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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 

{ƻƳŜ ǊŜǎŜŀǊŎƘŜǊǎ Ŏŀƭƭ ǘƘŜ ǇǊŜǎŜƴǘ ά!ƴǘƘǊƻǇƻŎŜƴŜέΥ ŀ ƘǳƳŀƴ-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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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 

ǇǊƻōƭŜƳŀǘƛŎΦ ¢Ƙƛǎ άƎǊŜŜƴέ ŜƴŜǊƎȅ Ƙŀǎ ǘƻ ōŜ ǎǘƻǊŜŘ ŀƴŘ ǊŜƭŜŀǎŜŘ ǿƘŜƴ ƴŜŜŘ ŀǊƛǎŜǎ ƛƴ ƻǊŘŜǊ ǘƻ ōŜ 

competitive. Another problem is the routing of said energy to the consumers, which is generally 

ǎƻƭǾŜŘ ōȅ ǘƘŜ ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ŀ ǎƻ ŎŀƭƭŜŘ άǎǳǇŜǊ ƎǊƛŘέΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ŀ ŦǳǊǘƘŜǊ ǇǊƻōƭŜƳ ƛǎ ǘƘŜ ŦŀŎǘ 

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 ς contrary to a pumped hydro plant, a battery can be 

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 
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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 

ōȅ ŘƛŦŦŜǊŜƴǘ ǇŀǊŀƳŜǘŜǊǎ ŀƴŘ Ƙƻǿ ǘƘŜȅ ŎƻǊǊŜƭŀǘŜ ǿƛǘƘ ǘƘŜ ŎŜƭƭΩǎ ǇŜǊŦƻrmance. 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 

Figure 3.2 Energy storage compared by their share on overall energy stored sorted by type 
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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 

¢ƘŜ ŦƛǊǎǘ άǘǊǳŜέ ōŀǘǘŜǊȅ**  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). 

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. 

¢ƘŜǊŜ ŀǊŜ ǎŜǾŜǊŀƭ ǇǊƻǇŜǊǘƛŜǎ ǘƘŀǘ ŎƘŀǊŀŎǘŜǊƛȊŜ ǘƘŜ ŎŜƭƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜΦ CƛǊǎǘΣ ǘƘŜǊŜ ƛǎ ǘƘŜ 

ƴƻƳƛƴŀƭ ǾƻƭǘŀƎŜΣ ǎǘŀǘŜŘ ŜŀǊƭƛŜǊΦ Lǘ ƛǎ ǎƻƳŜǘƛƳŜǎ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǘŜƴǎƛƻƴέΣ ǿƘƛŎƘ ƛǎ ŀ ƳƻǊŜ 

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 

  

* ¢ƘŜ ƴŀƳŜ άōŀǘǘŜǊȅέ ƛǎ ǇǊƻƴŜ ǘƻ ŜǊǊƻǊΦ ¢ƘŜ ǘŜǊƳ Ƙŀǎ ōŜŜƴ ŎƻƛƴŜŘ ōȅ .ŜƴƧamin Franklin and referred 
to several cells (Leyden jars) connected together, in analogy to the military notion. Nonetheless, in this work 
L ǿƛƭƭ ōŜ ǳǎƛƴƎ ǘƘŜ ǿƻǊŘǎ άōŀǘǘŜǊȅέ ŀƴŘ άŎŜƭƭέ ƛƴǘŜǊŎƘŀƴƎŜŀōƭȅΣ ƪƴƻǿƛƴƎ ǘƘŀǘ L ƘŀǾŜ ƻƴƭȅ ōŜŜƴ ǎǘǳŘȅƛƴƎ ǎƛƴƎƭŜ 
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 

 ὃ ὄ ᴼὃ ὄ (1) 
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(W·m-3) ς the amount of power per unit of volume and the specific power (W.kg-1) ς 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 ς 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 lithium-

sulphur (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 ς 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.  

Figure 4.1 Schematic representation of a battery cell and the connection possibilities of several cells: (A); parallel 
connection (B); series connection (C). 
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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 

ς 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 

 

 ὖὦ ὖὦὕ ς ὌὛὕ ᴾςὖ ὦὛὕ ς Ὄὕ (2) 

Figure 4.2 Comparison of different battery technologies according to their theoretic performances and already obtained 
practical results 
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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 low-

temperature conditions. Although nickel-cadmium batteries are expensive in production, their 

cost per cycle is one of the best on the market. 

