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lithium-sulphur
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Lithium bis(trifluoromethanesulfonyl)imide
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Near edge X-ray absorption fine structure
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X-ray diffraction
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3 MOTIVATION AND AIM
3.1 MOTIVATION
Energy is one of the main resources of the modern world. If several hundred years ago
humanity relied on working animals and on biofuels, the present way of life requires a much higher
amount of energy. In effect, the energy consumption has been growing exponentially over the
past 150 years, as one can see in data gathered from US (Figure 3.1).1
Some researchers call the present “Anthropocene”: a human-dominated epoch.2 The amount
of energy used nowadays for human activities is comparable to the sum of the biological processes
involved in the food production for the whole humankind.3
One can roughly divide all energy sources available on Earth into three categories - fossil,
nuclear and renewable. The fossil and nuclear fuels are, correspondingly, non-renewable.
The extensive use of fossil fuels, in the last century and nowadays, poses major problems.
Although there are large amounts of coal, natural gas and petroleum still available on Earth, they
are still finite and, at the rate at which we presently consume them, they will be depleted within
a couple of generations. This not only implies that the humanity of the future will not have this
energy source at hand anymore; it also might lead to a collapse of the chemical industry,
pharmaceuticals and polymer materials. Additionally, the issue of the pollution cannot be
understated: polluted air (household and ambient) is held responsible for 6,4 millions of deaths
worldwide in 2015, the toll being almost as high as that of tobacco4; it is also highly detrimental
for the environment. Last but not least comes the global warming issue. During the Little Ice Age
in the average temperature in the Northern Hemisphere only changed by less than 0.5K,4 while
still having major repercussions. At present, the researchers predict a 2K temperature variation in
the most optimistic of the cases,5 which will lead to drastic environmental, economic and
geopolitical problems. Even though this grim prospect might be unavoidable without swift and
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Figure 3.1 Energy consumption of the US over time, illustrating the never-ending growth of the amount of energy
necessary for the functioning of the society

drastic changes, the consequences may be at least softened by more conscient behaviour and the
adoption of alternative energy sources.
The renewable energy sources are biomass, hydropower, sunlight, wind, tides and
geothermal heat. Solar and wind energy have seen constant growth over the past decades. By
2018, they account for almost 30% of the electricity produced in Germany.6 Since the energy
provided is mechanical (wind) or light (solar), it cannot be kept in a container until need arises,
like the fossil fuels for example. That is why the situations of high demand and low supply (in the
absence of sunlight or wind), as well as high supply and low demand (for example in the early
morning hours, when the wind is strong, but the people are still asleep), are frequent and
problematic. This “green” energy has to be stored and released when need arises in order to be
competitive. Another problem is the routing of said energy to the consumers, which is generally
solved by the construction of a so called “super grid”. Additionally, a further problem is the fact
that transportation accounts for a third of the global energy consumption and the vast majority
of the vehicles function off fossil fuels. The alternative, electric cars, are at the moment unable to
compete in the points of price and comfort.
So, it became apparent, that one of the main challenges of our time is the storage of clean
energy, and the scientific and industrial communities have already come up with a considerable
amount of solutions for this problem. All of these solutions, however, have their ups and downs.
As it can be seen in Figure 3.27, the electrochemical energy storage, which encompasses all
battery types, only accounts for 1% of the global energy storage. Nonetheless, it is vital for the
situations in which mobility is required – contrary to a pumped hydro plant, a battery can be
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Figure 3.2 Energy storage compared by their share on overall energy stored sorted by type

produced in almost any size and thus placed anywhere. This hold potential for all the electronic
devices, the electric cars, planes and boats.
The topic of my thesis, the lithium-sulphur battery, has very promising properties in this
regard. For example, it has a theoretic capacity which is over six times higher than that of the
present leader, the lithium-ion battery. Other benefits include the fact that the used sulphur is
non-toxic to humans or the environment, very cost-effective and abundant. 1

3.2 AIM
The ultimate goal of this work is, as ambitious as it sounds, to enhance the properties of Li-S
batteries in order to combat some of the downsides. To do this, the work is divided into several
parts.
In order to find out where the problem lies and how it can be handled, one has to obtain a
thorough understanding of the processes taking place inside the battery, how they are influenced
by different parameters and how they correlate with the cell’s performance. To do this, together
with the project partners, we undertook a thorough in-situ, in operando study of the Li-S cell. In
my capacity I was responsible for designing an in-situ cell, conducting Raman spectroscopy and
interpreting the obtained results. The benefits of this study include gaining intrinsic information,
the development of an analysis method which could be used routinely and the possibility to tailor
cell modifications based on the newly acquired data.
One of the main reasons for the performance loss faced by Li-S batteries is the polysulphide
shuttle: the migration of active material away from the cathode. The most promising approach to
limit this effect consists in prohibiting the soluble polysulphides to leave the cathode in the first
place, which can be achieved by tailoring the encapsulating material. There already exists a large

1

a more thorough comparison with other battery systems will be undertaken in the chapter 4.1.2
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variety of carbons for the use in the Li-S cathodes, but not all of them can be realistically used on
an industrial scale because of the complexity of their synthetical protocols. In this part, I undertook
a study of carbon derived from resorcinol-formaldehyde aerogel as a possible cathode material,
since it is a material that is already well-known and involves a easily scalable protocol.
Contrarily to the cathode materials, other cell components are not as widely researched
upon. The separator, whose main purpose is to prohibit any contact between the two electrodes,
can also perform a side-job: that of stopping the lithium polysulphides from diffusing away from
the cathode and all the way to the anode. For this reason, as a third part of this work, the focus
was set on two approaches to improve on the separator. One of them consisted of coating a
commercial separator with a polymer hindering the passage of the polysulphides by reducing the
overall porosity and via physicochemical interactions. The other was based on the chemical
modification of said commercial separators so that they slow the polysulphides down solely by
physicochemical interactions.
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4 THEORETICAL BACKGROUND
4.1 BATTERIES* AND ACCUMULATORS
The first “true” battery** was invented by Alessandro Volta in 1800 and consisted of
superposed zinc and copper plates, separated by a piece of cardboard. It was soaked in an aqueous
salt solution. A few decades later, John Frederic Daniell presented his improvement upon the
voltaic pile, which was quickly adopted by the industry.8 It is still known and, in a way, used today:
the easy to build battery is perfect for the teaching of electrochemistry in schools.
4.1.1

Working Principle

The functioning of any battery is linked with the conversion of chemical energy to electrical
energy. When a redox reaction occurs, an electron transfer has to take place (Equation 1).
𝐴 + 𝐵+ → 𝐴+ + 𝐵

(1)

The voltaic cell is then constructed in such a way, that the chemical reaction proceeds on two
planes. On one side, there is the electron transfer, which occurs indirectly, through a specifically
designated channel. Thus, an electric current is generated. On the other side, there is the ionic
exchange, which takes place directly in the cell and is ensured by a carefully chosen electrolyte.
The cell can be divided into two half-cells, each consisting of an electrode (anode or cathode)
and electrolyte (Figure 4.1A). Its electromotive force, also called open-circuit voltage (OCV),
represents the difference between the potentials of the electrode active materials. For example,
for the case of the Cu-Zn cell, it is of 1.1 V. The real voltage of the cell is affected by its internal
resistance and differs from the OCV.
There are several properties that characterize the cell’s performance. First, there is the
nominal voltage, stated earlier. It is sometimes also referred to as “tension”, which is a more
figurative term. Then, there is the power, expressed in Watt, which represents the rate of energy
transfer, calculated by multiplying voltage and current, and lastly there is the power density
*

The name “battery” is prone to error. The term has been coined by Benjamin Franklin and referred
to several cells (Leyden jars) connected together, in analogy to the military notion. Nonetheless, in this work
I will be using the words “battery” and “cell” interchangeably, knowing that I have only been studying single
electrochemical cells. Besides, one makes the difference between primary, non-rechargeable and
secondary, rechargeable, batteries, also known as accumulators.
**
There might be an earlier battery, the Baghdad battery, of approximately two thousand years old,
but it is only an assumption that the set of artefacts has once been a galvanic cell. 156
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Figure 4.1 Schematic representation of a battery cell and the connection possibilities of several cells: (A); parallel
connection (B); series connection (C).

(W·m-3) – the amount of power per unit of volume and the specific power (W.kg-1) – the amount
of power per unit of weight. It represents the loading capability of the battery.
The charge stored by the cell is given by the capacity (A·h). It is directly linked to the amount
of active material: the cell will function for as long as an electrochemical reaction can occur. The
energy density (J·m-3) represents the amount of energy stored per unit of volume and the specific
energy – the amount stored per unit of mass (J.kg-1).
As it was stated before, single cells can consequently be connected into packs. If one needs
higher currents, the cells will be connected in parallel (Figure 4.1B). For higher voltages, they will
be connected in series (Figure 4.1C).
4.1.2

Comparison of Battery Types

Since the need for energy sources has been steadily increasing over the past centuries,
extensive research has been undertaken in the domain of battery development. A wide variety of
cells are already in use, others are still under development. In order to better place the lithiumsulphur (Li-S) battery amongst them, some of the more common batteries, along with their
characteristics will be discussed in this chapter.
First of all, the batteries are differentiated into two major categories - primary and secondary.
The primary batteries are only used once and discarded after discharge. Their advantages revolve
around the comfort of use – accessibility, freedom from utility power, long shelf life. This is why
they are, and will continue to, being used for military, rescue or medical applications. They,
nonetheless, have a major disadvantage, which is the damage to the environment. Primary
batteries are source of hazardous waste and, besides, their manufacture takes typically 50 times
more energy than they can ultimately store.9 Although attempts are made to recharge primary
batteries, this undertaking is still in its beginnings.
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Figure 4.2 Comparison of different battery technologies according to their theoretic performances and already obtained
practical results

Secondary batteries, also called accumulators, are batteries that can be discharged and
recharged multiple times. Their initial cost is greatly exceeding that of primary batteries, but it can
be divided between the multiple cycles of the cell. This makes them considerably more economic
– less money and raw materials are wasted. They also typically perform better when discharged
at high currents than primary batteries do.10
There is a wide variety of accumulators, some of which are already being used, while the
others are still under development. Their performances are compared in Figure 4.2.11 This graph
certainly only compares them following one parameter, and other important characteristics like
cycling stability or safety are not mentioned, but it illustrates the potential of the battery types.
4.1.2.1

Lead-acid

The first rechargeable battery was invented by the French physicist Gaston Planté in 1859
and is still actively used today.12 Despite it having a low capacity and being not environmentally
friendly, it has a high power density, low self-discharge and is cheap, which makes it the perfect
choice for automobile starter motors. The cell is using lead and lead oxide with sulfuric acid as
electrolyte (Equation 2).13
𝑃𝑏 + 𝑃𝑏𝑂2 + 2 𝐻2 𝑆𝑂4 ↔ 2𝑃 𝑏𝑆𝑂4 + 2 𝐻2 𝑂

(2)
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4.1.2.2

Nickel-based batteries

Nickel-cadmium (Ni-Cd) batteries have been invented at the end of the nineteenth century
and were already commercially available in the early 1900s.14 They use nickel oxyhydroxide
(NiOOH) as cathode and cadmium as anode (Equation 3). They have been the main choice for
portable devices for a big part of the twentieth century and are still in use today. They are
particularly prised for being very rugged and forgiving, as well as for performing in lowtemperature conditions. Although nickel-cadmium batteries are expensive in production, their
cost per cycle is one of the best on the market.
2 𝑁𝑖𝑂(𝑂𝐻) + 𝐶𝑑 + 2 𝐻2 𝑂 ↔ 2 𝑁𝑖(𝑂𝐻)2 + 𝐶𝑑(𝑂𝐻)2

(3)

However, their specific energy is low compared to newer systems, they develop so-called
“memory effects” 15 and, most importantly, the toxicity of the cadmium is a concern.*
Nickel-metal hydride appeared at the end of the twentieth century, as an alternative to
nickel-cadmium10. They use the same cathode material as Ni-Cd and a hydrogen-adsorbing
metallic alloy as anode, instead of the toxic cadmium (Equation 4 and Figure 4.316).
2 𝑁𝑖𝑂(𝑂𝐻) + MH ↔ 2 𝑁𝑖(𝑂𝐻)2 + M

(4)

They are used in hybrid electric vehicles since 2001 17 and are appreciated, foremost, for the
higher environmental safety than Ni-Cd batteries. They also boast higher specific capacity, a

Figure 4.3 Illustration of the working principle of a nickel-metal hydride battery

*

So much so, that Ni-Cd cells have been banned from power tools in European countries 157
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weaker memory effect and are cheaper than the lithium-ion batteries. One big drawback though
is the considerable self-discharge phenomenon.
Other nickel-based batteries include nickel-iron, nickel-zinc or nickel-hydrogen.18
4.1.2.3

Lithium-Ion (Li-Ion)

Lithium metal is the crème de la crème amongst possible battery materials. It is the most
electronegative and the lightest among the metals, providing, therefore, the highest specific
energy. It gaining attention by the battery community was therefore just a question of time.
The first Li-ion battery has been commercialized by Sony Co. in 1991, being the result of years
of competitive research (Table 4.1).
There are two distinguished methods for building Li-ion cells. The first one utilizes pure
metallic lithium, while the second uses lithium alloys or lithium-containing inorganic compounds
(e.g. lithium cobalt oxide or lithium iron phosphate, cf Figure 4.420). This second approach is
generally preferred for the safety it offers since it avoids lithium dendrite formation.21
Table 4.1 List of lithium metal battery systems 19

System

Li/TiS2

Voltage

Specific energyEnergy density System

(V)

(Wh·kg-1)

(Wh·L-1)

2,1

130

280

LiAl/TiS2

Company

1978

Exxon

1979

Hitachi

Li/LiAlCl4-SO2/C

3,2

63

208

1981-1985

Duracell

Li/V2O5

1,5

10

40

1989

Toshiba

Li/NbSe3

2,0

95

250

1983-1986

Bell Lab

LiAl/Polyaniline

3,0

180

1987

Bridgestone

LiAl/Polypyrrole

3,0

180

1989

Kanebo

Li/Al/Polyacene

3,0

1991

Kanebo/Seiko

Li/MoS2

1,8

1987

MoLi

Li/CDMO(LixMnO2)

3,0

1989

Sanyo

Li/Li0.3MnO2

3,0

50

140

1989

Tadiran

Li/VOx

3,2

200

300

1990

HydroQuebec

52

140

The electrolyte, which is usually a solution of lithium salt in a solvent mixture, typically
carbonates, is not stable at the operating potential of the anode during charging. It, therefore,

10 | T h e o r e t i c a l B a c k g r o u n d
undergoes an irreversible chemical decomposition, forming a solid electrolyte interface (SEI) at
the anode. This interface is lithium-ion conductive and is a protection for the anode.
Since there is a large variety of materials used in Li-ion batteries, a general description of the
charge and discharge processes can be formulated. As it was stated above, the cathode* consists
of a lithium compound and the anode – of an intercalation material, generally graphitic carbon**.
Immediately after construction, the cell is in a discharged state. During charge, the lithium ions
(Li+) leave the cathode and penetrate the anode, forming LixC6 intercalation complexes.
Reciprocally, during discharge, they travel back. The particular case of cobalt oxide is given for
illustration (Equation 5).
𝐿𝑖𝐶6 + 𝐶𝑜𝑂2 → 𝐿𝑖𝐶𝑜𝑂2 + 𝐶6

(5)

Li-ion batteries are the state of the art nowadays. They have the highest energy density
amongst all commercial batteries, a good cycling stability and a competitive pricing. The only
drawbacks are the still existing safety issues and the reduced performance at high or low
temperatures.21

Figure 4.4 Selection of electrode materials based on the thermodynamic stability of the electrolyte
*

The cathode and anode of a battery being inversed between charge and discharge, one defines the
electrode from which the electrons flow through the external circuit during discharge as “anode”. The other
electrode is, respectively, “cathode”.
**
Although silicon is lately intensively researched on, since it could offer considerably higher
capacities158
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4.1.2.4

Lithium-Sulphur

Although these batteries also use lithium ions, the electrochemical reactions are different
from the intercalation reactions of Li-ion batteries, which warrants them a different category. LiS batteries have a theoretical specific capacity which is six times higher than that of the presently
dominating Li-ion cells. Despite them being known, and even patented since 1962,22 multiple
issues hinder their commercial usage. Today, commercial prototypes already exist and Li-S cells
are used in, for example, unmanned aerial vehicles23, where they offer a great benefit thanks to
their reduced weight. It has been predicted that they will be introduced to the general market
after the year 2025 (Figure 4.5).21,24

4.1.2.5

Lithium-Air

Figure 4.5 Market shares by type of battery within the transportation sector

Lithium-air systems are nowadays regarded as the holy grail amongst batteries by many
researchers. First, lithium is, as mentioned earlier, the metal with the highest specific capacity
(3842 mAh.g-1). Second, the participation of ambient air in the electrochemical reaction would
reduce the mass and the volume of the final cell and therefore augment its specific energy and
energy density. A theoretical specific energy of 3,582 Wh.kg-1 has been mentioned. 25
Nonetheless, there are still several challenges to be overcome before one can seriously
consider their commercialisation and use. All cell components need intensive research and, above
all, the safety issue has to be addressed*.26

*

as it is for all high energy density batteries
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4.2 LITHIUM-SULPHUR CELL
Lithium-sulphur batteries are the topic of the present work. In this part, their working
principle will be thoroughly explained in this chapter. Afterwards, the main problems and the
possible solutions will be discussed.
4.2.1

Mechanism

A lithium-sulphur cell typically consists of a Li0-containing anode*, a sulphur cathode, a
separator and an electrolyte. Since sulphur is insulating, it is generally encapsulated in a
conducting matrix. These cell components will be discussed more thoroughly in paragraph 4.2.3
The functioning of Li-S batteries is based on the reaction between lithium and sulphur (S8).
Unlike Li-ion batteries, Li-S are in their charged state immediately after construction (Figure 4.6A).
During discharge, the electrons travel from the lithium metal anode towards the cathode through
an external circuit, powering the attached device. The formed Li+ ions are drawn towards the
cathode, where they will react with the sulphur Figure 4.6B, Equation 6). Its average voltage is
2,15 V with respect to Li+/Li0.
16 Li + 𝑆8 ↔ 8 𝐿𝑖2 S
𝐶𝑇 =

𝑥 × 𝑁𝐴 × 𝑄𝑒
𝑀

(6)

(7)**

Figure 4.6 Functioning principle of the Li-S battery; (A) open circuit, (B) beginning of discharge, (C) sulphur is
reduced inside the cathode and the soluble lithium polysulphides migrate into the electrolyte, (D) recharge
*

Generally metallic lithium, although research is done to replace it by a safer material.
Here x is the number of electrons provided by one molecule, N A – the Avogadro number, Qe – the
charge of one electron, expressed in Coulomb and M – the molar mass. Upon calculation, one obtains a
theoretical capacity of 6020 C.g-1, which can be converted into the commonly used value of 1672 mAh.g-1
**
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Sixteen electrons can be converted per sulphur molecule, which in turns leads to the high
theoretical capacity of such a cell (Equation 7).

