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Chapter 1: Introduction 

1.1 Batteries and their physical principle 

A battery is a device that stores chemical energy and converts it into electric energy through 

the electrochemical redox reactions between the cathode and anode. The reactions involve 

an electron transfer from one electrode to another electrode through an external circuit. In 

contrast, the non-electrochemical redox reactions, such as the rusting of metals and burning, 

are based on a direct transfer of electrons. When the chemical energy is converted to the 

electric energy in a battery, the limitations of the Carnot cycle dictated by the second law of 

thermodynamics can be circumvented, which is different from the heat or combustion 

engines. Thus, the batteries usually have a higher efficiency of energy conversion [1 - 3]. 

A battery possesses several basic components such as the cathode, the anode and the 

electrolyte, as is shown in Fig.1.1. 

 

Fig.1.1. Schematic of the working principle of a battery. 
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The cathode is the oxidizing electrode, which accepts the electrons from the external 

electric circuit and is reduced during the electrochemical discharge reaction. 

The anode is the reducing electrode, which supplies the electrons to the external circuit and 

is oxidized during the electrochemical reaction with a lower potential. 

The electrolyte is an ionic conductor but an electric insulator, otherwise it would cause an 

internal short-circuit. An electrolyte offers a diffusion path for the charge transfer ions 

between cathode and anode. The typical electrolyte usually is a liquid solution containing, 

e.g., dissolved acid, alkalines or other salts. Solid state electrolytes are applied in some 

batteries, as well, which are then named as solid state batteries. 

The potential difference between cathode and anode can be varied by selecting electrode 

materials, but is also subjected to other influences, such as the temperature and 

concentration (or activity) of active materials participating in the reaction. The 

electrochemical potential of a half-cell can be calculated using the Nernst equation 

(Equation 1.1): 

E = E0
RT

ZF
ln

aox

ared
                                           (Equation 1.1) 

E: potential of the electrode 

Eo: standard electrode potential 

R: ideal gas constant 

Z: number of electrons involved in the reaction 

T: absolute temperature 

F: Faraday constant 

aox: activity of the oxidized material 

ared: activity of the reduced material 

In addition to the potential difference, there are other important characteristics of batteries. 

The relationship between voltage V, current I, power P and energy E is defined as follows: 

Power = voltage × current                  P = V × I                  (Unit: W)                (Equation 1.2) 
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Energy = power × time                     E = V × I × t               (Unit: Wh)              (Equation 1.3) 

Power density = power / volume                   (Unit: W / L)                                (Equation 1.4) 

Specific power = power / weight                   (Unit: W / kg)                               (Equation 1.5) 

Energy density = energy / volume                (Unit: Wh / L)                               (Equation 1.6) 

Specific energy = energy / weight                (Unit: Wh / kg)                             (Equation 1.7) 

Depending on the capability of being electrically charged, the batteries can be classified 

into the primary batteries and the secondary batteries. 

The primary batteries only can be discharged once and then are discarded. They cannot be 

recharged and are assembled in the charged state. The primary batteries are being 

universally applied in our daily life. The advantages of the primary batteries are high energy 

density, convenience of usage, and long shelf life. 

Secondary batteries can be electrically recharged to their original condition by an electric 

current in a direction opposite to the direction of the discharge current [4, 5]. Therefore, they 

are also termed rechargeable batteries. In this chapter, only the secondary batteries will be 

addressed.  

The charge transfer ions inside the batteries can be divided into the cationic (such as Li+, 

Na+ and Mg2+) and anionic (such as Cl- and F-) shuttles, thus opening a wide field of different 

battery types. A brief overview will be given in the up-coming section.  

1.2 Secondary batteries with cationic shuttles 

  1.2.1 Lithium ion battery   

Among the myriad of commercial energy storage systems, lithium ion battery is playing the 

most important role, because it has high energy density and good cycling performance [6 - 

8]. The worldwide market for rechargeable lithium ion battery is now valued at 10 billion 

dollars per annum and growing. Fig.1.2 compares the energy densities of the different types 

of rechargeable batteries on the market. As shown, lithium ion battery delivers the highest 
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specific energy and energy density. Thus, lithium ion battery has been used in large scale 

for laptops, smart phones and other consumer electronics. 

 

Fig.1.2. Comparison of the different battery technologies in terms of specific energy and 

volumetric energy density. 

