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Abstract  

Solid-state batteries is one of the main contenders for domination of the future battery marked. 

Thin film technology is important in the development of these batteries. In this work, we have 

shown that amorphous thin film FePO4 with a thickness around 10 nm, deposited by atomic 

layer deposition (ALD), can reach a specific power above 1 MW/kg and approach theoretical 

capacity at lower currents. The 10 nm thin film also shows very good cycling stability at elevated 

currents and can retain 70 % of peak capacity after 8000 cycles at 80 µA (40C). The material also 

shows a significant self-enhancing mechanism leading to an increase in capacity during early 

cycling stages. We observed a capacity increase of 90 % for 10 nm after 100 cycles at 80 µA.  

In this study, we used quartz crystal microbalance (QCM) analysis to establish a stable ALD 

process for depositing amorphous thin films from the Fe-P-O system. By varying the pulsing 

ratio between the precursors, we obtained films with different compositions and chose to study 

Fe4(P2O7)3 and FePO4 more in detail. The films were uniform and flat with an RMS roughness 

below 1 nm. As the FePO4 films proved to be significantly better than the Fe4(P2O7)3, we focused 

mainly on FePO4.  

We used galvanostatic cycling (GC), cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) to characterize the electrochemical properties of the thin films. An important 

part of this study was to develop a good baseline for testing, including the use of reference 

batteries. In this work, we confirmed that LiClO4 is a better choice than LiPF6 as electrolyte for 

testing thin film cathodes, because of minimal side reactions with the steel casing. The FePO4 

thin films show a combination of capacitive and redox behavior where both contribute to the 

capacity. In this study, we have tried to separate the two contributions and find their thickness 

and current dependency.  

In an attempt to increase the area capacity of the cathodes without increasing the film thickness, 

we created soot substrates with high surface 3D structures of carbon, deposited from the flames 

of a candle. We managed to maintain the structure and evenly coat it with FePO4. Despite the 

increase in mass, we obtained no higher capacity or better battery performance from the soot 

batteries.  
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Explanation of terms  

ALD window A temperature range where we obtain stable ALD growth 

Area capacity Capacity of a battery divided by the projected area of the cathode 

Area factor Total surface area divided by projected area 

C-rate 1 divided by the number of hours required for full discharge of a 

battery, calculated from the theoretical capacity of FePO4. For 

example, 1C equals 1 hour of discharge while 10C equals 6 

minutes  

Capacitive contribution The part of the capacity of a battery that originates from surface 

reactions and not intercalation 

Charge/discharge curves Voltage (y-axis) as a function of capacity (x-axis) obtained from 

galvanostatic cycling  

Charge transfer The transition of a solved Li ion in the electrolyte to an 

intercalated ion in the electrode   

Coated soot battery Soot battery were the soot is coated with FePO4 as cathode 

Cyclic voltammogram Current (y-axis) as a function of voltage (x-axis) obtained from 

cyclic voltammetry  

dQ/dV plot  Voltage (y-axis) as a function of the absolute value of the 

differential capacity (x-axis) obtained from galvanostatic cycling  

Growth rate A measure of how fast a film grows. In this thesis, we use two 

different units for growth rate: ng/cm2 (QCM) and pm/cycle. 

Iron phosphates In this thesis, we use the term iron phosphates for all the 

compounds in the Fe-P-O system  

LS battery Battery with an uncoated steel spacer instead of a cathode 

Methyl We denote methyl in two different ways: Me in Me3PO4 and CH3 

in Al(CH3)3  

Nyquist plot Imaginary impedance (y-axis) as a function of real impedance (x-

axis) 



X 
 

Physisorption The process were a species weakly adsorbs to a surface through 

van der Waals forces  

Pulsing ratio Number of Fe(thd)3 + O3 cycles we use compared to number of 

Me3PO4 + (H2O+O3) cycles 

Solid-state battery Battery were all components are in solid-state  

Soot battery Battery with a soot substrate as a cathode 

Soot substrate A steel spacer coated with a layer of soot  

Sooting  The process where we deposit soot 

Specific capacity  Capacity divided by the calculated mass of the thin films  

Steel spacer A thin circular steel plate used in coin cell batteries to ensure 

good electrical contact. In this work we also use it as substrates 

for cathode coating.  

Steric hinderance The phenomenon when the ligands of a precursor block possible 

reaction sites  

Subcycle  In the Fe-P-O process: one ALD cycle of either Fe(thd)3 + O3 or 

Me3PO4 + (O3+H2O).  

Supercycle A full cycle including several subcycles. One supercycle with the 

pulsing ratio 3:2 includes five subcycles. 
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1. Introduction 

The world is in constant need of better batteries for numerous applications, including 

microelectronics, power tools, electric cars and grid energy storage. To meet these demands, 

scientists all over the world search for safe and cheap battery materials with high energy density 

and good power capabilities. In this search, nanomaterials play an important part as they can 

provide different properties than conventional materials. Nanomaterials can be defined as 

materials where one or more dimensions are in the nanometer scale (<100 nm). Thin films (2D 

material), nanorods (1D material) and nanoparticles (0D material) are three common groups of 

nanomaterials. Nanoparticles are already used in commercially available LiFePO4 batteries, 

which are common in off grid storage for solar panels [1]. Thin film batteries have yet to see a 

commercial breakthrough, but have shown promising properties at the research stage. One of 

the main motivations for using thin films in batteries is to realize competitive solid-state 

batteries. This thesis adds to the science for thin film batteries and focus on synthesis and 

characterization of thin film Fe-P-O compounds for use in Li-ion batteries (LIB) as cathode 

material. Atomic layer deposition (ALD) is the main synthesis method, which gives uniform and 

pinhole free thin films. In this chapter, we present the objectives, motivation, history and 

previous works relevant to this thesis.     