Figure 4.7 Typical discharge curve of a Li-S battery

The discharge reaction starts at about 2.4 V – a plateau can be seen on the discharge curve
(zone I in Figure 4.727). This is when long-chain polysulfides (LiPS) are formed: the S8 ring opens up
to form S82-, which are combined with two Li+ ions, to give Li2S8 28. They are then reduced to
polysulfides of medium length, which is reflected by the zone II on the discharge curve (Figure
4.7). A second plateau can be observed at approximatively 2 V and corresponds to the reduction
to short polysulfides: Li2S2 and Li2S (III in Figure 4.7).
The points 1 and 2 in Figure 4.7 indicated by the red arrows, correspond to the point where
the viscosity inside the cell is at its highest and, respectively, to the reduced polarization due to
the solid-liquid interface.

Multiple attempts have been made to describe the mechanism of the reactions. This task is
quite difficult since there is a multitude of species which cannot be isolated.
The most simplified model is the scheme comprising two reactions (Equation 8). It was
obtained based solely on the Nernst equation* and the discharge plateaux 29.

*

𝐸 = 𝐸0 +

𝑅𝑇
𝑧𝑒 𝐹

𝑆8 + 4 𝑒 − → 2 𝑆42− high plateau

(8a)

𝑆42− + 4 𝑒 − → 2 𝑆22− + 𝑆 2− low plateau

(8b)

𝑙𝑛𝑄𝑟 , where E is the reduction potential, E0 – the standard reduction potential, R – the

universal gas constant, T – the temperature of the system, ze – the number of transferred electrons, F – the
Faraday constant and Qr – the reaction quotient
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Further calculations and experiments permitted to look deeper into it, bringing up the
formation of S62- via a disproportionation reaction. The reaction, through which it is formed, exists
in two versions (Equations 9&10).
3 𝑆82− + 2𝑒 − → 4 𝑆62−

(9)

𝑆82− → 𝑆62− + 1⁄4 𝑆8

(10)

Another entity which was repeatedly encountered by different groups’ work is the radical S3It is generally believed to be formed by the dissociation of S62- 27,30.
If all the sulphur reacted, at the end of the discharge the cathode would consist purely of Li2S,
the final product of the reaction. This is not happening for a simple reason: all the polysulfides
besides Li2S2 and Li2S are soluble in the electrolyte* and leave the cathode during the discharge
process. A part of them reaches the anode and gets reduced directly at its surface, and another –
remains in the electrolyte. This phenomenon is called “polysulfide shuttle”.
In the end, the cell is then charged and the reaction reversed (Figure 4.6D).
4.2.2

Problems to Be Solved

Despite the lithium-sulphur technology being known about for almost a century and its very
attractive properties, there still are almost no such cells on the market. Several factors are
responsible for this.
4.2.2.1

Insulating Nature of Sulphur

As already mentioned, a battery functions in the following way: electrons move from anode
to cathode via an external circuit and are accepted by the oxidant at the cathode, which is turned
into ion and proceeds to react immediately inside the cell. Therefore, in order for the reaction to
happen, the electrons need to first reach the active material, which they cannot do if there is an
insulator in the way. To overcome this problem, an electrically conducting material is added to the
sulphur, usually graphitic carbon. Then, there are two requirements to keep in mind. First, a
conducting matrix is needed – the amount of the additive has to be such that the percolation
threshold is reached 31. Second, each sulphur molecule has to have access to this conducting
material in order to be reduced. One may, of course, decide to assemble sulphur and conductive
additive in such a way, that there is a large excess of the latter, but this approach would generate

*

elemental sulphur is also insoluble, but it cannot be called a lithium polysulfide
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another problem: since the conductive additive is not actually involved in the electrochemical
reaction, the energy density of the cell will be diminished.
4.2.2.2

Volume Variation throughout the Cycling

The density of elemental sulphur is of approximatively 2 g.cm-3.* Lithium sulphide (Li2S) has a
density of 1,66 g.cm-3. This leads to a strong expansion when the sulphur is converted to lithium
sulphide 32. During multiple charge and discharge cycles, the expansion and contraction of active
material damages the architecture of the cathode. First, there may be a breach of electric contact,
causing the loss of active material for further reactions. Second, parts of cathode may be entirely
delaminated off the current collector. Both these events reduce the cell’s performance and cycling
stability. The attempts to resolve this issue include the targeted synthesis of adapted conducting
carbons and the careful choice of the binder material.
On the other side, since the lithium ions travel towards the cathode during discharge, an
important volume loss is noticed at the anode **. This further sees to the destabilisation of the
cell.
4.2.2.3

Dendrite Growth at the Anode Surface

Right after the cell construction, the lithium metal anode has a smooth surface. The repetitive
striping and plating of lithium throughout the cycling process leads to the modification of the
anode: tree-like structures, called dendrites, form at its surface. Amongst possible causes the
unstable solid-electrolyte interface 33, impurities at the electrode surface 34, current density or
stack pressure 35 are cited. This phenomenon leads to serious safety issues since the dendrites are
capable of piercing the separator and provoking a short-circuit when reaching the cathode
surface. Besides, they cause the further cracking of the SEI, which exposes fresh lithium to the
electrolyte 36. Images obtained by scanning electron microscopy (SEM) visualize this problem quite
nicely (Figure 4.837). The parts pointed at by the white arrow (Figure 4.8d-f) are electrically
insulated from the electrode and qualified as “dead”. 37
4.2.2.4

Polysulphide shuttle

Crystalline elemental sulphur is insoluble in the electrolytes used for lithium-sulphur
batteries. The same goes for the short amorphous 38 Li2S2/Li2S, which are the final products of the

*

the most common allotrope of sulphur, α-octasulphur, has a density of 2,07 g.cm-3
the extent of it is delimited by the amount of sulphur available

**
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Figure 4.8 SEM images for an in-situ plating (a-c) and stripping (d-f) experiment of lithium in a standard electrolyte for LiS batteries. The colours are added in function of the contrasts in greyscale. Scale bar: 20 µm.

reaction. All the other reaction intermediates, grouped under the name of lithium polysulphides,
are, however, easily soluble.39 During discharge, the following happens. Sulphur reacts to form S82,
which is dissolved in the electrolyte and opens the access to the active material underneath for
further reaction; this is beneficial for the total performance. Then, there are two concurring
processes that can take place. On one side, there are the further reduction reactions, which
happen as long as the electrons from the cathode can reach the polysulphide and add up to the
cell capacity. They cap in the formation of lithium sulphide. On the other side, there is the diffusion
of the soluble polysulphides into the electrolyte. There, since the electrical contact is lost and
there is no source of “new” electrons, they can undergo dissociation or recombination reactions.
In the end, these polysulphides can reach the anode and then the whole electrochemical reaction
(electron and ion exchange) will take place at its surface. Yet worse is the fact that insoluble
lithium sulphide can be formed, which passivates the anode, hinders further reactions and
enhances the previously discussed dendrite formation. Another negative consequence of the
polysulphide shuttle is the loss of active material: if with every cycle a part of the sulphur is
reduced at the anode and another part remains dissolved in the electrolyte, there will be less
sulphur available for future cycles. Finally, there is the issue of the high reactivity of the
polysulphides – the aggressive medium can, for example, damage the metal contacts.
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4.2.3

Battery components

The problems listed in the previous part are addressed by a careful orchestration of the cell
components.
4.2.3.1

Cell casing

The literature on this topic is very scarce 40. The choice of cell configuration rather belongs to
the domain of common knowledge, acquired by each research group independently.
Nevertheless, it can dramatically influence the performance of the battery. In this part, the three
most common possibilities will be shortly discussed.
First of all, there is the Swagelok® cell or other geometries of the kind. The cell components
are sandwiched between two piston-like electrodes in a sealed, air-proof environment. This is the
easiest configuration since no particular equipment is needed besides the cell itself, which is
reusable. The main drawback is the limited control over the pressure with which the cell is closed
– it is done by hand and may vary from cell to cell. Besides, the Swagelok® build needs an increased
amount of electrolyte, which leads to an increased material loss via the polysulphide shuttle and
is detrimental to the energy density. In the end, due to their size and weight, such cells are purely
used in research laboratories.
Then, there is the coin cell – the design that became the standard for research. It requires
little material, which is optimal for laboratory conditions and the necessary equipment is spaceefficient and affordable. The cells are closed by a crimping machine, which makes the results
reproducible. They exist in several sizes and thicknesses. Even though they can be found in stores,
the coin cells are relatively unpopular and are only used when small size is the decisive factor.
Finally, there is the pouch cell. It is light, flexible and lends itself to be stacked into packs. Still,
the equipment necessary is pricier than that for previous cells and, most importantly, pouch cells
use up a considerable amount of material. It is the design which comes into play when the aim is
to check if the cell is mature enough for an introduction to the industry.
Other cell designs include cylindrical or prismatic cells, but they are seldom a choice when
constructing Li-S batteries.
The main problem linked with the cell design lies in the fact that a cell with a very good
performance in one geometry will not obligatorily function well in another one.41
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4.2.3.2

Cathode

The cathode is the most studied Li-S cell constituent: according to a recent review, 64% of
the articles focus on it.42 A generic cathode in a Li-S cell consists of a current collector,
encapsulating and conducting material, binder and sulphur.
The current collector channels the electrons and, often also provides mechanic stability to
the cathode material. It is generally out of aluminium 43–47, although other materials like nickel 48,49
or carbon in different forms 50,51 can also be encountered.
As it has been discussed earlier, the sulphur being electrically insulating, a conductive
material is necessary for such a cell. On the other side, there is the polysulphide shuttle that needs
to be kept under control. These two challenges are often addressed by one solution – an adapted
encapsulation material. In the same time, it assures a routing of electrons to the sulphur and sees
to trapping the polysulphides within the cathode. Attempts have even been done to use this same
material as a current collector by introducing rigid foams.48,50
First of all, this cathode material has to be electrically conducting. It requires a considerable
specific area, which would maximize the contact with the sulphur, but also large pores so that it
can store more of it. It also has to have a structure that would hinder the diffusion of polysulphides
into the wide. On the other hand, the electrolyte has to be able to access the sulphur in order for
a reaction to happen altogether. In the end, it would be appreciated if it were light-weight– mass
plays a vital role in the specific energy of the cell. Carbon is unanimously considered to be the best
material according to these criteria. The specific surface area of a single graphene sheet is as high
as 2630 m2.g-1 52 and carbon materials with surface areas of over 2000 m2.g-1 are widely available
53

. Carbons called “graphitic”, which means they have a predominate sp2 hybridization, are

electrically conducting. Carbon structures of complicated architectures (porous carbons with
pores of different sizes, fibres, onion-like structures, etc.) can be synthesised and tailored for the
specific needs. Even though there are other conducting materials, like metals or conducting
polymers, the first are generally heavier than carbons and the latter – less chemically stable.
There is a panoply of studies about carbon materials for Li-S cathode. One of the probably
most cited materials is the CMK-3 46. It is a mesoporous carbon synthesised using the commercial
silica SBA-15 as template and it consists of hexagonally ordered carbon rods separated by voids,
where the sulphur can be infiltrated (Figure 4.9).
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Figure 4.9 Schematic representation of sulphur-infiltrated CMK-3 carbon, copied from 46

There is one more approach used to reduce the polysulphide shuttle: an “adsorbent” is
introduced into the cathode, either as functionalization of the carbon material 54 or as additive 55.
Since the lithium polysulphides are polar molecules, and carbon is not, it alone can only retain
them by prolonging their path towards the exterior of the cathode. Therefore, one introduces
molecules that could adsorb the lithium polysulphide to better retain it inside the cathode.
Although the most important component of the cathode is the sulphur itself, there is limited
research dealing directly with it. One of the approaches that have been taken into consideration
is, for example, the modification of the allotropic form. As it has been said earlier, sulphur is an
element which has a multitude of allotropes, the most prevalent being S8. But, by breaking up the
ring and introducing it into confined spaces (micropores) where it cannot reform, one can obtain
batteries with cathodes containing S2-4 instead of S8.56
Finally, there is the binder – a material that ensures the adhesion of the carbon-sulphur
composite to the current collector and that adds to the system’s elasticity – an important factor
during the cyclic expansion and contraction of the active material. The most commonly used
binder is the polyvinylidene fluoride (PVDF)

57–60

, borrowed from the lithium-ion technology.

Another binder material used for Li-S batteries is carboxymethyl cellulose (CMC) 61, whose solvent
(water/ethanol) is considerably less toxic than the N-Methyl-2-Pyrrolidone (NMP) necessary for
the PVDF.
4.2.3.3

Separator

The main function of the separator is that of an electric insulator between the two electrodes,
which excludes the possibility of a short-cut. For lithium-sulphur batteries, there is another task
to fulfil – the already mentioned polysulfide retention. The separator is the second cordon in this
story: it retains the LiPS on the anode side of the cell. Despite these facts, the separator gets little
attention from the researchers – to an extent at which it is often not even mentioned which exact
material is used in the constructed cell.62,63
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A separator has to be chemically, thermally and electrically stable, it has to be easily
penetrated by the electrolyte and it is desired for it to be light and thin. The most commonly used
separators are porous polyolefin films, such as Celgard®.64
The research mostly focuses on two directions: ion-conductive membranes and all-solid-state
cells. There are several studies that use lithiated NafionTM membranes. 65,66 They rely on the fact
that the H+ ions in the -SO3H group can be replaced by Li+ ions. Then, during the cell cycling, the
free lithium ions can bounce through the foil, pushing one ion at a time to the next position. The
same principle is used for ceramic materials.67 The all-solid-state cell replaces the separator and
electrolyte by a solid interlayer, usually containing lithium sulphide

68,69

. The benefits of such a

configuration are obvious: the polysulphide shuttle is entirely eliminated. The difficulties are also
easy to deduct: in the conditions of lack of solvent, the reaction is harder to be initiated, and the
sulphur in the cathode has to be dispersed on the conducting material in a very thin layer. Besides,
the chosen material has to have a very good ionic conductivity and the whole system has to remain
safe, which is harder to achieve when using a brittle, glassy material.
4.2.3.4

Electrolyte

The electrolyte is the medium in which the ionic exchange takes place in an electrochemical
cell and thus is of the utmost importance in cell design.
In the majority of cases, the electrolyte used for battery construction is liquid. For lithiumbased batteries, it is usually a lithium-ion containing solution. There are several conditions that
have to be met by a potential electrolyte. First of all, the electrolyte solvent has to be stable in the
voltage window characteristic for the electrochemical couple which constitutes the battery.
Second, a good electrolyte/electrode contact is necessary for a smooth reaction. Third, it has to
have good ionic conductivity and low viscosity to facilitate ionic transport. Fourth, it should not
react with the other cell components and with the products of the electrochemical reactions.
For the special case of Li-S batteries, a certain solubility of the reaction products which are
the lithium polysulphides in the electrolyte is also desired.
Polysulphides are an extremely reactive species: this impedes the use of common battery
electrolyte solvents such as carbonates, esters or phosphates70. The best results are shown by
ethers, such as dimethoxyethane (DME)71 or tetraethylene glycol dimethyl ether (TEGDME) 72. A
cyclic ether, 1,3-dioxolane (DOL), which is also frequently used in Li-ion batteries, confers the
electrolyte a lower viscosity and undergoes ring-opening-polymerization at the anode, forming a
protective layer 73. A certain amount of attention is accorded to sulphones, such as tetramethylene
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Figure 4.10 List of possible lithium salts for Li-S batteries

sulphone (TMS) or ethyl methyl sulphone (EMS) 74. They are appreciated for their high dielectric
constant, low cost and safety 75. Another approach relies on using bad polysulphide solvents 76,
which would solve the problem of LiPS shuttle.
The role of the salt in the electrolyte is to promote ion transportation. It has to be well soluble
in the electrolyte solvent, have a high degree of dissociation and, at the same time, be chemically
and electrochemically stable within the considered system. A list of salts that have already been
tested or might be potentially used for Li-S cells (Figure 4.1077).
The first salt to be tried was expectedly LiPF6

78,79

– the salt conventionally used for Li-ion

batteries. This is, however, not the optimal choice: the carbonate solvent used to dissolve lithium
fluorophosphate reacts with the polysulphides and so does the salt itself (Equation 11). The same
also holds true for other conventional lithium salts such as LiBF4 or lithium bisoxalatoborate
(LiBOB).
𝐿𝑖𝑃𝐹6 + 𝐿𝑖2 𝑆𝑛 → 𝐿𝑖𝑃𝑆𝑛 𝐹4

(11)

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is chosen almost unanimously77. It is
known to corrode the Al current collectors80, but this happens at the voltage of 2,8 V vs. Li and
can be avoided in Li-S systems.
Another possible constituent of the liquid electrolyte is the additive. There is a vast number
of additives used in Li-ion batteries81, but not in Li-S. The most known one is the LiNO3: it
participates in creating a passivating layer at the anode and, thus, provides protection for it.82

22 | T h e o r e t i c a l B a c k g r o u n d
Besides liquid electrolytes and all-solid-cells, there are the ionic liquids (ILs)83–86, which are
lately getting increased attention. They are liquids entirely consisting of ions, whose solvent
properties arise from interactions between cations and anions. ILs are non-volatile, nonflammable, they possess a wide electrochemical window and are ionically conductive. They can
also be custom-made to have the exact properties needed for the considered system: some
sources talk about 1012 possible ILs.77
4.2.3.1

Anode

The lithium anode is, presently, only starting to get into the focus of attention – only two per
cent of the total research articles are dedicated to this topic.42 Most of the researchers are
contented with using lithium metal foil. This approach has advantages: it is very easy in production
and the lithium is present in large excess, which assures complete reaction of the sulphur. It also
has several disadvantages, the most important of them being the safety issue posed by the
presence of pure metallic lithium. Other disadvantages include the dendrite growth, the formation
of a passivation layer and the reaction with the electrolyte, leading to the depletion of the latter
and to gas formation.
The passivation layer is an ambiguous story. On one side, it can increase the internal
resistance of the cell 87, which reduces its performance. It can also crackle during the charge,
worsening the SEI formation and dendrite growth phenomena. On the other side, this same layer
is known to protect the anode from the highly reactive polysulphides and thereby reduce its
degradation 88.
On the contrary, the dendrite growth is definitely a negative phenomenon. The attempts to
reduce it include the adaptation of the electrolyte components to form protective SEI films [90],
the physical protection of the anode prior to the cell construction, 90 the complete isolation of the
anode from the corrosive polysulphides through the use of the already mentioned solid
electrolytes or the modification of the anode structure (Figure 4.11). 91
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Figure 4.11 Nanostructured anode containing free and alloyed Li metal compared to standard Li-foil 91

An entirely different approach consists in eliminating metallic lithium from the cell
altogether. It is not new: this is the exact principle used in Li-ion technology. It can be done in two
ways. The first consists in using a Li2S cathode 92 and an anode which would be the host for the
lithium*. The second approach relies on taking a conventional sulphur cathode, but a prelithiated
anode instead of the metallic lithium.93,94 These methods are promising, but they still need
maturing before they could be a serious alternative to metallic lithium.