The first paper based on the rechargeable lithium battery was reported by Chilton and Cook 

in 1962 [10]. The goal of their work was to build a new battery system with a high energy 

density and long cycling life to increase the work life of satellites. After about 30 years, 

Japanese Sony successfully commercialized the first generation of lithium ion battery in 

1990. The electrochemical reactions in the typical lithium ion batteries are: 

Cathode:                                   LiCoO2 ↔ Li1-xCoO2 + xLi++ xe- 

Anode:                                               C + xLi+ + xe- ↔ LixC 

Overall:                                     LiCoO2 + C ↔ LixC + Li1-xCoO2 

At the beginning, lithium metal was chosen as the anode material for rechargeable lithium 

batteries. However, lithium dendrites were formed during the cycles, leading to a poor 

cycling performance and eventually short-circuit inside the battery. The short-circuit can 

result in serious safety problems, such as fire and explosion. Thus, lithium metal had to be 
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replaced by other alternative anode materials. It was shown by Dey [11 - 13] in 1971 that 

lithium alloys can form also in organic electrolytes. Later, many lithium related alloys were 

developed as anode materials. The energy densities of lithium alloys normally are reduced 

by a factor of two or three when compared to the pure lithium metal. Moreover, the volume 

changes of the lithium alloys are quite big when lithium ions are inserted or extracted (200 

– 600%). A fast disintegration by cracking and crumbling is observed in the alloy anodes. 

As a result, it was deduced that cycling life of the lithium alloys was short and energy 

efficiency was not high, preventing the commercial application of lithium alloys as anode 

materials for lithium ion batteries. However, scientists [14] discovered in a short time that 

graphite was dimensionally stable when lithium ions were inserted and extracted. The 

formation of LiC6 after the lithium intercalation caused only around 10 % increase in the 

graphite layer distance [15]. Thus, graphite became the most popular option to replace the 

lithium metal and lithium alloys. 

Since the appropriate anode material graphite was found, search for the cathode with good 

electrochemical properties has become the most important task in the following decades. 

Mizushima and Goodenough firstly reported the lithium cobalt oxide LiCoO2 as the cathode 

material for lithium ion battery in 1980, which is still one of the most dominant cathodes in 

the commercial market today. Lithium nickel oxide LiNiO2 has also been proposed, because 

its actual capacity is higher than that of LiCoO2. But it is difficult to prepare stoichiometric 

LiNiO2 with an ordered layer structure, a high temperature treatment of LiNiO2 leads to the 

decomposition of LiNiO2 into Li1-xNi1+xO2, which has a partially disordered cation distribution 

at the lithium site [16]. Besides that, there are considerable research works focused on the 

preparation and optimization of lithium manganese oxides. Among them, spinel LiMn2O4 is 

the most attractive one. Although its theoretical specific capacity is lower than that of LiCoO2 

and LiNiO2, it is much cheaper and of lower toxicity. Via the world-wide effort, the 

electrochemical performance of spinel LiMn2O4 has been greatly improved already. 

Recently, this material has also been introduced in commercial lithium ion batteries [17]. 

Another commercial cathode material for lithium ion battery is olivine-type lithium iron 
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phosphate LiFePO4. Its theoretical capacity is 170 mAh g-1 and the cycling performance is 

very good [18]. Thus, LiFePO4 has been successfully applied in the electric vehicles and 

stationary energy systems. Fig.1.3 compares the most popular cathode materials on the 

market from energy, safety, cost, life and power. 

 

Fig.1.3. Five performance criteria to evaluate the cathode materials. LCO = LiCoO2, LMO 

= LiMn2O4, LFP = LiFePO4, NMC = LiNixMnyCozO2. 

Since 1990, the lithium ion battery composed of insertion cathodes and anodes has been 

emerging in the industry. Nowadays, several dozens of companies are currently producing 

lithium ion batteries. The industrial production of lithium ion battery can be found in the East 

Asia, Europe and North America.  

  1.2.2 Magnesium ion battery 

Magnesium based secondary batteries have been attracting much attention, because 

magnesium metal possesses a higher volumetric capacity (3833 mAh cm-3 for Mg vs. 2046 

mAh cm-3 for Li) which is a remarkable advantage for stationary energy storage application. 

It can also reduce the battery cost potentially due to natural abundance of Mg in the earth’s 

crust. Moreover, magnesium metal does not form the dendrites during the electrochemical 
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reaction, meaning that it is safe to directly use metallic Mg as the anode in the battery [19, 

20].  

However, some technical challenges are blocking the development of magnesium ion 

battery at present. Although the concept of magnesium battery has been demonstrated in 

the laboratory already, practical and commercially viable electrolytes and cathode materials 

are still lacking. The current efforts are mainly focusing on the solution of these problems. 

One of the most critical technical problems that limits the development of rechargeable 

magnesium battery is the availability of electrolyte with high ionic conductivity and dielectric 

constant [21]. The earliest reports about magnesium battery used the solution of simple 

magnesium salts such as Mg(ClO4)2 in a propylene carbonate solvent or acetonitrile as the 

electrolyte, which was similar with lithium ion battery [22, 23]. But the batteries using these 

electrolytes had no cycling capability due to the formation of the passivating layer on the 

surface of magnesium metal [24]. Then, in the 1990s, Gregory developed several 

electrolytes based on the organomagnesium compound magnesium tetrabutyl borate 

(Mg(BBu4)2) in THF. The batteries using this type of electrolyte possessed a greatly 

improved coulombic efficiency and ionic conductivity [25]. Based on Gregory’s work, 

Aurbach proposed his pioneering research in early 2000 on the magnesium 

organohaloaluminate salts in THF or polyether as the electrolytes, which were the first 

electrolytes that had a good cycling performance [26, 27]. In 2005, Li also demonstrated the 

solution of magnesium triflate (Mg(CF3SO3)2) in the ionic liquid BMIMBF4 could be used as 

the electrolyte for secondary magnesium battery [28]. More recently, Fichtner’s group 

reported a non-nucleophilic electrolyte based on magnesium-bis (hexamethyldisilazide). 