1.1  Objectives 

The primary objective in this study was to synthesize thin films from the Fe-P-O system and 

study their electrochemical properties for possible battery applications. The topic was highly 

motivated by the prior findings of Gandrud et al. [2-4] proving excellent properties for FePO4 as 

cathode material. Our aim was to revisit the process for deposition of FePO4 and study nearby 

phases. When mapping the Fe-P-O system we obtained films with several different compositions. 

As Fe4(P2O7)3 is a stable phase close to FePO4 in the phase diagram, and to our knowledge not 

previously tested as a cathode material, we included this in the comparative studies. The work in 

this thesis is a part of a larger study on solid-state batteries, where we want to use FePO4 as a 

reference cathode for testing solid-state electrolytes (SSE). In order to use these cathodes as 

reference for SSE studies, we needed to make a good baseline for the battery testing, including 

reference batteries without cathode and surface area measurements of the substrates. During 

the battery testing, we focused on exploring the thickness dependency of different properties 

and cycling stability at high currents.  

1.2 Motivation 

One of the largest problems of our time is global warming and climate change due to human 

emissions of greenhouse gases. The average global temperature has already increased by 
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approximately 1.0 °C due to human emissions. If we continue to emit at the same rate, we will 

most likely reach an increase of 1.5 °C between year 2030 and 2050. This will lead to severe 

changes in our ecosystems and the earth’s climate, but the consequences will be far worse if we 

reach an increase of 2.0 °C, which is inevitable if we do not act [5]. We are trying to phase out the 

uses of fossil fuels as energy source to reduce the emissions. Replacing fossil fuel powered 

transport with electric vehicles and replacing fossil fuel power plants (coal, oil and gas) with 

renewable energy infrastructure are two central measures. One major concern for electric cars is 

the charging time, which gives them some shortcomings compared to fossil fuel cars. This gives 

us a great motivation for developing new batteries that can combine fast charging, high capacity 

and long lifetime. Renewable energy sources like wind and solar, are much less predictable than 

coal and gas. As renewable energy sources replace fossil fuels, the requirement for electrical grid 

storage increases; the batteries must deliver and receive energy fast to maintain balance in the 

grid. Batteries are also essential in other applications, for example power tools, computers, 

cellphones and smaller electronics. The need for new, better and more specialized batteries is 

increasing and nanomaterials can play an important role here.  

Nanomaterials often possess altered properties than bulk materials, in particular electronic 

properties. There are several examples where going to the nano dimension has improved 

battery properties, such as superfast charging [4, 6] increased lifetime [2, 7], and increased 

specific capacity [8, 9]. Battery manufacturers already use nanoparticles in large-scale 

manufacturing of commercial LiFePO4 batteries, commonly used for off grid storage for solar 

panels and in electric busses [1, 10]. Thin film batteries are becoming important in 

microelectronics where they can fit into for example MEMS devices and small sensors. A 

challenge with thin film batteries is to bring them to large-scale. Even though they might have 

high specific capacity, there is so little material present that we need to pack millions of cells 

efficiently together to reach a sufficient capacity for usage in electric cars or grid storage.  

Even though thin film batteries have a long way to go for use in large-scale applications, it is an 

important step for realizing solid-state batteries. Solid-state batteries have the potential to 

become much safer, be more robust and provide significantly better lifetimes compared to 

conventional batteries. They can also re-enable commercialization of Li metal batteries, which 

can provide higher specific capacity. Our current starting point in providing insight into solid-

state thin film batteries is amorphous FePO4 deposited by ALD. Being an amorphous structure, it 

has a surface with very low roughness and can be deposited uniformly on high surface area 

structures, still proving good kinetics [2]. This makes it a good candidate as substrate for solid-

state electrolytes, which is an important step for realization of solid-state batteries.  
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1.3 History  

Li metal has a very high specific capacity of 3 860 mAh/g, and a very low redox potential at – 

3.04 V (compared to the standard hydrogen electrode) [11]. This seemingly makes it a perfect 

anode material in batteries, which was common knowledge already in the early 1970s when Li 

metal became very popular in non-rechargeable (primary) batteries [12]. In 1976, Wittingham 

experimented on a rechargeable (secondary) battery with TiS2 as a cathode and Li metal as 

anode. The battery had a voltage at around 2.2 V and a specific capacity of 209 mAh/g [13]. 

Some years later, in 1980, Goodenough’s research group published their research on LiCoO2 

(LCO) as cathode material in Li-ion batteries (LIB), being more promising than TiS2 [14]. It was 

soon discovered that the use of Li metal as an anode had severe shortcomings and safety issues 

due to dendrite formation. In 1983 Yazami found a solution to this problem, showing that Li 

could intercalate into graphite and then be used as anode [15]. By using this result, Sony 

Corporation managed to launch the first commercial LIB in 1991, with LiCoO2 as cathode and a 

carbon based anode. This battery package had an energy density of 80 Wh/kg [16], while we 

today have battery packages with energy densities exceeding 200 Wh/kg [17].  

LiFePO4 (LFP) as a cathode material was first introduced in 1996, also by Goodenough’s 

research group, where they created a composite of small particles of olivne-LiFePO4 and black 

carbon [18]. The main advantages with LiFePO4 are the low cost, non-toxicity, excellent thermal 

stability, cycling stability and safety. The biggest challenge with the material is its poor 

electronic conductivity [19]. This problem was solved by making small particles (preferably 

nanoparticles) of LiFePO4 and connect them with a conductive compound (usually carbon) [1].  

