 mA g−1

in half-cell configuration, the KIB presented initial charge and discharge specific capacities

of 355 mA h g−1 and 630 mA h g−1, respectively. On the other hand, the reversible charge

capacity at a current density of 2 A g−1 was found to be 120 mA h g−1. Conversely, authors

also report that the addition of FEC in the electrolyte may have an undesirable effect for
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Figure 2.12: (a) Schematics of VS2 NSA synthesis. (b,c) SEM. (d) STEM with corresponding
mappings. (e) TEM image of VS2 NSA. (f) GCD of 1st, 2nd, and 3rd cycles at 100 mA g−1.
Reprinted with permission from Ref.41. Copyright 2017, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim

KIBs, which was corroborated by Bie et al. in81.

There is very scarce literature on the performance of TMDs with tungsten in their formula

as anodes in KIB systems. Wu et al. presented a study that revelated an unexpected

intercalation-dominated process in WS2 as KIB anode, a process not typical of the previous

reports involving K+ storage in layered sulfide-based TMDs82. Electrodes were synthesized

using 2H-WS2 bulk and exfoliated commercial powders as received. Compared to other

layered TMDs for KIBs reported – where a conversion reaction prevails – in 2H-WS2 as KIB

anode intercalation dominates the K+ storage process. The authors present a thorough

explanation by presenting diffractograms and Raman spectra of cells at different charge and

discharge states82.

Considering the larger K+ radius, which has implications in volume expansion upon inter-

calation of K+, Wang and co-workers presented a solution that comprised a carbon matrix,

acting as a buffer; providing, additionally, improved electronic conductivity to the elec-

trode and safeguarding MoSe2
83. The material reported as ”pistachio shuck-like” MoSe2/C
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core/shell nanostructure (PMC), presented by figure 2.13(a,b), exhibited MoSe2 interlayer

spacing of 0.85 nm, as shown by Figure 2.13(b,c). The structure of PMC may provide a better

packing density, which may, therefore, enable faster kinetics. Tested in potassium half-cell

configuration, the first cycle charge/discharge capacities were, 402 and 635 mA h g−1, respec-

tively, with Coulombic efficiency of 63.4%, which can be ascribed to solid electrolyte inter-

phase (SEI) layer formation. Furthermore, after 100 cycles at 1 A g−1, the material presented

charge capacity of 322 mA h g−1, as shown by figure 2.13(d,e). Authors assigned the opti-

mized electrochemical performance of PMC due to carbon coated PMC surface and greater

interlayer spacing, which allows K+ transmission and mitigates the volume expansion.

Similarly, Ge and co-workers reported a carbon-coated 2H-MoSe2 anode material and

potassium bis(fluoro-slufonyl)imide (KFSI) as electrolyte84. The composite material was

synthesized via solvothermal method, which employed glucose as carbon feedstock, annealed,

and subsequently cast on copper form in 80% weight fraction active material. The half-

cell with 1 M bis(fluoro-slufonyl)imide (KFSI)/ethyl methyl carbonate (EMC) as electrolyte

presented initial discharge capacity of 376.4 mA h g−1 and Coulombic efficiency of 79.9%.

For second cycle, the values of charge and discharge capacities were, respectively, 278.3

and 256.1 mA h g−1 at 100 mA g−1. Regarding cycling performance, the material presented

reasonable stability up to 300 cycles.

Furthermore, regarding selenide based TMD, in a theoretical study, Shen and co-workers

reported the potential of 1T-NiSe2 phase as anode for KIB. Authors conclude from such study

that features such as small bandgap (0.54 eV), diffusion barrier (0.05 eV) and high capacity

(247 mA h g−1) demonstrate the potential of 1T-NiSe2 as anode material for KIB85.

Yang and co-workers86 studied potassium-ion storage for ultrathin nanosheets of VSe2

– the metallic member of TMD family, and which possesses a graphene-like structure, and

their result is presented in Figure 2.14(a). The key for studying such species for K+ stor-

age lies in the fact that VSe2 interlayer distance is 6.11 Å as depicted by Figure 2.14(b).

Therefore, it can allow diffusion for the larger alkali metals without considerable structural

distortion. The single-crystalline metallic graphene-like VSe2 material was synthesized by a

one-step colloidal method. As presented in Figure 2.14(d, e), with regard to electrochemical
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Figure 2.13: (a) HAADF-STEM of PMC; (b) PMC HRTEM image showing the expanded
interlayer spacing, and (c) illustration of MoSe2 interlayer spacing; (d) 2nd, 10th, and 100th

charge/discharge profiles at 200 mA g−1; and (e) corresponding charge/discharge of PMC at
200 mA g−1. Reprinted with permission from83. Copyright (2018) John Wiley & Sons.

performance, in its first cycle, the specific values of charge and discharge capacities were,

respectively 366 and 530 mA h g−1. Furthermore, after 200 cycles of charge and discharge at

a current density of 200 mA g−1, the specific charge capacity value was 335 mA h g−1; thus,

corresponding to 95.1% of first cycle charge capacity. Authors concluded from this study

that the electrochemical performance achieved was due to VSe2 nanosheets’ large adsorption

energy allied with low diffusion barrier86.

Lastly, in addition to the fascinating chemistry, which is still being unveiled, and novel

layered electrode materials, potassium does not form alloys with aluminum. Thus, for anode

electrodes the use of copper as current collector is not required. As reported by Vaalma,

considering that copper prices are more volatile in the market than aluminum, this may

represent a competitive aspect driving down costs for large scale production of KIB cells87.
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Figure 2.14: Ultrathin layered VSe2 nanosheets morphologies: (a) SEM, and (b)TEM with
interlayer spacing in the inset. (c) SAED pattern of ultrathin layered VSe2 nanosheets ma-
terial. (d) Charge/discharge voltage profiles at 100 mA g−1. (e) Cycling performance and
Coulombic efficiency at 200 mA g−1. Reprinted with permission from86. Copyright (2018)
John Wiley & Sons.

Lastly, experience has shown that although Li and Na share common properties as alkali

metals, simply transferring the insights acquired from LIB chemistry to KIB does not always

apply. As a result, ponderation on chemistry, electronic, and mechanical properties of KIB

electrode materials is required.
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2.4 Electrochemical characterization

2.5 Definition and assessment of (specific) capacity

As a key parameter to assess batteries, the concept of capacity can sometimes be confusing.

According to the definition, battery capacity is given in units of A h, which is also known

as the Charge. Based on the definition of Kirchev88, battery capacity is the electric Charge

collected during its charging cycle; maintained when the circuit is open; and supplied to the

load when on its discharge cycle88. Analogously, the derivative of charge over time is the

current10, i.e.

It =
dC

dt
(2.3)

Where, in equation 2.3, C is the Charge (A h), It is the current (A), and t is the time

(h). It is worth noting that in the literature current is not used by itself, but with relation to

the active mass of electrode (mactive). Consequently, it results in the following unit: (A g−1).

Additionally, the cell is tested under galvanostatic conditions, which means controlled Cur-

rent (current is held constant, while the Time required to reach a specified voltage limit is

measured)12. Thus, rearranging terms in equation 2.3 and integrating both sides results in

the relation below.

C =

∫ (
It

mactive

)
dt (2.4)

Since the term Current divided by the active mass of the electrode is a constant value –

because of galvanostatic condition – it results in

C =

(
It

mactive

)∫
dt (2.5)

Hence, the charge or discharge capacity is calculated by integrating the current and time

while the cell voltage range is set in the battery tester software.
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2.5.1 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is a frequency domain technique to evaluate an ESS

upon application of a small sinusoidal perturbation – commonly ∆E ≈ 10 mV – superimposed

on an fixed D.C voltage89;90. As a technique based on generalized linear system theory (LST),

it obeys the superposition principle, as shown by Figure 2.15, which illustrates the small

Voltage amplitude signal applied (red line) and the desired linear region (blue line).

Figure 2.15: Illustration of the principle of EIS.

Considering the input Voltage signal in figure 2.15 is given by equation 2.6.

E(t) = E0 + ∆E sin(ωt) (2.6)

Where in equation 2.6, E is the voltage, E0 is the fixed D.C. voltage, ∆E is the amplitude

of the sinusoidal signal, ω the angular frequency given by 2π times the frequency, and t the

time. For a system that is purely resistive – i.e., voltage and current in phase – upon

application of the potential presented by equation 2.6, the obtained current response can be

expressed as follows.

I(t) = I0 + ∆I sin(ωt) (2.7)
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Yet for a system that is not purely resistive, upon application of the potential presented

by equation 2.6, the current response will have a phase angle, ϕ.

I(t) = I0 + ∆I sin(ωt+ ϕ) (2.8)

Readers can see that only time-domain analysis has been presented up to this moment.

By employing phasors, one can use algebraic expressions in frequency-domain; thus, avoiding

having to solve differential equations characteristic of time-domain circuits. Equations 2.9

and 2.10 show in phasorial form how current (İ) and voltage (Ė) can be written for a purely

resistive load (R), respectively.

İ =
Ė

R
=
Ej 0

R
=
E

R
(2.9)

And,

Ė = İ R (2.10)

Where in equation 2.9, j =
√
−1. Now, for a circuit that has either capacitive (C)

or inductive (L) elements, the term resistance (R) should not be used. Instead, the term

impedance (Ż) should be used. The impedance of a capacitive load in the time domain is

given by:

Z(t) =
E(t)

I(t)
=

E0 + ∆E sin(ωt)

I0 + ∆I sin(ωt+ ϕ)
(2.11)

Where, from equation 2.11 one can confirm that handling equations in the time-domain

can be an arduous task. On the other hand, the impedance of a load whose current and

voltage in frequency-domain is given by equations 2.9 and 2.10 yields,

Ż =
Ė

İ
=

E

Ij ϕ
= Z e−j ϕ (2.12)

It is important to highlight that the impedance (Ż) of a purely capacitive element is
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calculated based upon the capacitive reactance, as presented below:

Ż =
1

C (j ω)
(2.13)

Where in equation 2.13, C is the parameter related to the element capacitance91. More-

over, the inverse of the impedance (Z) is known as admittance (Y ), and it is presented as

follows.

Y =
1

Z
(2.14)

It is worth noting that the concepts presented above are used as presented in electric

circuits. However, for electrochemical systems, some adjustments to these equations are re-

quired. For example the universal element used to simulate the equivalent circuit that also

takes into account dispersion effects that deviate the ideal capacitive behavior of an elec-

trochemical system is known as constant phase element (CPE), and is presented in equation

2.1591.

ZCPE =
1

Y0 (jω)n
(2.15)

Where in equation (2.15), Y0 is admittance and 0 < n < 1 determines whether the

element more capacitive (n closer to 1), or more resistive (n closer to 0). Particularly for

n = 1/2, the element is known as ”Warburg” (W) and is extensively employed in equivalent

circuit, as presented in figure 2.16. The Warburg element corresponds to a semi-infinite

linear diffusion whose mass transfer impedance has identical real (|Re((̇Z)|) and complex

parts (|Im((̇Z)|)91. In other words, let the angle between the linear segment with the real

axis in figure 4.10(a) – known as phase angle – be ϕ. For the case where (|Im((̇Z)|) =

(|Re((̇Z)|), this leads to

tan(ϕ) = tan

(
∆ (|Im((̇Z)|)
∆ (|Re((̇Z)|)

)
= 1 (2.16)

Which from equation 2.16 yields |ϕ| =45◦. In the chapter 4 of this thesis, a discussion
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regarding the use of Warburg element in EIS equivalent circuits is presented.

Rs

Rf

CPEf

Rct

W

CPEct

Figure 2.16: Equivalent circuit for EIS fitting employed for results presented in Table 4.3.
The Warburg element (W ) is in series with Rct

74;92.

2.5.2 Galvanostatic Intermittent Titration Technique

GITT is a technique used to acquire thermodynamics and kinetic parameters of an electro-

chemical system under consideration93. The basis of this technique lies in applying successive

current pulses, of positive and negative polarities, followed by a relaxation time, i.e., periods

in which no current is applied.

As shown in figure 2.17, during the application of a positive current pulse of duration

τ , initially the cell potential increases proportionally to IR value, where R is the value of

the equivalent resistance and I is the constant current value. Subsequently, the potential

starts to increase more gradually in order to maintain the concentration gradient. After

the current pulse is interrupted, the potential again drops rapidly and then decreases at a

slower pace until the equilibrium in the electrode is reached, and so the open circuit potential

(OCP). In other words, GITT is a technique that measures the transient voltage change (∆Et)

upon application of a current pulse (IP ). From the curves obtained parameters such as the

chemical diffusion coefficient (DGITT ) can be calculated, as presented by equation 2.17.

DGITT =
4

π τ

(
mB VM
MB S

)2 (
∆ES

∆Et

)
(2.17)

Where in equation 2.17, τ is the constant current pulse duration, mB, VM , and MB are

the mass, molar volume, and molar mass of the electrode material, respectively; S is the area

of the electrolyte-electrolyte interface; lastly, ∆ES and ∆Et are the steady-state potential
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change and the potential change, respectively.

Figure 2.17: Upper figure: single step positive polarity current pulse. Lower figure: potential
response upon application of current pulse with parameters highlighted93. Copyright 2004
Elsevier Ltd. All rights reserved.

2.6 Transition metal dichalcogenides

In the 1920s, Linus Pauling first reported a class of layered materials known as TMDs with

generalized formula MX2, where M corresponds to a transition metal (from groups 4 to 10)

and X stands for a chalcogen species, i.e., S, Se, Te94. Arising from this general formula,

more than 60 TMDs are known to exist, among which at least two-thirds present a layered

structure, thereby presenting various chemistries, mechanical and electronic properties, as

well as polymorphism95.