This type of electrolyte was successfully used in the magnesium sulfur batteries and 

showed a good reversibility and high coulombic efficiency [29]. At last, solid-state or polymer 

electrolytes are promising candidates for magnesium battery as well [30 - 32]. 

Since the first rechargeable magnesium battery was reported in the last century, 

considerable efforts have been focused on the development of electrolyte which are highly 
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compatible with the magnesium metal. Although many challenges are faced and needed to 

be solved, the ongoing breakthroughs and scientific achievements in this field make it 

hopeful that secondary magnesium battery may come to another step closer. 

1.3 Secondary batteries with anionic shuttles 

  1.3.1 Chloride ion battery  

Besides the rechargeable batteries based on the cationic shuttles, a novel type of 

secondary battery with the chloride anions as charge transfer ions was demonstrated in 

2014 by Fichtner’s group [33]. Chloride ion battery offers a higher theoretical energy density 

than the current lithium ion battery. Due to that the shuttles during the electrochemical 

reaction are chloride ions, many abundant metal resources, such as Na, Mg, Ca, or their 

chlorides are possible to apply as the active materials in the electrodes. 

Similar to lithium ion battery and magnesium battery, a key challenge for chloride ion battery 

is to develop an available electrolyte with high ionic conductivity and low electric conductivity. 

Initially, a mixture of two ionic liquids 1-methyl-3-mctylimidazolium chloride ([OMIM][Cl]) and 

1-butyl-3-methylimidazolium tetrafluoroborate([BMIM][BF4]) was used as the electrolyte [33]. 

This type of electrolyte showed a high voltage window during the charge/discharge process 

and an ionic conductivity of 0.91 mS cm-1 was determined at room temperature. Then metal 

chlorides CoCl2, VCl3 and BiCl3 were tested as cathode materials. The batteries had cycling 

capability, but the experimental capacities were much lower than the theoretical ones and 

faded rapidly during the initial cycles. The possible reason was the solubility of the metal 

chlorides in the electrolyte. Thus, metal oxychlorides (FeOCl, BiOCl and VOCl), were 

developed as the cathode materials which are more stable in organic solvent, and the 

electrochemical performance of the batteries was greatly improved [34 - 37]. Recently, Zhao 

et al. also found the carbon incorporation effect in the electrodes has a strong influence on 

the performance of chloride ion battery [38]. 

Until now, there are only a few of publications on this topic. Many problems still need to be 

solved. More efforts should be distributed on this field in the future. 
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  1.3.2 Fluoride ion battery  

1.3.2.1 Introduction 

 

Fig.1.4. The schematic of fluoride ion battery. 

There is another rechargeable battery based on fluoride ion shuttles between the electrodes 

in the electrochemical reaction, i.e. the fluoride ion battery. The schematic of fluoride ion 

battery is shown in Fig.1.4, where metal fluoride MFx normally can be used as cathode and 

another metal can be used as anode. The battery reactions during the discharge process 

can be expressed as follows: 

Cathode:                                      xe- + MFx → M + xF- 

Anode:                                         xF- + M' → M'Fx + xe- 

Cell:                                             MFx + M' → M'Fx + M 

During the discharge process, electrons are generated in a spontaneous redox reaction at 

the anode side. The electrons conduct through an external circuit to the cathode side, where 

the metal fluoride MFx is reduced to metal M. The released fluoride ions from the cathode 

migrate through the electrolyte and react with metal M′ at the anode to form related metal 

fluoride M′Fx. The charge process is opposite to the discharge process. The electromotive 

force (E) of a battery can be directly calculated from the difference in the Gibbs free energy 

according to the equation 1.8. 
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∆Gr
0 = -z·F·E0                                         (Equation 1.8) 

where Gr
0 is free Gibbs energy, z is number of electrons involved in the reaction and F is 

Faraday constant. 

The capacity of a battery can be calculated according to the equation 1.9:  

Q = z∙n∙F   (unit: Ah)                                   (Equation 1.9) 

where Q is capacity, z is number of electrons involved in the reaction, F is Faraday constant 

and n is the amount of substance. 

When the capacity of an electrode material is based on its mass, the specific capacity Qs 

can be obtained from the equation 1.10: 

Qs = zF / 3.6∙M   (unit: mAh/g)                          (Equation 1.10) 

where M is molar mass of the electrode material. 

A bivalent or trivalent metal can react with several fluoride ions and thereby more than one 

electron can be reversibly stored per metal atom, hence leading to a high theoretical specific 

capacity of fluoride ion battery. 