*

usually out of conducting carbon, in conformity with the Li-ion technology, although silicon also gets
considerable attention
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4.3 IN-SITU ANALYSIS OF LITHIUM-SULPHUR BATTERIES
As it has already been elaborated on, Li-S technology is extremely complex and, despite the
high potential which justifies the amount of effort put into it, it still has problems that need
solving. This can, of course, be handled by trying out different configurations and components and
hoping to find the right one, but it is very time-consuming and there is no guarantee that the
solution will be found. This is why it is important to understand the exact processes taking place
in a functioning cell.
4.3.1

Methods

There is a variety of methods to choose from, depending on the aspect to be analysed. The
analysis can be done operando*, in-situ** and ex-situ***, which is decided in function of the method,
the component to be analysed and the aim of this analysis.
The electrochemical behaviour of the cell is observed via cyclic voltammetry (CV) and
galvanostatic charge-discharge testing and internal resistance aspects are identified via
electrochemical impedance spectroscopy (EIS). The crystalline elements

****

are identified by X-

ray diffraction (XRD) and the dendrite growth at the anode is observed by scanning electron
microscopy (SEM). The formation and evolution of LiPS in the electrolyte can be followed by
numerous methods, such as ultraviolet-visible (UV-Vis), high-performance liquid chromatography
(HPLC) or Raman spectroscopy. Near edge X-ray absorption fine structure (NEXAFS), also called Xray absorption near-edge structure spectroscopy (XANES) is a powerful tool, which can penetrate
both the solid electrode and the liquid electrolyte in the same measurement and identify sulphur
and sulphur-containing species. More information for some of these methods will be discussed in
this chapter.
4.3.1.1

XRD

The wavelength of the X-rays is comparable to the distances present in the crystalline lattices.
Monochromatic radiation directed upon the sample comes into interference with it and generates
a modified diffracted ray, according to the Bragg’s Law.

*

during the functioning of the cell
inside the cell
***
outside of the cell
****
such as elemental sulphur or lithium sulphide
**
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Both sulphur and lithium sulphide are crystalline and they can, therefore, be observed via
XRD. 38,95,96 By this method, one can elucidate at which depth of discharge (DOD) the Li2S is created
and, respectively, at which state of charge (SoC) it is converted back to sulphur. It also allows
seeing where exactly in the cell the transformations take place and, for example, follow the
redispersion of sulphur through the cathode over the cycles.
4.3.1.2

SEM

The sample is bombarded by an electron beam in a raster scan pattern, producing
information about its topography and composition. The result obtained is an image whose
magnification can be of up to 500’000 times.
SEM is mostly used to observe the cell components before construction and post-mortem,
but it can also be applied in-situ, like in the case of an all-solid-state cell. 97
4.3.1.3

UV-Vis

UV-Vis spectroscopy is an analysis method used for materials that absorb light in the visible
or ultra-violet spectrum.
Since lithium polysulfides are of bright yellow-orange colour, they are perfectly suitable for
this method of analysis. In function of the chain length, the metallic ions and the solvent, different
spectra are obtained, that can then be compared amongst themselves and with reference samples
(Figure 4.12).98 There are several research papers that use this principle to identify the entities
created at different DODs and to deduce what electrochemical processes take place.98–100
4.3.1.4

HPLC

The dissolved sample is pumped at high pressure through the stationary phase of the column.
Since each molecule is individual in its interactions with the mobile and solid phases, the retention
time allows its sure identification.

Figure 4.12 Lithium polysulfides prepared with different stoichiometric proportions of reactants
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Each polysulphide molecule has its molecular mass and, although they are difficult to
differentiate, this task is not impossible and has been achieved on several occasions. 27,101,102
4.3.1.5

NEXAFS

There is a variety of analytical methods that rely on the absorption of radiation by the sample,
and NEXAFS is one of them. When X-ray absorption spectroscopy is conducted, the incoming
photon interacts with the core electrons of the atom. Such a core electron is excited and, if the
absorbed energy is equal to or higher than its binding energy, it is promoted to an unoccupied
higher state and leaves a hole behind. This hole is immediately filled by an electron from a higher
energy level, accompanied by the emission of a photon. The energy can also be transferred to a
third electron, which is then ejected through the Auger effect. In condensed matter, the emitted
photon or electron will then scatter from neighbouring atoms. The results of all the scattering
events are then recorded and interpreted. NEXAFS is element-specific, and it is also sensitive to
the electronic structure of the species, its oxidation number, coordination environment and
structure geometry, which makes it a very powerful tool.103 However, the interpretation of the
results is extremely complex and is presently mostly relying on the comparison of the obtained
spectra to standards, which is the fingerprint identification.
4.3.2

Raman Spectroscopy

Since an important part of this work is concentrated on the in-situ, operando analysis of the
Li-S battery, it is reasonable that the theory behind Raman spectroscopy is explained in a more indepth manner.
4.3.2.1

Theory behind Raman Spectroscopy

A molecule with N atoms is classically modelled as a set of N mathematical points with mass,
interconnected by massless springs. In the equilibrium state, the lengths of the atomic bonds and
the angles between them have set values. Nonetheless, these atoms are not immobile, neither in
respect to the environment, nor in respect to each other. The N atoms of the molecule have 3N
degrees of freedom, including translation, rotation and vibration.
In the case of spectroscopic analysis, one is only interested in the internal degrees of freedom
(vibrational), which are in the number of 3N-6 for a nonlinear molecule and 3N-5 for a linear
molecule (the rotation of the molecule around its axis does not include the movement of the mass
points).
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There are two analytical methods that can obtain information about the molecule’s structure
based on its vibrational transitions: infrared and Raman spectroscopies. Although the theory
behind Raman is more complex, there are several parallels between them, which makes starting
by an explanation of the infrared spectroscopy legitimate (Figure 4.13).
Infrared spectroscopy functions in the following way: a range of infrared and/or near-infrared
frequencies are passed through the material. Only the energy of the frequencies corresponding
to the natural vibrational frequencies in the molecules can be absorbed. Besides the coincidence
of the frequencies, a molecule will only absorb infrared radiation if the energy transfer and the
resulting molecular vibration will cause a change in the dipole moment of the molecule. IR
absorption is, therefore, a one-photon event: the photon reaches the molecule and is absorbed
by it.104 In the result of these manipulations, one will obtain a graph giving the intensity of the
transmitted light in function of the frequency. The resulting spectra are characteristic of different
functional groups and molecules. One can therefore either identify the molecule if its fingerprint
is known or deduce its appearance from the different functional groups present. It has to be noted
that reflection absorption spectroscopy can also be applied, but it is less common and generally
needed for samples present in a very low quantity.
In 1923, the Austrian physicist Adolf Smekal predicted the fact that photons could be
inelastically scattered by molecules.105 Some years later, this phenomenon was observed by Sir
C.V. Raman and his student K.S. Krishnan – and was judged worth a Nobel Prize.
At any given moment, a molecule has a particular vibrational energy, which can be modified
through its interaction with its neighbours. At room temperature, most molecules exist in a nonexcited, ground state, also known as zero-point energy. Some molecules can also be in higher
vibrational energy states.* The number of molecules occupying a particular energy state can be
calculated using the Boltzmann distribution (Equation 12)**.
𝑝𝑖 =
𝐼 = 𝐼0

1 −𝜀 ⁄𝑘𝑇
𝑒 𝑖
𝑄

8𝜋𝑁𝛼 2
(1 + 𝑐𝑜𝑠 2 𝜃)
𝜆4 𝑅2

(12a)

(12b)

When photons meet molecules, they are absorbed and reemitted. If there has been no
energy transfer between the two, the scattering is called elastic - it has been studied by Lord
*

It is important to make the difference between vibrational and electronic energy levels of polyatomic
molecules. Vibrational transitions take place between different vibrational levels, but within the same
electronic state.
**
where pi is the probability of state i, εi – its energy, k – the Boltzmann constant, T – the system’s
temperature and Q -the canonical partition function
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Rayleigh and carries his name (Equation 12b). He has calculated its intensity to be dependent of
the number of scatterers N, their polarizability α, the photon wavelength λ and the distance to
the observer R.
In the opposing case and if a nuclear motion is involved, the scattering is inelastic. The photon
interacts with the group of atoms or molecule and its oscillating electric field pushes it for a short
period of time up to a virtual quantum state - a distortion of the electron distribution. Then it is
emitted, but it carries more or less energy than it did initially. This is the Raman effect. If the
photon has lost energy during this interaction, it is called Stokes scattering and if it has gained
energy from the molecule – it is respectively anti-Stokes. In both cases, the difference between
the incident and the emitted photon energies is equal to the difference between energies of the
ground and the first excited states (Figure 4.13).106
If the molecule was initially in the ground state, it cannot give any energy away – the inelastic
scattering can only be Stokes. Since, as it has been mentioned earlier, the majority of molecules
are in the ground state at room temperature, the anti-Stokes scattering is considerably weaker
than the Stokes.
Raman scattering only occurs if the molecule has anisotropic polarizability: the molecular
polarizability has to be different between the initial and the final states. Contrarily, the molecule
is IR-active if there is a change in the permanent dipole moment. This is why Raman and IR
spectroscopies are said to be complementary and are often viewed as a set.

Figure 4.13 Spectroscopic transitions underlying several types of vibrational spectroscopy 106
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To go from theory to praxis, Raman spectroscopy runs as follows: the sample is illuminated
with a monochromatic ray, usually laser, with a wavelength between near-infrared and nearultraviolet. The photons of this ray interact with the molecules in the sample and a part of them
return carrying less or more energy than initially. This difference in energy then gives us
information about the vibrational modes in the sample and, ultimately, about its nature. Raman
spectroscopy is a powerful analytical method which, nonetheless, faced several problems which
had to be addressed before it could be practically used.
4.3.2.2

Developments in the domain of Raman spectroscopy - problems and
solutions

The first and possibly main issue consisted of the very low probability with which Raman
scattering occurs. Only about 0,001% of the incident photons will undergo inelastic scattering, so
the weak spontaneous Raman signal has to be separated from the largely predominant Rayleigh
scattering. In his experimental setup, Sir C.V. Raman used crossed polarizing photographic filters
to obtain monochromatic light from sunlight and to afterwards filter these photons and only
“keep” the inelastically scattered ones. Such a double monochromator setup is bulky and
inefficient: besides the Rayleigh line, there also is the stray light that needs to be attenuated in
order to not distort the spectrum. The introduction of laser rejection filters revolutionized the
Raman instrumentation and allowed to considerably reduce its size and complexity.104 These are
differentiated into edge filters, which only let the Stokes or the anti-Stokes signals through and
notch filters, which blind the laser line and transmit both Stokes and anti-Stokes signals (Figure
4.14).107
As seen in Figure 4.14, the edge filter has the benefit of cutting the signal closer to the laser
line, enabling the measuring of the even small Raman shifts. It is only in the situation when one is

Figure 4.14 Filter comparison for Raman instrumentation, illustrating the advantages and disadvantages of each
possibility
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interested in very low frequencies (under 100 cm-1) that more complicated instrumentation, such
as a triple spectrograph, is needed.
Better results can also be obtained if, instead of solely counting on the spontaneously
occurring Raman scattering one was to amplify the effect by stimulating it. One can illuminate the
sample with a very strong laser pulse, which will generate Stokes waves that, in turn, will interact
with the incident beam and induce a third-order polarization.108 One can also shine a second laser
beam at Stokes frequency concomitantly with the first laser109, giving rise to a multitude of
coherent Raman techniques.110
A second problem faced when acquiring Raman spectra is the fluorescence. Just like it is the
case for Raman scattering, the molecule or group of atoms will absorb a photon and then reemit
it, remaining in a different vibrational state than it was in at the beginning. The major difference
though is in the fact that, in the case of fluorescence, the absorption of the photon will bring it up
to a real, higher electronic energy level and not to a virtual energy level. This process is much more
efficient than Raman scattering, which makes it so troublesome. In effect, the fluorescence
intensity is several orders of magnitude higher than it is the case for the Raman signal and even
fluorescence coming from trace amounts of impurities will be sufficient to completely supress the
Raman information in the spectrum.
Several techniques have been developed to solve this issue. First, fluorescence only concurs
with Stokes scattering, whereas this problem is non-existent for the anti-Stokes. Therefore, one
can augment the part of anti-Stokes lines by either just raising the sample’s temperature or by
turning to the stimulated coherent anti-Stokes Raman spectroscopy (CARS). Second, one can use
lasers with higher wavelengths as the excitation source, since, contrarily to Raman, fluorescence
is anchored to specific wavelengths. Typically, the near-infrared excitation at 785 nm or the
Fourier-transform Raman system based on 1064 nm is used. Third, one may try to minimize the
fluorescence, especially if it arises from impurities, by chemical or photochemical bleaching.111
Surface-enhanced Raman spectroscopy (SERS) relies on the fluorescence suppression in the
presence of metal nanoparticles. Other methods take advantage of the lifetime differences
between Raman and fluorescence signals, peak widths, or resonance phenomena.112
Another important component of the Raman instrumentation is the laser itself. At the dawn
of the technology, light generated by a gas discharge lamp was filtered to give the monochromatic
ray that would be shone upon the sample. The first laser* was built only thirty years later and it
*

Laser is in fact the acronym of "Light Amplification by Stimulated Emission of Radiation" but has made
its way into a common noun.
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Figure 4.15 Schematic representation of a Raman microscope

significantly boosted the use of Raman spectroscopy. Nowadays, a variety of lasers between
ultraviolet (under 360 nm) and infrared (up to 1064 nm) is available. The principles according to
which the right wavelength for a given problem is selected will be discussed later.
The technology also benefited from the development of Raman microscopy and the usage of
optic fibres. The Raman microscope is constructed by combining a Raman spectrometer with a
standard optical microscope (Figure 4.15113) and it allows for the measurement with resolutions
under 1 µm. One can also add up a spatial filter, giving birth to confocal Raman microscopy, which
permits measuring not only at precise XY coordinates but also along the Z-axis. This
instrumentation has enormous potential in analysing heterogeneous samples. When taking it to
the maximum, one comes to the Raman spectral mapping, which consists in analysing small areas
(pixels) of a macroscopic sample independently in order to obtain the localized chemical
compositions.
The optic probe is indispensable in the cases when the sample cannot be brought close to
the instrument, as inside a chemical reactor or a living organism. For example, one can pass an
optical fibre through a biopsy needle, which would provide guidance during brain surgery (Figure
4.16114).
4.3.2.3

Choice of Analysis Conditions

A large variety of instruments and configurations exist nowadays for Raman spectroscopy.
On one side, this demonstrates better than anything else its usefulness and popularity, on the
other – one needs to take all these aspects into account in order to have the optimal conditions
for the measurement at hand.
The first and most obvious is the choice of the laser, and there are several criteria to take into
consideration here. The Raman scattering intensity is inversely proportional to the wavelength at
a power of four, therefore, if it is possible, lasers of smaller wavelengths should be chosen.
Another reason to choose lasers with shorter wavelengths is the sample degradation: the material
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Figure 4.16 Schematic representation of the setup for optical biopsy via Raman spectroscopy

can absorb the light, heat up and burn. However, if there are fluorescence issues, one should opt
for a near-infrared wavelength.
Next comes the filter. It has been already discussed previously, so it will only be shortly
reiterated. If one may be interested in both Stokes and anti-Stokes spectra, a notch filter is the
obvious choice. In the opposite case, one should prefer the edge filter since it allows to see the
lines closer to the origin. In the case when the lines under 100 cm-1 are of interest, one should
take a triple spectrograph.
One also gets to decide between incoherent and coherent spectroscopy (CRS). The first is the
classical spontaneous Raman spectroscopy, whereas the second is the stimulated one. The
spontaneous Raman gives a linear result – the spectra of all the molecules present in the sample
as a function of their concentration. Respectively, the result for the coherent signal is non-linear:
one amplifies the signal of one given molecule. This method is appreciated in the case when the
sample only consists of one molecule and eventual impurities or when one is only interested in
the specific one molecule and its distribution in space and time.
Other criteria are mostly interesting from the cost point of view. The spectral range denotes
which wavenumber region will be covered. Many organic molecules have their fingerprint lines
between 400 and 1800 cm-1, which would be insufficient for the analysis of polysulphides for
example – their lines are mostly present between 150 and 500 cm-1. The spectral resolution
describes how well defined the individual lines will be. Most Raman spectrographs employ chargecoupled device (CCD) detectors. In the case of very low scattering or low concentrations, one
might opt instead for back-thinned CCD to enhance the sensitivity.
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4.3.2.4

Theoretical calculation of Raman spectra

A molecule is a group of bound atoms interacting amongst themselves. The results of
spectroscopic measurements are none other than the response of its electron cloud to applied
electromagnetic perturbations. One can, therefore, approach this problem from two sides. On
one hand, one can perform the analysis and interpret the results, and on the other – take the
characteristics of the molecule as a base and calculate the properties of the molecule.
At the beginning of the last century, experimental results suggested that electrons behave in
a way similar to the light waves. In 1926, E. Schrödinger introduced the wave function describing
̂ is the total non-relativistic Hamiltonian operator, Ψ
the electron motion (Equation 13), where H
is the eigenfunction and E is the energy of the system.
̂ |𝛹 >= 𝐸|𝛹 >
𝐻

(13)

He proceeded to apply it to the hydrogen atom, which gained him precious information and
confirmed the equation’s correctness. Although it can be theoretically applied to any atomic
system which is a molecule, its complexity becomes very quickly overwhelming with an increasing
number of electrons. This is why, in order to calculate the properties of molecules, one needs
simplifying approximations and vast computing power.
Several theories allowing for calculations of properties of different orders have been
developed over time.

115

The simplest of them is the Hartree-Fock method, which consists in

replacing a multiple-electron wave function by a system of single-electron functions. One can then
solve it by applying the self-consistent field theory, which reduces the electron-electron
interactions to an average potential created by the other electrons

107

. Even though this

approximation is extremely simplified, it is included in most of the quantum chemistry computer
programs.
The usual proceeding is the following: a presumption is made concerning the molecular
structure and, based on it, the theoretical spectra are calculated. They are then compared with
the experimental data and, if they coincide, the presumption is validated.
4.3.2.5

Overview of Literature handling Lithium Polysulphide Analysis by Raman
Spectroscopy

Raman spectroscopy is particularly suitable for the analysis of homo-nuclear non-polar
bonds, so it is, evidently, a method of first choice for sulphur and polysulphide chains. Attempts
to analyse them ex-situ, in solid salts and solutions, as well as in-situ, when created inside of Li-S
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cells have been undertaken numerous times. There are, nonetheless, a couple of major problems
which make this analysis difficult. There exist a large number of polysulphides, and all of them
have their fingerprint lines in the region between 150 and 550 cm-1. Besides, a polysulphide
solution is generally a mixture of several entities in equilibrium. Finally, the exact wavenumbers
will depend on the solvent used, and, in the case of a solid salt, on the cation present. These issues
make the identification complicated and unsure. In order to provide an overview of previous work
in the topic, I compounded several publications which set out to analyse and identify polysulphide
salts in solid and dissolved state in Table 4.2.
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Table 4.2 Literature concentrating on the analysis of polysulphide chains

Publication Analyte
Chivers et S3.-

Results (expressed in cm-1)
534

al. 116
bands attributed to S42-

Daly et al.