As the major focus of this thesis, TMD crystals of group 6 present layered morphology with

one transition metal in a sandwiched-like structure with two chalcogen atoms highlighted in

figure 2.18. The transition metal in the structure crystallizes so that the coordination is gen-

erally trigonal prismatic or octahedral. Depending on the arrangement of transition metal

and chalcogen atoms, one of these two coordination is thermodynamically preferential96. As
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such, TMDs are a family of compounds that exhibit a diversity of structures and crystallo-

graphic, e.g., hexagonal 2H-MoS2 , 2H-WS2 (space group P63/mmc), octahedral 1T-MoS2

(space group P3̄m1), or the orthorhombic tellurides MoTe2 and WTe2 (space group Pmn21);

thus, providing a spectrum of anisotropy in electronic properties e.g., the superconducting

NbSe2 and PdTe2, and semiconducting 2H-MoS2, 2H-WS2, and HfS2
97. It is also important

to highlight that TMD band gaps can be doped rather efficiently for various functionalities

such as catalysis and optical applications98.

Figure 2.18: General formula of TMDs and periodic table illustrating the elements that are
known to crystallize in layered structures. Atoms Co, Rh, Ir, and Ni are partially highlighted
as some species form layered TMD structures. Copyright 2013, Nature Publishing Group, a
division of Macmillan Publishers Limited. All Rights Reserved97.

Owing to TMDs crystal structure anisotropy, massive research efforts are currently put

into modification in interlayer interactions and phase engineering to allow additional tuning

of TMDs electronic properties99;100. This can be illustrated by 1T-MoS2, whose electronic

conductivity is 1× 107 times higher than the most stable thermodynamic and semiconduct-

ing phase 2H-MoS2
101. Hence, TMDs are candidates for flexible electronics, photodetectors,

nano-electrochemical systems (NEMS), and ESS36;102;103.

About ESS, exfoliated TMDs nanosheets may provide exciting features such as high the-

oretical energy density, high surface area, larger interlayer spacing, which allows accom-

modation of several alkali-ion metals, e.g., Li+, Na+, K+. Moreover, structural stability

– nanosheets are weakly held together by van der Waals forces and therefore may accom-

modate phase changes better than bulk crystals – and a greater degree of interaction with
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electrolyte interface may considerably reduce the path for ions to access the host material.

A more detailed discussion on synthesis techniques is presented in section 2.7.

Among the various types of electrochemical ESS currently being explored by researchers

(e.g., metal-ion rechargeable batteries and supercapacitors), selecting suitable positive and

negative electrodes is important. Mainly because established electrode materials for lithium-

ion batteries may not be suitable for other alkali metal-ion batteries. This can be illustrated

by graphite, which presents lithium theoretical capacity of 372 mA h g−1; notwithstanding it

shows negligible capacity towards Na+, as discussed in section 2.274;104

Graphite is a layered material with widespread utilization in commercial LIBs. Reasons

for its utilization are the safety, low cost, electronic conductivity, high reversibility lithium

capacity, and low electrochemical potential to Li/Li+105;106. Nevertheless, Li+ storage in

graphite relies on intercalation, process that yields the transfer of one electron per transition

metal for alkali metal ions (figure 2.19(a)). More than a decade ago, Armand and Tarascon

highlighted that the energy density of commercial LIB was only a factor of 5 greater than

lead-acid batteries, and according to Moore’s law, this is not a good indicative107.

One feasible strategy for developing materials that can store more energy is the use

of conversion electrode materials, which are illustrated in figure 2.19(b). Conversion-type

reactions are advantageous because they can transfer up to 6 electrons; therefore, yielding

higher specific capacity and ultimately higher energy density. It is also worth noting that due

to a higher transfer of electrons, alloying-type reactions are also object of intense research,

yet they were not studied and are not discussed in detail in this thesis108.

The study of TMDs as electrodes for rechargeable batteries has revealed several species

that rely on conversion and alloying type reactions66. Importantly, the occurrence of these

reactions can be controlled as they are potential-dependent. For instance, MoS2 shows

intercalation Li+ storage up to 1.5 V versus Li/Li+. However, going to potentials lower than

0.05 V a total of four electrons are transferred; thus, indicating that intercalation is not the

only mechanism involved109. Moreover, recently Ma and co-authors reported that SnS2 as

SIB electrode material shows intercalation, conversion, and alloying stages depending on the

potential applied110.
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For clarification, in the literature sometimes the terms ”intercalation” and ”insertion” are

used interchangeably. However, these terms have different meanings. Intercalation indicates

a layered host material that attains its structural integrity upon letting ions in and out of

its structure, e.g., graphite. On the other hand, insertion comprehends a more broad scope,

as it may refer to processes where structural rearrangement may occur, such as the alloying

reaction of Li+ with Si or Sn, where major structural changes happen111;112.

Overall, because of these exciting, tunable, and favorable structural and electronic prop-

erties, TMDs have drawn a great deal of research interest as electrode materials for ESS

applications. In this thesis, MoS2, a sulfide-based TMD, is studied in chapter 3 due to its

great potential and availability for the future of ESS; also, WTe2, a telluride-based TMD, is

also studied because its fascinating properties, which are presented in chapters 4 and 5.

Figure 2.19: Schematic of charge storage mechanisms, (a) intercalation, and (b) conversion
reaction. Copyright 2008, Nature Publishing Group107.
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2.7 Synthesis techniques of TMDs4

One of the most essential and attractive properties of TMDs are their considerable anisotropy

in properties, especially in electronic and crystallographic structure97. Therefore, synthesis

methods aim to modulate these properties towards the application’s needs by tweaking

the interlayer spacing and microstructural morphology. It should also be noted that the

synthesis approaches should be high yield and scalable while being as less energy-intensive

and inexpensive as possible.

Synthesis techniques of TMDs are generally classified as ”top-down” or ”bottom-up”. As

the name suggests, top-down techniques usually start with the bulk precursor material and

achieve the desired morphology. This contrasts with bottom-up processes, where atomic

layers are built up in a ”block-by-block” or ”layer-by-layer” fashion.

Generally, top-down approaches are relatively cost-effective and yield a somewhat more

significant quantity of material that can be suitably used for scalable electrochemical energy

storage applications118. Mechanical exfoliation is one of the prevalent techniques that has

been used; it has the advantage of providing high-quality and very pure single layers, although

they are not commonly scalable and, as a result, are suitable for very fundamental studies.

In this case, mechanical exfoliation per se indicates just the peeling off individual TMD layers,

similar to graphene17, using tools such as scotch-tape as illustrated by figure 2.20(a). To

summarize, bottom-up techniques can be used to study the fundamental behavior of TMDs

e.g., transport and semiconducting properties119.

On the other hand, the liquid solvent-based exfoliation technique is one of the most

popular and important methods for providing a considerable amount of material for elec-

trochemical energy storage applications (figure 2.20(b))120. Organic solvents – e.g., hexane,

isopropanol – are commonly used, and sometimes a pre-intercalating ion such as Li+ (n butyl-

lithium is a common source in such cases) is used to induce and facilitate the exfoliation

process101. Ambrosi et al. studied the performance of MoS2 exfoliated by different lithiated

4Reprinted with permission from Soares, Davi Marcelo, Santanu Mukherjee, and Gurpreet Singh. ”TMDs
beyond MoS2 for electrochemical energy storage.” Chemistry - A European Journal (2020). Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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organic molecules, e.g., methyllithium, n-butyllithium, and tert-butyllithium. They were

able to demonstrate more efficient exfoliation when n-butyllithium and the tert-butyllithium

were employed as exfoliating agents121. Similarly, Xiao et al. demonstrated the use of poly-

ethylene oxide (PEO) for enhancing the interlayer spacing of MoS2 for electrochemical storage

applications. Results showed a 95% coulombic efficiency and good capacity retention in the

process122. Further, Bang et al. used a 1-methyl-2-pyrrolidone (NMP) solution to exfoliate

MoS2 to be used as anodes in SIB systems. They were able to obtain first cycle sodiation

and desodiation capacities of 254 and 164 mA h g−1, respectively, and a coulombic efficiency

of 97%123.

As another route to prepare electrode materials for EES, very strong acids (”superacids”)

such as chlorosulfonic acid (HSO3Cl) have been used to exfoliate TMDs, as demonstrated

by Singh et al.124. This approach showed the advantage of forming stable dispersions and

not restacking easily; restacking of nanosheets is a recurrent problem in these layered com-

pounds124. Using this technique, the authors were able to obtain a capacity of 230 mA h g−1

and a coulombic efficiency of 99% in a Na-ion half-cell configuration124.

Bottom-up approaches find limited applications for electrochemical energy storage ap-

plications, primarily due to the energy-intensive nature of the processes themselves and

the rather low yields obtained. CVD (figure 2.20(c)), physical vapor deposition (PVD) (fig-

ure 2.20(d)) are some of the bottom-up techniques used, in general, to synthesize layered

TMDs125. In the literature, the study of thin films of TMDs prepared by bottom-up technique

for application in electrochemical energy storage devices is rather scarce. Yet in their pio-

neering work, Xu et al. synthesized WS2 ”platelet like” thin-films by a sputtering process

as anodes in SIB systems and a reversible volumetric capacity of 554 mAhcm−3 at 50 mA g−1

was obtained126.

In perspective, the synthesis of TMDs remain a very active and developing research area.

As restacking and aggregation of the exfoliated TMD sheets constitute a significant area of

concern, the emphasis currently lies in synthesizing uniform, exfoliated nanosheets of TMDs

able to perform reliably for long term cycling128. An important paradigm shift lies in moving

away from using pure TMDs, and instead, synthesize heterostructures, which are alternate
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Figure 2.20: Schematics of some synthesis methods of 2D materials. (a) Mechanical ex-
foliation. (b) Liquid exfoliation by ultrasonication. (c) CVD. (d) PVD. Copyright 2017,
Macmillan Publishers Limited127.

atomically thin layers of different TMDs or TMDs interspersed with graphene19;129.

Heterostructures provide the advantage of using the constituent parts’ benefits and main-

taining the overall layered morphology19. Synthesis of TMD based nanocomposites and using

functionalized moieties to enhance the electrochemical activity are other novel avenues that

are currently being considered130.

2.8 Polymer derived ceramics

Polymer derived ceramics (PDCs) are ceramic materials synthesized from a liquid polymeric

ceramic precursor with active research in fields ranging from aerospace to biotechnology131.

Reasons for this growing interest in PDCs is conventional ceramics are brittle materials and

difficult to machine. Nevertheless, PDCs provide the advantage of polymer synthesis, which

can be tweaked to result in a ceramic material whose production may employ state-of-the-

art techniques – such as AM – and with properties of interest. Therefore, as unique ceramic

materials, PDCs exhibit high oxidation and thermal shock resistance, electronic conductivity,

negligible creep-behavior, and lower synthesis temperatures when compared with conven-

tional ceramics132.

In 1960, Ainger and Herbert firstly reported the synthesis of non-oxide ceramics synthe-

sis from molecular precursor133. Subsequently, Verbeek and co-inventors developed ceramic

fibers from the following pre-ceramic polymers: polysilazanes, polysiloxanes, and polycar-
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boxilanes. Based on this discovery, patents on behalf of Bayer AG were filed134;135. At the

same period, in Japan, Yajima reported the production and high stability under high temper-

ature of SiC ceramic fibers, synthesized by thermolysis of polycarbosilanes136;137. Ever since,

the synthesis of ceramic networks upon low-temperature pyrolysis of pre-ceramic polymers

is intensively studied.

As materials that can be employed in the synthesis of nano- and micro-ceramics com-

posites with complex shapes – as presented by figure 2.21(a-g) – polymer derived ceramic

(PDC) usually exhibit facile synthesis routes. Although the synthesis processes still involve

thermal treatments, these commonly require lower temperatures – and energy – compared

to traditional ceramics synthesis131.

2.8.1 Types of pre-ceramic polymers

As previously discussed, one of the advantages of PDC is the fact that elements in the

composition of pre-ceramic polymer (initial stage) may remain in the ceramic structure after

the pyrolysis; therefore, enabling macroscopic physical properties to be present in the final

material application. Arising from this remarkable aspect, a wide range of possibilities is

possible by applying the diversity of polymer chemical design, i.e., changing the functional

and/or organic groups of the monomer, in order to develop new ceramic materials with

complex shapes. The simplified representation of the preceramic polymer emphasized in this

thesis (organosilicon polymer) is depicted in figure 2.22.

Where, in figure 2.22, X and Rn represent, respectively, the group of the polymer back-

bone and the functional or organic groups that can be attached to the repeat unit. It is

worth noting that the organic groups (Rn) selection plays a role with respect to solubil-

ity, chemical, and thermal stability of the polymer, as well as its electronic, optical, and

rheological properties132. Similarly, by changing the X group new classes of organosilicon

polymers can be obtained, for instance, X = Si originates a poly(organosilanes), X = O

poly(organosiloxanes), and X = CH2 poly(organocarbosilanes). Figure 2.23 introduces a

chart originated from the simplified formula shown in figure 2.22139.
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Figure 2.21: (a) Cross-linked 3D structure made by additive manufacturing (left-hand side)
and the same 3D structure after pyrolysis (right-hand side). SEM images of 3D structure after
(b-d) cross-linking, (e-g) pyrolysis at 1000 ◦C. Copyright 2015, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim138.