1.3.2.2 Fluoride ion conductors 

Basically, the fluoride ions migrate either in a solid state electrolyte or a liquid electrolyte 

inside the battery. As mentioned above, the electrolyte plays an important role in the whole 

electrochemical reaction. Therefore, it is crucial for the development of fluoride ion battery 

to improve the ionic conductivity as well as the stability of the electrolyte.  

The investigation of fluoride ion conductors has already started in the 1970s, especially for 

the solid state fluoride ion conductor [39 - 43]. Different types of solid state fluoride ion 

conductors were studied as the electrolytes for the electrochemical cell. However, only a 

few of them might be suitable for the secondary battery, because the electrolyte for the 

secondary battery should possess high ionic conductivity and high electrochemical stability. 

Among the solid state fluoride ion conductors, two types of compounds with fluorite structure 
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(most of alkaline-earth fluorides) [44 - 51] and tysonite structure (most of rare-earth fluorides) 

[52 - 56] have widely been investigated as the electrolytes. 

The pure compounds with fluorite-type structure can only give low ionic conductivities at a 

moderate temperature [57]. The conductivity could be increased by doping other 

compounds with different chemical valence. Ivanov and coworkers [42, 44] studied fluorite 

structure materials of Ca1-xRxF2+x and Ba1-xRxF2+x (R = La – Lu phases) at temperature range 

of 300 – 800 K. The maximum conductivity of 1.2 × 10-4 S cm-1 was obtained for 

Ca0.65Dy0.35F2.35 and 1.9 × 10-4 S cm-1 for Ba0.6La0.4F2.4 at 500 K. Sorokin’s group [45 - 47] 

further investigated the rare-earth elements doped fluorite structure materials in single 

crystals (Sr1-xRxF2+x, Ba1-xRxF2+x and Ca1-xRxF2+x, R is rare earth element) from 300 - 1100 

K. They found that the maximum conductivity in these materials was related to their 

minimum activation enthalpies of fluoride ions migration. Variations in the magnitude of 

conductivity were due to the different concentrations and mobility of conducting species 

which was determined by their defect structure. They also claimed that the dominant 

conducting species were the interstitial fluoride ions. 

Similar with the fluorite-type compounds, the ionic conductivities of the compounds with 

tysonite-type structure can also be significantly improved by incorporating aliovalent 

fluorides. Typical tysonite-type compounds based on LaF3 and CeF3 have been reported as 

the best fluoride ion conductors. Takahashi and coworkers [52] studied the relationship of 

the conductivity of CeF3 based solid solution containing different aliovalent dopants, such 

as CaF2, SrF2, BaF2 and ThF4. They found that the ionic conductivity could be increased by 

doping 5 % of divalent fluoride in all cases. However, the conductivity was decreased by 

doping ThF4. So they claimed that the ionic current was carried by the migration of fluoride 

ion vacancies, the number of which was increased by doping difluoride. The highest 

conductivity of 4 × 10-2 S cm-1 was obtained in (CeF3)0.95(CaF2)0.05 compound at 573 K. 

Rongeat [58] investigated the fluoride ion conductivity of La1-yBayF3-y (0 < y < 0.15) prepared 

by a mechanical milling method. It was also found that the ion conduction is controlled by 

vacancies in the grain boundaries, which means that the vacancies in the grain boundaries 
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are not as fast as those present in the grains. The ionic conductivity of the samples could 

be improved by a high temperature treatment, because it could reduce the grain boundaries.  

1.3.2.3 Fluoride ion batteries 

After the fundamental researches and applications in sensors and other electronic devices, 

some new interests in the fluoride ion conductors has been noticed for the application as 

energy materials, especially fluoride ion battery. The development of fluoride ion battery 

originated from the solid state fluoride ion conductors mentioned above. Solid state fluoride 

ion battery was proposed in early studies, however, mainly as primary battery [59 - 65]. 

Kennedy and Hunter [58] reported the thin-film fluoride ion battery by using CuF2 as cathode, 

Pb metal as anode with a fluoride ion conductor of PbF2 as electrolyte. The open-circuit 

voltages (OCV) were 0.61 – 0.7 V, which was in agreement with theoretical value of 0.7 V. 

However, this type of battery was not rechargeable. Solid solutions based on BiO0.09F2.82, 

AgF doped PbF2 or BaF2 were investigated as the electrolyte for fluoride ion battery with Pb 

metal as the anode by Schoonman [60, 63]. The cells were rechargeable, but the capacities 

were still very low in fact. Their researches revealed that passivation layers were formed on 

the surface of anode which could deteriorate the cell performance. However, by using some 

alloy anodes, such as Ca1-xMx (M= Yb or La, x < 0.25), the passivation was strongly reduced 

compared to the pure Ca anode [64, 66]. The OCV could reach around 3 V in the cell of 

Ca1-xMx vs. BiO0.1F2.8. There are also other proposed solid state fluoride ion batteries. But 

either they were not rechargeable or the capacities were low. 

Recently, a rechargeable solid state fluoride ion battery has been reported by Fichtner et al. 