Rhombic

117

sulphur in

ethylenediamine

n-propylamine

different

195

193

solvents

245

242

396

397

399

434

438

437

502

505

502

Na2S4 – solid
and dissolved

monomethylamine

bands attributed to S42solid

water

ethylene-

n-propyl

mono-

diamine

amine

methylamine

123

115

209

191

196

195

278

245

240

242

424

414

400

393

398

448

448

433

442

433

481

497

503

502

503

Dubois et

lithium

Li2S4 (at RT)

identification of S62- S42- and assumption about the

al. 118

polysulphides

188

existence of S52- in solution;

in liquid

236

observation of the temperature-dependent

ammonia

430

disproportionation to S3.- and calculation of the

solution;

472

equilibrium constant of disproportionation

nS + 2Li +

490

NH3 →

535 – S3.-

Li2Sn + NH3
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Janz et
al. 119

Analysis of
polycrystalline salts at 25°C
Na2S2, Na2S3,
Na2S2
Na2S3
Na2S4
Na2S4, Na2S5 by 64
238
222
Raman and IR
130
458
267
spectroscopy
451
476
446
476
487

Na2S5 (stable α lattice)
103
135
214
266
391
444
488

Comparison of spectra for N2S4
the spectra in
polycrystalline,
glassy, molten
and aqueous
states

Legend
a:
polycrystalline
b: glassy
c: aqueous
d: molten
e: overtone
region for the
polycrystalline
material with
expanded
coordinate

To avoid overcharging, the focus of this table is set on the S42- ion. The first observation is
related to the results for the same entity in different solvents

117,118

. The lines are shifted when

compared amongst themselves and, in the case of certain systems (e.g. Na2S4 dissolved in
monomethylamine), are straight-out absent. This is a logic state of things since a solvated
molecule interacts with its solvent: there are additional forces exercised on it, which will modify
its response. Still, this circumstance obviously complicates the analysis. The next observation
regards the different results obtained by different working groups

117,119

for the same sample.

Finally, even the same molecule analysed by the same operator and in the same conditions will
show different results in function of its internal structure.119
Despite the slightly disappointing results, there is one piece of information which is verified
and agreed upon by the scientific community: the S3.- radical possesses a Raman line at 535 cm-1.
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Table 4.3 Raman analysis of Lithium-sulphur batteries

Publication and
description

Cell composition and configuration

Yeon et al. 120
ex-situ analysis of
electrodes after
cell cycling and
disassembly

cathode: sulphur + super P (conducting
carbon additive) + PVDF on Al current
collector
electrolyte: 1M LiTFSI solution in
TEGDME, DOL or TEGDME/DOL mixture

Wu et al. 121

cathode: sulphur + super P (conducting
carbon additive) + PVDF on Al current
collector
electrolyte: 1M LiTFSI solution in
TEGDME/DOL mixture

in-situ, inoperando analysis
potential kept
constant for 15
min at each 100
mV step to
ensure analysis at
the
electrochemical
equilibrium

cell configuration described in 122

Results
Legend
a: pristine cathode
b: discharged to 2,28 V
c: discharged to 2,1 V
d: fully discharged (1,5 V)
e: recharged to 2,34 V
f: charged to 2,4 V
g: fully charged (2,8 V)

Results for the discharge process
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Hannauer et al.
123

in-situ, inoperando analysis

cathode: sulphur + super P (conducting
carbon additive) + PTFE on Al current
collector
electrolyte: 1M LiTFSI solution in
TEGDME/DOL mixture

Time and DOD-resolved spectra

interpretation
supported by
density functional
theory (DFT)
computational
chemistry
Intensities of selected peaks in function of time and DOD

a: cell picture
b: schematic representation
the measurement was made possible by
a hole in the Li anode and the use of a
glass fibre separator

Peak attribution
Polysulphides identified
based on calculated and
literature values
Wavenumbers (cm-1)
S22-: 420
S3.-: 220, 229, 495, 504,
525, 1059, 1592
S42-: 369, 442
S62-: 453
S82-: 459
S62- or S82-: 315, 369, 390,
429
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Vinayan et al. 124
in-situ, inoperando analysis

cathode: sulphur in nitrogen-rich carbon Raman spectra obtained at different DOD and the entities corresponding to the peaks
host matrix 125 + PVDF on Al current
collector
electrolyte: 1 M LiTFSI and 0,2M LiNO3
solution in DOL, DME and ionic liquid
(N -methyl N -butyl pyrrolidinium
bis(triﬂ uoromethanesulfonyl)imide
(Pyr14TFSI) mixture, at the volume ratio
1:1:2
ECC-Opto-Std test cell 126

Hagen et al. 127
in-situ, inoperando analysis

cathode: binder-free carbon nanotube
electrode 128
electrolyte: 0.7M LiTFSI and 0,25M
LiNO3 in DME/DOL mixture

Raman spectra obtained at different DOD and the entities corresponding to the peaks
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vibrational
frequencies of
different
polysulphides
calculated (DFT)
in vacuum and
THF solvent

a: cell picture
b: schematic representation
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Table 4.3 groups the publications analysing the Li-S cells throughout cycling by Raman
spectroscopy. Firstly, the analysed system is described – the electrolyte, for instance, has a
considerable influence on the entities formed and their stability. Second, the cell configuration is
depicted, since it influences both the processes taking place inside the cell and their “visibility” for
the Raman spectrometer. Finally, the obtained results and the attribution of the observed Raman
lines to different molecules are given. The polysulphides are identified based on values given in
the publications listed in Table 4.2116–119 and on own calculations 123,127. The problem with the first
approach has been discussed previously – there is little agreement as to which lines correspond
to which molecules. From this point of view, the calculated spectra should be more reliable, but
more data is needed before they could be unanimously used as fingerprint spectra.
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5 EXPERIMENTAL PART
5.1 MATERIALS
Table 5.1 List of Used Materials with their Purity

Cell components
Cathode

Anode
Separator

Electrolyte

Substance or materials
Carbon black (CB) – Super C65
Sulphur (S8), >99,5%
Poly(vinylidene fluoride) PVDF
Mw~ 534,000
Guar gum
Aluminium foil 15 µm, >99,3 %
Carbon-coated aluminium foil 18 µm; Al foil –
16 µm, >99,9%
Ultra-thin aluminium foil (2 / 4,5 µm), 99,0%
Lithium sulphide (Li2S), 99,98%
Lithium chips, 99,9%
FS2190
C2325
C2320
C2340
H1612
H2512
PES B
PES C
BW532
BW708
BW716
Lithium hydroxide monohydrate (LiOH),
≥98,0%
1,2-Dimethoxyethane (DME), 99,5%
1,3-Dioxolane (DOL), 99,8%
Bis(trifluoromethane)sulfonimide lithium salt
(LiTFSI), 99,95%
Litihum nitrate (LiNO33), 99,99%
Lithium perchlorate (LiClO4), 99,99%
Resorcinol, ≥99,0%
Formaldehyde solution in water/methanol,
37%

Supplier
TIMCAL
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
MTI Corporation
MTI Corporation
GoodFellow
Sigma Aldrich
MTI Corporation
Freudenberg
Celgard

Synthesized in the
institute by the group of
Dr. Meier-Haack

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

They were used as received, besides the electrolyte salts, which have been additionally dried.
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5.2 CELL COMPONENT FABRICATION AND CELL ASSEMBLY
The exact methods of preparation and fabrication for the studied cells will be given
immediately before the corresponding analysis results and interpretation. Here, the standard
methods are presented.
5.2.1

Cathode

The cathode of the lithium-sulphur cell consists of sulphur encapsulated inside a conducting
carbon matrix and applied on a current collector (Figure 5.1).
Sulphur (S8) powder is mixed with the carbon material* in a ratio of 2 to 1. They are introduced
into a milling beaker (stainless steel) and the stainless-steel milling balls are added. Their number
is calculated in the following way: the powder mass is multiplied by 20. Half of this mass is
completed by 4 mm diameter balls and the other half – by 5 mm. These numbers remain
approximative to the mass of a single milling ball. The powder is then treated in a vibrational ball
mill (MM400 from Retsch GmbH) at a frequency of 15 Hz r twice for one hour, with a thirty-minute
break. The reason for it is to avoid overheating and consequential damage to the material. The
mixture is then introduced into a test tube sealed with a septum and filled with argon and heated
for 5 hours at 155°C, to assure the melt-infusion of the sulphur into the structures of the carbon.
It is then mixed with conducting carbon black (CB) in a proportion 82% of sulphur-in-carbon to
10% of CB. The mixture is milled again in the same conditions as previously for thirty minutes.
Then an amount of binder representing 8% of the total mass is added along with the solvent to

Figure 5.1 Schematic representation of the steps involved in the cathode preparation
*

carbon black in the case of the standard cell, used for Raman investigations and as reference with
which all the modified cells are compared
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create a slurry of the consistency of honey. It is applied on the current collector using a doctor
blade and dried in air and then at 95°C immediately prior to the cell assembly.
5.2.2

Electrolyte

The electrolyte components being the most susceptible to absorb atmospheric water, they
are always stored in an argon-filled glovebox. The two solvents, DME and DOL, are mixed in a
50/50 by volume ratio. The standard electrolyte is composed of 1M LiTFSI and 0,25M LiNO3.
5.2.3

Electrochemical Cells

In a standard cell, the anode and separator are used as received. The particular case of
separator modification will be discussed later. The lithium chips are stored in a dark glass jar in
the argon-filled glovebox. The separators are dried at 90°C, then stored in the glovebox until
solicited.
The cell casing of 1.96 cm diameter was purchased at MTI Corporation and includes the top
and bottom parts, the spacer and the spring. The cathode is cut into round electrodes of a 1.4 cm
diameter, the separator diameter is of 1.95 cm, to exclude the risk of a short-circuit, and the
diameter of the lithium anode is of 1.9 cm, to ensure complete overlapping with the cathode even
in the case of its dislocation. The cathode is positioned into the bottom case of the cell and
centred. Then, the non-woven polypropylene (PP) separator (Freudenberg) is placed on top of it
and 70 µL of electrolyte is added. The second separator (Celgard) is positioned, followed by the
lithium disc.
The spacer is placed on top of the lithium anode in a way that their borders coincide, to avoid
indentations into the soft foil. Then, the spring is placed on top and the cell is closed with the top
cover. It is then sealed in a cell crimping machine. A PP sealing gasket ensures the cell’s airtightness
(Figure 5.2).

Figure 5.2 Exploded view of a coin cell, picturing its solid components
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5.3 RAMAN SPECTROSCOPY
As I came to learn while working on this thesis, one of the most important parts in the in-situ,
in-operando analysis, is the experimental setup. The influence of cell geometry has already been
discussed in chapter 4.2.3, and it is even more decisive when one has to alter it in order to observe
the behaviour of the system.
5.3.1

Cell for In-Situ, In-Operando Measurements

Since the cell components are sensible to water, the electrochemical cell has to be sealed
from atmospheric air at all times. At the same time, Raman spectroscopy relies on the waves from
the visible spectrum, so a translucent medium is essential. The first cell to be tested was a
Swagelok ® three-electrode cell, where a quartz window was fixed at the base of the third
electrode (left in Figure 5.3). The optic probe could then be introduced and fixed in front of the
electrochemical cell.
The next modification consisted of completely removing the slot for the third electrode,
which would allow the access of the Raman microscope to the cell (right in Figure 5.3). This, in
turn, would make the measurement more exact and would permit the analysis at different points
between the two electrodes. The third cell configuration is based on the coin cell. A hole is made
in the cell case and a 15 µm thick Kapton© window is glued to it with a UHU 2-component epoxy
glue. A symmetric hole is made in the electrode. This cell is the closest to the cell for NEXAFS
analysis performed by the project partner and allows for the best comparison of the results
obtained by both methods. Its drawback is that, since there is no electrode in the analysed spot,
one has to entirely rely on the diffusion processes.
The third cell configuration is based on the coin cell (Figure 5.4). A hole is made in the cell
case and a 15 µm thick Kapton© window is glued to it with a UHU 2-component epoxy glue. A
symmetric hole is made in the electrode. This cell is the closest to the cell for NEXAFS analysis
performed by the project partner and allows for the best comparison of the results obtained by

Figure 5.3 Modified three-electrode Swagelok ® cell for in-situ analysis; left: optic probe, right: Raman microscope
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Figure 5.4 Coin cell modified for in-situ measurements; left: on cathode side, right: on anode side

both methods. Its drawback is that, since there is no electrode in the analysed spot, one has to
entirely rely on the diffusion processes. The choice of the in-situ, in-operando cell will be discussed
in a more detailed way in chapter 6.2Error! Reference source not found..
5.3.2

Analysis Setup

Since the electrochemical cell is concomitantly analysed by galvanostatic charge-discharge
and by Raman spectroscopy, it had to be immobilized under the microscope and electrically
connected. This is quite straight-forward for the Swagelok® cell: it is fixed on a horizontal support
and the plugs are introduced into the plungers. In the case of the optic probe, even the horizontal
support is not necessary.
For the coin cell, the best possibility would be to have the cell in the coin cell testing board,
but, unfortunately, the measuring distance of the microscope does not permit it. This is why, in a
first layout, the cables were fixed as shown in the left picture of Figure 5.5.
Since the contact was not optimal, which had negative effects on the cell’s electrochemical
performance, it was later replaced by the in-house built device seen in the right picture of Figure
5.5
The analysis was performed using a RAMAN Image System WITec alpha300R instrument
(RAMAN microscope) and an objective with a magnification of 20x. A green laser with a
wavelength of 532 nm and a power output of 5 mW served as the excitation source. The working
distance was individual for each cell, but typically between 1 and 3 mm.

Figure 5.5 Setup for cell analysis; left: initial setup, right: enhanced setup
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5.4 MATERIAL AND PERFORMANCE ANALYSIS
5.4.1

Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a powerful tool for the visualisation of structures of sizes
inferior to the wavelength of visible light, their topography, chemical composition and
crystallinity. The electrons, carrying a specific kinetic energy, are decelerated by the analysed
sample upon encounter. The energy is dissipated and a variety of signals is produced, such as
secondary electrons (SE), backscattered electrons (BSE), photons, heat or others 129.
As far as SEM is concerned, only the secondary and backscattered electrons are of interest
(Figure 5.6130). The BSE are electrons whose trajectory is deviated after their elastic collision with
the atom. The intensity of the generated signal depends on the size of the atom, which provides
information about the sample composition. The SE originate from inelastic interactions of the
incident electron with the sample. They are electrons from the sample that are ejected by the
beam electrons. Such an electron then moves towards the surface of the sample and excites it –
this is why they are particularly helpful for topography analysis. This is also the signal that was of
particular interest in this work.
SEM pictures were recorded on a Zeiss Ultra Plus, with a 3-kV acceleration voltage. The
samples were glued to the sample carrier and coated with a 3.5 nm platinum layer, for

Figure 5.6 Different possible electron beam interactions
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conductivity and to avoid charging effect. This step was omitted in the case of intrinsically
conducting samples, such as graphitic carbon.
5.4.2

Thermogravimetric Analysis (TGA)

This method was used for the confirmation of the sulphur content in the cathode after the
preparation.
The sample is heated in a controlled way and in a controlled atmosphere and the mass of the
sample is registered in function of the temperature. In this way, one can obtain information about
absorption and adsorption phenomena to which the material has been subject to, as well as follow
the thermal decomposition of the molecule. Depending on the atmosphere, one can also observe
the reactions of the sample with the ambient gas.
The instrument used in this work was a TGA Q5000 from TA-Instruments. The sample was
heated within the temperature range between 25 and 800 °C at a heating rate of 10 K/min and
under a constant stream of nitrogen gas.
5.4.3

Gas Sorption Analysis

The gas sorption is a widely used tool for the identification of specific surface areas131,132, as
well as of porosities of solids. It is particularly important to know when one is interested in
interfacial processes.
Solid materials tend to adsorb gas molecules. According to the Langmuir adsorption model,
the adsorbate is an ideal gas whose partial pressure and volume are related. It binds to the surface
of the adsorbent so that there can only be one molecule per site and there are no interactions
between neighbouring gas molecules. Their interaction with the solid is, on the contrary, viewed
as a chemical bond*. The scientific community today mostly makes appeal to the Brunauer–
Emmett–Teller (BET) theory, which operates with multiple gas molecule layers.
The gas principally used for the analysis is the nitrogen, but a variety of other gases can also
be used, such as helium, argon, n-butane or carbon dioxide.
The measurements were carried out using the Autosorb-1 of Quantachrome, USA. The
material was weighted**, introduced into the sample cell and degassed for 3h at 80°C in vacuum.

*

which it is not
the mass of the material to analyse is chosen depending on the expected specific surface area

**
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The specific surface was then measured using nitrogen and the analysis was performed at liquid
nitrogen temperature (77 K).
5.4.4

Electrical Conductivity

As has been previously discussed, one of the main requirements for the encapsulating
material is it to be electrically conductive. Electric conductivity describes the capacity of the
material to conduct electric current between two points and is defined as the voltage necessary
to get a certain amount of current to flow. Its value depends on the number of mobile electrons
available and the density of the atoms. In turn, the number of “free” electrons is given by the
number of electrons near or above the Fermi level.
The powder conductivities were measured on an in-house built device and on a custom-made
software, developed with TestpointTM. The functioning principle is the following: the powder is
placed between two electrodes and the resistance values are measured between them. Since the
system geometry is known, one has all the data needed for the calculation of the conductivity.
The powder to be analysed was introduced into a PMMA cylinder with a cavity diameter of 5
mm and pressed together with a piston with a gold electrode situated at its tip. The resistivity was
measured by a DMM 2001 multimeter of Keithley Instruments. The pressure was varied between
0 and 1 MPa – higher pressures were avoided in order to not damage the material’s porous
structure.
5.4.5

Contact Angle Measurement

The interface between two substances with different physical properties is a special region
where a number of tension forces are at work. A whole domain in physics and chemistry focus on
interfaces. This is of course even more true for the special point in which the solid, liquid and
vapour phases meet.
The contact angle ΘC is the angle formed by the edge of a liquid droplet on a solid support,
while surrounded by a gas, as illustrated in Figure 5.7.133
The surface or interfacial tensions are represented by σ. These forces and, in occurrence, the
contact angle, depend on the properties of the three constituents of the system in equilibrium.
The microscopic structure of the solid* and its chemical affinity to the liquid denote how the
behaviour of the droplet will be.

*

its roughness
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Figure 5.7 Contact angle at solid-liquid-gas interface

Within this work, the measurement was performed on an OCA40 by DataPhysics Instruments
GmbH.
5.4.6

Galvanostatic Charge-Discharge

This is the method which is most widely used for the characterisation of electrochemical
devices such as batteries and supercapacitors. The operating mode is the following: the battery is
cyclically discharged and charged under constant current and the adjusted voltage is measured at
regular time intervals. The capacity of the cell is then calculated by multiplying the duration of an
individual charge or discharge step by the applied current.
The current to be applied was calculated in function of the amount of active material
(sulphur) inside the individual cell and expressed as a C-rate*. In this work, a C-rate of 0,1 C has
been used for the discharge and one of 0,2 C – for the charge. Thus, in the case of the full reaction
of the active material, a complete cycle had to last for 15 hours. The voltage range was set
between 1,6 and 2,8 V or between 1,8 and 2,6 V.
Besides the specific charge and discharge capacities, other information can be acquired from
the obtained results. Since electrochemical reactions occur at a constant voltage, the curve will
feature a plateau. The shape of the discharge and charge curve, including plateaux and artefacts,
carry information about the processes taking place inside the cell at the precise stage. It has been
explained in deeper detail in chapter 4.2.1
The measurements were performed on a BST8-MA 8-channel battery cycler, purchased from
the MTI Corporation.