Si

R1

R2

X




n

Figure 2.22: Simplified representation of organosilicon pre-ceramic polymer.
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Figure 2.23: Classes of Si-based polymer as precursors for ceramics. Reproduced with
permission from The Royal Society of Chemistry (2018)140.

In this thesis, emphasis is given to silicon oxycarbide (SiOC) ceramics, which when in

polymer form corresponds to Si bonded toX = O atoms in figure 2.22 (poly(organosiloxane))131;141.

2.8.2 From polymer to ceramics: the transformation process

Up to this point, pre-ceramic polymer structures have been presented, and the advantages

of using polymer synthesis approaches to produce PDC emphasized. In this section, a brief

discussion of the mechanisms of conversion from polymers to ceramics is presented.

The conversion process from polymer to ceramic happens in two main steps, namely,

cross-linking of the polymers at low temperatures (100 - 400 ◦C) – a process that provides

infusible organic and inorganic networks – and ceramization process at temperatures also

considered low (compared to the traditional sintering methods of ceramic materials) from

1000 to 1400 ◦C.

During the cross-linking process, the precursors are converted into inorganic and organic
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materials, which assures a higher cross-link yield by avoiding higher losses of low molecular

mass components from the pre-ceramic polymer. Furthermore, the infusible organic and

inorganic networks mentioned preventing the materials from melting during ceramization

process – second step – in which a higher temperature is involved139.

Subsequently, the pyrolysis step is conducted at a higher temperature under inert con-

ditions. In this last step, thermal decomposition of volatile compounds, oligomers, and

hydrocarbons occurs, so the amorphous ceramic can be obtained. Moreover, depending on

the pyrolysis parameters, higher retention of hydrogen can be achieved (at ≈ 800 ◦C), or

nano-sized crystalline phases in the ceramic (at ≈ 1400 ◦C). Lastly, depending upon pre-

ceramic polymer composition, free sp2 carbon domains are present in the ceramic material;

this property is relevant for energy storage applications because of higher electronic conduc-

tivity.

2.9 Considerations upon crystal structures of TMDs

Bulk TMDs present ordered layers stacked by van der Waals interactions — similar to

graphene142. One remarkable feature exhibited by TMDs is the polymorphism, in other

words, atoms may exhibit different intermolecular arrangement while maintaining the same

formula MX2. Thus, the coordination of the transition metal atom of TMDs plays an impor-

tant role because TMDs may crystalize in the following phases: 3R, 2H, 1H, 1T, 1T ′, and Td,

where the number in the nomenclature accounts for the number of X-M-X arrangements in

the unit cell. For clarification, figure 2.24 illustrates the these phases143.

The 3R phase corresponds to a lattice with rhombohedral (R) symmetry and trigonal

prismatic metal coordination, where three sets of X-M-X layers per unit cell are found (figure

2.24(a,b)). Figure 2.24(b) illustrates the stacking sequence AbA CaC BcB – where upper-

and lower-case letters represent the chalcogen and metal atoms, respectively97.

Figure 2.24(c) shows the 1H and 2H phases, where metal coordination is trigonal pris-

matic with hexagonal symmetry (D3h point group). Phase 2H presents stacking sequence

AbA BaB (figure 2.24(d)), whereas phase 1H only shows AbA.
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1T phase displays tetragonal symmetry (D3d point group) with octahedral coordination

of metal atoms (figure 2.24(f)). As presented by figure 2.24(g), the stacking sequence is

AbC. Comparing phases 1H- or 2H- with the tetragonal symmetry phase, a shift of 60◦ in

the chalcogen atoms in the arrangement X-M-X exists.

Although sometimes confused with 1T phase, figure 2.24(h,i) shows 1T′ phase, which is

ascribed to a distorted octahedral metal coordination. Examples of TMDs that present 1T′

phases are telluride-based TMDs, e.g., MoTe2 and WTe2
144. Likewise, phases 1T′ and Td are

akin; nevertheless, they present centrosymmetric monoclinic and non-centrosymmetric or-

thorhombic unit cells, respectively. Figure 2.24(h-k) illustrates the small differences between

them.
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Figure 2.24: Polytypes of MoS2 crystals. (a,b), 3R. (c), 1H and 2H top view. (d), 2H. (e).
1H. (f,g) 1T. (h,i) 1T′. (j,k) Td.
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Table 2.1: Performance of some TMDs as SIB applications.
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Table 2.2: Relevant properties of Li, Na, and K for rechargeable ion battery applica-
tions27;75;76.

Li+ Na+ K+

relative atomic mass 6.94 22.99 39.10
mass-to-electron ratio 6.94 22.99 39.10

Shannon’s ionic radii (Å) 0.76 1.02 1.38
density (g/cm3) 0.535 0.968 0.856

E0 vs. SHE in aqueous media (V) -3.04 -2.71 -2.93
melting point (◦C) 180.54 97.72 63.38

theoretical capacity of metal electrode
(mA h g−1)

3861 1166 685

theoretical capacity of metal electrode (mAh/cm3) 2062 1131 591
theoretical capacity of ACoO2

(mA h g−1)
274 235 206

theoretical capacity of ACoO2

(mAh/cm3)
1378 1193 -

molar conductivity of AClO4 in PC/ (Scm2/mol) 6.54 7.16 -
desolvation energy in PC (kJ mol−1) 218 157.3 119.2

Cost (US$ ton−1) 165,000 200 1,000
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Table 2.3: Crystal and electronic properties of group IV layered TMDs. Properties correspond
to bulk material unless otherwise specified.
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Chapter 3

SiOC functionalization of 2H-MoS2
1

3.1 Preview

The development of feasible, scalable, and environmentally safe electrode materials that

provide stable cycling performance is critical for the success of beyond lithium rechargeable

batteries and supercapacitors. Concerning the SIB anodes constituting of TMDs such as

molybdenum disulfide (MoS2), poor cycle stability and fast capacity degradation, due to

low electronic conductivity and dissolution of chemical species in the electrolyte, hinders

the use of these promising layered materials as SIB anodes. Herein we report chemical

functionalization in MoS2 nanosheets with polymer-derived silicon oxycarbide or SiOC to

preserve MoS2 from dissolution in the SIB organic electrolyte, without compromising its role

in sodiation and desodiation processes. Our results suggest that a MoS2-SiOC composite

electrode is effective in bringing improved cycle stability to sodium-ion cycling over pristine

MoS2 even after 100 cycles

1Reprinted with permission from Soares, Davi Marcelo, and Gurpreet Singh. ”SiOC functionalization of
MoS2 as a means to improve stability as sodium-ion battery anode.” Nanotechnology 31.14 (2020): 145403.
IOP Publishing. All rights reserved.
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3.2 Introduction

Layered TMDs materials have suitable properties as anode materials for SIB19;97;145. This

class of materials presents lamellar structure – similarly to graphite – allowing insertion of

sodium ions. Moreover, as introduced in section 2.6, TMDs present ≈ 40 layered chemical

species; thereby, showing versatile chemistries and unique electrical, chemical, mechanical

and thermal properties. Among these species, the Mo-based TMDs, e.g., MoS2, MoSe2,

MoTe2 possesses sandwich-like structure, which, on the one hand, allows sodiation and deso-

diation among its layers. On the other hand, sodiation may induce structural transformations

in TMDs; hence, showing electrochemically undesired repercussions145;146. These structural

changes may occur during initial cycles causing large first cycle loss and irreversible capacity

decay. These undesirable outcomes can be assigned to SEI layer formation, side reactions,

and dissolution of sulfides in the electrolyte by virtue of lower reversibility of metal sulfide

chemical reactions, for instance147–150. In addition, volume changes during insertion and ex-

traction of sodium ions and mechanical stresses associated with such process may culminate

in lower electronic conductivity of electrode with subsequent sluggish cycling stability151–153.

In an initial study to address the drawback of cyclability in TMDs, three species of Mo-

based TMDs were tested in long-term cycling as SIB half-cells at 200 mA g−1 to evaluate which

would be worth studying. Results of this electrochemical test are presented in figure 3.1.

From the data presented by figure 3.1, one can clearly see the highest specific charge

capacity of MoS2 electrode. Nevertheless, a continuous capacity decay exists during cycling.

Arising from the availability, polymorphism, and historic of use in battery electrodes15, MoS2

was chosen as material of interest towards a composite material with higher stability upon

cycling.

Thus, here our goal is to present one alternative to address the cyclability drawback of

MoS2 in SIB. Thus, we report a facile and safe synthesis of MoS2 and silicon oxycarbide

(SiOC) composite.

As presented in section 2.8, PDCs are materials that can improve stability and miti-

gate high first cycle loss and sulfide dissolution in SIB MoS2 anodes150;154. Due to its open
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Figure 3.1: Electrochemical performance of Mo-based TMDs in long-term cycling.

polymer-like network and chemistry, SiOC is capable of decreasing capacity decay and sup-

pressed regeneration of MoS2 because, during the synthesis process, the pre-ceramic polymer

molecules may diffuse in between MoS2 nanosheets. Therefore, establishing an alternating

structure of SiOC ceramics and MoS2 upon pyrolysis, which – given the inherent nature of

SiOC ceramic material – may furnish resistance to degradation and oxidation to the active

material131;155. Accordingly, a thin layer of SiOC may effectively protect the active material

without affecting its crystal structure or disrupting ion insertion/extraction during cycling.

It is worth noting that there are studies published reporting the electrochemical behavior

of SiOC for Li+ storage properties156–158. Nevertheless, there are not many published studies

of SiOC as composite anodes for SIB, primarily because SiOC has negligible capacity toward

Na+. Moreover, to our best knowledge, this is the first report of MoS2-SiOC composite as

electrode material for SIBs. To summarize, this study reports a facile process for preserving

MoS2 from prominent capacity fading under cycling; therefore, mitigating the suppressed

regeneration of MoS2 by safeguarding this TMD species with SiOC.
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3.3 Experimental

3.3.1 Material preparation

The simplified synthesis method of MoS2 functionalized by polymer-derived SiOC ceramic

is presented by figure 3.2, and in details as follows. Initially, MoS2 technical grade and

1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (TTCS) (purchased from Gelest), in

which 1% wt. dicumyl peroxide (Sigma Aldrich, 98%) was added, were mixed until obtained

a homogeneous mixture in several MoS2:TTCS weight ratios, i.e., 1:1, and 1:4, and 1:10.

Then, samples were placed in open-air oven at 160 ◦C for cross-link for 18 hours, and af-

terward pyrolyzed in argon atmosphere at 800 ◦C for 30 min. The latter is responsible for

providing amorphous SiOC ceramic through decomposition of the polymer precursor above

mentioned. Under these conditions, the polymeric precursor presented ceramic yield of ≈

70%. Consequently, for samples of MoS2:TTCS containing weight ratios 1:1, and 1:4, and

1:10, it resulted in yield values of ≈ 35%, 56%, and 63% of SiOC in MoS2–SiOC composites,

respectively. It is important to highlight that lower weight ratios of TTCS were also studied;

nevertheless, no crosslinking of TTCS was achieved in these samples, i.e., the preceramic

polymer did not change phase or solidify, even after several hours of heating. Reasons for

this are presently unknown and could be the focus of future work.

Electrodes were prepared by mixing the active material – i.e., pristine MoS2 or MoS2–SiOC

– (70 wt. %), carbon black as conducting agent (15 wt. %) (Alfa Aesar 99.9%), and

polyvinylidene difluoride as a binder (15 wt. %) (Alfa Aesar). Few drops of 1-Methyl-

2-pyrrolidinone (Sigma Aldrich) were added until a homogeneous mixture was obtained.

Subsequently, a uniform thin film of ≈ 125 µm was cast on a 9µm copper substrate through

dr blade technique, and dried overnight in open-air oven at 80 ◦C for solvent removal. Af-

ter dried, circular cells were punched for use as working electrodes in coin cell (CR2032

model) assembly. Cell assembly was performed in a high-precision argon atmosphere glove

box with sodium metal (negative electrode) and stainless-steel spacers used. Additionally,

a Celgard separator soaked in 1 M NaClO4 (Alfa Aesar) in (1:1 v/v) EC:DMC (anhydrous,
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99%, Sigma) was used to keep the cathode and anode electrodes apart. All chemicals were

used without any further purification.

Figure 3.2: Schematic of composite electrode (MoS2-SiOC) preparation, including TTCS
transformation into ceramics.

3.4 Material characterization

Morphological analysis of materials were observed using Carl Zeiss EVO MA 10 SEM, Philips

CM 100 TEM 100 kV, and high-resolution transmission electron microscope FEI Tecnai Osiris

TEM 200 kV equipped with EDX spectrometer. Raman spectra were taken in HORIBA Jobin

Yvon, HeNe laser wavelength 633 nm, and XPS in Thermo Scientific, monochromatic Al

anode Kα (hν = 1486.6 eV) with spot size 400µm. Also, for XPS, a surface etching was

carried out by in-situ sputtering of argon ions with energy of 3 keV for 2 min. MoS2 and

MoS2-SiOC structures were studied by X-ray diffractograms, which were taken in Rigaku

Miniflex II Cu Kα (λ = 1.5406 Å). Lastly, half-cells were tested in Arbin BT2000 multi-

channel battery tester and electrochemical station CHI660E of CH Instruments, Inc.
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3.5 Results and discussion

From morphology analysis, SEM images of pristine MoS2 and MoS2–SiOC composite elec-

trodes are presented, respectively, by figure 3.3(a,b), which depict particles with fairly similar

morphology and particle size.

Figure 3.3: SEM images of electrode materials cast on copper foil: (a) pristine MoS2, and
(b) MoS2-SiOC.