[67]. Because a high fluoride ion conductivity of 2.8 × 10-4 S cm-1 could be obtained in the 

nanocrystalline La0.9Ba0.1F2.9 at 160 °C, the battery was built using this compound as the 

electrolyte. Different metal fluoride compounds such as BiF3, CuF2, SnF2 and KBiF4 were 

tested as the cathodes and cerium metal was tested as the anode. Typical thickness of the 

cell was around 900 μm (cathode layer: 30 μm, electrolyte layer: 750 μm, anode layer: 120 

μm). The OCV of these cells were in good agreement with the theoretical voltage values. 

The initial discharge capacity of 322 mAh g-1 with an average discharge voltage of 2.5 V 
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was determined by using BiF3 as the cathode, which was 61 % of the theoretical capacity 

(527 mAh g-1). First discharge capacities of 190, 183, 160 and 177 mAh g-1 could be 

obtained for the BiF3 solid solution, SnF2, CuF2 and KBiF4 cathode, respectively (Fig.1.5). 

On subsequent cycling the capacity faded gradually and reached 50 mAh g-1 after 38 cycles. 

Fig.1.5. Discharge curves of various metal fluorides vs. Ce cells (a) and cycling behavior 

of BiF3 solid solution electrode (b). All the cells were operated at 150 °C with a current 

density of 10 μA cm-2 [67]. The figures are reused with permission. 

The reaction mechanism of the solid state fluoride ion battery was investigated as well by 

XRD technique. Diffraction peaks of Bi and Cu metals were observed in the BiF3 and CuF2 

cathodes after the initial discharge and disappeared in the recharged states accompanied 

the formation of corresponding fluorides, indicating the transfer of fluoride ions. However, 

the capacities faded fast during the following cycles. The 38th discharge capacity decayed 

to 50 mAh g-1 in the case of BiF3 solid solution cathode. The authors claimed that the reason 

for the capacity fading was due to the contact losses at the electrode/electrolyte interface 

during the electrochemical reaction. 

The concept of fluoride ion battery based on liquid electrolyte has been proposed as well. 

However, it is a challenge to get “free” fluoride ions due to their high electronegativity. In 

the recent patents, Weiss [68, 69] demonstrated a fluoride ion electrolyte based on different 

ionic liquids or different fluoride salts dissolved in common solvent. But there was no further 

detailed investigation in the later publication. After that, Gschwind et al. [70, 71] reported an 
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ammonium bifluoride-doped polyethylene glycol matrix as the liquid electrolyte for fluoride 

ion battery. When using BiF3 as the cathode and lithium foil as the anode, an initial discharge 

capacity of 189 mAh g-1 could be obtained. However, a rechargeable capacity was not 

reported by using this type of liquid electrolyte. 

1.4 Motivation and scope of this thesis 

For current solid state fluoride ion battery, a critical problem is that the practical capacity is 

considerably below that of the theoretical value and fades rapidly during the further cycles. 

One reason for this problem might be the thick solid electrolyte layer of this system, which, 

for mechanical reasons, has a thickness of 700 – 800 µm. The thickness can cause a high 

resistance, leading to a poor electrochemical performance. According to the following 

equation 1.10, the overall conductance G increases if the thickness d of the electrolyte layer 

decreases. 

G = σA / d                                          (Equation 1.11) 

where σ is the conductivity and A is the area of the film. Therefore, a thin film electrolyte 

may be a promising approach to improve the performance of the solid state fluoride ion 

battery, due to its improved overall ionic conductance. 

However, the synthesis of the thin film electrolyte is facing a major challenge for several 

reasons [72]. Firstly, the electrolyte has to be electronically insulating when thin, but must 

also be ionically conductive. Secondly, it is difficult to control the thickness of the electrolyte. 

So some special techniques, which usually are time-intensive and not cost effective for the 

commercial application, need to be used to prepare the thin film electrolyte. Thirdly, the thin 

film electrolyte should be able to live with the physical stresses that originate from the 

expansion/contraction during the charge/discharge process, indicating that the battery will 

be short if the thin film electrolyte is not mechanically strong enough.   

Studies on the thin film electrolyte for lithium ion battery have grown in recent years. Many 

methods have been employed for fabrication of thin film electrolyte, such as chemical vapor 

deposition (CVD), pulsed laser deposition (PLD), physical vapor deposition (PVD). Thus, to 
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improve the electrochemical performance of fluoride ion battery, a first generation of the 

fluoride ion battery using the thin film electrolyte was developed.  

The thin film electrolyte for fluoride ion battery is studied in this thesis, including the optimal 

composition of the electrolyte, the optimal preparation conditions and the electrochemical 

performance of the fluoride ion batteries using the thin film electrolyte. Naturally, this new 

energy storage system still has some problems, but potential solutions were proposed in 

the thesis. This PhD work opened a new door and more efforts will be distributed on this 

topic in the future. 
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Chapter 2: Materials and analytical methods 

2.1 Materials and chemicals 

The materials and chemicals were supplied by several chemical companies. Most of were 

from Sigma-Aldrich and Alfa-Aesar. The details are given in table 2.1. 