During the years, the use of LIBs have increased rapidly and several new materials have been 

tested and commercialized. Table 1.1 gives a summary of the most used LIB chemistries in the 

world, with relevant information. The anode material in all of the batteries is graphite (or other 

types of carbon) while it is the cathode materials (and the electrolytes) that varies. As we can see 

from the table, LCO was the most used cathode material in 2014, but has been surpassed by both 

NMC and LFP in 2016. Especially LFP has had an enormous increase in production were it is now 

the most used cathode material, mostly because of the use in electric busses in China. Production 

of NMC and NCA are also rapidly increasing because of the use in electric vehicles [10]. 
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Table 1.1: A The most used types of LIBs in the world in 2014 and 2016 with name, nominal voltage, specific capacity of 

the cathode material, structure type and amount of material used worldwide [10, 16, 20, 21]. 

Abbreviation Cathode material 

formula  

Nominal 

voltage 

(V) 

Specific 

capacity 

(mAh/g) 

Material mass 

used 

worldwide  

(kilotons) 

Structure 

type 

2014 2016 

LCO LiCoO2 3.6 155  45 38 Layered 

NMC LiNixMnyCo1-x-yO2 3.6 100-120 35 47 Layered 

LMO LiMn2O4 3.7 180 18 14 Spinel 

LFP LiFePO4 3.2 160 10 65 Olivine  

NCA LiNi0.8Co0.15Al0.05O2 3.6 160 9 16 Layered 

 

LIB is still a very hot research topic, maybe more important than ever. A lot of current research 

concerns solid-state batteries that are dependent on nanotechnology [22]. The idea of solid-state 

batteries is not new and has been considered since the early beginning of LIBs [23]. However, 

solid-state batteries has experienced challenges related to ionic conductivity through the 

electrolyte and electrode expansions resulting in cracking, which have prohibited 

commercialization [24, 25]. To our knowledge it is first now in 2018-2019 that solid-state 

batteries are at the verge of commercialization, were Solid Power is about to start large-scale 

production of solid-state batteries with Li metal anode [26, 27].  

1.4 Previous works 

As LiFePO4 has proven its worth as a cathode material in batteries, it would be interesting to 

investigate nearby iron phosphates. Zhang et al. have mapped the Fe2O3-P2O5 system in their 

published work from 2011 [28]. From the phase diagram they constructed, Figure 1.1, we can 

see that there are five stable, solid phases between 25-100 mole percent of Fe2O3. FePO4 was the 

only phase reported in literature as a cathode material. However, Fe(PO3)3, Fe3PO7 and Fe2O3 

show some interesting properties as anode materials, but have various shortcomings in cycling 

stability [8, 29, 30]. We found no publications on Fe4(P2O7)3 as a battery material, even though it 

is close to FePO4 in the phase diagram.    
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Figure 1.1: Phase diagram of the Fe2O3-P2O5 system with the range of 25-100 mole percent of Fe2O3. Adapted from [28].  

In order to improve and fine-tune the performance of FePO4 as a cathode material, researchers 

have experimented with many different morphologies and composites [31]. In all research with 

FePO4, it is important to work around its poor electronic conductivity, for example by using 

carbon additives. The downside with using carbon additives is that we add mass and therefore 

lower the specific capacity. One way to avoid carbon additives is to synthesize FePO4 thin films, 

as researchers have done by several methods [32, 33]. Knut Bjarne Gandrud and Anders 

Pettersen investigated thin film FePO4 as cathode material in LIBs in the period 2010-2015 [2-4, 

34]. They used ALD to synthesize amorphous FePO4, with Fe(thd)3, Me3PO4, H2O and O3 as 

precursors. Anders Pettersen investigated the optimal parameters for growth of FePO4 by 

investigating the growth rate as a function of pulse times, Figure 1.2. He used these results to 

determine pulsing parameters for stable growth of iron phosphate thin films [34]. The system 

seems to reach saturation for all precursors within the time scale.  
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Figure 1.2: Growth rate of FePO4 as a function of different pulsing parameters: (a) Fe(thd)3 and O3, and (b) Me3PO4 and 

H2O + O3.  Adapted from [34].  

After determining stable pulsing parameters, Pettersen investigated different deposition 

temperatures and different pulsing ratios between the iron and the phosphate precursor. By 

mapping the system in this way, he obtained a lot of information about the system and could 

controllably grow films with the desired composition. The aim was to grow thin films with equal 

amounts of iron and phosphorous to obtain FePO4. By varying the deposition temperature, he 

obtained an ALD window (area of stable growth) between 225-350 °C, Figure 1.3 (a). However, 

the change in temperature lead to different compositions of Fe:P in the films, Figure 1.3 (b), 

were the iron content increased with increasing temperature. By varying the pulsing ratio, he 

obtained different growth rates, Figure 1.3 (c), and different compositons, Figure 1.3 (d).  

Considering all this, Pettersen used a 60 % pulsing percentage of Fe(thd)3 and 246 °C as 

deposition temperature in his further depositions.  
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Figure 1.3: (a) growth rate of iron phosphate with 1:1 pulsing ratio as a function of deposition temperature. (b) growth 

rate as a function of pulsing ratio between Fe(thd)3 and Me3PO4, with 246 °C as deposition temperature. (c) composition 

of Fe and P in deposited films with 1:1 pulsing ratio as a function of deposition temperature. (d) composition of  Fe and P 

as a function of pulsing ratio with deposition temperature of 246 °C. Adapted from [34]. 