The layered structure of MoS2 functionalized with SiOC is presented by figure 3.4(a),

where thin sheets possessing hundreds of nanometers long can be identified. Additionally,

from HRTEM image depicted by figure 3.4(b,c), no defects could be identified, which in-

dicates that the functionalization did not affect the morphology nor crystallinity of MoS2

nanosheets. Likewise, from figure 3.4(d)–(j) and table 3.1, given the nature of EDX analysis,

the elemental mapping reveals very low atomic percentage of silicon, for instance, which

indicates that SiOC may be deposited on the surface of MoS2 nanosheets; thus, protecting

its intact structure.

Table 3.1: Composition data from EDX.

Element
Atomic
number

Series
Unn.

C
[wt. %]

Atomic
C

[at. %]
C 6 K-series 0.92 5.37
Si 14 K-series 0.58 1.45
S 16 K-series 14.3 31.39

Mo 12 L-series 84.21 61.8
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Figure 3.4: (a) TEM image of MoS2-SiOC composite, (b) HRTEM image of MoS2-SiOC
composite sheet, (c) annular dark-field STEM, (d) STEM image with elemental mapping of,
(e) Mo, (f) S, (g) Si, (h) O, and (i) C. (Scale bar for (d)-(i) is 500 nm). (j) EDX spectrum
of functionalized MoS2-SiOC material.

To further understand the functionalization, evaluate chemical species, chemical states

and bonding XPS was conducted. Figure 3.5(a) shows the survey scan and reveals the main

species in the composite material. In contrast to EDX, XPS peak analysis reveals a greater

atomic percentage of silicon on MoS2–SiOC – fact inherent of its surficial analysis. The

detailed peak analysis is presented in table 3.2. The molybdenum spectrum – depicted by

figure 3.5(b) – presents the lowest binding energy peak at 226.2 eV, which can be ascribed

to sulfur 2s orbital; while the peak at 227.9 eV is assigned to 3 d5/2 elemental molybdenum.

The deconvolution of Mo 3d also reveals peaks assigned to 3 d5/2 and 3 d3/2 of MoS2 at
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228.8 eV and 232.8 eV, respectively101;159–161. The peak at 231.2 eV is assigned to Mo4+

state and presents a shift to metal state of ≈ 3.2 eV, in accordance with literature results162.

Regarding sulfur species, figure 3.5(c) presents binding energy range presents four component

peaks with orbitals 2 p3/2 and 2 p1/2 and spin coupled with chemical shift of ∆E = 1.2 eV163.

Thus, photoemission peaks at 161.7 eV and 162.9 eV are assigned to 2 p3/2 basal sulfide

ions S2− and 2 p1/2 to atomic sulfur, respectively164–167. Further, the peak at 163.5 eV was

ascribed to elemental sulfur164. According to the silicon line (figure 3.5(d)), one can see that

the facile functionalization with SiOC performed did not produce chemical bonding with

neither Mo nor S atoms; therefore, maintaining the chemical structure of MoS2 intact for

its purpose. Moreover, as shown by microscopy images, SiOC acts as a physical protection

for MoS2 molecule, mitigating (poly)sulfide dissolution during sodiation and desodiation

processes168. In fact, Si spectrum shows the most intense peak is attributed to Si–C bonds,

at 101.7 eV; whilst the other is attributed to Si–O bonds169–172. In relation to carbon species,

the peak at 284.4 eV – figure 3.5(e) – is assigned to C–C bonds, and peaks located at 283.6 eV

and 286.1 eV are assigned to Si–C and C–O bonds, respectively173–176. Furthermore, the less

intense peak at 288.8 eV is ascribed to O––C–O, which corroborates with lower intensity

peak at 530.4 eV for O1s spectral line, which is presented by figure 3.5(f)177–179. Indeed, the

higher intensity peak from the O 1 s spectrum reveals the presence of Si –O bonds180.

Table 3.2: XPS peak table of MoS2-SiOC.

Name
Start BE

(eV)
Peak BE

(eV)
End BE

(eV)
Height
CPS

FWHM
(eV)

Atomic
%

C1s 292.38 284.39 280.28 45353 1.86 40.63
Mo3d 236.48 228.12 226.38 30668.17 1.78 3.45
O1s 541.18 532.41 527.48 95625.56 1.7 30.23
S2p 168.48 162.07 159.18 10502.66 2.37 5.15
Si2p 108.08 102.76 97.98 19492.87 2.5 20.53

In addition, to comprehend the vibrational modes of pristine MoS2 and functionalized

material, Raman spectroscopy was performed. The pristine MoS2 spectra, presented by

figure 3.5(g), presents the three high intensity peaks located at ≈ 375, 400, and 440 cm−1.

The peak located at 375 cm−1 is assigned to in-plane active mode E1
2g of bulk crystal181;
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the one located at 400 cm−1 is an out-plane mode A1g
182;183; lastly, the peak located at

≈ 440 cm−2 is ascribed to Mo–S vibration of reduced or Mo6+ oxysulfide species, which

may be formed by exposing such samples to an oxidizing atmosphere184;185. Concerning the

MoS2-SiOC sample, in addition to the peaks seen in the pristine MoS2 sample, there were

peaks ascribed to SiOC, i.e., peaks at ≈ 1350 cm−1 and 1590 cm−1, which are attributed

to bands D and G, respectively, characteristic of carbon materials. The D band – located

at 1350 cm−1 – is assigned to the sp2 disordered carbon breathing modes. Additionally, a

peak not very intense at ≈ 1500 cm−1 is assigned to D′′ band, which is characteristic of

amorphous carbon present in the SiOC composite132. Finally, G band is ascribed to bond

stretching of sp2 carbon pairs186;187. It is also important to highlight that the presence of

sp2 carbon may provide higher electronic conductivity for the electrode; therefore, an also

attractive property of SiOC, which may grant higher rate capability82;188–190. In addition,

crystallite size of MoS2 could be estimated from the resonant Raman spectroscopy. The ratio

of the intensity of longitudinal acoustic mode – LA(M) – located at ≈ 228 cm−1 to that of

mode A1g, for both materials, presents values lower than 0.1; therefore, indicating that the

crystallite size of MoS2 is much greater than 10 nm or even micro-crystalline domain size for

MoS2 species191;192.

Concerning crystalline structure of the materials, as portrayed by figure 3.5(h), diffraction

peaks indicate hexagonal crystal system space group P63/mmc, also reported in literature as

2H, once such structure has two MoS2 layers per unit cell with trigonal prismatic coordina-

tion193–196. Again, the crystal and layered structure of MoS2 were preserved after cross-link

and pyrolysis procedures performed during SiOC synthesis; thereby, corroborating that the

functionalization did not modify the structure of MoS2. Just for comparison purposes, pris-

tine MoS2 was annealed in argon for 30 min at 800 ◦C (green diffractogram in figure 3.5(h)),

where a new peak at 2θ = 26◦ was observed. This new peak suggested that functionalization

with SiOC suppresses the mentioned (unknown) phase to be formed in MoS2 during pyrolysis

step. Lastly, crystallite sizes of pristine and composite materials – D(002) – were calculated

using Scherrer relation (equation 3.1). Domain sizes of MoS2 and MoS2-SiOC were estimated

to be 46 nm and 45.1 nm, respectively.
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D =
κλ

β cos θ
(3.1)

Where, in equation (3.1), D is the crystallite domain size, θ is a particular diffraction

angle – given in radians – λ is the X-ray wavelength (λ = 1.5406 Å), and κ is a numerical

factor, also known as Scherrer constant. At present study, for the plane (002), κ was set to

0.76197. Yet, it is worth noting it can vary from 0.89 to 1.39.

Figure 3.5: (a) Survey scan of MoS2-SiOC composite, and respective high-resolution spectra
of (b) Mo 3d, (c) S 2p, (d) Si 2p, (e) C 1s, and (f) O 1s; (g) Raman spectra of pristine
MoS2 and functionalized MoS2-SiOC material; (h) XRD diffractograms of MoS2-SiOC (red),
pristine MoS2 (blue), pristine MoS2 annealed in argon flow at 800 ◦C (green), and SiOC
(gray).

Electrochemical characterization of pristine MoS2 and MoS2-SiOC composite was carried

out through galvanostatic half-cell configuration with reference to sodium metal. From

figures 3.6(a), 3.6(b), and 3.7(a) it is possible to see at first discharge cycle the three plateaus,

inherent of MoS2 species previously reported in the literature124;147.

The discharge cycle processes can be quantified in two main reactions, namely equations

3.2 and 3.3, which yield equation 3.4198;199. From figures 3.7(a), (b), reduction peaks at

0.8 V and 0.9 V can be ascribed to insertion of Na+ into MoS2 (equation 3.5), and NaxMoS2
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Figure 3.6: Charge and discharge profiles of half-cell cycled between 0.01 and 2.25 V versus
Na/Na+ of (a) pristine MoS2, and (b)MoS2-SiCN.

layers, respectively, as well as to irreversible formation of the SEI during the first cycle due

to the greater value of dQ/dV depicted in figure 3.7(b)124;200;201.

MoS2 + yNa+ + y e− −−→ NayMoS2, (3.2)

NayMoS2 + (4− y) Na+ + (4− y) e− −−→ 2Na2S + Mo, (3.3)

MoS2 + 4 Na+ + 4 e− −−→ 2 Na2S + Mo, (3.4)

NaxMoS2 + (4− x) Na+ −−→ Mo + NaxS (3.5)

The prominent oxidation peak shown by figure 3.7(b) at first cycle at ≈ 1.7 V is assigned

to extraction – or desodiation – of Na+ from Na2S/Mo of MoS2, and Mo0 oxidation to

regenerate MoS2
200;202. Importantly, one can see that for second cycle of figure 3.7(b), the

peak at 1.7 V still presented such oxidation peak; in contrast to the differential capacity plot

of pristine MoS2, presented by figure 3.8(a). Considering that all cells were synthesized,

assembled, and tested under the exact same conditions, SiOC prevented this reaction to

happen entirely on the first cycle, in opposition to pristine MoS2 electrode203; therefore,
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Figure 3.7: (a) Charge and discharge profiles of MoS2-SiOC half-cell composite between
0.01 V and 2.25 V versus Na/Na+ at 25 mA g−1, and (b) respective differential capacity
curves; (c) cycle performance comparison of pristine and composite half-cell electrodes; ca-
pacitive and diffusion controlled contribution ratios for different scan rates of (d) pristine
MoS2, and (e) MoS2-SiOC; (f) EIS of both material electrodes after one cycle of galvanos-
tatic charge–discharge at 50 mA g−1.

corroborating to ascertain our hypothesis that SiOC protected MoS2 species.

With respect to the sharp peak – located at ≈ 0.1 V for 1st cycle – it accounts for Na+

adsorption on NaS2 and Mo interface199; at 2nd cycle we believe such reaction took place at

≈ 0.03 V198;204.

Due to amorphous characteristic of SiOC, and by the fact it does not is chemically

bonded to MoS2 – as corroborated by XPS and Raman spectra – the voltage plateau in

charge-discharge profile of MoS2-SiOC composite material is not significantly changed when

compared to the pristine MoS2 voltage profile (figures 3.6(a) and 3.8(a)). Therefore, the

capacity contribution from SiOC was negligible10. Finally, in relation to agglomeration issue

of MoS2 previously mentioned, SiOC molecules may also play a role in preventing it as well

as in suppressing volume expansions during insertion and extraction of Na+205;206. Figure

3.7(c) presents results of rate capability test of MoS2-SiOC and its comparison with other
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half-cells, namely pristine MoS2, pristine SiOC and MoS2-SiCN (silicon carbon nitride), the

latter another silicon-based PDC whose voltage profiles and differential capacity curves are

presented in figures 3.6(b) and 3.8(b), respectively. The specific charge capacity values of

MoS2-SiOC illustrated in figure 3.7(c) were calculated considering the total mass of MoS2-

SiOC.

Figure 3.8: Differential capacity curves of sodium half-cells of (a) MoS2, (b) MoS2-SiCN.

Capacity values displayed were calculated according to definition presented by equation

2.3. At current densities of 25, 50, 100, and 200 mA g−1, MoS2-SiOC composite presented

values for charge capacities of 226.1, 270.0, 166.5, and 92.8 mA h g−1, respectively. Although

charge capacity values dropped at higher current densities, at 200 mA h g−1 MoS2-SiOC

presented capacity retention of ≈ 86.5%. Likewise, at 200 mA h g−1, MoS2-SiOC showed

specific capacity 12 times greater than pristine MoS2 electrode.

Figure 3.9 displays the Coulombic efficiency (η) of rate capability test presented in figure

3.7(c). As a general trend for the reported materials in this work, η at 1st cycle showed lower

values. At first cycle, MoS2-SiOC presented η of 72.4%, or first cycle loss of 27.6%, value

ascribed to electrolyte decomposition and irreversible reaction of MoS2 or SiOC species with

Na+. On the other hand, the material functionalized with SiOC exhibited at third cycle

Coulombic efficiency higher than 90%, and, during rate capability test η is predominantly

greater than 96%. It is also worth noting that MoS2-SiCN electrode – synthesized under the

exact same conditions as published elsewhere157 – presented capacity retention at 200 mA g−1

of ≈ 80% after 100 cycles. Indeed, from the data presented in figure 3.7(c), MoS2-SiCN
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confirmed that PDCs assist in providing higher stability for the MoS2 upon cycling.

Figure 3.9: Coulombic efficiency (η) comparison of various electrode materials used in this
study.