However, their specific energy is low compared to newer systems, they develop so-called 

άƳŜƳƻǊȅ ŜŦŦŜŎǘǎέ 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). 

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 

  

*So much so, that Ni-Cd cells have been banned from power tools in European countries 157 

 ς ὔὭὕὕὌ ὅὨ ς Ὄὕᴾς ὔὭὕὌ ὅὨὕὌ  (3) 

 ς ὔὭὕὕὌ -(P ς ὔὭὕὌ - (4) 

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

 

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, 

Table 4.1 List of lithium metal battery systems 19 

System Voltage 

(V) 

Specific energy 

(Wh·kg-1) 

Energy density  

(Wh·L-1) 

System Company 

Li/TiS2 2,1 130 280 1978 Exxon 

LiAl/TiS2    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 52 140 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 
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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 ς 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). 

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 

  

* 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 diǎŎƘŀǊƎŜ ŀǎ άŀƴƻŘŜέΦ ¢ƘŜ ƻǘƘŜǊ 
ŜƭŜŎǘǊƻŘŜ ƛǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ άŎŀǘƘƻŘŜέΦ  

**  Although silicon is lately intensively researched on, since it could offer considerably higher 
capacities158 

 ὒὭὅ ὅέὕ ᴼὒὭὅέὕ  ὅ  (5) 

Figure 4.4 Selection of electrode materials based on the thermodynamic stability of the electrolyte 
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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. Li-

S 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 

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 

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

  

* 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, NA ς the Avogadro number, Qe ς the 

charge of one electron, expressed in Coulomb and M ς 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 

 ρφ ,ÉὛᴾψ ὒὭ3 (6) 

 ὅ
ὼ ὔ ὗ

ὓ
 (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 
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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). 

The discharge reaction starts at about 2.4 V ς 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 S8
2-, 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. 

  

* Ὁ Ὁ  ὰὲὗ , where E is the reduction potential, E0 ς the standard reduction potential, R ς the 

universal gas constant, T ς the temperature of the system, ze ς the number of transferred electrons, F ς the 
Faraday constant and Qr ς the reaction quotient 

 Ὓ τ Ὡ ᴼς Ὓ  high plateau (8a) 

 Ὓ τ Ὡ ᴼς Ὓ Ὓ  low plateau (8b) 

Figure 4.7 Typical discharge curve of a Li-S battery 
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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). 

Another entity which was repeatedly encountered by ŘƛŦŦŜǊŜƴǘ ƎǊƻǳǇǎΩ ǿƻǊƪ ƛǎ ǘƘŜ ǊŀŘƛŎŀƭ {3
- 

It is generally believed to be formed by the dissociation of S6
2- 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 ς 

reƳŀƛƴǎ ƛƴ ǘƘŜ ŜƭŜŎǘǊƻƭȅǘŜΦ ¢Ƙƛǎ ǇƘŜƴƻƳŜƴƻƴ ƛǎ ŎŀƭƭŜŘ άǇƻƭȅǎǳƭŦƛŘŜ ǎƘǳǘǘƭŜέΦ  

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 ς 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 

 σ Ὓ ςὩ ᴼτ Ὓ  (9) 

 Ὓ ᴼὛ ρ
τὛ (10) 
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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 

ŘŜƭŀƳƛƴŀǘŜŘ ƻŦŦ ǘƘŜ ŎǳǊǊŜƴǘ ŎƻƭƭŜŎǘƻǊΦ .ƻǘƘ ǘƘŜǎŜ ŜǾŜƴǘǎ ǊŜŘǳŎŜ ǘƘŜ ŎŜƭƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ŀƴŘ ŎȅŎƭƛƴƎ 

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 

ƛƴǎǳƭŀǘŜŘ ŦǊƻƳ ǘƘŜ ŜƭŜŎǘǊƻŘŜ ŀƴŘ ǉǳŀƭƛŦƛŜŘ ŀǎ άŘŜŀŘέΦ 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 

  

* ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ŀƭƭƻǘǊƻǇŜ ƻŦ ǎǳƭǇƘǳǊΣ ʰ-octasulphur, has a density of 2,07 g.cm-3 

**  the extent of it is delimited by the amount of sulphur available 



16 |  T h e o r e t i c a l  B a c k g r o u n d 

 

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 S8
2, 

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 

ǘƘŜǊŜ ƛǎ ƴƻ ǎƻǳǊŎŜ ƻŦ άƴŜǿέ ŜƭŜŎǘǊƻƴǎΣ ǘƘŜȅ Ŏŀƴ ǳƴŘŜǊƎƻ ŘƛǎǎƻŎƛŀǘƛƻƴ ƻǊ ǊŜŎƻƳōƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎΦ 

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 ς the aggressive medium can, for example, damage the metal contacts.  

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

ς 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 ς the design that became the standard for research. It requires 

little material, which is optimal for laboratory conditions and the necessary equipment is space-

efficient 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 43ς47, 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 ς 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-weightς 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 

53Φ /ŀǊōƻƴǎ ŎŀƭƭŜŘ άƎǊŀǇƘƛǘƛŎέΣ ǿƘƛŎƘ ƳŜŀƴǎ ǘƘŜȅ ƘŀǾŜ ŀ 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 ς 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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TƘŜǊŜ ƛǎ ƻƴŜ ƳƻǊŜ ŀǇǇǊƻŀŎƘ ǳǎŜŘ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ǇƻƭȅǎǳƭǇƘƛŘŜ ǎƘǳǘǘƭŜΥ ŀƴ άŀŘǎƻǊōŜƴǘέ ƛǎ 

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 ς a material that ensures the adhesion of the carbon-sulphur 

ŎƻƳǇƻǎƛǘŜ ǘƻ ǘƘŜ ŎǳǊǊŜƴǘ ŎƻƭƭŜŎǘƻǊ ŀƴŘ ǘƘŀǘ ŀŘŘǎ ǘƻ ǘƘŜ ǎȅǎǘŜƳΩǎ ŜƭŀǎǘƛŎƛǘȅ ς an important factor 

during the cyclic expansion and contraction of the active material. The most commonly used 

binder is the polyvinylidene fluoride (PVDF) 57ς60, 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 ς 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 ς to an extent at which it is often not even mentioned which exact 

material is used in the constructed cell.62,63 

Figure 4.9 Schematic representation of sulphur-infiltrated CMK-3 carbon, copied from 46 
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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 lithium-

based 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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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 ς 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).  

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  

 ὒὭὖὊ ὒὭὛᴼὒὭὖὛὊ  (11) 

Figure 4.10 List of possible lithium salts for Li-S batteries 
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Besides liquid electrolytes and all-solid-cells, there are the ionic liquids (ILs)83ς86, 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, non-

flammable, 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 ς 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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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 

Figure 4.11 Nanostructured anode containing free and alloyed Li metal compared to standard Li-foil 91 
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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 X-

ray 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 

ŀ ƳƻŘƛŦƛŜŘ ŘƛŦŦǊŀŎǘŜŘ ǊŀȅΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ .ǊŀƎƎΩǎ [ŀǿΦ  

  

* 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 500Ω000 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.98ς100 

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 in-

depth 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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¢ƘŜǊŜ ŀǊŜ ǘǿƻ ŀƴŀƭȅǘƛŎŀƭ ƳŜǘƘƻŘǎ ǘƘŀǘ Ŏŀƴ ƻōǘŀƛƴ ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ǘƘŜ ƳƻƭŜŎǳƭŜΩǎ ǎǘǊǳŎǘǳǊŜ 

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 ς 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 non-

excited, 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)** . 

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 ƛǎ ǘƘŜ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ǎǘŀǘŜ ƛΣ ʶi ς its energy, k ς the Boltzmann constant, T ς the sysǘŜƳΩǎ 
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 ,h the photon wavelength ˂  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 ς 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 ς 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 near-

ultraviolet. 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 

άƪŜŜǇέ ǘƘŜ ƛƴŜƭŀǎǘƛŎŀƭƭȅ ǎŎŀǘǘŜǊŜŘ ƻƴŜs. 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 

 