Based on the process developed by Pettersen, Gandrud et al. deposited and tested thin film 

FePO4 as a cathode material for Li-ion batteries, by performing both CV and GC measurements 

on various film thicknesses. They deposited the films on stainless steel substrates, and used 

them directly in batteries with 1 M LiClO4 in a 1:1 mixture of DMC and EC as electrolyte and Li 

metal as anode. Figure 1.4 shows key results from Gandrud et al.’s research where (a) and (b) 

shows the specific capacity of 23 and 12 nm FePO4 thin films at different C-rates, showing an 

incredible stability at high C-rates up to 2560C. Figure 1.4 (c) shows a CV curve with 11 cycles of 

a 46 nm film between 2.30 and 4.00 V with a sweep rate of 0.1 mV/s. Here, we notice broad 

redox peaks with low amplitude indicating a combination of battery redox reactions and 

capacitive behavior. As we can see from Figure 1.4 (d), the material experience an increase in 

capacity during the first cycles until leveling off at approximately 175 mAh/g, which is very close 

to the theoretical capacity of 178 mAh/g [2, 4]. After 600 cycles, it still has close to 170 mAh/g 

capacity, showing good cycling stability.  
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Figure 1.4: Key results from Gandrud et al.’s research on FePO4 thin films as cathode material. (a) specific capacity of a 23 

nm thin film at different currents, obtained from GC measurements with a voltage range of 2.00-4.00 V. (b) specific 

capacity of a 12 nm film at different currents with a voltage range of 2.00-4.00. (c) cyclic voltammogram of a 46 nm film 

cycled with a sweep rate of 0.1 mV/s and voltage range of 2.30-4.00 V. (d) long term cycling at 1C of a 46 nm film with a 

voltage range of 2.00-4.00 V. Adapted from [2, 4]. 

Choosing a good electrolyte is important when working with batteries, and extra important 

when testing thin film electrodes. Thin films contain limited amount of material and even small 

side reactions in the battery could be devastating for electrochemical measurements. Sauvage et 

al. has shown that several electrolytes can react with the steel casings in coin cell batteries, 

resulting in significant signals in CV and GC measurements. In their study, they tested five 

different electrolyte salts, LiPF6, LiAsF6, LiBF4, LiTFSI and LiClO4, where only LiClO4 showed no 

significant reaction with steel substrates (SS304) [35]. The signals from the reaction between 

the steel and the electrolytes are so small that we can neglected them when testing bulk 

materials. However, when testing thin films with several orders of magnitude less mass, the 

signals can completely overshadow the actual cathode reaction. Therefore, it is essential to use 

an electrolyte that does not react with the substrates or the casings, and LiClO4 appears to be a 

good choice. In large-scale battery production, it is more common to use LiPF6 than LiClO4 

because of safety hazards [36].   
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The major drawback of using thin films as electrode is the small amount of mass. One way to 

increase the amount of mass, without increasing the film thickness, is to use a 3D structured 

substrate with very high surface area. Soot is an amorphous carbon compound and forms a 3D 

network of nanoparticles with a high surface area. We obtain soot by incomplete combustion of 

hydrocarbons, for example from the flame of a kerosene candle. Louison [37] and Xu et al. [38] 

have used soot as a 3D substrate for deposition of hydrophobic thin films, were the unique 

structure led to good results. As far as we know, no one has used soot as 3D substrate for battery 

applications. However, like other carbon compounds, soot in itself has been tested as an anode 

material for batteries. It shows an acceptable capacity of 200 mAh/g over 1000 cycles at 5C, and 

good cycling stability at the research stadium [39]. Soot has also shown promising properties for 

use in supercapacitors [40], and by recycling waste-soot one can transform it into high 

performing graphite anodes [41].  
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2. Theory  

In this chapter, we will explain the theory behind central aspects relevant to this thesis. First 

focusing on the ALD process and the preparation of soot substrates, before continuing with 

battery theory. Thereafter we will explain the characterization methods used in this thesis 

including electrochemical cycling studies.  

2.1 Atomic layer deposition (ALD)  

Atomic layer deposition (ALD) is a technique related to Chemical Vapor Deposition (CVD) where 

we deposit one atomic layer at a time. This gives us very good control over the growth and the 

structure of the material. The downside is that ALD is much slower than CVD, whereas in ALD 

the precursors (reactants) are pulsed into a reaction chamber one by one to deposit one atomic 

layer at a time. Between the pulses, there is a purging step were we use inert gas to remove 

excess precursor. We can explain the ALD process as a series of cycles including several steps, as 

shown for deposition of Al2O3 in Figure 2.1 accompanied by the following eight points.  

1. Substrate with OH-terminated surface 

2. Cation pulse: Al(CH3)3(g)  

3. Al(CH3)3(g) reacts and covers the surface with Al(CH3)3(s)  

4. Purge: N2(g) removes excess Al(CH3)3(g) and byproducts  

5. A monolayer of cation (Al) is successfully deposited  

6. Anion Pulse: H2O(g) 

7. H2O(g) reacts and covers the surface with OH 

8. Purge: N2(g) removes excess H2O(g) and byproducts  
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Figure 2.1: Illustration of ALD growth of an Al2O3 thin film, showing the deposition of two atomic monolayers divided into 

eight steps explained in the text above the figure. Adapted from [42]  

The most important parameters in ALD are the pulsing time, purging time, sublimation 

temperature and deposition temperature. The pulsing and purging times must be sufficient to 

reach surface saturation according to the ALD principle, but should be as short as possible to 

save time. Too short pulsing time may lead to insufficient coating of the substrate surface, 

resulting in decreased growth rate. Too short purging time may lead to uncontrollable growth 

due to direct gas phase reaction between the precursors (CVD growth) or reactions with 

physisorbed precursors that have yet not been desorbed. We often decide pulsing and purging 

times, commonly referred to as pulsing parameters, based on a compromise between time 

consumption and saturation.  