Overall, MoS2-SiOC composite outperformed all the electrodes presented in figure 3.7(c).

A summary of the electrochemical data is presented in table 3.3.

To further assess the stability of MoS2 upon functionalization, other MoS2-SiOC elec-

trodes were prepared with higher weight loading of preceramic polymer, namely MoS2:TTCS

(1:4) and (1:10) weight ratios. Figure 3.10(a,b) depicts the rate capability tests of theses

materials.
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Figure 3.10: Rate capability of MoS2-SiOC electrodes, synthesized with (a) MoS2:TTCS
(1:4) wt. ratio, and (b) MoS2:TTCS (1:10) wt. ratio.

According to figure 3.10(a,b), one can see that although stability is reached, the specific

capacities are lower than the electrode prepared with MoS2:TTCS (1:1) wt. ratio; therefore,

ascertaining our claim that SiOC capacity contribution is negligible, and higher proportion of

it in electrode drives the capacity down, as the specific capacities were calculated considering

the total mass of MoS2-SiOC. As a result, MoS2:TTCS (1:1) weight ratio was the best
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Table 3.3: MoS2 (sheet morphology only) electrode data in SIB half-cell from the literature.

Material
description

Synthesis

Voltage
range
(V vs

Na+/Na)

Electrolyte
Current
density

(mA g−1)

Charge
capacity

(mA g−1) /
cycle

number

η at
first

cycle %
Ref.

MoS2

nanosheets /
rGO

Liquid
exfoliation

0.4 - 2.6
1 M

NaClO4 in
FEC/PC

20
∼150 /
100th 64.6 123

MoS2
Mechanical

milling
0.4 - 2.5

1 M
NaCFSO3

in
tetraglyme

50
∼89.5 /

100th 87.4 207

MoS2

nano

Molten
salt

electrolysis
0.01 - 2.6

1 M
NaClO4

in PC
20

100 /
100th ∼75 208

MoS2 /
rGO
paper

Exfoliation
and

vacuum
filtration

0.01 - 2.25

1 M
NaClO4

in
EC/DMC

25
218 /
20th ∼75 124

MoS2

bulk
- 0.01 - 2.25

1 M
NaClO4

in
EC/DMC

25
95 /
100th 56

this
work

MoS2-
SiOC

Pyrolysis 0.01 - 2.25

1 M
NaClO4

in
EC/DMC

25
190 /
100th 40

this
work

performing as electrode based on their ratio show both stability and higher charge capacity.

In order to evaluate the the electrochemical response of MoS2 and MoS2-SiOC composite

electrodes was evaluated from CV. Figures 3.11(a,b) present the CV at different at several

scan rates (ν) of MoS2 and MoS2-SiOC, respectively. From such analysis one may estimate

the contributions from current response in CV, which are, namely, surface capacitive effects

and diffusion-controlled insertion processes209;210. Equation (3.6) translates this sum of these

contributions.
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i(V )

ν(1/2)
= k1ν

(1/2) + k2 (3.6)

where, in (3.6), k1 ν
(1/2) is the contribution from surface capacitive effects; while k2 corre-

sponds to the diffusion-controlled intercalation mechanism.

Figure 3.11: Cyclic voltammetry used to calculate the capacitive and diffusion-controlled
contributions of (a) pristine MoS2, and (b) MoS2-SiOC.

From the data obtained from figure 3.11(a,b), the areal contributions were calculated. As

a result, figure 3.12(a,b) was obtained, which presents a linear behavior again identified in

equation (3.6); this equation allows the calculation of constant values k1 and k2 to calculate

figure 3.7(d,e).

Figure 3.12: Fitting of anodic and cathodic voltammetric sweep data of (a) MoS2, and (b)
of MoS2-SiOC composite electrode.

As presented by figures 3.7(d,e), as the scan rate increases, higher the capacitive con-

tribution. Moreover, pristine MoS2 electrode shows higher capacitive contribution than for
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MoS2-SiOC electrode. This can be illustrated that at 1 mV s−1 capacitive effects accounted

for MoS2 and MoS2-SiOC, respectively, for 23% and 9.2% for the total sodium ion storage in

the system. Therefore, pristine MoS2 charge storage relies more in capacitive mechanism than

MoS2-SiOC composite211. As a result, one can infer that on pristine MoS2 electrode more

charge is electrostatically stored through reversible ion adsorption at electrolyte/electrode

interface than in MoS2-SiOC electrode190;212.

Cells were also studied by EIS technique. Figure 3.7(f) presents the complex plane

impedance representation, also known as Nyquist plot. In order to provide a quantita-

tive analysis of the electrochemical system, a circuit depicted in figure 2.16 was employed,

which has following components: Rs, element characteristic of intrinsic resistance of bulk

electrolyte; Rf and Cf which are, respectively, the SEI layer resistance and capacitance of

dielectric relaxation. In addition, Rct and Cdl are, respectively, the charge transfer resis-

tance associated with exchange of current as stated by Butler-Volmer equation, and the

capacitance which relies on charge accumulation the at interface of electrode/electrolyte,

also known as double-layer capacitance212–214. Lastly, the element identified as W is referred

to as Warburg element and represents the system’s polarization by virtue of finite-length

diffusion91;215.

From figure 3.7(f) two semi-circles can be identified at high frequency region in Nyquist

plot, characteristic shape of MoS2 impedance spectrum216;217. The fitted parameters for

resistance – presented by table 3.4 – show that resistance values of Re, Rf , and Rct for

MoS2-SiOC composite are, respectively, 42%, 65%, and 80% lower than pristine MoS2.

Table 3.4: Real impedance parameters obtained from circuit fitting from figure 2.16.
Electrode Rs (Ω) Rf (Ω) Rct (Ω)

pristine MoS2 28.9 88.7 31.9
MoS2-SiOC composite 16.7 31.1 6.40

Based on the characterizations performed, we believe the resistance of MoS2-SiOC com-

posite is lower than the resistance of pristine MoS2 because of free carbon domains of SiOC.

In conclusion, with reference to small value of Rct – identified by the smallest semi-circle for
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MoS2-SiOC composite – it also implicates in improved kinetics, providing greater current

densities and, therefore, higher capacity values153.

3.6 Conclusion

We have successfully synthesized SiOC functionalized MoS2 through a facile process that in-

volves polymer pyrolysis in inert atmosphere. As confirmed by TEM and EDX, this synthesis

route allowed uniform distribution of SiOC on MoS2 nanosheets without altering the crystal

structure of MoS2. Likewise, Raman and XPS corroborated that SiOC was deposited mainly

on MoS2 surface. The synthesized composite material was later studied as electrode material

for SIB, which showed higher stability upon cycling; therefore, fulfilling its role in preventing

(poly)sulfide dissolution and suppressed regeneration of MoS2 – aspects that lead to capacity

fading. Electrochemical results showed that the composite material presented specific ca-

pacity ≈ 12 times higher than pristine MoS2. Additionally, characterizations demonstrated

that the free-carbon domains from amorphous SiOC molecule played a role for the supe-

rior rate capability arising from increased electronic conductivity, i.e., MoS2–SiOC half-cell

tested at 200 mA g−1 presented capacity retention of 86.5% – the highest among the sam-

ples evaluated. In summary, MoS2 with precursor-derived ceramics presents facile and safe

preparation, enabling the application’s potential as SIB anode and continuity of research of

TMDs as electrodes for rechargeable batteries.
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Chapter 4

Electrochemical performance of

layered Td-WTe2
1

4.1 Preview

Potassium-ion batteries are prominent candidates among research involving post lithium-

ion batteries due to abundant availability, low-cost, and low standard reduction potential

of potassium metal. Although some chemistry correlation with other monovalent alkali

metal-ion batteries may exist, research on KIBs chemistry is still in its infancy. A relevant

research aspect of KIBs is the development of a stable anode material that can efficiently

cycle K+ ions in its crystal structure within the 0 to 3 V potential window range; providing

reasonable charge capacity and reversibility. To this end, TMDs are promising electrode

materials because of their favorable electrochemical properties. In this work, we studied

electrochemical performance of tungsten ditelluride (WTe2) TMD as working electrode in a

KIB half-cell. Results show that WTe2, a telluride-based TMD, has high first cycle specific

charge capacity – with up to 3.3 K+ stored per WTe2 molecule (at least 4 times that of

WS2 electrode) – stable capacity of 143 mA h g−1 at 10th cycle number – outperforming WS2

1Reprinted with permission from Soares, Davi Marcelo, and Gurpreet Singh. ”Superior electrochemical
performance of layered WTe2 as potassium-ion battery electrode.” Nanotechnology 31.45 (2020): 455406.
IOP Publishing. All rights reserved.
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(66 mA h g−1) and graphite (95 mA h g−1) – good reversibility, reasonable cycling stability,

and low charge transfer resistance.

4.2 Introduction

In the matter of alternative alkali metals to substitute lithium, potassium is currently object

of intense research by virtue of abundant potassium availability, standard reduction potential

(K/K+ = −2.93 V versus E0) closer to lithium (Li/Li+ = −3.04 V versus E0), high K+ diffu-

sion coefficient, and flexibility to deploy either copper or aluminum foil as current collector

for electrodes8;218. Furthermore, in comparison with SIB – another beyond lithium-ion can-

didate – KIBs have higher theoretical energy density and lower standard reduction potential

(Na/Na+ = −2.71 V versus E0)21.

In addition to finding novel battery technologies to address the issues discussed in chapter

1, the development of material electrodes that can reversibility insert and extract metal ions

into its structure is another challenge. In this regard, the motivation behind the use of layered

TMD-based electrodes for ESS primarily stems from the fact that TMDs have larger interlayer

spacing – approximately 6 Å vs. 3 Å in graphite – and unique conversion chemistry with

alkali-metal ions. These facts make TMDs more suitable as metal-ion host than traditional

graphite anode. It is noteworthy to mention that the commercial success of LIB was largely

attributed to the discovery of graphite anode. However, the large radius of K+ and sluggish

kinetics (compared to Li+) makes it difficult for graphite to accommodate the repeated K+

uptake causing fast capacity fading74.

Larger inter-layer spacing makes TMDs potential host materials for electrochemical stor-

age of metal ions, such as Na+, K+, Mg2+, and Ca2+; accordingly, offering enhanced diffusion

towards these metal ions219–221. Among various TMDs, sulphide-based TMD electrodes such

as MoS2
124;222;223, SnS2

80, TiS2
224, VS2

41, and WS2
92;225 have been reported as prospective

electrode materials in alkali-ion based batteries; while reports on selenide-based TMDs have

gained traction only recently83;84;226.

Belonging to group 6, Mo- and W-based TMDs were closely analyzed for this study given
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Table 4.1: Crystallographic data of TMDs. Copyright Springer & Material Phases Data
System (MPDS), Switzerland & National Institute for Materials Science (NIMS), Japan,
2016.

MoS2 MoSe2 MoTe2 WS2 WSe2 WTe2
Space group P63/mmc P63/mmc Pmn21 P63/mmc P63/mmc Pmn21

a (nm) 0.316 0.329 0.347 0.314 0.329 0.348
b (nm) 0.316 0.329 0.633 0.314 0.329 0.627
c (nm) 1.23 1.29 1.39 1.23 1.29 1.40
α (◦) 90 90 90 90 90 90
β (◦) 90 90 90 90 90 90
γ (◦) 120 120 90 120 120 90

the potential applications, electronic properties, and polymorphism of those. Table 4.1 shows

the main crystallographic data of Mo- and W-based TMDs. From the presented data, one can

see that WTe2 displays the largest c among all the analyzed structures; thus, an attractive

properties for intercalation of larger ions.

Apart from its semimetallic characteristic, Td-WTe2 is also attractive for KIBs due to

its interlayer space (c = 14.07 Å), which is expected to provide more efficient and faster

intercalation of K+ ions within its interlayer spacings.

After conducting this initial theoretical analysis, an experimental study was performed to

assess the long-term stability upon cycling of three species of W-based TMDs as KIB half-cells

at 100 mA g−1. The rationale for selecting W-based TMDs is because the novelty of them –

as Mo-based TMDs are commonly reported – as well as the larger interlayer spacing of WTe2.

Results of this electrochemical test are presented in figure 4.1.

Based on the higher stability and charge capacity of WTe2, this TMD was chosen to be

studied. Moreover, to our best knowledge this is the first report on WTe2 TMD as anode for

KIB.
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Figure 4.1: Electrochemical performance of W-based TMDs in long-term cycling.

4.3 Experimental

4.3.1 Material preparation

Electrodes studied were synthesized with the corresponding composition: 70 wt.% of TMD

as active material – WTe2 (Ossila 99.9+%), WS2 (Sigma Aldrich 99%), or graphite (Sigma

Aldrich 99%) – 15 wt.% of carbon black (Alfa Aesar 99.9+%) as conducting agent, and 15

wt.% of poly(vinylidene fluoride) as binder (Alfa Aesar). Upon obtaining a homogenous

slurry – through the addition of few drops of 1-Methyl-2-pyrrolidinone (Sigma Aldrich) –

the mixture was cast on a 9µm thickness copper substrate and subsequently dried for 18

hours at 80 ◦C for solvent removal. The thickness of the thin films deposited was found to

be approximately 125µm. Regarding the KIB cells, coin cells (CR2032 model) were used

for assembly in a high precision argon atmosphere glove box, where potassium metal was

used on the negative side and the synthesized electrode on the other side. Electrodes were

separated by a monolayer membrane (Celgard) soaked in 1 M KPF6 (Alfa Aesar) in (1:1

v/v) EC:DMC (anhydrous, 99%, Sigma). All synthesis reported herein were performed using

materials as received and without any further purification.
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4.4 Material characterization

The morphology of samples was investigated low- and high-resolution TEM using Philips

CM 100 kV and FEI Tecnai Osiris 200 kV, respectively. In addition, Renishaw Invia Raman

spectrometer, laser wavelength of 532 nm, was used to understand further the interlayer

interaction and changes in the structure of the synthesized materials. XPS was performed to

analyze the surface chemistry using a Thermo Scientific, monochromatic Al anode Kα (hν

= 1486.6 eV), spot size 400µm, with in-situ sputtering with Ar+ at 3 keV for 2 minutes for

surface contamination removal. The crystal structure was evaluated using Bruker AXS D8

advance Cu Kα, wavelength 1.540 60 Å. KIB cells were studied in Arbin BT2000 multichannel

tester and electrochemical station CHI660E, from CH Instruments, Inc.