Table 2.1. Description of materials and chemicals. 

Materials or chemicals Formular Purity Supplier 

Lanthanum fluoride LaF3 99.9% Alfa-Aesar 

Barium fluoride BaF2 99.9% Alfa-Aesar 

Magnesium fluoride MgF2 99.6% Alfa-Aesar 

Lanthanum acetate La(CH3COO)3 · 1.5H2O 99.99% Alfa-Aesar 

Barium acetate Ba(CH3COO)2 >99.0% Alfa-Aesar 

Calcium fluoride CaF2 99.99% Sigma-Aldrich 

Tin oxide SnO2 99.9% Alfa-Aesar 

Indium tin oxide (ITO) In1.8Sn0.1O2.9 99.99% Alfa-Aesar 

Carbon nano-tube C  LoLiTec Inc. 

Trifluoroacetic acid CF3COOH 99.5+% Alfa-Aesar 

Isopropanol C3H8O > 99.7% Sigma-Aldrich 

Carbon black C 99+% Alfa-Aesar 

Bismuth metal Bi 99% Sigma-Aldrich 

Copper metal Cu 99% Sigma-Aldrich 

 

2.2 Analytical methods 

  2.2.1 X-ray diffraction (XRD) 

XRD is an analytical technique which is primarily used to identify the crystal structure, phase 

compositions and crystalline size of the samples.  
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X-rays are electromagnetic waves (or photons) with the energy E = hc / λ, for which the 

wavelength λ is on the order of 10-10 m (h is Planck’s constant and c is the speed of light). 

In 1912, Max von Laue discovered that crystalline substances act three-dimensional 

diffraction gratings for X-ray wavelengths similar to the spacing of planes in a crystal lattice 

[1 - 3]. X-ray diffraction is based on constructive interference of monochromatic X-ray and 

a crystalline samples. These X-rays are generated by a cathode ray tube, filtered to produce 

monochromatic radiation, collimated to concentrate and directed toward the sample. The 

interaction of the incident rays with the sample produces constructive interference (and a 

diffracted ray) when conditions satisfy Bragg’s law (nλ = 2d·sinθ) [4 - 6]. This law relates 

the wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing 

in a crystalline sample. These diffracted X-rays are then detected, processed and counted. 

By scanning the sample through a range of angles, all possible diffraction directions of the 

lattice should be attained due to the random orientation of the powdered materials. 

Conversion of the diffraction peaks to d-spacings allows identification of the mineral 

because each mineral has a set of unique d-spacings. Typically, this is achieved by 

comparison of d-spacings with standard reference patterns, as shown in Fig.2.1. 

 

Fig.2.1. An illustration of Bragg’s law. Consider two incident X-ray beams that hit atoms 

situated in separate parallel scattering planes of a crystal.  

The path lengths of the two beams, from the x-ray source to the detector, differ by twice the 

length denoted by δ in the figure. By simple triangular geometry it can be found that 2δ = 



2. Materials and analytical methods 

‐ 25 ‐ 
 

2d sinθ. It is assumed that the two incident beams are in phase before hitting the lattice. If 

the outgoing beams shall also be in phase, the difference in their path lengths must equal 

an integer multiple of the wavelength λ, i.e. 2δ must equal nλ, n ∈ Z. 

In this work, all the XRD measurements were carried out on a STOE STADI P instrument 

which is shown in Fig.2.2. 

 

Fig.2.2. Picture of the STOE XRD instrument in this work. 

  2.2. X-ray photoelectron spectroscopy (XPS) 

XPS, also called ESCA (electron spectroscopy for chemical analysis), is one of the most 

widely applied techniques for the surface analysis [7 - 9]. XPS was developed by the K. 

Siegbahn group from University of Uppsala in Sweden in the middle of the 1960s. It can 

detect all the elements in principle. However, via a typical laboratory-scale X-ray source, 

XPS only can detect the elements with an atomic number of 3 and above. For H, 1s 

electrons are valence electrons and participate in chemical bonding. Any signal from H 

would overlap with signals from excitation of valence electrons from other surface atoms. 

Also, photoionization cross sections for electrons of H and He are too small. Thus, it is 

difficult to analyze the elements of H and He by XPS. The information about the surface 



2. Materials and analytical methods 

‐ 26 ‐ 
 

layers and thin film structures that XPS can provide is of great value in considerable 

applications, such as surface modification of polymer, corrosion, catalyst, semiconductor 

and dielectric materials [12 - 15]. 

 

Fig.2.3. Basic principle of photoemission process in a XPS. 

Fig.2.3 shows the principles of photoemission process in a XPS. When XPS measurement 

is proceeded, the samples are irradiated by an X-ray beam with an energy of hυ in the 

ultrahigh vacuum chamber. Core level electrons of atoms on the surface are emitted. The 

characteristic binding energy (Eb), which gives the information of the identity, chemical state 

and quantity of an element, can be calculated through the kinetic energy (Ek) of the emitted 

electrons according to the equation 2.1. 