The sublimation temperature must be high enough to reach sufficient vapor pressure for the 

solid precursors (typically 0.01 mBar), but low enough to avoid thermal decomposition and limit 

consumption of precursor. The deposition temperature can affect the ALD growth in several 

ways, as shown in Figure 2.2. We can obtain both decreased and increased growth rate at both 

high and low temperatures. What kind of impact the temperature has on the growth rate 

depends on the chemistry of the precursors. At low temperatures, condensation of the 

precursors might lead to increased growth, while low reactivity (when activation energy is the 

limiting factor) can lead to decreased growth. At high temperatures, the precursors may 

decompose and create uncontrollable growth or desorb from the surface. To obtain a good and 
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controllable ALD growth we need to keep the deposition temperature in the stable area called 

the ALD window.  

 

Figure 2.2: The different regions of ALD growth showing the desired ALD window and regions with condensation, 

decomposition, low reactivity and desorption. 

For most depositions, steric hindrance prevents complete monolayer coverage for each pulse. 

Typically, at least one of the precursors has so large ligands that they block additional active 

reaction sites. Several full cycles are then required to obtain one monolayer. This is extra 

important for deposition of ternary compounds with two different cations, when differences in 

the sizes of the ligands will affect the overall deposited composition. For such cases, there is no 

longer a direct relation between pulsing ratio and deposited composition. This is the case for 

deposition of FePO4, as we will observe later in this thesis. For further information about ALD 

and its applications, we recommend the review articles by Prakash et al. (SERS) [43], Mackus et 

al. (area-selective ALD) [44], Seo et al. (perovskite solar cells) [45] and Sun et al. (Li-sulfur 

batteries) [46].  

2.1.1 Precursors  

ALD is a sensitive and fine-tuned synthesis method where choosing the right precursors is 

essential. To obtain a monolayer growth the precursors must react very controllably and in a 

specific manner. In addition to this, we want them to be cheap, safe and easy to use. As a 

guideline for choosing good precursors, we have listed some favorable properties in Table 2.1. 
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Table 2.1: A selection of favorable properties for ALD precursors, with explanations of their impact. Inspired from [47]. 

Properties Explanation   

High volatility  No need for extra push gas or heating 

High purity  To ensure pure films, impurities can cause 

problems with the growth and cause unwanted 

reactions  

Good thermal stability To avoid decomposition in the reaction chamber, 

ALD is often performed at temperatures above 

200 °C 

Producing manageable byproducts  The byproducts must disappear from the 

reaction chamber during purging  

Non-toxic  To minimize the health hazards for the 

operators, and minimize toxic waste 

Low cost To save money 

Liquid  Has a well defined surface area that provides a 

stable vapor pressure. Easier to handle than gas 

bottles. 

 

An example of an ideal precursor is water as it has all the favorable properties, according to 

Table 2.1. Water is therefore used in several ALD processes [48], including the iron phosphate 

process. Although this table is good as a guideline, the most important property is that the 

precursor results in the wanted product. We can compensate for lack of most of the properties 

above in different ways, but a precursor is useless if it does not give the desired product. For 

instance, in this study, we used Me3PO4 and Fe(thd)3 as precursors. They are not particularly 

cheap or non-toxic and they do not have high volatility, but they are well known to result in good 

products [2, 4, 49, 50]. We have considered several other iron precursors for depositing iron 

phosphates: Fe(Cp)2, Fe2(OtBu)6, FeAMD, Fe(btmsa)2 and FeCl3, were all of them have been used 

to deposit iron containing thin films [49, 51-54]. Some of them are cheaper and might better 

fulfill the properties in Table 2.1, but then again changing the precursor might lead to a different 

result. For example, during deposition of Fe2O3 using Fe(Cp)2, an unidentified phase occurred in 

addition to the Fe2O3 [55].  

2.1.2 Soot substrates 

Thin films are desirable because of properties the nano dimension provides, but they have 

limited mass when deposited on flat substrates. We want to discover good ways to increase the 
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mass without increasing the thickness. As some researchers already have discovered, it is 

possible to use soot as a 3D substrate to maximize the amount of thin film [37, 38]. Soot is a deep 

black powdery substance consisting mostly of amorphous carbon formed as a network of 

nanoparticles [39]. We can produce soot by incomplete combustion of organic matter. A 

complete combustion reaction of a hydrocarbon releases CO2 and H2O, as shown in Reaction 1 

with ethane as an example. When there is not enough O2 present, an incomplete combustion 

takes place that forms carbon (soot) in addition to CO2 and H2O, Reaction 2. CO might also be a 

byproduct in this reaction.   

 𝐶2𝐻6 + 7𝑂2 → 2𝐶𝑂2 + 3𝐻2𝑂 Reaction 1 

 𝐶2𝐻6 + 5𝑂2 → 𝐶 + 𝐶𝑂2 + 3𝐻2𝑂 Reaction 2 

In this study, we used a candle of kerosene to produce soot substrates by coating steel spacers 

with a layer of soot. Kerosene contains different hydrocarbons where each molecule contain 6-

16 carbon atoms [56]. The principle of the combustion processes is the same for all 

hydrocarbons.  