4.5 Results and discussion

Morphology and structure were evaluated by SEM – presented in figure 4.2(a,b) – TEM and

STEM.

The TEM image presented by figure 4.4(a) shows the layered morphology of pristine

WTe2. From Figure 4.4(b), WTe2 presents lattice fringes of approximately 3.5 Å, ascribed

to Td-WTe2 (100) plane. In addition, SAED of WTe2 – depicted by Figure 4.4(c) — is in

agreement with the atomic structural model of Td-WTe2 illustrated by Figure 4.4(d)116;227,

as well as measurements displayed by figure 4.3 and table 4.2.

Lastly, Figure 4.4(e) exhibits the HAADF and Figure 4.4(f-h) presents STEM images with

elemental mapping of pristine Td-WTe2.

With respect to crystal phase, XRD pattern (figure 4.7(a)) of the electrode as prepared

confirms the Td phase in orthorhombic space group Pmn21
228. Moreover, the most intense

peak located at 12.6◦, assigned to plane (002), corresponds to a plane-spacing distance

between adjacent planes of 7 Å (equation 4.1); hence, more than 13.5% wider than 2H-

WS2 (equation 4.2) and 2H-MoS2 (equation 4.2)229–231, evidence that may indicate higher

intercalation capacity in WTe2 layered structure. It is essential to highlight that there are
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Figure 4.2: SEM morphology characterization of Td-WTe2. (a,b) Electrode as synthesized
(prior to cell assembly). (c,d) After discharge at 100 mA g−1.

papers in the literature that report WTe2 Td phase identical to 1T′, which is not correct.

For clarification, crystal structures of the TMDs reported herein and WTe2 common phases

are presented by figures 4.5 and 4.6, respectively.

1

d2
=
h2

a2
+
k2

b2
+
l2

c2
(4.1)

1

d2
=

4

3

(
h2 + kh+ k2

a2

)
+
l2

c2
(4.2)

The Raman spectrum, shown by figure 4.7(b), is in consonance with bulk WTe2, where

four vibrational modes can be identified, namely, A4
2, A8

1, A5
1, and A2

1, at approximately 110,

132, 162 and 208 cm−1, respectively235–238. The phonon mode A4
2 implies that the material is

neither monolayer nor few layers239, implying that no exfoliation procedure was performed.
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Figure 4.3: Selected area electron diffraction (SAED) of Td-WTe2. Reported in the inor-
ganic crystal structure database (ICSD collection code 14348).

Table 4.2: Distances highlighted in Figure 4.3 with respective calculated data – performed
using ImageJ 1.52p.

Distance identification x y G (nm−1) d (Å)
d1 22.6685 14.0422 5.8580 1.7071
d2 17.8826 18.6258 3.2003 3.1247
d3 20.0590 22.4206 2.9174 3.4277

The XPS survey scan is exhibited in figure 4.7(c). XPS spectrum of W4f line is presented by

figure 4.7(d), where the two prominent peaks are located at 31.2 and 33.3 eV, respectively,

characteristic of spectral lines W4f7/2 and W4f5/2, assigned to W–Te bonds – the chemical

shift of ∆E = 2.1 eV is in accordance with the literature results240. As regards Te3d spectral

line, figure 4.7(e) exhibits the Te3d5/2 and Te3d3/2 peaks at 572.6 and 583.0 eV, respectively,

also ascribed to W–Te bonds241.

Concerning electrochemical analysis, for the first GCD cycle, at 50 mA g−1, WTe2 de-

livered specific charge capacity of 238.8 mA h g−1 with Coulombic efficiency (η) of 50.7%;

whereas, at 100 mA g−1, it delivered specific charge capacity of 210.7 mA h g−1 with η of

49.0%. These initial low η values account for the SEI formation, a process where reduction

of ethylene carbonate and dimethyl carbonate – from the electrolyte – occurs, producing a
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Figure 4.4: Morphology characterization of pristine Td-WTe2. (a) Low-resolution TEM. (b)
High-resolution TEM. (c) SAED pattern of Td-WTe2 pristine. (d) Schematic of Td-WTe2
phase structure (ICSD collection code 14348). (e) HAADF. (f-h) STEM with mapping of the
indicated elements. Scale bars for (e-h) is 800 nm.

Figure 4.5: Crystal structures (Brillouin zones) schematic. (a) Hexagonal 2H. (b) Or-
thorhombic. (c) Monoclinic.232–234.

thin layer on the anode material242. Despite culminating in initial lower η values, the SEI

is beneficial to the cell by lowering the chances of solvent species intercalation into active

material layers and mitigating the exfoliation of it. Likewise, SEI may also prevent further

electrolyte decomposition243.

Additionally, the only plateau at the first cycle discharge in figure 4.8(a) suggests that

K+ intercalation happens at the average potential of 0.47 V versus K/K+, with a maximum
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Figure 4.6: Lattice structure variants of WTe2. (a) Td phase with orthorhombic non-
centrosymmetric unit cell with d1 > d3 and θ = 90◦. (b) 1T’ phase with monoclinic cen-
trosymmetric unit cell, where d3 > d1 and θ > 90◦.

of 3.3K+ inserted or extracted per WTe2 molecule, value that outperforms values of widely

reported TMD species such as MoS2, (K2MoS2) and WS2 (K0.65WS2) KIBs at 100 mA g−1,

as displayed by figures 4.9(a) and 4.9(b), respectively. From the differential capacity curve

(dQ/dV ) in figure 4.8(b) the overlap of second and third cycle curves demonstrates the

reversibility of WTe2
92;244;245. Consequently, the superposed peaks from second and third

cycles present the cathodic and anodic peaks at approximately 1.15 and 1.61 V, correspond

to potassiation and depotassiation, respectively. Overall, the proposed mechanism of K+

storage in WTe2 anode consists of an intercalation reaction, which takes place at a potential

above 0.4 V vs. K/K+, and a conversion reaction, as shown by equations (4.3) and (4.4),

respectively.

WTe2 + xK+ + x e− ←−→ KxMoTe2 (4.3)

KxWTe2 + xK+ + x e− ←−→ 2 KxTe + W0 (4.4)

Apart from GCD tests, WTe2 electrode was also evaluated in terms of rate capability

under different current densities. From figure 4.8(c) one can see that WTe2 anode delivered
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Figure 4.7: Characterization of pristine Td-WTe2 electrode before KIB cell assembly. (a)
XRD. (b) Raman. XPS (c) survey scan, (d) W4f, and (e) Te3d.

Figure 4.8: Electrochemical characterization of potassium-ion half-cells. (a) WTe2 electrode
voltage profile upon charge and discharge cycles at 100 mA g−1, and (b) respective WTe2
electrode differential capacity curves. (c) WTe2 and WS2 electrodes rate capability test. (d)
Potassium specific charge capacity at constant current density of 100 mA g−1 of WTe2 and
WS2 electrodes

specific charge capacities of 238.8, 136.2, 108.4, 82.6, 66.0, 50.12, and 176.4 mA h g−1 at 50,

100, 200, 400, 600, 800, and 50 mA g−1, respectively. Although at lower current densities

the capacity decay was more prominent, it is worth noting that the 10th cycle, at 50 mA g−1,

presented a reversible specific capacity value lower than the 61st cycle – also at 50 mA g−1;

again, conveying the reversibility of WTe2
92;246. Moreover, figure 4.8(c) exhibits the rate

capability and superior specific charge capacity of WTe2 over WS2. Pertaining to long term

cycling test, figure 4.8(d) presents the specific charge capacities of WTe2 and WS2 electrodes
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Figure 4.9: First cycle Voltage profiles of KIB cells assembled in 1 M KPF6 in EC:DMC (1:1)
vol. % and cycled at 100 mA g−1 of (a) 2H-MoS2, and (b) 2H-WS2. (c) 50th cycle Voltage
profile of WTe2 KIB at constant current density of 100 mA g−1. (d) 10th cycle Voltage profile
of WTe2-KIB and graphite-KIB, both tested at constant current density of 100 mA g−1 in 1 M
KPF6 in EC:DMC (1:1) vol. %.

at 100 mA g−1. Importantly, for the electrochemical characterizations no activation on the

material was performed, i.e., running the first cycle with a lower current density procedure

that may impact the electrochemical performance results presented herein. As a result, after

the formation of SEI, from the 5th up to the 50th cycle capacity retention was ≈ 74%.

As an inherent aspect of the high reversibility, figure 4.9(c) shows the well defined voltage

plateau at 50th cycle, whose shape and voltage profile remain close to second and third cycles

depicted in figure 4.8(a). In part, the superior electrochemical performance of WTe2 can also

be attributed to its larger interlayer as well as to its semimetallic nature, which has impli-

cations on reversibility247. Deemed to be an important material for LIB and KIB, graphite

presents more favorable intercalation in potassium than in lithium in terms of enthalpy of

formation of KC8 (−27.5 kJ mol−1) and LiC6 (−16.5 kJ mol−1)4. Similar to TMDs, graphite

revealed a capacity decay within the first cycles, showing subsequently reasonable stability

up to 50 cycles in EC:DMC electrolyte74. At 100 mA g−1, in the 10th cycle graphite presented

specific charge capacity of approximately 95 mA h g−1, whereas WTe2 yielded 143.3 mA h g−1,

as presented by figure 4.9(d). In the same manner, η of WTe2, for the respective cycle, was

91.1%, whilst graphite presented 85.1%. As a consequence, although graphite possesses good

electrical conductivity and layered structure – factor that facilitates the diffusion of K+ –

WTe2 larger interlayer spacing and conversion type reaction are some of the compelling

features that allow WTe2 to outperform graphite as KIB anode material97.

To further understand the interfacial phenomena and mechanism of K+ storage, EIS was
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conducted from 0.1 to 1× 105 Hz. Regarding the equivalent circuit employed, considering

that each electrochemical system has its particularities, a different model to the presented

in figure 2.16 was used. Even though no restriction applies to the number of circuit elements

used for EIS fitting, each circuit should be physically identified and assigned to the respective

phenomena taking place at the electrode and electrode/electrolyte interface. To this end, an

approach referred to Occam’s razor can be applied. Occam’s razor principle states that the

number of circuit elements in the equivalent circuit shall be not more than the respective

physical phenomena248. In summary, the simplest model capable of physically providing

a reasonable electrochemical impedance simulation shall be employed89. As one can see

in figure 4.10(a), for the cells after cycling at the lower frequency region an approximate

linear behavior exists. Such behavior differs from theory – where a vertical line describes

a pure capacitive system in the Nyquist plot – and consequently is characteristic of a real

system–where the charge storage is proportional to the time248. In order to model a system

that is phase-dependent, a circuit element known as CPE is employed249. The CPE element

takes into account the frequency dispersion process caused by the adsorption of anions on

the surface of the electrode and its non-homogeneity in atomic-scale250;251. CPE complex

impedance mathematical representation is presented in equation 2.15.

Table 4.3: EIS summary values of KIB anode materials reported in the literature. The
equivalent fitting circuit is presented by Figure 2.16.

Material - cell Condition Rs (Ω) Rf (Ω) Rct (Ω) Electrolyte Reference

Graphite -
KIB

After three
GCD

(activation
cycles)

5.046 87.88 4358

1 M
KPF6 in
EC:PC
(1:1)
by

volume

74

WS2 -
KIB

Initial 57.73 - 4615 5 M
KTFSI

in
DEGDME

92

After
five

cycles
5.46 31.54 1671

In the Nyquist plot, in figure 4.10(a), the WTe2 phase angles ϕ1 and ϕ3 – where ϕi was
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identified in equation 2.16 – for 1 and 3 discharge cycles were, respectively, |ϕ1| = 20◦ and

|ϕ3| = 13◦. Therefore, the Warburg element should not be employed – as discussed in section

2.5.1. Consequently, in the present work, instead of using a model with Warburg-Randles

circuit91 – a model that only has CPE elements is more suitable252. Likewise, the model

introduced in this work is more flexible because despite not having a Warburg element, this

model may, if the Nyquist representation pertains, have n = 1/2. Concisely, this novel model

intends to have an equivalent circuit that does not present Warburg since the phase angle is

not 45◦. In fact, authors suggest that each electrochemical system should be carefully studied

since generalized equivalent circuits may sometimes lead to discrepancies in the quantitative

impedance analysis, and misinterpretation of the phenomena taking place.

Figure 4.10: (a) EIS of WTe2 electrode before, after one, and after three potassiation cy-
cles; inset: equivalent circuit employed for EIS curve fitting. (b) Capacitive and diffusion-
controlled contribution ratios for different scan rates of WTe2 electrode.