*

the rate of charge or discharge as associated with the capacity of the battery: at 1C, an n Ah battery
should provide n A for 1 hour
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6 RESULTS AND DISCUSSION
6.1 ADJUSTMENT OF STANDARD CELL
When this project started, there already was a strong research group working on the subject
of lithium-sulphur batteries. The first standard cell was therefore inherited from the more
experienced colleagues and used to determine if the introduced modifications enhance its
performance or not. It was also the cell analysed by in-situ, in operando Raman spectroscopy.
While conducting this work, new information became available, which brought up the need
to make some changes.
6.1.1

Binder and Current Collector

Although the reactants in the Li-S cell are solely the lithium and the sulphur, it consists of a
panoply of materials, that have to properly function in unison. The sulphur is embedded in a
conducting matrix, usually carbon. This active material cannot be used as a free-stranding film, so
it is applied to a current collector, which also enhances the routing of the electrons. A binder
ensures its adhesion. Besides, the binder can also aid in keeping the structure of the cathode intact
even after multiple charge-discharge cycles, accompanied by expansion and shrinking. To sum it
up, the binder hold the active material in place immediately after the cathode preparation and
throughout its exploitation, all while being added in a minor amount.
As it has been stated in paragraph 4.2.3, the state-of-the-art binder for Li-S cells is the same
as the one used in Li-ion batteries – the PVDF. It is also the binder which was used in our group.
The cathodes prepared using PVDF showed a good electrochemical performance, nevertheless,
there were two issues which made a revision desirable. Firstly, the solvent necessary when
working with PVDF, NMP, is toxic, and should, therefore, be avoided when possible. It also has a

Figure 6.1 Cathode material delaminating from the current collector; scale: 1 cm
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high evaporation temperature, requiring energy and time to be removed The second problem
arose on a more technical level: cathodes prepared with PVDF as binder sometimes displayed
macroscopic crackling (Figure 6.1) and had to be excluded from further study.
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Figure 6.2 Binder and current collector comparison; left: capacities, right: efficiencies. Measurements conducted
between 1.8 and 2.6 V, with a current of 0.1C for discharge and 0.2C for charge

This phenomenon was unpredictable and was a serious hindrance to the result
reproducibility. For this reason, an alternative, bio-based substance was taken: Guar gum.134 First,
the preparation method was kept unchanged, with the exception of the binder and solvent. In this
way, the cathode was prepared by melt-infusing the sulphur into the carbon matrix, adding the
binder and Millipore water and applying the obtained slurry on an aluminium current collector.
Very quickly a problem became apparent: carbon is hydrophobic, whilst aluminium is hydrophilic,
so the water-based slurry cannot be properly applied. This is why the pure aluminium was
replaced by carbon-coated aluminium. The 1 μm thick carbon layer did not considerably add to
the cathode’s volume or weight, but it ensured better adhesion. The results were then plotted in
function of the cycle number.*
The obtained results (Figure 6.2) confirms the assumption made after the cathode
preparation: guar gum cannot be used on pristine aluminium foil. In the same time, the results
obtained for guar gum and PVDF are not so obvious. The specific capacity of the cell prepared with
PVDF as a binder is approximately 20% higher when compared to the one prepared with guar gum.
On the other side, its decrease is faster and culminates with an abrupt drop. The choice is finally
made in the favour of the guar gum, for reasons evoked above.

*

It has to be noted that, in this work, the discharge capacity is given unless the opposite is stated. It
has been chosen for the simple reason that, in the case of a battery, the most interesting parameter is the
amount of energy it can give away.

R e s u l t s a n d D i s c u s s i o n | 53
2.8 guar

gum binder/Al

2.6 guar
cycle 1
cycle 40
cycle 148

2.6

gum binder/carbon coated Al
cycle 1
cycle 150
cycle 440

2.5
2.4

Ewe (V)

Ewe (V)

2.4
2.2

2.3
2.2
2.1

2.0

2.0
1.8
1.6
0

1.9
2

4

6

8

10

Time (h)

1.8
0

2

4

6

8

10

Time (h)

PVDF binder/carbon coated Al
2.6

cycle1
cycle 150
cycle 440

2.5

Ewe(V)

2.4
2.3
2.2
2.1
2.0
1.9
1.8
0

2

4

6

8

10

Time (h)
Figure 6.3 Voltage profiles comparison. Measurements conducted with a current of 0.1C for discharge and 0.2C for
charge

The voltage profiles of the three cells have also been monitored and compared (Figure 6.3).
The voltage window has been modified during the study since the discharging down to 1,6 V
instead of 1,8 V and the charging to 2,8 V did not add much to the capacity of the cell. The
narrowing of the voltage window was therefore considered to benefit the performance of the cell
since one would eliminate potential side reactions. Although the compared cells have been cycled
in different conditions, the behaviours are still representative and can be compared.
Besides the duration of the individual cycles, which is directly linked with the capacities, one
should also note the shapes of the curves. In the case of the cell constructed with uncoated
aluminium as current collector, the discharge curves are different amongst themselves and from
the commonly seen curve. Using a material which is not adapted to the system largely impedes
the running of the reaction – since the binder does not perform correctly, the active material has
a weak contact to the current collector, so the current cannot travel properly through the cell.
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Figure 6.4 SEM image of FS2190.

The profiles of the cells built with guar gum and PVDF as binders are equivalent: the guar gum
does not induce the rise of unwanted side reactions and does not alter in any other way the
normal running of the electrochemical reactions.
6.1.2

Separator

The main duty of a separator is to prohibit the direct contact between the two electrodes of
the battery, thus avoiding a short circuit. Nevertheless, it can take on other roles, such as stopping
the soluble lithium polysulphides from spreading throughout the cell, which should extend its
cycle life. Therefore, the choice of an adapted separator is important and needs researching upon.
At the beginning of the present work, I was given a separator combination which has been
put together and which showed good results. Running ahead, these separators have been kept
after the study. Nevertheless, it permitted to check the influence of minor modifications in the foil
structure.
The first separator was the Freudenberg FS2190. It is a non-woven polypropylene film, with
very high porosity (>90%) and a thickness of 180 μm (Figure 6.4)
Used alone, it shows a limited performance since it can neither hinder the lithium dendrite
growth nor stop the polysulphide shuttle. The polyolefin fibres are, by their intrinsic structure,
resistant to solvents and chemicals. This is highly advantageous for a separator since it should
maintain its structure in any conditions. On the other hand, though, there are also no interactions
which could retain the diffusion of the polysulphides.
The reason for its application lies in the fact that the thick membrane with an appearance
reminiscent of cotton acts as a reservoir for the electrolyte, allowing for better and more uniform
wetting of the cathode.
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The second separator was the Celgard C2325. It is a trilayer polypropylene-polyethylenepolypropylene (PP/PE/PP) film whose porosity is not intrinsic, like in the previous case, but
artificially introduced after the foil casting. Besides the C2325 membrane, the manufacturer offers
a variety of other products, which I went on to test. A comparative study between C2325, C2320,
C2340, H1612 and H2512 was made (Table 6.1). The shrinkage, tensile strength and puncture
strength parameters are interesting from the point of view of mechanic resistance during cell
construction and cycling. The Gurley value represents the air permeability of the membrane and
is intimately linked with its porosity and thickness. In the case when both porosity and thickness
are unchanged, its variations are explained by the tortuosity of the pores. In order to be able to
compare the five membranes, the assumption has to be made that the pores are identical in all
the cases and the variations of the Gurley value are only provoked by the porosity and thickness.
Since all the membranes are trilayer PP/PE/PP films, we are presented with the following couples:
•

C2320/C2325 – same porosity (±2,5%), different thicknesses

•

C2340/H1612 – same porosity (±1,1%), different thicknesses

•

C2325/H2512 – same thickness, different porosities
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Table 6.1 Separator material properties as provided by the supplier

C2320

C2325

C2340

H1612

H2512

cross-section:

cross-section:

Image

Thickness (μm)
Gurley (s)
Porosity (%)
TD Shrinkage at
105°C/1h (%)
MD Shrinkage at
105°C/1h (%)
TD Tensile strength
(kg.cm-2)
MD Tensile strength
(kg.cm-2)
Puncture strength
(Grams Force)

20
530
41
0

25
620
39
0

38
780
45
0

16
250
44
0

25
320
50
0

1,5

2,21

3,26

1,6

4,5

143

150

165

160

150

2261

1700

1630

2000

1800

481

380

500

360

450

In the couple C2320/C2325, the first membrane shows a visibly superior performance, which
is counterintuitive (Figure 6.5). It is thinner and, if we return to the Gurley value, it is lower for
C2320 – its air permeability is higher. Consequently, its polysulphide retention capacity should be
overall lower.
The cell cycling can be roughly divided into three parts. This division is purely imaginary and
is only meant to facilitate the analysis. First, the lithium ions are brought by the electrolyte to the
cathode. In this case, high ionic conductivity is desired in order to accelerate the reaction. Then,
the ions react with the cathodic sulphur, and on this step, it is important to hinder their diffusion
away from the cathode. Finally, the cell is recharged and the reactions inversed. Here, the
separator permeability is again desired, since it would ensure the return of the diffused
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Figure 6.5 Comparison of different Celgard membranes; left: capacities, right: efficiencies. Measurements conducted
between 1.8 and 2.6 V, with a current of 0.1C for discharge and 0.2C for charge

polysulphides back to the cathode. In conclusion, in order to obtain a well-functioning cell, one
has to maintain the equilibrium between permeability and retention. This assumption is
confirmed by the similitude of results in the couples C2340/H1612 and C2325/H2512 (Figure 6.5).
Another noteworthy detail is the reproducing drop and subsequent rise of the capacity at the
beginning of the cycling. The first cycles, when a high quantity of active material is available, show
elevated capacities. Still, fewer than half of the sulphur reacts at the first discharge. Therefore,
the local minimum at approximately 15 cycles corresponds to the moment where the easily
accessible sulphur has been partly consumed*, whilst the remaining one is still hard to access.
When looking at the efficiencies, they are stable and close to 100% throughout the cycling.
Even though the cells lose in performance, they do not consume more electric energy than they
can deliver. The only deviation is seen for H2512, but it cannot be explained by the properties of
the membrane – most likely, it is a local defect.

*

the sulphur remains in the electrolyte in the form of lithium polysulphide, is precipitated in the
separator as a result of disproportionation reactions, or is reacted to lithium sulphide at the anode; in any
of these cases it does not have a contact with the conducting cathode and, therefore, does not participate
in further reactions
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6.2 IN-SITU AND IN-OPERANDO ANALYSIS
6.2.1

Analysis of Cell Components and Polysulphide Solutions

A Li-S battery is a complex system with many components. This is why, before the beginning
of in-operando Raman experiments, the cell parts have been analysed individually. This way, one
can directly eliminate the peaks originating from the separator or electrolyte (Figure 6.6).
In the wavenumber domain between 0 and 1000 cm-1: sulphur and lithium polysulphide
spectra only show lines at wavenumbers inferior to 600 cm-1. It is interesting to notice that there
is no sulphur signal in the case of the cathode, even though the majority of the active material
consists of it. This confirms the fact that the material is well homogenized and that the sulphur is
encapsulated inside of the carbon pores. The electrolyte and separator possess lines in the same
domain as sulphur and have to be taken into account when interpreting the results.
Afterwards, polysulphide solutions in the electrolyte solvents have been prepared for further
use as reference. Sulphur and lithium sulphide have been introduced into a 50/50 wt. mixture of
DME/DOL and the quantities have been chosen in function of the stoichiometric proportions.
Seven solutions have been prepared as follows (Equation 14-20).
8 𝐿𝑖2 𝑆 + 7 𝑆8 → 8 𝐿𝑖2 𝑆8

(14)

8 𝐿𝑖2 𝑆 + 3 𝑆8 → 8 𝐿𝑖2 𝑆4

(18)

4 𝐿𝑖2 𝑆 + 3 𝑆8 → 4 𝐿𝑖2 𝑆7

(15)

4 𝐿𝑖2 𝑆 + 𝑆8 → 4 𝐿𝑖2 𝑆3

(19)

8 𝐿𝑖2 𝑆 + 5 𝑆8 → 8 𝐿𝑖2 𝑆6

(16)

8 𝐿𝑖2 𝑆 + 𝑆8 → 8 𝐿𝑖2 𝑆2

(20)

2 𝐿𝑖2 𝑆 + 𝑆8 → 2 𝐿𝑖2 𝑆5

(17)
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Figure 6.6 Raman spectra of the Li-S cell components measured each by themselves.
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Figure 6.7 Raman spectra of lithium polysulphide solutions prepared with different stoichiometric proportions.

The solutions were then filtered and analysed (Figure 6.7).
It is evident that all the solutions have exactly the same Raman lines, which makes it
impossible to use them for the identification of the encountered polysulphides. Regardless of the
stoichiometry of the prepared solutions, they all consist of the same entities. The legend given in
the graph corresponds to the desired, and not the actual salt. Therefore, I relied mostly on the
results obtained by Hagen et al. 127
6.2.2

Modified Swagelok® Cell

At the beginning of the present project, the most promising approach for conducting in-situ
Raman analysis consisted in modifying a three-electrode Swagelok® cell. The idea consisted of
placing an optical window instead of the third electrode, perpendicularly to the cell. The
measurement would then be performed as depicted in Figure 6.8. A crystal quartz window was
chosen for its availability and performance in the studied system.
6.2.2.1

First Swagelok® Cell Modification

As it has already been mentioned, the first cell was made for the analysis via an optic probe.
The cell was discharged and recharged as normal, while the Raman spectrum was acquired (Figure
6.9).

Figure 6.8 Raman analysis using a modified Swagelok® cell; direction of observation
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Operando Raman spectra
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Figure 6.9 In-situ Raman and associated voltage profile: first cell configuration.

There are two major observations that can be done from this map. First of all, this experiment
allowed to follow the rise and decay of elemental sulphur (148, 215, 438 and 474 cm-1) between
roughly 1h30 and 2h30. This domain corresponds to the transition between the two discharge
plateaux and has been enlarged in Figure 6.10 for better recognition. The solubility of sulphur in
electrolyte solvents has been tested and proved to be null or neglectable – after one day of stirring
and subsequent filtering, no sulphur was identified in the solvent via Raman spectroscopy.
Therefore, the observed sulphur was a reaction product and not merely dissolved material. It has
been formed as a result of dissociation reactions and either underwent further reactions or
diffused away from the analysed spot.
The second observation concerns the very high intensities between 1500 and 3500 cm-1,
explained by the concurrent fluorescence phenomenon. Since it is considerably more efficient
then Raman scattering, it might hide away valuable results. For better visualisation, the intensities
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Figure 6.10 Sulphur lines manifestation.
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Figure 6.11 Fluorescence phenomenon throughout the cycling.

are taken at a wavenumber where no polysulphide-specific peak is present. They are plotted
against the voltage profile in Figure 6.11
Fluorescence is generally caused by impurities, but it is not the case here: the cell is sealed
and, since the initial spectra show a low background, no impurities have been introduced during
the assembling. It is also not caused by the degradation of the analysed material by the laser heat
– the baseline drops again when the cell starts to be recharged. The assumption is therefore made
that microscopic particles of carbon can be detached from the cathode and transported through
the highly porous FS2190 membrane. This assumption has been checked and is discussed later.
There also is a local maximum shortly before the transition between the two discharge
plateaux. It is linked with the appearance of the elemental sulphur.
This experiment allowed to confirm that an in-situ Raman analysis of a functioning lithium
sulphur cell is possible and thus provided a first proof-of-principle. Consequently, I shifted the
interest towards the possibility to have more control over the setup by adjusting the cell
architecture.
6.2.2.2

Second Swagelok® Cell Modification

The cell was now adapted for the analysis via Raman microscope. This allows to measure in
a defined focus point and to analyse in different regions of the cell (e.g. close to the cathode or
the anode) during its cycling. Besides, measures have been taken to dampen the fluorescence: the
FS2190 and C2325 separators have been switched in their position in the cell structure. In this
way, the film-like, less porous membrane is halting the carbon particle transport. As can be seen
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Figure 6.12 Cell images obtained by optic microscopy; left to right: anode, separator layers, cathode.

in Figure 6.13, even though there still are regions where the baseline is higher, the overall
picture is considerably better. Another modification consisted in keeping the sizes of all
components equal, instead of having the separators be larger than the electrodes. This slightly
augmented the risk of contact between electrodes and consequent of a short-circuit, but
facilitated the choice of the point to measure, since one could now easily find the anode and
calculate the position relatively to it.
The difference between the two separator films and between separators and metallic pistons
is hard to make out with the naked eye (Figure 6.12). For this reason, the possibility to clearly see
the lithium anode is very valuable. Knowing the separator thicknesses, one can calculate the
position of the cathode and choose where exactly the analysis will be performed, which was the
main reason for opting for Raman microscope measurement instead of the Raman probe. This
said I decided to conduct the measurements in the centre of the two electrodes (Figure 6.13).
Like in the previous case, the polysulphide signals appear mostly during the transition
between the two discharge plateaux. Unlike previously, here also other molecules besides sulphur
are visible. Several chosen spectra are plotted in Figure 6.14 for better visibility and interpretation.
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Figure 6.13 In-situ Raman and associated voltage profile: second cell configuration.
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The elemental sulphur makes a short appearance 1h20 into the discharge. Besides it, there are
other molecules which can be seen. Alas, the result is overall unsatisfactory – the signals are scarce
and weak for a battery which is known to have solvated polysulphides inside its electrolyte at
nearly any cycling step. This is due to the edge effects – the molecules of interest remain inside
the cell, where the laser beam has no access. The cell configuration only allows measuring at the
edge of the cell.
In order to handle the presented problem, it was decided to entirely replace the separator
material. The choice is made in the favour of cellulose. This material has a very high affinity with
the polysulphides, so the assumption was made that the polysulphides would travel to the edge
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Figure 6.16 In-situ Raman and associated voltage profile: second cell configuration using printing paper as separator.

of the cell, where they would be accessible for the analysis, instead of remaining concentrated
inside the cell.
First, the cellulose membrane manufactured by Nippon Kodoshi was considered. The second
possibility was the use of printing paper. The later was more robust, but it had the disadvantage
of being chemically bleached and of possibly containing additives such as chalk or white clay. Both
materials have been tested for their performance in an electrochemical cell (Figure 6.15).
The cellulose separator shows a very fast first discharge and subsequent charge before
displaying a recognizable voltage profile. The cell constructed with printing paper had an
appropriate discharge voltage profile. Both cells only functioned for the one discharge – the
recharging did not occur. Based on the results, printing paper was selected for further experiments
(Figure 6.16).
Despite the prior test, the electrochemical curve is quite unsatisfactory. Nevertheless, the
cell still underwent the discharge process, even though the voltage profile is different from that
of the standard cell. The results are kept for further analysis.
The colourmap indicates the presence of a variety of molecules, but it is not adapted for a
more in-depth interpretation. In particular, the low signal to noise ratio makes it necessary to
check not only the height but also the shape of the peaks. For this reason, the intensities of the
peaks characteristic for lithium polysulphides are presented in relationship with the discharge
curve (Figure 6.17).
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Figure 6.17 Peak intensities at different wavenumbers (in cm-1) in relation to the electrochemical discharge curve.