2.2 Batteries and capacitors 

In this section, we describe the basic principles behind batteries and capacitors as well as some 

important properties and aspects. A battery stores chemical energy that we easily can convert 

into electrical energy. Batteries are similar to capacitors; the main difference is that capacitors 

only moves the charged particles in the electrodes while batteries uses redox reactions to store 

energy. Generally, batteries have high energy density but poor power capabilities compared to 

capacitors, as we can see from Figure 2.3. Electrochemical capacitors is a compromise between a 

capacitor and a battery; it exploits redox reactions on the surface of the electrodes and can still 

obtain high specific power.  
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Figure 2.3: Specific power vs specific energy for capacitors, electrochemical capacitors, lead-acid batteries (PbO2/Pb), 

nickel metal hydride batteries (Ni/MH), secondary Li-ion batteries (Li-ion) and primary Li batteries (Li-primary), shown 

in a logarithmic scale. Adapted from [57].  

2.2.1 How a battery works  

One of the oldest battery designs is the Daniell cell invented in 1836 [58], shown in Figure 2.4, 

which we here use to explain the basic principle of a general battery. The figure contains a Cu 

electrode in a CuSO4 solution, a Zn electrode in a ZnSO4 solution, a salt bridge containing KNO3 

and an external load connected to the electrodes through a conducting wire. During discharge, 

an oxidation reaction takes place at the anode (Zn electrode), shown in Reaction 3, and a 

reduction reaction at the cathode (Cu electrode), Reaction 4. Reaction 5 shows the total reaction 

and the standard reduction potential (E0) is given for the reactions.  

 𝑨𝒏𝒐𝒅𝒆: 𝑍𝑛 (𝑠) → 𝑍𝑛2+(𝑎𝑞) + 2𝑒− 𝐸0 = +0.76 𝑉 Reaction 3 

 𝑪𝒂𝒕𝒉𝒐𝒅𝒆: 𝐶𝑢2+(𝑎𝑞) + 2𝑒− → 𝐶𝑢 (𝑠) 𝐸0 = +0.34𝑉 Reaction 4 

 𝑻𝒐𝒕𝒂𝒍: 𝐶𝑢2+(𝑎𝑞) + 𝑍𝑛 (𝑠) → 𝐶𝑢(𝑠) + 𝑍𝑛2+(𝑎𝑞) 𝐸0 = +1.10𝑉 Reaction 5 

At the anode, Zn metal dissolves into the ZnSO4 solution while two electrons per Zn travel 

through the wire to the cathode. Simultaneously at the cathode, Cu ions convert into Cu metal by 

extracting two electrons per Cu from the wire. The salt bridge releases negative ions (NO3-) to 

the ZnSO4 solution and positive ions (K+) to maintain the charge balance in the solutions and 

keep the reactions going. It has to be an electronic insulator to prevent short-circuiting in the 

battery.  
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Figure 2.4: Schematic representation of the Daniell cell with Cu metal as cathode, Zn metal as anode, salt bridge with 

KNO3 and sulfate solutions as electrolytes. The electrons travel from the anode to the cathode during discharge. 

Li-ion batteries, illustrated by an LCO battery in Figure 2.5, works slightly different from the 

Daniell cell. They have in common that redox reactions occur at both the cathode and the anode 

and that there is an electronic insulating layer between them. One big difference is that the 

electrolytes in the Daniell cell are active components in the redox reactions, while the electrolyte 

in an LIB is only a transporting agent for the Li ions. Another difference is that Li ions 

intercalates into the electrodes during the redox reactions, while the Cu and Zn ions in the 

Daniell cell only reacts on the surface of the electrodes. In the LCO battery, during discharge, the 

Li ions deintercalates from the graphite anode while the graphite oxidizes and releases electrons 

to the outer circuit, as shown in Reaction 6. Then the Li ions move through the electrolyte 

followed by intercalation into the cathode where Co is reduced by the help of electrons from the 

outer circuit, as shown in Reaction 7. Reaction 8 shows the total reaction in the battery during 

discharging, where Reaction 6 and 7 are merged together. During charging the Li ions moves in 

the opposite direction and the redox reactions reverses. This reversibility makes the batteries 

rechargeable which is desirable for many applications. In addition, Li-ion batteries has a very 

high voltage (3.6 V nominal for LCO) compared to other batteries.  
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 𝐀𝐧𝐨𝐝𝐞: LiC6 → Li+ + e− + 6C Reaction 6 

 𝐂𝐚𝐭𝐡𝐨𝐝𝐞: 2Li0.5CoO2 + Li+ + e− → 2LiCoO2 Reaction 7 

 𝐓𝐨𝐭𝐚𝐥: 2Li0.5CoO2 + LiC6 → 2LiCoO2 + 6C     Reaction 8 

 

Figure 2.5: Schematic representation of the principles in a Li-ion battery, using LCO battery with graphite as anode as 

example. The Li ions move from the anode to the cathode through the electrolyte during discharge while electrons move 

through an outer circuit (not included in figure). The process is reversed during charge. 

2.2.2  Battery properties  

We rate batteries according to several different properties. Four of the most important ones are 

the physical properties capacity, energy, power and voltage. These relate to each other as shown 

in Equation 1-3, where U is voltage (V), C is capacity (Ah), E is energy (Wh), P is power (W), I is 

current (A) and t is time (h).  