In the circuit depicted by figure 4.10(a) inset, Rs accounts for the equivalent series re-

sistance, Rf and CPEf are, respectively, the resistance of SEI layer and dielectric relaxation

capacitance; and, lastly, Rct and CPEct are the charge-transfer resistance and capacitance,

respectively. Results presented by table 4.4 suggest a decrease in Rct value; therefore, indi-

cating that the processes occurring in the WTe2 electrode may get faster as the galvanostatic

charge-discharge happens91.

Furthermore, the Rs value remains stable. Considering that Rs takes into account con-

tributions from the system, namely, intrinsic resistance from the electrode and interfacial
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resistance between active material and current collector212, the stable Rs value can be as-

cribed to the preservation of sites for electronic transfer at the surface of the electrode247.

For comparison purposes, a summary of EIS fitting results with other anode materials for

KIB – and the respective equivalent fitting circuit is presented in table 4.3.

Table 4.4: Real impedance parameters obtained from circuit fitting from figure 4.10 inset
upon GCD at 100 mA g−1.

Electrode Rs (Ω) Rf (Ω) Rct (Ω)
After one cycle 13.2 64.3 233.0

After three cycles 13.5 188.0 68.7

Correspondingly, CV of WTe2 and WS2 were performed to evaluate the charge storage

mechanisms of each material and are presented by figures 4.11(a) and 4.11(b), respectively.

Figure 4.11: Cyclic voltammetry after one discharge at 100 mA g−1 used to calculate the
capacitive and diffusion-controlled contributions of (a) WTe2, (c) WS2.

In accordance with the definition quantified by equation 3.6, for a potential the current

response (i(V )) is given as for surface capacitive mechanism, revealed by a constant response

of di(V )/dν, and diffusion-controlled effect – attributed to constant di(V )/dν(1/2). In sum,

taking both charge storage processes into account results in equation 4.5209;253.

i(V ) = k1ν + k2ν
(1/2) (4.5)

Where in equation 4.5, ν is the scan rate, k1 ν and k2 ν
(1/2) are, respectively, the capac-

itive and diffusion-controlled portions arising from the current response i(V )36;253. As per
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expectation, the higher the scan rate, the higher is the capacitive contribution of WTe2 and

WS2,

As presented in figure 4.10(b) at 5 mV s−1 the majority of the total potassium-ion stor-

age in WTe2 is assigned to diffusion-controlled process (52%); in contrast, for WS2 such

mechanism accounts for 36% (figure 4.12). To summarize, for all scan rates analyzed, WS2

presents higher surface effect contribution compared to WTe2.

Figure 4.12: Capacitive and diffusion-controlled contribution ratios for different scan rates
of WS2.

In relation to post-cycling analysis, morphology of the disassembled cell is portrayed by

figure 4.2(c,d), which shows a SEI formation. Further, ex-situ analysis of the potassiated

and depotassiated cells were also performed. Firstly, the survey scan of the potassiated

electrode is shown in figure 4.13(a). Deconvolution of W4f region is presented by figure

4.13(b), in which peaks corresponding to W4f7/2 could be assigned to elemental tungsten

(W0) at 30.8 eV and W5+ oxidation state at 34.7 eV254;255. Concerning the K2p core-level

region, figure 4.13(c) reveals two peaks assigned to K2p3/2 and K2p1/2 with binding energies

of 292.8 eV and 295.2 eV, respectively, assigned to K+ ions256;257. These potassium ions

could be bonded together with Te, since the high-resolution Te3d (figure 4.13(d)) peaks

at 571.7 and 582.0 eV are assigned to Te3d5/2 and Te3d3/2, respectively; these peaks are

reported by the literature as Te oxidation state −2258. Lastly, the shoulder peaks at 574.5

and 585.8 eV are attributed to oxide species, such as TeO2 – spontaneously formed on the

surface of the material257. In summary, the elemental tungsten (W0) arising from WTe2
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molecule can be an indicative of the conversion reaction proposed in equation 4.4. Likewise,

during potassiation the metallic tungsten identified, along with Te oxidation state −2 and

K+, may be an indication of the formation of K2Te, as presented by equation 4.4258;259.

Figure 4.13: Post-cycling characterizations of WTe2 anode. (a) XPS survey of potassiated.
(b) XPS of W4f first cycle and as-assembled WTe2 electrode in the background (grey curve)
upon potassiation. Potassiated Td-WTe2 electrode after 1 cycle at 100 mA g−1 high resolution
XPS of (c) K2p, and (d) Te3d. Depotassiated WTe2 electrode characterization (e) XRD, and
(f) Raman spectra.

With respect to XRD of the depotassiated electrode, presented by figure 4.13(e), a broad-

ened peak – assigned to plane (002) – was identified. This modification may indicate some

degree of degradation of WTe2, possibly owing to conversion-type reactions with K+. Ulti-

mately, from figure 4.13(f) one can see that Raman modes A5
1 and A2

1 – previously identified

in the material in figure 4.7(b) – are absent after 1 and 3 GCD cycles, another evidence that

in the post-cycling analysis that the W–Te bonds are modified.
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4.6 Conclusion

We have reported Td-WTe2 as a counter electrode in potassium-ion battery half-cell. Hav-

ing its most stable thermodynamically phase as semimetallic in nature (Td), electrochemical

studies demonstrated the high reversibility of this TMD, without the need to have onerous

conducting agents, such as reduced graphene oxide (rGO), in the electrode formulation. The

reversibility is evidenced by the differential capacity analysis and rate capability test. More-

over, the high specific capacity and reasonable stability on cycling are remarkable attributes

of this TMD. Evaluated on its pristine bulk form, WTe2 stored up to 3.3 K+ per molecule

according to our studies – the highest value among the commonly reported sulphide-based

TMDs tested and graphite. Further, the calculated and observed larger interlayer spacing

offers adequate distance and a shorter path for K+ intercalation. Nonetheless, the initial

irreversible capacity and possible (poly)telluride dissolution are topics that require further

elucidation towards a better understanding of this material. About electrochemical char-

acterization, a relevant discussion regarding the EIS fitting is presented to emphasize that

models published in the literature should be primarily analyzed for the system under con-

sideration before performing any fitting. As a result, a novel equivalent circuit for KIB is

introduced. In conclusion, this initial study aims at bringing attention to telluride semimetal

conversion-type TMD species for applications in electrochemical energy storage. Authors

hope that this study may contribute to further developments involving layered materials
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Chapter 5

A comparative study of Td-WTe2 as

electrode material for sodium-ion and

potassium-ion batteries

5.1 Preview

This report includes a comparative study of Td-WTe2 as an electrode material for sodium-

ion and potassium-ion batteries. Results presented herein show that potassium-ion battery

(larger radius ion) outperforms the SIB in terms of rate capability and cycling stability.

Findings corroborate the potential of semimetal electrode materials and highlight that a

battery characterization only based on certain parameters may lead to misleading results.

Research opportunities for the next generation of alternative metal-ion technologies are also

presented.

5.2 Introduction

Recently, WTe2 has received considerable attention in the research community due to unique

properties, such as large non-saturating magnetoresistance up to 60 T at 0.53 K260, Weyl

85



semi-metallicity261, nonlinear Hall effect262;263, intriguing electronic properties264 – which

include metallic ferroelectricity at room temperature265;266 – pressure-dependent supercon-

ductivity267, polymorphism232, and temperature-driven phase transition from Td to 1T′

phases268;269. As with other TMDs, the crystal structure of the TMD has an intrinsic re-

lation with the TMDs’ electronic and electrochemical properties. Although LIB report on

Td-WTe2
270, SIB on 1T′-WTe2

72, and KIB on Td-WTe2
96 have recently been published, this

research is the first work on Td-WTe2 SIB. To study high-performance cells, this work em-

ployed an electrolyte species that yields the highest mobility of Na+ and K+ in SIB and

KIB, respectively26. Here we compared SIB and KIB using the semimetal TMD Td-WTe2 as

electrode material. Results of this work indicate that assumptions based only on ionic radius

and sluggish diffusion in solids may be misleading owing to complexity of electrochemical

systems.

5.3 Experimental

5.3.1 Material preparation

To prepare the electrodes, 70 wt.% of WTe2 powder as received (Ossila, 99.9+%), 15 wt.%

of carbon black (Alfa Aesar, 99.9+%), and 15 wt.% of poly(vinylidene fluoride) (Alfa Aesar)

were mixed with a few drops of 1-methyl-2-pyrrolidinone (Sigma Aldrich) until a homoge-

neous slurry was obtained. The slurry was then cast onto a copper foil and dried at 80 ◦C

overnight. Half-cells were assembled in an argon-filled glovebox using coin cell (CR2032) in

which a WTe2 electrode was used in one side of the cell, and a sodium- or potassium-metal

electrode was placed on the other side of the cell for an SIB or KIB, respectively. A glass

separator (Celgard), which was placed in between the electrodes, was soaked in either 1 M

KPF6 for a KIB or 1 M NaClO4 for an SIB in (1:1 v:v) EC:PC (99%, Alfa Aesar). All reported

chemicals were used as received without further purification.
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5.4 Results and discussion

Figure 5.1(a,b) shows TEM images of the layered morphology of pristine WTe2, while figure

5.1(c) shows the SAED. This diffraction pattern is characteristic of space group Pmn21; thus

corresponding to Td-WTe2
227. A detailed discussion of WTe2 Td and 1T′ crystal structures

is reported elsewhere96. Figure 5.1(d-f) show the elemental mapping from EDX corroborating

that the material is pristine WTe2.

Figure 5.1: Morphology characterization of Td-WTe2. TEM images of (a) pristine Td-WTe2
nanosheets, and (b) WTe2 lattice fringes assigned to plane (100). (c) SAED image of pristine
WTe2 (ICSD collection code 259467). (d) HAADF. STEM showing (e) W, and (f) Te. Scale
bars in d–f, 300 nm.

Raman spectrum was performed to confirm that the studied WTe2 had a Td phase, as

shown in figure 5.2(a). This Raman spectrum exhibited high intensity peaks at 113, 118,

133, 164, and 213 cm−1, which were assigned to vibrational modes A4
2, A3

1, A4
1 A7

1, , and A9
1,

respectively, and are ascribed to the Td phase271. Likewise, the XRD data shown in figure

5.2(b) corroborated the Td phase of WTe2
228. The Td-WTe2 differed from the commonly

reported semiconducting TMDs (e.g., 2H-MoS2, 2H-MoTe2, and 2H-WS2) because the Td

phase is semi-metallic97;232;261. Therefore, the higher electronic conductivity of the Td phase
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makes Td-WTe2 a promising active material for battery electrodes. The SIB and KIB reported

herein were tested in half-cell configuration.

Figure 5.2: Characterization of Td-WTe2 electrode.(a) Raman spectrum. (b) XRD pattern
of electrode material cast on copper foil current collector.

Figure 5.3(a) and 5.3(b) show the SIB and KIB initial charge and discharge cycles, re-

spectively. In the first cycle, the Coulombic efficiencies (CEs) of SIB and KIB were lower than

70%, which was attributed to irreversible SEI formation. The subsequent cycles, however,

demonstrated higher efficiency values (i.e., Coulombic efficiency (CE) in the third cycle were

93% and 82% for SIB and KIB, respectively.

Figure 5.3: Initial charge and discharge voltage profiles of Td-WTe2 at 50 mA g−1: (a) SIB,
(b) KIB.

As shown in figure 5.3(a), although the SIB displayed a higher CE than the KIB, the specific

charge capacity of the SIB decayed more rapidly, potentially due to the smaller Stokes’ radius

of potassium-ion (3.6 Å) in the PC compared to 4.6 Å of sodium-ion218. Kubota et al.26
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concluded that potassium ions in PC have weaker Lewis acidity than Na+ and Li+, resulting

in increased ionic conductivity and ion mobility of K+ in the electrolyte. In addition, K+

shows weaker solvation structure than Na+ and Li+ in EC, which led to a rapid diffusion of

potassium ions in the electrolyte, indicating that the weaker solvent-ion interaction is more

favorable towards enhanced rate capability performance of KIB111;272.

To corroborate this initial finding, this study also investigated the rate capability perfor-

mances of SIB and KIB at the current densities shown in figure 5.4(a). KIB exhibited more

stable behavior than SIB, confirming that the smaller Stokes’ radius of K+ in PC enhances the

carrier mobility of ions in the electrolyte. Overall, KIB also presented higher specific charge

capacity than SIB after the initial cycles; this is a notable result owing to the larger Shannon’s

radius of K+ (1.38 Å) in comparison with Na+ (1.02 Å)111;273. Similarly, as shown in figure

5.4(b), the long-term cycling confirmed the higher stability of KIB. The potassium-ion cell

showed 75% capacity retention from the 5th cycle to the 50th cycle, whereas the SIB showed

45% capacity retention for the same interval. To further understand the superiority of KIB

it is necessary to look into the concept of desolvation energy of ions, as it presents direct

influence in the insertion processes at the electrode and electrolyte interface76. In general,

smaller desolvation energy yields high-power density battery electrodes. Sodium-ions show

a relative high charge density around themselves in comparison with K+. The higher charge

density is because the smaller sodium-ions are stabilized by sharing or accepting electrons

with or from solvated polar solvent molecules. As a result, sodium-ions present larger desol-

vation energy in PC (158.2 kJ mol−1) versus of 119.2 kJ mol−1 of K+ in PC274. In summary,

although K+ presents heavier atomic weight, the lower desolvation energy and higher molar

ionic conductivity of K+ (15.2 Ω−1cm2mol−1) versus Na+ (9.1 Ω−1cm2mol−1)275 in PC helps

to explain why KIB outperforms SIB in rate capability and long-term tests depicted by figure

5.4(a) and figure 5.4(b), respectively.