Eb = hυ - Ek - ϕ                                       (Equation 2.1)    

where h is Plank constant, υ is frequency of the photon and ϕ is spectrometer work function. 

To detect the kinetic energy of the emitted electrons, a concentric hemispherical analyzer 

(CHA) was fabricated on the XPS instrument in this work. After the electrons are emitted 

from the surface of sample, they enter the input lens assembly of the CHA. The lens 

assembly retards the initial kinetic energy of the incoming electrons and focuses them onto 

the entrance region of the main part of the CHA. A voltage is applied between the inner and 
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outer hemisphere. Electrons must possess a specific kinetic energy to be transmitted 

through the analyzer so that an electron energy spectrum can be recorded. The combination 

of peaks area and sensitivity factors allows to calculate mole fractions with a detection limit 

of a few tenths of percent as well [16, 17].  

In this work, all the XPS (PHI 5800 ESCA System, Fig.2.4) measurements were done using 

monochromatic Al-Kα radiation (250 W) at a detection angle of 45° with a pass energy of 

29.35 eV at the analyzer. Binding energies of the XPS peaks were referenced to the C 1s 

signal of carbon at 284.8 eV. Before the measurement, all the samples were treated by 

sputtering to remove the oxide surface. The measurements were carried out at the Institute 

of Surface Chemistry and Catalysis, Ulm University, Germany. 

 

Fig.2.4. Picture of the XPS instrument. 

  2.2.3 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDX) 

SEM is an electron microscopy technique to observe the morphology, microstructure and 

chemical composition of materials. When the SEM experiment is running, the samples are 

scanned in a raster scan pattern with an electron beam. Thus, a series of different signals 

are generated through the interaction of the electrons with the material. Fig.2.5a shows the 
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regions from which the different signals can be detected. It is difficult to detect all kinds of 

these signals for a scanning electron microscope. The Most widely used signal is the 

secondary electron emission signal [18 - 20]. When the primary beam strikes the sample 

surface causing the ionization of atoms, loosely bound electrons may be emitted and these 

are referred to as secondary electrons. As they have low energy, they can only escape from 

a region within a few nanometers of the sample surface. So secondary electrons accurately 

mark the position of the beam and give topographic information with good resolution. 

Moreover, the characteristic X-rays are helpful to investigate the elemental composition of 

a sample. And these X-rays can be generated when an electron is excited from the inner 

shell by the primary electron beam. Then an electron locates on the higher energy shell fills 

this vacancy and releases the energy in the form of X-ray. Fig.2.5b gives the principle of 

EDX spectroscopy. Every element possesses a set of peaks that depend on its unique 

electronic structure. EDX measurement is based on this principle [21 - 24]. 

 

Fig.2.5. Different type of signals generated by the interaction of electron beam and sample 

in SEM (a) and the basic principle of EDX spectroscopy (b) [23]. The figures are reused 

with permission. 

In this work, all the SEM micrographs were collected by a Leo-1530 scanning electron 

microscope with a field emission electron gun (Tungsten). The microscope was equipped 
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with an X-ray detector (X-MaxN) to perform the EDX analysis and mapping for the samples. 

The picture of this instrument is shown in Fig.2.6 

 

Fig.2.6. Picture of the SEM instrument with an EDX detector. 

  2.2.4 Electrochemical impedance spectroscopy (EIS) 

In this work, all the ionic conductivities of the solid state electrolyte films were determined 

by EIS measurement. EIS is a well-known experimental method to investigate and analyze 

the interface phenomenon of an electrochemical system. It uses a small voltage amplitude, 

which is often in the range of 5 to 10 mV, causing a minimal perturbation in the 

electrochemical test system. An important feature of EIS is that a pure electronic model can 

be used to represent the tested system. An electrode interface undergoing an 

electrochemical reaction is typically analogous to an electronic circuit composed of a series 

of resistors and capacitors, i.e., equivalent circuit [25 - 27]. Thus, the information of the test 

system can be obtained through analyzing the equivalent circuit. 

EIS measurements can be carried out by two modes, including potentiostatic (applying a 

potential U to the samples, then measuring the resulting current I) and galvanostatic (giving 

a current I to the sample, then measuring the resulting potential U). In this work, the 

potentiostatic mode was chosen, due to its wide dynamic range and un-problematic 

perturbation amplitude control. An AC potential 
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u t  = U · sin(ωt)                                        (Equation 2.2) 

is applied to the samples, where U is the magnitude of the potential and ω = 2πf is the 

angular frequency of the AC signals. Thus the responses of the current will be  

i t  = I · sin(ωt + φ)                                     (Equation 2.3) 

where φ is the phase shift between the potential and current. Then the impedance Z can be 

determined as equation 2.4 [28]. 