 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 ⋅ 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑒𝑛𝑒𝑟𝑔𝑦 →   𝑈 ⋅ 𝐶 = 𝐸 Equation 1 

 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 ⋅ 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 𝑝𝑜𝑤𝑒𝑟 → 𝑈 ⋅ 𝐼 = 𝑃 Equation 2 

 𝑝𝑜𝑤𝑒𝑟 ⋅ 𝑡𝑖𝑚𝑒 = 𝑒𝑛𝑒𝑟𝑔𝑦 → 𝑃 ⋅ 𝑡 = 𝐸 Equation 3 

Capacity is a property that describes how much charge a battery can store; we usually use Ah as 

unit accompanied by an appropriate metric prefix. Capacity is highly dependent on the amount 

of material and we often report capacity per mass (specific capacity) or volume (volumetric 

capacity). For some applications, like thin film batteries, it is also common to report capacity per 

area (area capacity). Energy is the ability to perform work, and it is usually a more interesting 

property than capacity for practical applications. Like capacity, we often report energy per mass, 

volume or area. Power is a measure of how fast the battery can deliver energy. This is useful for 

applications that require a lot of energy in a short period of time [59].  
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In addition to the aforementioned, there are other important aspects that are not physical 

properties, including lifetime, safety and price. We can define the lifetime of a battery as how 

many cycles it can be charged and discharged before it fails to meet a certain criteria, for 

example amount of discharge capacity left compared to peak capacity. Factors like temperature, 

humidity, voltage range, charge/discharge speed (C-rate) and general use of the battery, can 

affect the lifetime. Safety is a big concern when introducing new technology and new materials 

to the society. The material should ideally be non-toxic and should not cause any harm to 

humans, animals, plant or the environment. If it is toxic, it needs safe casings, usage and disposal. 

It should not cause a fire or explosion, which have been an issue for Li batteries in the past [60]. 

Lastly, but very important for commercialization, it should be cheap. The expenses include 

investment, production and material costs and must be considered relative to properties like 

good lifetime, high energy and power [61].  

2.2.3 Conduction 

Conductivity of electrons and Li ions through the different battery components is essential for 

the battery performance. Ideally, the electrolyte should be a good Li-ion conductor and an 

electronic insulator, while the electrodes should be both ionic and electronic conductors. It is 

generally easier to transport electrons than ions. Hence, the ionic conduction (diffusion) through 

the electrodes is usually the rate-limiting step. For unmodified LiFePO4, the ionic conduction is 

better than the electronic conduction [62]. By measures like nanostructuring, adding carbon, 

coating and doping, we can change both the electric and ionic conduction [63]. In this way, Wang 

et al. managed to create ionic conducting, electronic conducting and combined conducting 

LiFePO4 samples, where the combined conductor showed the best performance [62].  

It is essential to understand the Li-ion conduction in batteries to improve the performance.  

During discharge of a battery, a Li ion must overcome several obstacles. In the anode, it must 

release an electron, which must be conducted to the current collector, and diffuse through the 

SEI (solid electrolyte interface). At the SEI-electrolyte boundary, it transfers and dissolves into 

the electrolyte. We call this process, from the Li ion intercalated in the anode to the Li ion solved 

in the electrolyte, charge transfer [64]. Then the Li ion must diffuse through the electrolyte 

before performing another charge transfer at the cathode side, over the CEI (cathode electrolyte 

interface). In the cathode, it recombines with an electron and diffuses through the material. Ionic 

and electronic conduction is essential in all these processes.  

 



19 
 

2.2.4 Capacitors and capacitance  

As we touched upon in the beginning of this section, batteries and capacitors store electric 

energy differently. While batteries rely on redox reactions, capacitors only gather charged 

particles on the surface of the electrodes. We usually rate capacitors according to their 

capacitance, rather than capacity and energy density. In an ideal capacitor, the capacitance is 

constant and equal to the charge stored on the electrode surfaces divided by the voltage 

between them. In other words, the voltage between the electrodes changes proportionally to the 

stored charge, and the other way around.  

In batteries with liquid electrolytes, a capacitive double layer will develop on the surface of the 

electrodes. The simplest model for this double layer is the Helmholtz double layer model, shown 

in Figure 2.6 [65]. Here the electrode obtains a positive charge (inner layer), for example by 

applying a voltage over the battery, and negative ions from the electrolyte will adsorb at the 

surface (outer layer). This double layer works as a capacitor and will contribute to the capacity 

in battery measurements. We can neglect this effect for electrodes with low surface area to 

volume ratio, as the capacitive contribution is very small, compared to the redox capacity. 

However, for thin film batteries with limited mass and high surface area, the capacitive 

contribution can be significant.  

 

Figure 2.6: Schematic representation of a Helmholtz double layer with a positively charged electrode and negatively 

charged ions in electrolyte. Adapted from [65]. 
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Pseudocapacitance is the phenomenon when a battery exhibits capacitor behavior while still 

depending on redox reactions [66]. This can happen when the intercalation of ions into an 

electrode is not rate-limited by solid-state diffusion, but by surface reactions (charge transfer) 

[6]. Normally, solid-state diffusion is much slower than surface reactions; hence, materials 

showing pseuodocapacitance can tolerate much higher C-rates. Since Gandrud et al. already have 

discovered and explored pseudocapacitance in thin film FePO4, we chose to focus on other 

properties in this thesis [4].  

2.3 Characterization 

This section contains theory about the characterization techniques we have used in this study. It 

includes theory about techniques used for structural and physical characterization of the thin 

films (QCM, spectroscopic ellipsometry, XRF, XRD, AFM, OP and SEM) as well as electrochemical 

characterization (CV, GC and EIS).  