As it has been extensively explained in 4.3.2, when it comes to the vast number of
polysulphides, the peak interpretation presents serious complications. The theoretically
calculated values being the most trustworthy, have been taken as basis in this work. All the peaks*
are identified with the help of the calculations made by Hagen et al.

127

. The polysulphide

molecules corresponding to the peaks are given in the legend. First of all, it has to be noted, that
elemental sulphur appears at the beginning of the first discharge curve, right after the transition
between the two plateaux. Even in the case of “incorrect” cycling behaviour, the formation of
sulphur at a well-defined DOD, from the dissociation reaction, is highly reproducible. Secondly,
the employment of cellulose separator has proved reasonable: indeed, a larger variety of
polysulphide molecules is visible, and that over a longer time period. On another hand, their
appearance is quite chaotic and no further conclusions can be drawn from the present picture.
The modified Swagelok® system has offered valuable information but has come to the limit
of its capacity. An entirely new system has to be constructed to allow for reproducible and flexible
testing.

*

besides the elemental sulphur which has an easily measurable spectrum and S 3.- - in this case the
work of Chivers et al is judged trustworthy
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Figure 6.18 Raman analysis on the cathode (left) and anode (right) sides using a modified coin cell.

6.2.3

Modified Coin Cell*

There were three reasons why an entirely new system was opted for. Firstly, the results
obtained using the modified three-electrode cell were unsatisfactory. Secondly, one of the aims
of the project was to analyse the cell by both Raman and NEXAFS spectroscopy. It would,
therefore, be desirable to perform both analyses on the same system, which would make a direct
comparison of the results more sensible; the coin cell geometry allows it. Finally, the coin cell is
the state-of-the-art cell configuration for battery research. Having the possibility to analyse the
data without having to extrapolate for a different system is extremely valuable. The analysis was
done through an opening (Figure 6.18).
6.2.3.1

Test of the Electrochemical Performance of the Modified Cell

Before the beginning of the in-situ analyses, the electrochemical performance of the
modified cell was tested (Figure 6.19).
There are several minor differences between the cells. The most noticeable one is the
behaviour at charge: when the cell is modified, the overpotential effect at the beginning of the
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Figure 6.19 Comparison of the voltage profiles between a cell with and without hole.
*

Some of the data presented in this chapter has been submitted for publishing
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charge is more prominent. Besides, the curve’s shape is more irregular. In addition, the first
discharge plateau is shorter in the case of the Raman cell – the long-chained polysulphides are
converted quicker. The voltage at which the reactions engendering the second plateau occur is
slightly lower in the case of the cell with hole, particularly staring with the second discharge.
Finally, the voltage drop at the beginning of the second discharge plateau is considerably less
pronounced in the case of the modified cell. This drop is explained by a maximum in the viscosity
of the electrolyte at this stage in the discharge, caused by a large number of polysulphides of
medium length, which impedes the ion transport and, therefore, the reaction is slowed down.
One can deduce that the modified geometry of the cell helps to overcome this issue.
Despite these distinctions, the overall voltage profiles of the two cells are very alike, also from
the capacity point of view. The results obtained with the modified cell can be transferred to the
standard cell with a high level of assurance.
6.2.3.1

Raman analysis: results and interpretation

The measurement was performed both at the cathode (Figure 6.20) and anode sides (Figure
6.21). In the case of the anode side measurement, the spacer and spring have been placed over
to the cathode, in order to diminish the measuring distance. For the cathode measurement, the
C2325 and FS2190 separators were switched places for two reasons. First, it has been pointed out
above that the C2325 foil can limit the diffusion of carbon particles through the cell and therefore
quench the fluorescence phenomenon. Second, it has been done for better visibility, since the
non-woven structure of FS2190 hinders the passage of the signal. The hole diameter was reduced
from 5mm (made with a paper hole punch) to 2 mm (made with a belt puncher). The baseline of
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Figure 6.21 In-situ Raman and associated voltage profile: anode side.

the curve taking different values throughout the experiment, it has been subtracted prior to the
plotting. The corresponding voltage profiles allow following the evolution of the spectra in
function of the DOD.
One of the parameters to take into account when measuring by Raman spectroscopy is the
intensity of the incident laser beam. On one hand, the higher it is, the better the definition of the
resulting spectra will be. On the other hand, the light can be absorbed, resulting in heat and
damage to the material. This is exactly what happened to the separator in the very beginning of
the analysis – therefore the appearance of the peak at 492 cm-1, particularly predominant on the
anode side (Figure 6.21). Nevertheless, once the reaction between the lithium and sulphur started
and the soluble polysulphides dissolved in the electrolyte, its total volume rose, displacing the
focus point of the laser away from the separator. Further analysis was not hindered by
degradation processes.
Before starting with the interpretation of the results, one has to lift the confusion around the
Raman line at approximately 475 cm-1. In effect, the elemental sulphur possesses a peak at 472 cm1

, but there also is another molecule which scatters at 478 cm-1. As the two peaks are so close to

each other, they can easily be confounded or even merge together to show one apparent peak.
For this reason, elemental sulphur is identified by its peak at 218 cm-1. Since the ratio between the
peaks at 218 and 472 cm1 for S8 is equal to one, one can subtract the intensity at 218 cm-1 from
the intensity of the peak at 475 cm-1. In this way, the result will only correspond to the other
species.

R e s u l t s a n d D i s c u s s i o n | 69
As it has already been observed in the case of the previous cells, there is an intense peak
characteristic of sulphur at the beginning of the discharge. It appears during the first plateau on
the cathode side and at the beginning of the second plateau on the anode side. This deviation can
be explained by the time necessary for the molecules to overcome the distance.
The colourmaps are very useful and demonstrative for when one needs a general picture of
the processes taking place in the cell, but they are not detailed enough. For this reason, the
intensities of the main peaks are recorded and plotted in relationship with the voltage profile
(Figure 6.22).
Although, in theory, there is a vast variety of possible polysulphide molecules which can be
formed as a result of the electrochemical reactions, in praxis, there are only a few vibrational
frequencies present. Out of them, the most distinct and stable are the peaks at 460 and 478 cm-1.
They appear on both sides of the cell and keep high intensities throughout the experiment. It is
noteworthy that these peaks are absent from the spectra of the polysulphide solutions, prepared
in the same solvent. They are also not present in the cell at the very beginning of the analysis after
the equilibration reactions happening in the constructed but yet unused cell. One can, therefore,
conclude that the electrochemical reaction defines which reactions are going to be favoured and
which molecules will be formed.
The reactions occurring in a functioning cell have been shortly given in paragraph 4.2.1 but
will be discussed in more detail here.
The peak characteristic of S8 from the beginning of the discharge is closely followed by a
comparable S42- peak. The sulphur reformed as a result of recombination reactions is thus likely
reduced to the S42- - the entity predominant in the cell which is, in turn, reacted further.
Afterwards, the peak evolutions are smooth and follow the electrochemical curve.
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It is generally accepted that, as a first step in the discharge, the sulphur ring opens up upon
accepting two electrons (Equation 21).
𝑆8 + 2𝑒 − → 𝑆82−

(21)

Afterwards, the process becomes more complicated: the chain composed of eight atoms can
break in any place. Besides, the reaction products can also recombine to give new molecules.
There are two main paths which are agreed upon by the scientific community. It is either the series
of disproportionation and dissociation reactions as brought in the Equations 22&23, or another
two-electron reduction as in the Equation 24.
𝑆82− ↔ 𝑆62− + 1⁄4 𝑆8.−

(22)

𝑆62− + 2𝑒 − ↔ 2 𝑆3.−

(23)

𝑆82− + 2𝑒 − → 2 𝑆42−

(24)

The polysulphides then proceed to be reduced all the way to lithium monosulphide and
disulphide. Since they are formed at an electrode and, due to their insolubility, cannot diffuse
through the electrolyte, they cannot be visualised by Raman spectroscopy in our measurement
setup. Their formation is deduced indirectly, by the diminishing of the signals characteristic of
other polysulphides, their precursors. More adapted analytical methods, such as XRD95,135 or
XANES135, allowed to visualise their formation.
The peak at 460 cm-1 being identified as S42-, its presence in large amounts is in good
agreement with the literature100. This picture is considered to be typical for the systems using the
DOL/DME solvents for the electrolytes. In the case of other systems, for example, TEGME/DOL
electrolyte, the disproportionation-dissociation reactions are predominant, giving rise to intense
lines characteristic of S3.- 120,121,123. In the case of the present system the duration and intensity of
the S3.- peak are insignificant.
Although the nature of the polysulphides on both cell sides remains pretty much the same,
the overall evolution is quite different. When saying “polysulphides”, the S42-/S52- mixture will be
meant hereunder. On the cathode side, after the short surge at the beginning of discharge
discussed earlier, their amount steadily increases until the end of discharge. The elemental
sulphur is reacted continuously, making new sulphur available for the reaction and releasing new
polysulphides into the electrolytes. This observation contradicts the common statement that the
second discharge plateau is dominated by the formation of short-chain molecules like the S22- and
S2-. The peak intensity then reaches a plateau or, more precisely, a decreasing curve with a very
low slope, that spreads all the way to the end of the charging process: the polysulphides are

R e s u l t s a n d D i s c u s s i o n | 71
reacted back to elemental sulphur, but there are new ones diffusing from the anode side, which
keeps the concentration high.* At the end of the charge, there is a drop in the peak intensity,
coincident with an S8 peak. It has to be noted that, despite the said “drop”, the concentration of
polysulphides at the cathode side remains high – a large number of polysulphides do not return
back into the cathode. The following discharges do not exhibit any variations in the polysulphide
amount: while new ones are formed inside the cathode, the already existing ones diffuse away
towards the anode, following the concentration gradient, and out of the focus point of the Raman
microscope. This results in an apparent plateau. During the charges there are peaks of both the
polysulphides and elemental sulphur – the polysulphides return from the anode and are oxidized.
On the anode side, the image is, less convoluted. After the initial peak, representing the
entities formed directly after the cell construction, there is a short plateau followed by a drop at
the end of the discharge: all the polysulphides present have been reduced to lithium
monosulphide at the surface of the anode. The intensity then strongly increases throughout the
charge: those monosulphides are reacted back to soluble polysulphides. During the subsequent
discharge, the concentration of dissolved polysulphides visible at the anode decreases steadily,
and there is only a small local peak when the cell is fully discharged: they are reacted to S22- and
S2- faster than new ones are diffused from the cathode. The overall amplitude is decreased for the
ulterior cycle – part of the monosulphide did not react back, remaining as a passivating layer at
the surface of the cathode.
6.2.3.1

Comparison of the Results Obtained by Raman and NEXAFS Spectroscopy

Cells of identical construction** have been analysed on both (anode and cathode) sides by
the two spectroscopic methods. The results have then been put into relationship (Figure 6.23 and
Figure 6.).*** For practical reasons, the total amounts of polysulphides have been taken. In the
case of Raman spectroscopy, the intensities of the peaks characteristic to lithium polysulphides****
have been summed, which gives a rough estimate, but a still interpretable picture. The NEXAFS
measurements, data treatment and interpretation have been performed by Ms Claudia Zech, PhD
student of Dr Burkhardt Beckhoff at Physikalisch-Technische Bundesanstalt Institut Berlin. In the

*

As soon as the molecule reacts to an insoluble entity, it drops out of the solution, leaving a lesser
concentration at the cathode side. Therefore, the concentration is higher at the anode side – a
concentration gradient is engendered. It is dealt with through simple diffusion.
**
the only difference consisted in the window at the cell casing – Kapton© in the case of Raman
spectroscopy and highly oriented pyrolytic graphite (HOPG) for NEXAFS spectroscopy; the choices have
been done in function of the penetration properties of the used rays
***
the x-scales of the two plots are chosen in a way to show the same number of cycles
****
these do not include elemental sulphur
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case of the NEXAFS experiments, the first discharge plateau is missing on both cell sides. This is
due to the waiting time between cell construction and analysis, where self-discharge processes
took place.*
First, it has to be noted that even though the cell components and construction were kept
identical, minor differences between individual cells are still possible. Second, the Raman and
NEXAFS instruments are different from various points of view, including the penetration depth
and spot size. The focus point of the Raman microscope is of an area of 1 μm2 and the penetration
depth has been measured to be around 2 μm in the case of the used system (electrolyte-soaked
separator). For NEXAFS, those values are rather of 1 mm2 and up to 30 μm respectively – the
obtained result is, therefore, the sum over this whole volume. On one hand, this difference is
responsible for the non-coincidence of the polysulphide distribution picture, but on the other, it
allows for a more ample analysis of the results.
Since the polysulphides are soluble in the electrolyte, there are two processes taking place in
a functioning Li-S cell: the electrochemical reaction and the diffusion of the entities through the
electrolyte, according to the concentration gradient. Taking into account the differences in the
analysed volume, the Raman spectroscopy will rather give information about the polysulphides in
the immediate vicinity of the hole, while the NEXAFS result carries on the total amount of
polysulphides in the electrolyte. When combining the two, one can observe the polysulphide
formation and their spreading through the cell. After the construction of the cell, there is an
intense polysulphide peak seen by Raman, which immediately disappears, and a high amount of
polysulphides seen by NEXAFS, followed by a slow decay until the end of the discharge. The first
conclusion to be drawn consists, therefore, is the fact that, in a resting cell, the diffusion mostly
*

Since the NEXAFS measurement is performed in conditions of high vacuum, several hours may pass
between the moment where the sample is mounted and where it can be analysed
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Figure 5.24 Total polysulphide amount at the anode side, obtained by left: NEXAFS and right: Raman

takes place horizontally. Although the concentration at the anode side is considerably lower, the
separator hiders the transport of the bulky ions. The polysulphides travel towards the anode only
when there is a current generated by the active discharging of the cell: in this case, it joins to the
gradient, which becomes sufficient for their conveying.
When following the first discharge of the cell by both analysis methods, one notices that
amount of polysulphides formed at the cathode constantly increases: the sulphur reacts and
dissolves in the electrolyte, making more sulphur available for further reactions. On a larger scale
though, seen on the NEXAFS graph, the total amount of polysulphides in the cell steadily
decreases: the reaction to insoluble Li2S at the anode is faster than the formation of new
polysulphides. Still, even at the end of the discharge, there is still a large amount left in the cell –
the drop only represents approximately 40% of the maximum. The charging process demonstrates
a slow decay by Raman spectroscopy and an increase by NEXAFS, with a local maximum shortly
before the cell is fully charged. The insoluble salts at the anode react back to soluble polysulphides,
which greatly increases their total concentration in the cell. But, as soon as they actually reach the
cathode, they are reacted back to elemental sulphur and disappear for the Raman beam.
The spectra obtained on the anode side are more similar. At the beginning of the discharge,
there already is a certain amount of polysulphides in the cell. It decreases through the discharge,
because of the reaction to insoluble salts, and reaches a minimum at the end of the discharge. It
then increases during the charging process: the insoluble Li2S2 and Li2S react back to soluble
polysulphide and reaches a local maximum, particularly well visible in the case of NEXAFS
spectroscopy. The increase continues over the first discharge plateau of the consequent discharge
– new polysulphides come from the cathode and the totality is still not reduced. The reduction to
Li2S2 and Li2S follows as the discharging process progresses. The total polysulphide amount seen
on the anode side of the cell steadily increases through the cycles: a large amount of the
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polysulphides does not make it back to the cathode, which is partly responsible for the capacity
loss. This evolution is not noticeable by Raman spectroscopy, immediately next to the anode: the
lost polysulphides stay on the anode side of the separator, but far away from it to not react to
insoluble salts.
All in all, this is not the first work performing Raman spectroscopy on a functioning Li-S cell –
several previous publications have been listed in chapter 3.3.2. Nevertheless, the obtained results
and their interpretations differ. It has been noted that one of the greatest difficulties consists in
the identification of the observed molecules, which is conducted in an unsatisfactory way in most
of the available literature120,121,124 In effect, it was done based on experimental values, not
reproductible between different publications. Solely one group has taken the task differently and
has calculated the theoretical values127, which have also been used in this work. Still, the said
publication was mostly focused on demonstrating the possibility of such an analysis. This work
has, therefore, put the previous results to use when observing the processes taking place in a
functioning cell with the aid of a well-adapted cell.
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6.3 RESORCINOL-FORMALDEHYDE BASED CARBON MATERIALS
One of the aims of this work was to put the insights gained in the in-situ study to use and
develop a carbon material which would enhance the overall properties of the cell and, at the same
time, be easy and cost-effective to produce in industrial quantities. There already exist numerous
materials that have been studied and developed, but, astonishingly, carbon aerogels did not get
the attention they deserve.*
Gels are a class of materials whose main constituent is liquid, but which demonstrate a solidlike behaviour due to a three-dimensional framework within the fluid. The framework consists of
interconnected molecules, and the junctions can be of different natures, both physical and
chemical.
R.W.Pekala was the first to report the so-called organic aerogels136, made up through a
polycondensation reaction between resorcinol (1,3-dihydroxy benzene) and formaldehyde in
alkaline medium (Figure 6.24).
The most interesting properties of these gels include high porosities and surface areas.
Besides, they can be tailor-made to fit specific needs, by modifying the synthesis or processing

Figure 6.24 Exemplary reaction equation and potential structure of a resorcinol-formaldehyde resin

*

Preliminary works on the subject have been performed by Dr Ivan Raguzin and Neelakandan M.S. at
the Leibniz Institute for Polymer Research, Dresden
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conditions. In the present work, the aerogels have been synthesized using one procedure, then
the influence of the drying and carbonisation processes has been studied.
The synthesis has been performed following the protocol given in

136

and went as follows:

3,19 g of resorcinol, 4,71 g of 37 wt.% formaldehyde solution in water with 10-15% methanol
stabilizer and 0,03 g of sodium carbonate have been put together into a 100 mL volumetric flask,
which was then filled up with Millipore water. The composition of the solution was then of 0,29 M
resorcinol, 0,57 M formaldehyde and 2,89 mM sodium carbonate. The mixture was introduced
into glass ampoules, sealed with the aid of an acetylene torch and cured in an oven at 85 °C for
seven days. They were then removed from the ampoules and agitated for three days in a 0,125%
solution of trifluoroacetic acid in water. This was done for further condensation of hydroxymethyl
groups, which formed additional crosslinks between the molecules. The stirring had to be kept
slow to not break up the gels. Then, the acid solution in water was replaced by acetone inside the
gels.
6.3.1

Processing Conditions
6.3.1.1

Drying of the Gels

The synthesized gel was divided into three parts, that were dried by different methods.
One part was dried by critical point drying with liquified carbon dioxide. During this process,
the acetone inside the pores is slowly replaced by the carbon dioxide, while leaving the pores
intact. The as-dried gel keeps the integrity of its 3D polymeric framework intact. The procedure
was the following: the gel piece was divided into smaller parts, of volumes of around 10 mm 3 –
this was done to facilitate the exchange in all points of the sample. These crumbs were then placed
into the chamber and covered with acetone. The chamber was closed and, after bringing the
temperature within to under 10°C, filled with carbon dioxide. The pressure inside the chamber
was then approximately 50 bar. The chamber was rinsed with the carbon dioxide ten times, to
entirely replace the acetone, then left for two hours to ensure complete removal of the acetone.
This is easily feasible since acetone is well miscible with carbon dioxide. In the end, it was heated
to 40°C and the gas was released. The as-obtained gel pieces kept their initial shape and appeared
translucent when held in front of a light source. The supercritically dried gel is called aerogel. The
main drawback of this method is its extreme slowness, at least in laboratory conditions. However,
supercritical drying is a staple process in the food industry
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and thus easily scalable. It should

also be mentioned that supercritical CO2 is considered to be one of the greenest solvents available
to chemists.138
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The second part was dried in atmospheric conditions, in a fume hood. The gel was removed
from the acetone and dried on a petri dish. The pieces kept their shape, but drastically lost in
volume – the escaping acetone broke through the pore walls, causing their collapse. This is sample
is thus called the xerogel.
The third sample was freeze-dried. For this, the acetone inside it was replaced again by
Millipore water and the gel pieces were introduced into liquid nitrogen to entirely and quickly
freeze the contained water. They were then placed under vacuum and the water was sublimated.
The final product had a volume comparable to that of the material before drying, but the texture
changed – the pieces easily disassembled into flake-like sheets. The reason for this is the formation
of ice crystals upon the freezing of the water which damaged the gel’s structure. Still, because the
physical conditions in which the drying was conducted, the shrinking of the material was avoided.
This material is the cryogel.
6.3.1.1

Pyrolisis of the gels

The carbonisation of the organic gels transforms them, as indicated by the name, into carbon
structures. It is known139 that the higher the pyrolysis temperature, the higher the content of
graphitic structures in the carbon material will be. On the other side, higher temperatures lead to
a drop in the specific surface area. This is why it has been decided to test the performance of the
gels carbonised at 750, 1000 and 1250°C (Figure 6.25). In the case of the aerogel, the temperature
of 900°C has been added to the list. 750°C has been chosen as the lower limit because carbon
materials prepared at inferior temperatures risk to not be electrically conductive.