Z = u(t)  i t  =⁄ 	U · sin(ωt)  I ·  sin (ωt + φ)⁄                   (Equation 2.4) 

If the range of frequencies ω is large enough in the measurement, the result will be an 

impedance spectrum which is usually named Nyquist plot. From the Nyquist plot, lots of 

information about the tested electrochemical system, such as the resistance, capacitance, 

and Warburg resistance, can be collected through a fitting process using an equivalent 

circuit. In this work, the main aim was to investigate the resistance, because the ionic 

conductivity of the electrolyte film could be calculated from it. The EIS instrument in this 

thesis was Zahner IM6 EIS spectrum analyzer which is shown in Fig.2.7. The frequency 

range was 4 MHz to 1 Hz, and the voltage amplitude was 10 mV. 

 

Fig.2.7. Picture of the EIS spectrum analyzer. 
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Chapter 6: Summary and perspective 

A new type of solid state fluoride ion battery with a thin film electrolyte has been developed 

in this thesis. The thin film electrolytes were fabricated by a spin-coating technique. The 

optimal composition and preparation conditions for the thin film electrolyte were investigated. 

Different cathodes and anodes were applied in the cells and their influence on the 

electrochemical performance of the cells was studied, as well.  

In Chapter 1, the principle of the battery was introduced. The features of several secondary 

batteries based on Li+, Mg2+, Cl- and F- have been compared. The motivation and the 

scientific problems of this thesis were proposed. 

In Chapter 2, a brief introduction of the chemicals used in the synthetic process, 

experimental equipments and analytical methods were declared. 

In Chapter 3, tysonite-type thin film electrolytes of La1-xBaxF3-x (0 ≤ x ≤ 0.15) were fabricated 

via the spin coating method on stainless steel substrates. All the compositions had tysonite 

structures without impurity. The thickness of the films was about 5 µm. The fluoride ionic 

conductivity of the thin film electrolyte was found to be greatly improved by Ba doping, 

because defects could be formed by the incorporation of Ba into the lattice. The optimal 

composition of La0.9Ba0.1F2.9 was determined. The ionic conductivity of La0.9Ba0.1F2.9 thin film 

at 170 °C was 8.8 × 10-5 S·cm-1. Although the ionic conductivity of the thin film electrolyte 

was less the bulk type electrolyte, the overall conductance was significantly improved due 

to the reduced thickness. 

In Chapter 4, dense thin film electrolytes of La0.9Ba0.1F2.9 were fabricated on the stainless 

steel substrates to improve the ionic conductivity. The effect of sintering temperature (400, 

450 and 500 °C) and time (0.5, 2 and 4 h) was studied in order to control the morphology. 

XRD measurements showed that an impurity of LaOF was formed when the films were 

sintered at 500 °C. SEM images indicated that higher temperature and longer time of 

sintering resulted in denser films. The thin films sintered at 450 °C for 4 h exhibited high 

ionic conductivity of 1.6 × 10-4 S·cm-1 at 170 °C, which was similar to the bulk type electrolyte. 
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Thus, the overall conductance of the thin film electrolyte at 80 °C is comparable to that of 

the bulk type electrolyte at 170 °C. 

In Chapter 5, several assemblies of all-solid-state FIB, based on a thin film electrolyte were 

built and tested. The thin film electrolyte was fabricated on the surface of anode pellets by 

a spin coating method and could in principle reduce the diffusion distance compared to a 

conventional bulk-type solid-state FIB. Bi and Cu metals were tested as active cathode 

materials, while MgF2 was used as active anode material. The sintering temperature of the 

thin film electrolyte was optimized as well in this paper. The results showed that an all solid-

state FIB with a thin film electrolyte could work. When the thin film electrolyte was sintered 

at 450 °C, the batteries could charge and discharge, but the capacity was low and faded 

rapidly. With the thin film electrolyte sintered at 400 °C, the electrochemical performance of 

the batteries was greatly improved, probably related to a better electric conductivity due to 

residual carbon in the anode. However, the capacities still faded during the subsequent 

cycles. To solve the problem, more efforts should be invested on the following points in the 

future:  

1. It is necessary to develop a new technology to modify the contact between the cathode 

and electrolyte, because the contact at the solid state interface of the electrode and 

electrolyte was insufficient in our current batteries, leading to a large contact resistance. 

2. Loss of interparticle contact and hence capacity fading is a well-known phenomenon of 

conversion materials. The electrolyte/electrode contact may be further weakened during the 

charge and discharge process, if the electrode materials experience large volume changes. 

Therefore, using more appropriate electrode materials, or using appropriate binders for 

stabilization of the electrode/electrolyte interface is a possible approach to improve the 

electrochemical performance of FIB. 

3. The ionic conductivity of the thin film electrolyte sintered at 400 °C is much lower than 

that of the electrolyte sintered at 450 °C. But the conductive carbon in the anode will 

decompose completely at 450 °C in air. Thus, it is beneficial to replace carbon black with 
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another kind of conductive additive in the anode, which should be stable at 450 °C in air, 

such as SnO2, ITO and carbon nanotubes. 
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