Reaction kinetics of Td-WTe2 for SIB and KIB were analyzed via GITT. Figure 5.5(a) and

figure 5.5(b) present voltage profiles and reaction resistances of SIB and KIB, respectively.

Potential response during GITT measurement of SIB and KIB are presented in figure 5.6(a)

and figure 5.6(b), respectively. Initially, in figure 5.5(a), the SIB cell showed lower reaction
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Figure 5.4: (a) Rate capability test of Td-WTe2 SIB and KIB, (b) Reversible de-sodiation
and de-potassiation for 60 cycles.

resistance because diffusion of Na+ in solids was faster than of K+ – owing to the lower

Shannon’s radius of Na+273. From figure 5.3(a) one can see the plateau at 0.6 V vs. Na/Na+

indicates a phase transition276. At this point a decrease in reaction resistance, i.e., from

≈ 0.4 Ω g to 0.2 Ω g, can be an indicative that this phase transformation facilitated the

insertion of Na+. Nevertheless, as the phase transition continues to take place, the reaction

resistance increases possibly due to accumulated stress in the Td-WTe2 nanosheets arising

from the continuous Na+ insertion. In other words, this increased reaction resistance can be

explained by the Na+ longer diffusion length and repulsive forces among the Na+ stored in

Td-WTe2 nanosheets277. As reported for other TMDs109, at lower potentials conversion-type

reactions are expected in Td-WTe2 SIB. According to figure 5.4(a), Td-WTe2 may store up to

5 Na+ per unit formula; thus, showing evidence of a conversion-type reaction107. Moreover,

during the conversion-type reaction Td-WTe2 is reduced to a lower valence state species;

thus, improving the electronic conductivity and reducing the overpotential278. As a result,

this higher electronic conductivity yielded lower values of reaction resistance at a potential

below 0.5 V vs. Na/Na+. It is worth noting that the last data point shows an increase

at the last step of Na+ insertion – behavior similar to graphite insertion reported by C.

Wang et al. in279; reasons for this latter behavior are presently unknown and could be the

focus of future work. In the deintercalation step shown in figure 5.5(a), initially sodium-

ions are extracted from the edges of Td-WTe2; hence, displaying shorter transport path and
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facilitated de-intercalation. These aspects altogether are assigned to the drop at reaction

resistance observed. However, as the Na+ extraction continues, the inherent shrinkage from

this process results in decreased electronic conductivity of Td-WTe2 nanosheets and current

collector, again similarly to de-potassiation in graphite74;280.

Concerning the KIB, as shown in figure 5.5(b), the initial slope area presented decrease

on reaction resistance. Such initial decrease on reaction resistance can be ascribed to higher

electronic conductivity due to volume expansion at lower intercalation levels. Upon volume

expansion, Td-WTe2 particles can be closer to each other; hence, enhancing the transport

of electrons in the active material74. Further, in the plateau region – at approximately

0.47 V vs. K/K+ – intercalation takes place as reported by Soares and Singh in96. The

observed increase in the reaction resistance, i.e., from ≈ 3 Ω g to ≈ 5.1 Ω g was assigned

to accumulated stress and strain and higher diffusion pathways for K+ during the phase

transformation. Subsequently, at the slope region the reaction resistance is again reduced

due to the higher electronic conductivity achieved in the conversion-type reaction due to

reduction of W4+ to W0 278. Regarding the charging cycle of KIB, similar to graphite74,

upon de-potassiation the reaction resistance is initially lower but increases as K+ extraction

process evolves. The initial low reaction resistance displayed in figure 5.5(b) can be assigned

to a shorter transport distance, because initially K+ are extracted from in the edges of

Td-WTe2 – similar to SIB. Moreover, as the extraction process continues, larger transport

distances are expected to yield higher reaction resistance values.

Figure 5.5: Quasi-thermodynamically equilibrium potential profiles with respective reaction
resistance values of Td-WTe2: (a) SIB, (b) KIB half-cells.
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In summary, the higher values of reaction resistance of KIB observed in figure 5.5(b) are

result of the higher overpotential of KIB, exhibited in figure 5.6(b), in comparison with SIB

(figure 5.6(a)). The higher overpotential of KIB shows that K+ diffusion is not as fast as

Na+ in Td-WTe2
281. In other words, although potassium ions exhibit high ion mobility in

the EC:PC based-electrolyte, they present lower diffusivity in solids, resulting in a limited

reaction kinetics. This finding was confirmed by Zhang et al.218.

Figure 5.6: Potential response during GITT measurement conducted at current pulses of
100 mA g−1 for 15 minutes followed by relaxation for 4 hours of Td-WTe2: (a) SIB, and (b)
KIB half-cells.

Another hypothesis that may explain the more prominent capacity fade of Td-WTe2-SIB

is that despite the smaller ionic radius and higher diffusion coefficient of Na+ in Td-WTe2,

a continuous irreversible conversion-type reaction may lead to loss of active material. This

behavior has also been reported for metal sulfides282. Furthermore, continuous electrolyte

decomposition during cycling may contribute to the capacity fade process at a certain degree.

These hypotheses could be the focus of investigation in future work.

5.5 Conclusion

This study reports Td-WTe2 as active electrode material for SIB and KIB half-cells. As

the first report on Na+ storage in Td-WTe2, this work shows that despite the larger ionic

radius of K+, orthorhombic non-centrosymmetric phase of WTe2 exhibited higher rate ca-

pability and cycling stability in PC-based electrolyte in comparison with SIB. Based on the
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electrochemical studies, we found that although KIB showed higher overpotential in GITT

measurement, higher reaction resistance, and larger Shannon’s ionic radius, K+ also pre-

sented higher mobility in the electrolyte medium owing to the smaller Stokes’ radius in PC.

Thus, the selection of suitable electrolyte medium is deemed as a crucial factor for the su-

perior electrochemical performance of Td-WTe2 as active electrode in KIB over SIB. This

work is expected to open new avenues for study of TMD materials beyond the ordinary

semiconducting species as electrode materials for alternative technologies to LIB.
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Chapter 6

Conclusion and future work

6.1 Summary

This thesis presents contributions to development of high capacity KIB and SIB (also known

as beyond LIB) electrodes comprising of polymorph layered TMDs. Firstly, it presents a

detailed electrochemical property comparison of group VI layered TMDs of the sulfide and

telluride types, which revealed two aspects: i. high charge capacity of MoS2 and ii. capacity

decay over long term cycling irrespective of the TMD type. The thesis then addresses the

capacity decay issue by synthesizing a new type of composite TMD material. This composite

material, named MoS2-SiOC, was synthesized to address the poor stability of MoS2 upon

Na+ storage. This stability issue is TMDs an open problem that previously led researchers to

abandon research on layered TMDs for energy storage applications decades ago. Additionally,

the thesis explores use of TMDs as electrodes for KIBs. Here, telluride-based TMD was found

to offer superior charge capacity. WTe2 showed superior cycling stability with K+.

Regarding the organization of this thesis, chapter 1 intends to inform researchers, stu-

dents, and enthusiasts about the direct implication of using fossil fuels in CO2 emissions and

the current challenges of reducing such emissions given the predicted population increase.

The desired and environment-friendly approach of increasing participation of renewables in

energy matrices to replace fossil fuels is also discussed, along with the challenges it brings.
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Then, using a didactic approach, the concept of electrochemical energy storage is explained

and its correlation to address challenges of renewables exploitation. Moreover, discussion

on LIBs is presented and how the world economy and multi-billion dollar industries can be

affected by the scarcity of lithium metal in the forthcoming decades. Lastly, chapter 1 in-

troduces the beyond LIB technologies reported in this thesis and the motivation for studying

these technologies.

Chapter 2, using a more technical approach, introduces concepts of alkali-ion battery

technologies, i.e., SIB and KIB, and electronic and crystal properties of the sulfide- (MoS2)

and telluride-based (WTe2) – TMDs studied as battery electrode materials in this thesis. In

addition, a discussion of PDC materials is presented, as this material served as mitigation

agent of sulfide dissolution of MoS2 – work discussed in chapter 3. Also, this chapter aims to

elucidate the relevant techniques used to characterize the materials presented in chapter 2,

and the electrochemical performance of these materials when studied as battery electrodes.

Chapter 3 demonstrated a mechanism that mitigated suppressed regeneration of MoS2

using silicon oxycarbide (SiOC). A facile functionalization process is introduced, which did

not alter the 2H crystal structure of MoS2 and yielded a uniform distribution of SiOC on

the surface of MoS2 nanosheets – aspect confirmed by microscopy, Raman, and XPS char-

acterizations. Studied as a SIB electrode, electrochemical characterizations showed that the

composite material MoS2-SiOC presented higher stability upon cycling in comparison with

pristine MoS2; hence, MoS2-SiOC composite electrode fulfilled its role in preventing sulfide

dissolution. Further, EIS corroborated that the higher performance upon rate capability test

of MoS2-SiOC was due to enhanced electronic conductivity from sp2 free-carbon domains

of amorphous SiOC molecule. In summary, MoS2-SiOC presented facile synthesis, stable

electrochemical performance – confirmed by capacity retention of 86.5% after 100 cycles in

rate capability test – and lower electronic resistance of MoS2-SiOC electrode – confirmed by

Re 42% lower than pristine MoS2.

Chapter 4 unveiled the K+ storage mechanism in layered Td-WTe2 – a semimetal, and

polymorph TMD whose unconventional electronic structure is still under investigation by the

academic community. Results showed that WTe2 presented in the 1st cycle charge capac-
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ity 3.3 K+ stored per molecule. Further, after 10 GCD cycles at 100 mA g−1, WTe2 pre-

sented stable charge capacity of 143 mA h g−1; thus, outperforming 2H-WS2 (66 mA h g−1)

and graphite (95 mA h g−1) under the same conditions. Results in this work corroborated that

the semimetallic phase Td and the larger interlayer spacing (c =14.07 Å) offered low charge

transfer resistance and adequate distance to accommodate K+, respectively. To shed light

on K+ storage process in WTe2, a predicted storage mechanism is also presented, which was

corroborated by the ex-situ post-cycling characterizations. It is also important to highlight

that in this chapter a broader electrochemical discussion of EIS as a characterization tech-

nique is introduced. This discussion emphasizes that generalized equivalent circuit models

published in the literature should be carefully analyzed for the system under consideration;

thus, a principle known as Occam’s razor should be applied. In a wider spectrum, the work

presented in this chapter aims to bring attention to semimetal layered conversion-type TMD

species for applications in EES.

Chapter 5 presented a comparative study of Td-WTe2 as electrode material for SIB and

KIB. This chapter demonstrated that although Na+ radius is smaller than K+ and WTe2-

SIB charge storage mechanism points towards conversion-type reaction, WTe2-KIB presented

higher rate capability and long-term cycling stability. Firstly, results showed that K+ pre-

sented sluggish diffusion in WTe2 electrode and limited kinetics – aspects confirmed by the

higher overpotential in GITT. Yet this study showed that the concept of Stokes’ radius plays

a decisive role in the electrochemical performance. In other words, although K+ presents

larger atomic size and poorer diffusion in WTe2, in PC electrolyte the Stokes’ radius of K+

is 3.6 Å versus 4.6 Å of Na+. Therefore, in EC electrolyte potassium-ions have faster mobil-

ity, indicating that the the weaker solvent-ion interaction is decisive towards enhanced rate

capability and stable cycling performance of WTe2-KIB.

6.2 Future work

Although several findings have been observed during this research work, these results and

conclusions comprise an initial report that aimed to evaluate stability during cycling of Na+
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and to assess the charge storage mechanisms of K+ in layered sulfide- and telluride-based

TMDs, respectively. Yet as fascinating materials, several research opportunities still exist.

As such, further studies should be conducted in the areas summarized as follows.

1. MoS2-SiOC showed improved stability upon cycling as SIB electrode. However, a promi-

nent capacity decay still exists in initial cycles. Thus, future studies could be focused

on the development of novel synthesis methods of MoS2-SiOC composite material, or

the study of other PDC materials that can be more effective in decreasing the observed

initial capacity decay.

2. Likewise, there is room for studies of other PDC materials that may show capacity to-

wards the alkali-ion under consideration. As a result, in addition to providing stability

upon cycling, higher energy density materials could be achieved.

3. In-situ works are proven tools towards better understanding processes happening in

electrode materials or electrode-electrolyte interface. In-situ XRD can assess how the

interlayer spacing of 2H-MoS2 or Td-WTe2 is varying during charge and discharge of

cells; in-situ Raman can provide information to better understand how SiOC improved

the suppressed regeneration of MoS2 by analyzing the electrolyte; likewise, in-situ

Raman can be useful to understand whether a telluride-dissolution mechanism takes

place upon cycling WTe2 electrode; and in-situ TEM can assess whether SiOC acts as

a buffer to accommodate expansion in MoS2 during sodiation process.

4. Results presented in chapter 5 have shown that electrolytes play an important role in

electrochemical performance. However, the commonly used salts and solvents may be

obsolete due to their restricted variety. Hence, research focused on developing novel

electrolytes is strongly encouraged as it may be a stepping-stone to layered TMDs as

electrodes for beyond LIB.

5. Lastly, enabling TMDs as battery electrodes will also require innovative and scalable

manufacturing methods to produce these electrodes. In this scenario, research on

AM techniques is desirable as these techniques may produce electrodes in a scalable

97



way while addressing re-stacking or agglomeration issues by printing TMD 3D porous

current collectors.
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