Figure 6.25 Preparation of carbon gels.
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The gels have been pyrolyzed under constant nitrogen gas flow. The samples have been
introduced into the tube furnace and, after a thorough rinsing with nitrogen, the temperature was
raised at a ramp of 4°C/min. Once the desired temperature was reached, it was kept constant for
two hours to ensure complete transformation. The furnace was then left to cool down overnight,
then the samples were removed.
In the end, the obtained materials have been milled in the ball mill. The milling conditions
were adapted to each of the materials so that a fine powder is obtained while keeping the
mechanical strain minimal. This was done in order to avoid damaging the material’s structure
more than necessary. This is why, the milling frequencies have been of 10 Hz in the case of the
carbon aerogel, 15 Hz for the cryogel and 20 Hz for the xerogel.
The nomenclature was as follows: the name of the sample included the drying method and
the pyrolysis temperature. For example, the carbon obtained from the freeze-dried gel pyrolyzed
at 1000°C was named Cryo1000.
6.3.2

Obtained Results

The materials discussed above are investigated and their properties are compared. First of
all, their microscopic appearance is pictured by SEM imaging (Figure 6.26).
The Aerogel and cryogel were easily separated into small pieces, whereas the hard xerogel
had to be milled prior to the analysis. This is why the xerogel particles are smaller.
One can notice the strong difference in textures between the three materials. The aerogel is
lightweight and delicate. Even though the porous internal structure cannot be seen, it can easily
be guessed. The cryogel consists of thin sheets. The conclusion can be drawn that the water
crystals propagated on a preferential plane. The resulting material lost a large number of pores
but kept a high surface on the behalf of the reduced thickness of the sheets. Finally, the xerogel is
compact and rough. SEM images have also been taken after carbonization and milling Figure 6.27).
The carbon materials show less difference among themselves than the organic gels. The
aerogels have slightly lost in volume and in edge softness upon carbonization, which is particularly
well visible in the case of the sample pyrolyzed at 1250°C. Removing the oxides and hydrogen
groups from the structure influenced the interactions within the gel, causing a drop in the pore
volume. The greatest difference between the image before and after carbonization is exhibited by
the cryogel. The initially very thin sheets stacked back together. The reason for this remains the
same: after pyrolysis, only carbon structures remained instead of the original polymer, whilst the

R e s u l t s a n d D i s c u s s i o n | 79

Figure 6.26 SEM images of the different gels: aerogel (A), cryogel (B) and xerogel (C) at different magnifications: 1500X
(1) and 500X (2); the scale corresponds to 10 micrometres.

groups that were ensuring a certain detachment of the sheets were gone. Finally, in the case of
the xerogel, no considerable difference between the states before and after pyrolysis can be
noticed. Also, no or minor distinctions can be observed between the samples obtained with
different carbonization temperatures
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Figure 6.27 SEM images of different carbon gels: aerogel (A), cryogel (B) and xerogel (C), carbonized at different temperatures: 750°C (1), 1000°C
(2), 1250°C (3); the scale corresponds to 10 micrometres
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As it has already been repeatedly said, the sulphur encapsulating material for a Li-S cell has
to be electrically conducting and have a high specific surface area. The analysis of the materials is,
therefore, commencing with the gas sorption results (Figure 6.28).*
When the gel is pyrolyzed, first of all, the adsorbed water is released. Then, during the heat
ramp and plateau, the organic compounds are released. Besides, the pyrolysis is accompanied by
crystallization processes. According to literature 140, the surface area of the carbons increases until
the temperature reaches 600°C, then slowly decays. In our case, such evolution can only be
observed for the xerogel. The pores in this material are already collapsed, so the graphitization
which takes place at high temperatures only adds to the material’s density. When regarding the
aerogel and cryogel, there is a raise in the specific area until 1000°C. It is possible that, even though
pores are damaged, smaller pores form in their place, which increases the overall area. The
specific area of the sample carbonized at 1250°C sees a strong drop in the three cases. It is due to
the collapse of pores and the formation of graphitic structures.
When looking at the three materials, the carbon aerogel has the highest specific surface area,
followed by the cryogel and the xerogel. Such an ordering was expected from the method
characteristics and the SEM images and is confirmed by the physisorption results.
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Figure 6.28 Specific surface areas of the carbon gels determined via N2 Physisorption at 77 K and the BET equation.

*

It has to be noted that the carbon aerogel powders were extremely lightweight. Therefore,

during measurement, a certain amount of the particles was sucked up the tube, thus reducing the
total measured area.
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In the end, the specific surface area of super C65 carbon black is given for comparison. It is
used as both encapsulation material and conducting additive in the standard cell. The value given
by the producer had been confirmed by own measurements. Its specific surface area is
significantly lower even than the ones obtained for the xerogel.
The samples have also been investigated by Raman spectroscopy. Since the analytical
method is sensitive to graphitic carbon, it permits comparing the samples amongst themselves
from this point of view.
To start, the organic gels have been analysed by Raman spectroscopy (Figure 6.29). The very
strong fluorescence phenomenon does not allow to interpret the results. The beam intensity had
to be set to 50 µW since the samples were damaged by higher intensities. This problem did not
arise in the case of the carbon gels (Figure 6.30), confirming the fact that they had been entirely
carbonized.
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Figure 6.29 Raman spectra of the organic gels.
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Figure 6.30 Raman spectra of the carbonized gels.
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Raman spectroscopy is a powerful tool for the characterization of carbonaceous materials. It
can provide information about the disorder, thickness, doping and other properties

141

of said

material. The bands one gets to deal with when analysing graphitic carbon materials are the D
(1350 cm-1), G (1580 cm-1), 2D (2690 cm-1) and, in the case of a more disordered material, D+G
(2940 cm-1). The G peak is the primary in-plane vibrational mode of graphene and the 2D is
associated with graphitic sp2 materials and is a second-order two-phonon process. The D and D+G
peaks are generated by disordered carbon. When comparing the intensities of these peaks, one
can conclude on the ratio of ordered graphitic structures in the material (ID/IG) and even on the
number of graphene layers in that graphitic structure (I2D/IG) (Table 6.2).
The higher the ratio ID/IG, the higher the amount of sp2-hybridized carbon in the sample.
When looking at the overall evolution for the three material kinds, we can observe the growth of
the number of graphitic structures, which should lead to a higher conductivity of the carbon. The
I2D/IG ratio gives information about the number of graphene layers in the structure. If the value is
2, then it is a single layer, if it is 1, it is a double layer and if it is inferior to 1 then we deal with a
multilayer. Even though the differences between the values are minor, they are not non-existent,
and one can draw conclusions regarding the thickness of the graphite parts. When looking into
details, the transformation for each gel kind is different from the others. There is unfortunately
not enough data to affirm that these discrepancies are due to individual processes and not simply
to reproducibility issues.
The conductivities of the materials have then been analysed and plotted (Figure 6.31). The
differences between the conductivities of the materials obtained at different pyrolysis
temperatures being quite high, a logarithmic scale is chosen for better visibility.
There are two factors that influence the conductivity of a carbon material: the amount of
conducting structures and their arrangement since they both determine how close the material is
to the percolation threshold. The ratio of graphitic structures in the material may be high, but if it
consists of separated graphite isles, the material will not be electrically conducting. In the same
way, even a mostly amorphous material can be electrically conducting if it contains numerous
graphene sheets that are well dispersed through the material.
Table 6.2 Separator Peak ratios for different carbon gels
Aero
Aero
Aero
Cryo
Cryo

Cryo

Xero

Xero

Xero

750

1000

1250

750

1000

1250

750

1000

1250

ID/IG

0,93

0,99

1,13

0,84

1,17

1,18

0,95

0,94

1,15

I2D/IG

0,16

0,09

0,14

0,11

0,08

0,11

0,11

0,08

0,11
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Figure 6.31 Results of the conductivity measurements for the carbonized gels.

The results obtained by Raman spectroscopy indicated that there is a rise in the amount of
order inside the materials with rising carbonization temperature, which is confirmed by their
conductivities. On the other hand, one would have expected the differences between
conductivities to be less spectacular. This points out that a purely Raman based conclusion of the
conductivities is highly prone to error and more specialised analysis methods should be
conducted. The jump over several orders of magnitude seen between the sample pyrolyzed at
750°C and 1000°C can be explained by the lack of percolation. Even though the first material
already contained a certain amount of graphitic structures, there were not enough to ensure the
undisrupted travel of electric current from one electrode to the other. As soon as the little missing
amount was added, there was a qualitative leap in conductivity.
It is also interesting to observe the different pictures obtained for the three drying methods.
The xerogel carbon is the most compact material, with the smallest specific surface area. Its
electric conductivity is relatively elevated even at a small carbonization temperature. In contrast,
the aerogel, a highly porous material, requires higher graphitization levels in order to be
electrically conductive. The lowest conductivity at low carbonization temperature is exhibited by
the cryogel, which is probably caused by its sheet-like structure. The conducting structures form
preferentially within one sheet, and the current cannot properly travel between them. The order
is inversed in the case of high pyrolysis temperatures. The raise for the xerogel was the least
considerable for the set: little new pathways for the current have been generated. The aerogel
and cryogel, in contrary, gained a lot in conductivity, overtaking the xerogel by almost an order of
magnitude.
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Based on their electric conductivities, all the obtained carbon materials fall in the range of
semiconductors, which makes them adapted for the use in Li-S batteries. In effect, their
conductivity is sufficient for routing the electrons to and from the current collector. They are,
therefore, mixed with sulphur and the cathode is prepared according to the previously described
method. The carbon black conductive additive (10 wt.% of active material) is still kept keep the
results comparable.
After the cathode was prepared and dried, a part of the active material was removed from
the current collector and analysed by TGA. This was done to make sure that no sulphur had been
lost during the cathode preparation process.
For organisational reasons, only one sample for each drying method was taken, plus a
standard cathode. Since the preparation method remained the same for all the cathodes, the
obtained results could be easily extrapolated. The weight of the material has been plotted in
function of the temperature in the chamber (Figure 6.32 TGA results for cathode active materials
containing carbon gels pyrolyzed at 1000°C, as well as for standard cathode material.).
The first portion of the curve is almost constant, the weight loss is of around 3%. It
corresponds to the evaporation of the adsorbed water. The sulphur melts at 115°C, but it also
sublimes easily – the strong drop that starts at 175°C corresponds to the loss of sulphur via
sublimation. One can, therefore, calculate the amount of sulphur present in the cathode
material by subtracting the weight at 310°C at which all the sulphur has left the cathode from the
one at 175°C. (Table 6.3).
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Figure 6.32 TGA results for cathode active materials containing carbon gels pyrolyzed at 1000°C, as well as for standard
cathode material.
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Table 6.3 Amount of sulphur in the cathode material
Sample
Xero1000
Cryo1000

Aero1000

Wt% of sulphur

55,4

56,5

54,1

The theoretical amount of sulphur in the cathode material, which is the amount of sulphur if
no material is lost through the preparation steps or through sublimation is calculated at 54,7%.
The slightly higher values are probably due to remaining adsorbed water in the cathode material.
The second drop after 600°C corresponds to the decomposition of the guar binder.
The TGA results confirm that, for further experiments, it is reasonable to consider that the
sulphur content is still around 54,7% and no major quantities have been lost due to processing.
Finally, the cells are constructed and galvanostatic charge-discharge analysis conducted. A
good battery has to fulfil two tasks: have a high specific capacity and high cycling stability. All the
results are given in comparison with the standard cell. It is the cell constructed with relatively
cheap commercial materials. The modified cell has to be at least minorly more performant than
the standard cell in order to be interesting.
One can clearly see the superiority of the gel dried by the critical point method over the other
materials (Figure 6.33). The specific capacity of this cell is, on average, 50% higher than those of
the standard cell or of the cells constructed with the other carbon gels. Even though it decreases
at a higher rate, even after 500 cycles it remains considerably superior. On the other hand, the
capacities of the carbon cryogel- and xerogel-based cells are comparable with that of the standard
cell, although the specific surface areas of those materials are considerably higher. One can,
therefore, conclude that, contrarily to what is commonly believed, the specific surface area of the
carbon material is not of major importance. The parameter that leads to high performance is the
shape of the pores and them being closed. If there is no physical boundary or chemically retaining
element, the lithium polysulphides will not be retained by the longer path they have to cross
before they end up outside of the cathode. When looking at the specific surface areas (Figure
5.29), the carbon cryogel shows a value over ten times higher than that of the super C65 carbon
black; this fact, alas, has no influence on the performance of the cell.

R e s u l t s a n d D i s c u s s i o n | 87

1000
Standard
Aero1000
Cryo1000
Xero1000

Specific capacity (mAh.gS-1)

900
800
700
600
500
400
300
200
100
0

0

50 100 150 200 250 300 350 400 450 500

cycle nr.

Figure 6.33 Electrochemical performance of the cells dried by three different methods in comparison with the standard
cell. Measurements conducted between 1.8 and 2.6 V, with a current of 0.1C for discharge and 0.2C for charge

Next, the influence of the pyrolysis temperature is studied. The results for each drying
method are given in comparison with the standard cell in Figure 6.34.

Figure 6.34 Influence of the pyrolysis temperature on the electrochemical performance of the cells. Measurements
conducted between 1.8 and 2.6 V, with a current of 0.1C for discharge and 0.2C for charge

In the case of the carbon aerogel, there is a strong difference between the material
carbonized at 750°C and the other materials. There is a sudden capacity drop after a certain point.
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In the case of performance decay due to the consistent loss of active material, one would just
observe a constant slope. The fact that the picture looks different here signifies an accident.
Nonetheless, the observed picture has been reproduced in several experiments, which suggests
the inferiority of the material. Although the conductivity of the material is inferior to those of the
other carbon aerogels, carbonized at higher temperatures, it is not the cause of the lower
performance. In effect, the conductivity should be rather seen as a threshold – the material must
be capable of transporting electrons. But as soon as it copes with the task, it cannot suddenly stop
doing so. The specific surface area is also an improbable candidate: it is only slightly lower than
those of the other aerogel and could not be responsible for such a noticeable difference. The
remaining possibility consists in the internal structure and ratio between amorphous and graphitic
carbon. When looking at the other carbon aerogels and the cryo- and xerogels, no variations can
be noticed in function of the pyrolysis temperature. Since higher temperatures require higher
amounts of energy, it is reasonable to remain at the lowest carbonization temperature possible.
In the case of all the presented curves, the specific capacity of the first discharge does never
reach the theoretical value of 1672 mAh.gS-1. In the case of the better performant carbon aerogel,
it is around 1200 mAh.gS-1, while for the other samples – it always is approximately 700 mAh.gS-1.
The favourable geometry of the carbon aerogel, thus, not only ensures better retention of the
lithium polysulphides inside the cathode, which leads to good cycling stability but also allows for
better accessibility of the electric current on one side and the electrolyte on the other to a larger
amount of sulphur from the start. On the other hand, the relatively low initial capacity of the other
samples apparently plays a positive role in their cycling stability – the less sulphur reacts in the
first cycle, the less is lost to diffusion and the more sulphur will be left for ulterior cycles.
Another interesting detail is the drop and consequent return of the capacity at the beginning
of the cycling. This phenomenon has already been observed and discussed in the paragraph
handling the separator choice. When looking at the overall picture, one notices that this event is
particularly pronounced for the cryogel and xerogel samples. This observation goes along with the
idea that only a part of sulphur reacts in the beginning, and some time is needed to render the
bulk of the active material accessible.
As it has been said before, there is a wide variety of possible cathode materials and new ones
keep being developed. They range between relatively simple porous materials and extremely
complicated composites and matrices. One of the most well-known materials is the CMK-346, a
carbon obtained by pyrolyzing sucrose templated on silica nanoparticles. The corresponding
battery showed a capacity of approximately 800 mAh.gS-1 after 20 cycles. Other carbon materials
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include, for example, the carbon spheres described by Zhang et al.142 and the mesoporous carbon
developed by Li et al.143 . The constructed cells presented a reversible capacity of around 650
mAh.gS-1 after 500 cycles and, respectively, ~840 mAh. gS-1 after 100 cycles. Our material shows a
performance comparable to the described carbons and, besides that, it is easier and safer to
produce. There are other cathode materials, that have excellent performances after multiple
cycles, like, for example, the composite studied by Wu et al.144 The cell constructed in this work
maintains a specific capacity of 611 mAh.gS-1 even after 1000 cycles at a 3C discharge rate.
Nonetheless, the difficulty connected with the synthesis of the said material is such, that it is
improbable to be used outside the laboratory.
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6.4 SEPARATOR MODIFICATION
Another cell component which is capable of retaining the polysulphides on the cathode side
of the cell, thus enhancing its performance, is the separator. It also received much less attention
than the cathode.
6.4.1

Polyethersulphone as Separator Material

One way to ensure the complete retention of the lithium polysulphides by the separator
membrane is to make it non-porous. This is, in fact, the functioning principle of a solid electrolytes.
Then, in order for the cell to function, one has to ensure the transmittance of the lithium ions
between the electrodes. If the membrane already contains Li+ ions, they can be transmitted across
the membrane following the bucket brigade principle. For example, Nafion is already used in such
a manner for Li-S cells

65,66,145,146

. Nonetheless, this material is expensive and unstable at high

temperatures. As part of this work, polyethersulphones (PES) have been tested as separator
materials. These polymers have been initially developed for application in fuel cells 147 and have
high ionic conductivity, as well as good mechanic, chemical and thermal stability. The polymers
were obtained from the group led by Dr J. Meier-Haak, researcher at the Leibniz Institute for
Polymer Research.
The first approach consisted of casting thin membranes, of thicknesses below 100 µm, from
these polymers and lithiating them. As a result of this procedure, the proton in the -SO3H groups
would be replaced by lithium ions. Unfortunately, cells built with such separators did not function.
One possibility to explain this is that the available polymers had been degraded over time, so the
idea had to be abandoned. Next, the decision was taken to use the polymer as additive to the
commercial membrane. The -SO3H groups would then interact with the lithium polysulphides and
retain them. After some preliminary tests, the approach was considered promising.
The membranes were prepared as follows. The commercial separators Celgard 2325 were
cut to the coin-cell fitting size. The Celgard separator was chosen over the Freudenberg because
its smooth surface allows for more control and a more even distribution of the polymer. They
were then treated with O2 plasma to ensure better adhesion of the added polymer. The PES was
weighed and dissolved in a minimal amount of NMP. Then, the separator discs were placed on a
smooth glass plate* and the polymer solution was dropped evenly on them. The time-lapse
between plasma treatment and polymer addition was kept to be of five minutes. Special care had

*

a bubble level was used to make sure that the plate was lying straight
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to be taken to stay away from the edges – like this, the totality of the solution would remain on
the separator and not spread on the glass plate. The prepared separators were left under the
absorption hood until completely dry, then placed into a freezer at -18°C to facilitate their removal
from the glass plate*. In the end, the separators were dried at 95°C for several hours, then stored
in the argon-filled glovebox until cell construction.
Five different PES polymers have been tested within this work (Figure 6.35). They are all
amorphous materials with Tgs lying highly above the room temperature. PES 1 and PES 2 do not
contain the octofluorobiphenyl groups but all the polymers feature the -SO3H groups, which are
one of the main points of interest. The quite rigid backbone confers mechanical stability to the
whole system.

*

at room temperature, the polymer easily adheres to the glass
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Figure 6.35 Chemical structures of polyethersulphone polymers: PES1 to PES5

To determine whether this approach is feasible and how much of the polymer is beneficial to
the membrane, three different amounts of polymer have been tested: 0,25, 0,5 and 2,5 mg.cm -2.
The Celgard membrane was taken as a base. This experiment has been conducted on the PES1,
which is the most accessible of the five polymers (Figure 6.36).
The cells constructed with a PES coating on the separator are less stable than the standard
cell – none of them reached even the 500 cycles threshold. Besides, all three curves show unstable
behaviour even before the cell death. Nevertheless, the battery constructed using a small amount
of PES1 shows an elevated capacity compared to the standard cell. Also, the character of the curve
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Figure 6.36 Cell performance in function of the amount of added PES. Measurements conducted between 1.8 and 2.6
V, with a current of 0.1C for discharge and 0.2C for charge
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suggests that the reason for the cell’s death lies in an accident such as a shortcut and not in the
progressive decay. There are two possible explanations. Either the separator has been damaged
during the preparation process, most likely when removing it from the glass plate, or the addition
of the PES has tampered with the stability of the membrane. Even though both polymers have
excellent individual chemical, thermal and mechanical stabilities, their behaviours under different
conditions might not coincide, leading to a loss of the performance of the film.
To get a deeper insight into the processes during the cycling, the voltage profiles of the three
samples have been plotted for three different chosen cycles (Figure 6.37).
Several conclusions can be drawn from these measurements. First of all, no additional
artefacts are to be seen at any stage of cycling, which means that there are no side reactions taking
place. On the other side, the voltages of the second plateau vary among the few chosen cycles,
which has not been observed in the case of the standard cell (Figure 6.3). Since the second
discharge plateau is associated with the reaction of formation of short molecules, a lower plateau
implies a more profound barrier for the reaction to take place. There is no dependency on the
cycle number – the variation of the voltage of the plateau is arbitrary. It indicates a certain
instability of the cell. On the other side, when looking at the charging process, the overpotential
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phenomenon decreases throughout the cycles. When the voltage has to be raised to a level higher
than the actual value at which the inverse reaction occurs, one can notice a sharp peak at the
beginning of the charge. It corresponds to the effort necessary to get the reaction started. In the
case of the lithium-sulphur batteries it arises from the need to react the solid Li2S, which is harder
than it is for the already dissolved salts. So, the further into the cell cycling one gets, the shorter
the discharge curve becomes while the overpotential peak gets lower. Thus, the reactions in either
direction are incomplete, which explains the performance loss over time.
There is the specific example of the 42nd cycle for the cell constructed with 2.5 mg.cm-2 of PES
(Figure 6.36)– it corresponds to the strong capacity drop observed in Figure 6.36. In this case, the
discharge curve does not follow the normal evolution, instead, there is a sudden voltage failure,
which corresponds to an accident inside the cell. Still, the battery’s functioning is re-established
in the next cycle.
A small amount of PES coating is sufficient to increase the capacity of the cell. The -SO3H
groups interact with the polysulphides, retaining them from migrating out of the cathode. If more
PES is added, the porosity of the separator will decrease too significantly, hindering the proper
execution of the electrochemical reaction. The amount of 0,25 mg.cm-2 is therefore retained for
further experiments and consequently tested with the other polymers (Figure 6.38).
The performances of the test cells are overall worse than that of the standard cell: lower
specific capacities and/or cycling stabilities. The exact nature of the used polymer does not play a
significant role in the result: the sole fact of its addition impairs the functioning of the cell. The
decisive factor lies in the uncooperative interaction between the membrane and the polymer.
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Figure 6.38 Cells constructed with separators coated with different PES polymers. Measurements conducted between
1.8 and 2.6 V, with a current of 0.1C for discharge and 0.2C for charge
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Despite this failure, the idea of the separator modification to make it interact more intimately
with the polysulphides and thus halt them from diffusing out of the cathode was deemed
promising. A different approach was chosen, which would eliminate the issue of the interactions
between the two materials, which is going to be discussed in the next chapter
6.4.2

Functionalization of the Celgard Separators

It is known that carbons functionalized with sulphur148 or nitrogen149150 retain the
polysulphides better than pristine carbon materials, by chemisorption processes. There is less data
regarding separators, and it often consists of complex and complicated structures151. This part of
the thesis, therefore, handles the easy and scalable modification of commercially available
separators.
The membranes have been made as follows. The Celgard separators were cut and treated
with O2 plasma, in order to introduce reactive groups on their surface. Polypropylene is chemically
inert and, although it is the precise quality that makes it such a good material for use in batteries,
it becomes a drawback when it comes to modification of the membrane. The treated polymer is
immediately (in five minutes or less) placed into a glass crystallizer with concentrated sulphuric
acid. Since the foil floats on the acid, it is placed with the treated face downwards. No stirring is
applied since it would induce folds in the membrane. It is let to react for 18 hours. Afterwards, the
foil is carefully removed from the acid and thoroughly washed with Millipore water. The washing
process is conducted until the water has a neutral pH. It is then dried in the hood and in the drying
oven at 95°C.
To verify the presence of sulphur-containing groups on the surface of the membrane several
methods were considered. In the end EDX-analysis was chosen in order to confirm the
modification (Figure 6.39). These results are given for two different magnifications. The sulphur
and oxygen peaks are well recognisable in the modified sample. Since the Celgard membrane is
composed of only polyethylene and polypropylene, these correspond to the -SO3H groups. Still,
the sulphur amount is quite low – the sulphur share is of approximately 0,1% of the total atom
number. On the other hand, the measurement is performed over the total volume of the sample,
so the amount of sulphur at the surface of the membrane is higher. Also, there is no significant
difference between the results obtained at different magnifications: the sulphur-containing
groups are evenly distributed on the surface of the sample.
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Figure 6.39 EDX spectra of untreated and treated Celgard membranes.

The effect of the functionalization of the separator membrane is studied for all the five
available Celgard materials: C2320, C2325, C2340, H2512, H1612, that have been compared in
546.1.2.
EDX spectroscopy is a valuable, but time-consuming instrument, this is why it has not been
used to analyse all the samples. Instead, the choice has been made in the favour of contact angle
120

Contact angle (°)

100
80
60
40
20
0

-SO3H

C2320

-SO3H

C2325

-SO3H

C2340

-SO3H

H1612

-SO3H

H2512

Sample
Figure 6.40 Comparison between contact angles of untreated and treated Celgard membranes.
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measurements. Polypropylene is a hydrophobic material. The addition of polar groups to its
surface should, therefore, raise its affinity to water and lower the contact angle. (Figure 6.40).
There is a striking difference between the C and the H series. The membranes featuring a
lower Gurley index show an almost unchanged contact angle after the treatment. H1612 has the
same porosity as C2340 while having a considerably lower thickness, while H2512 has the same
thickness as C2325, but a higher porosity. Thin and porous materials have a more pronounced
surface roughness, which can influence the result in two ways. On one side, it hinders the uniform
plasma treatment and, therefore, functionalization, and on the other – their hydrophobic
character is due both to the polymer’s chemical structure and to the texture of the surface. In any
case, all the membrane gained in hydrophilicity after treatment with sulphuric acid, which lends
to the conclusion that all of them are functionalized.
Finally, the cells with the modified separators were constructed and cycled (Figure 6.41).
The capacities of the cells constructed with modified separators are at least as high as the
capacities of the reference cells. In the case of C2340, exceeding the reference by approximately
10%. Regardless of the precautions taken when preparing the membranes, the treatment process
introduced minor defects into the foil. The C2340 membrane is the one showing the best
performance for the simple reason that, being the thickest from the lot, it is also the most robust
and forgiving. In the same way, the cell constructed with the modified H1612 has the smallest
cycle life, since the membrane itself is thin and extremely fragile. As a result, the addition of -SO3H
groups to the surface of commercial separators has a positive effect on the performance of the
cell, but the preparation method has to be better adapted to the task. One might, for instance,
modify the polymers before casting the film.
When developing lithium-sulphur batteries, little attention is accorded to the separators. For
this reason, the literature is relatively scarce on the subject. Nonetheless, there have been a
certain number of attempts to enhance the cell’s performance by working on the separator. Most
of the efforts consisted in coating commercial separators with various substances152, such as Super
P153, N-doped carbon154, Nafion65, vanadium nitride155 and others. The cells described in this work
show results comparable to those seen in literature, even though they do not outperform them.
Besides, there still is room for improvement, which means that even higher capacities and cycling
stabilities could be achieved.
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Figure 6.41 Electrochemical performance of the cells constructed with functionalized separators.
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7 SUMMARY AND OUTLOOK
7.1 SUMMARY
The aim of this thesis was to analyse the electrochemical processes taking place inside a
functioning Li-S cell and to modify the cell for better performance relying in part on the obtained
information. The Li-S system has very promising properties, which are highly needed in the
present conditions. It has a theoretical specific capacity that is six times higher than that of Li-ion
batteries, and its components are cheap and non-toxic. However, although the Li-S system has
been known for a long time, it is still not ready to be introduced to the market. The capacity of the
experimentally prepared cells is significantly lower than the theoretic value, and it decays faster
than tolerated in the case of, for example, electrical cars and portable devices. There are several
reasons for such a mediocre performance, but the main one consists in the polysulphide shuttle –
the dissolution of the reaction products in the electrolyte and their migration out of the cathode
and through the cell. It is responsible for the loss of active material and the deactivation of the
anode through the formation of an insoluble layer at its surface.
Therefore, the main topic of this work has been to observe the polysulphide shuttle processes
taking place at different discharge and charge steps. For this reason, in-operando Raman
spectroscopy analysis has been developed as part of this work. This study was meant to be a
confirmation and complement to the already existing literature. Raman spectroscopy is a method
that is perfectly adapted for the analysis of non-polar or slightly polar molecules, such as the
lithium polysulphides. Besides, it is non-destructive, easily available and does not require any
special preparations. Before any analysis could be performed, the cell had to be adapted to be
penetrated by the visible light ray, while still being airtight and functioning electrochemically. The
first approach consisted of the modification of a three-electrode Swagelok® cell by replacing the
third electrode with a quartz window. Then, one could measure at the edge of the cell during the
electrochemical cycling. The first experiment indicated that the chosen method allows observing
the processes taking place inside the cell, but that several issues such as strong fluorescence and
chaotic polysulphide appearance had to be addressed before the results could be deemed
informative. This is why, the cell construction has been modified to stop the cathode carbon from
travelling through the cell – thus the fluorescence has been strongly reduced. Also, the separators
have been cut to have the same size as the electrodes, which allowed for a better orientation
inside the cell via the optical microscope connected to the Raman device. Further improvements
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could be made by utilizing cellulose material as separator, since its strong affinity with the
polysulphides would route them to the outer edge, available to the Raman probe. All these
modifications resulted in a cell in which numerous spectra characteristic of LiPS could be discerned
during its cycling. Nonetheless, the main problem faced when measuring in such a cell
configuration consisted of the edge effects and the poor extrapolation of the results to the interior
of the cell. This is why the experiments have been continued using a modified coin cell, with a hole
in the cell casing and the electrode. While one still had to rely on the diffusion of the formed
entities, the reduced size of the hole and its location made the results more reliable. The
experiments have been conducted on both cell sides and in parallel with analogous NEXAFS
spectroscopy, performed at the BESSY II facility by project partners. In the end, we obtained a
clear picture of the processes taking place inside the cell at different cycling steps and proved the
good functioning of the developed test cell and method. The developed techniques could, in turn,
also be applied to other systems.
Next, the study of organic gel-based carbons has been undertaken as a material for sulphur
encapsulation. The carbon aerogels have been known for a longer time – they are appreciated for
the very high porosity and specific surface area and the possibility to tailor the final structure by
varying the synthesis conditions. Astonishingly, they did not get much attention in the context of
Li-S batteries. The organic gels have been synthesized following a literature protocol, and the
influence of the drying and pyrolysis conditions has been studied. An organic gel consists of a
solvent trapped inside a polymeric 3D structure. The solvent has to be therefore replaced by gas
before the gel is pyrolyzed and transformed into carbon. It can evidently just be left in ambient
atmosphere, where the solvent would evaporate naturally but, by doing so, it damages the porous
internal structure of the gel. The solvent can also be removed by freeze-drying technique: this
method relies on the sublimation of a solid and is less destructive. Finally, the gentlest drying
method consists of the critical point drying – the solvent is slowly replaced by CO2, which is a gas
at normal conditions. This method is also the most time-taking. The second studied parameter
was the pyrolysis temperature- the higher it is, the higher is the number of graphitic structures
within the material. A variety of materials with different structures, specific surface areas and
electric conductivities have been obtained and tested as encapsulation material for the sulphur
cathode. The best results have been shown by the gels dried by critical point method – the initial
discharge capacity was of around 1200 mAh.gS-1 and it remained higher than 500 mAh.gS-1 after
500 cycles. The materials dried by other methods showed lower performances, equivalent to that
of the standard cell. This allowed deducing that the structure of the encapsulating material and
not its specific surface area plays the main role in a LiS battery setup.
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The polysulphide shuttle can potentially be hindered by the separator. It cannot stop their
diffusion out of the cathode, but it can prevent them from reaching the anode. The third topic of
this work was, therefore, the testing of several promising materials as separators for Li-S cells.
First, an approach already successfully adopted within our research group has been tested, but no
positive results have been obtained. Second, commercial separator foil has been coated with a
polymer containing sulphonate groups, expecting these groups to interact with the polysulphides
and hinder their diffusion. The resulting cells had capacities comparable to those of the standard
cell but were considerably less stable. The capacity did not fade throughout the cycling but rather
dropped suddenly, indicating accidents inside the cell – the interactions between polymers had a
negative effect on the cell performance. It inspired the next approach, which consisted in
modifying commercial separators by grafting sulphonate groups to them. This method being easy
and fast, it can be easily transferred to industrial application. The obtained cells showed good
performance (up to 10% higher compared to the standard cell), with one limitation: the
modification process introduced folds into the separator membrane, which had a negative effect
on the cell’s stability. Although there are other systems with better results, the separators
obtained within this work remain comparable to other developed materials.
To sum it up, this project permitted to gain deeper insight into the processes taking place
inside a Li-S cell and originated materials enhancing the cell performance that are easy to
manufacture industrially.
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7.2 OUTLOOK
In order for the lithium-sulphur technology to take its due position amongst other
accumulators, it needs higher capacities and longer cycling lives. Within this work, the processes
taking place inside the cell are observed and characterized and new cathode and separator
materials are investigated upon.
The polysulphide species present inside the cell at various DODs have been identified via insitu, in-operando Raman spectroscopy. Since the available experimental data that could be used
for the identification of the polysulphides is unreliable, data obtained by theoretical simulations
is essential. For this reason, a logical continuation of the present work would consist in conducting
own calculations. Also, more information could be potentially gathered by the spectroscopic
method by lowering the cycling rate. In effect, if the reaction were kept slower, the lithium
polysulphides would have more time to diffuse towards the focus point of the microscope.
Besides, it is possible for the chosen rate to have an influence on the reaction by thermodynamic
means.
Carbonized organic gels have been tested as possible encapsulation materials for the sulphur
in the cathode and have proved themselves worthy. Among the three drying methods that have
been tested, the critical point drying turned out to be optimal. Nonetheless, the freeze drying
could also be appropriate if conducted using another solvent. In effect, the water expands upon
freezing, thus damaging the fragile gel. A solvent whose volume remains constant could enable
freeze-drying the material without causing damage to it. Since the porous structure of the material
is of primary importance, the next step in this topic is to study the influence of the synthesis
conditions of the organic gel on the performance of the cell. One can thus tailor the porosity and
pore volumes of the material.
As far as the separator materials are concerned, only minor enhancements could be
occasioned by the modification of commercial separators conducted within this work.
Nevertheless, the approach proved to be promising and should, therefore, be further investigated.
The main issue to be addressed consists in the macroscopic defects introduced to the commercial
separators when handling them. One possible approach consists in modifying the polymers before
casting the membrane. It has another advantage: polymer powder has a surface area that is much
higher than that of a film, which implies that the grafted groups will be better dispersed through
the membrane. The density of the sulphonate groups at the surface of the separator is quite low,
which is explained by the extreme unreactivity of the polypropylene. One might, therefore,
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consider applying more intense plasma treatment or pre-treat the membrane by chemical
methods.
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