2.3.1 Quartz crystal microbalance (QCM) 

Quartz crystal microbalance (QCM) is a method for analyzing deposition processes in situ by 

monitoring the resonance frequency of a piezoelectric α-quartz crystal. The amplitude of the 

vibrations depend on the vibrating frequency, where the amplitude reaches its maximum at the 

resonant frequency of the crystal. The total mass of the crystal determines the resonant 

frequency. When we deposit additional material onto the crystal, the resonant frequency will 

change as a function of thickness of the deposited film. Sauerbrey’s equation (Equation 4) shows 

the correlation between the change in frequency and the mass change [50].  

 

Δ𝑓 =  − 
2𝑓0

2Δ𝑚

𝐴√𝜇𝜌
= −𝐶Δ𝑚 Equation 4 

 

Δf is the frequency response, f0 is the resonant frequency of the uncoated crystal, Δm is the 

added mass, A is the area of the crystal, μ is the sheer modulus and ρ is the crystal’s density. We 

can calculate the amount of deposited mass as a function of time, for each step of the deposition, 

by knowing that Δf is proportional to Δm. By comparing the observations to theoretical 

calculations and hypothesis, we can establish a good approximation of the reaction mechanisms.  

By depositing an internal standard with regular intervals, we can correct for drifts in the QCM 

experiment. If we know the growth rate and the density of the internal standard, the frequency 

change of the standard relates to the mass change of the crystal according to Equation 5. 

 

Δ𝑚 =  
Δℎstandard𝜌standard

Δ𝑓standard𝑡cycle
Δ𝑓𝑠𝑎𝑚𝑝𝑙𝑒 Equation 5 
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In this equation, Δhstandard is the growth rate per supercycle for the internal standard, ρstandard is 

the density, tcycle is the length of the supercycle, Δf is the frequency change, and Δm is the actual 

mass change per supercycle [50]. By testing one pulsing parameter at a time, while monitoring 

the growth rate, we can determine which parameters that result in saturated growth. The 

chosen times should as short as possible, while still providing controlled growth. In this manner, 

we consume the least amount of precursors and obtain the fastest type of ALD growth.  

2.3.2 Spectroscopic ellipsometry  

Spectroscopic ellipsometry is a spectroscopy technique used to measure film thickness and 

refractive index (η) of transparent or semi-transparent thin films. It is non-destructive and can 

measure thicknesses between 0.1 nm and 200 μm. Figure 2.7 shows an illustration of the basic 

principles behind spectroscopic ellipsometry. During measurements, a light source emits 

linearly polarized light that interacts with the sample and converts into elliptically polarized 

light. A detector containing a polarization filter detects the change in polarization and the phase 

difference. We obtain the film thickness and the refractive index by fitting the results to an 

optical model [47]. 

 

Figure 2.7: Illustration of the basic principle of spectroscopic ellipsometry, showing incoming linearly polarized light 

becoming elliptically polarized due to interactions with the sample. A detector analyzes the change in polarization.   

Adapted from [50]. 

2.3.3 X-ray fluorescence (XRF) 

We use X-ray fluorescence (XRF) as characterization technique to measure relative amounts of 

oxides in a material. X-rays sent into the material excite core electrons to outer shells. When the 

electrons fall back down into their ground state, they emit characteristic radiation. The 

intensities of the characteristic radiations are proportional to the concentrations of different 

oxides in the sample. If we know the thickness of the films we measure, we can use the obtained 

concentration of the oxides to calculate the sample density [50]. Elements lighter than carbon 
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are difficult to characterize because of the small amount of electrons per atom and will only be 

indirectly accounted for. XRF works better for heavier elements like iron and phosphorus, which 

we use in this study. Figure 2.8 shows the basic principle of XRF where the X-rays excite 

electrons in inner shells while electrons from outer shells takes their place and emits X-rays of 

specific wavelengths.  

 

Figure 2.8: Illustration of the working principle of XRF on an atom, showing how the incoming X-rays can excite electrons 

from inner shells while outer electrons takes their place and emits new radiation with characteristic wavelengths. 

Adapted from [50]. 

2.3.4 X-ray diffraction (XRD)  

X-ray diffraction (XRD) is a characterization method used for investigating the crystal structure 

of a material. The source emits monochromatic X-rays onto the sample where the atoms scatter 

the X-rays. A detector receives those X-rays that exits the material with the same angle as they 

entered. The instrument tilts the sample and scan it in a range of different angles. Angles where 

constructive interference is detected lead to peaks in the diffractogram. The peaks corresponds 

to distances between the imagined atomic planes in the crystal lattice, and appears when the 

crystal is oriented in the correct way. To obtain constructive interference peaks in the 

diffractogram, we must fulfill Bragg’s law, given in Equation 6 and illustrated in Figure 2.9. 

 2𝑑sin𝜃 = 𝑛𝜆 Equation 6 

θ is the angle between the atomic plane and the X-rays, d is the distance between the atomic 

planes, λ is the wavelength of the X-rays and n is a positive integer. Determining a collection of 
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the plane distances in a material gives valuable information about the structure, which we can 

use to identify the material. XRD gives no significant peaks if the material is amorphous because 

of absent long-range order.  

 

Figure 2.9: Schematic illustration of Bragg’s law showing the geometrical relation between the distance of imagined 

planes of atoms (d), the wavelength of the X-rays (λ) and the angle between the X-rays and the atomic plane (θ). 

 

2.3.5 Atomic force microscopy (AFM) 

To obtain the roughness of the deposited films, we used an atomic force microscope (AFM). It 

uses a small tip, usually made of Si, Si3N4 or carbon nanotubes, to measure the topography of a 

sample with sub nanometer resolution. It is similar to a scanning tunneling microscope (STM) 

with the difference that AFM can measure non-conducting samples. Figure 2.10 shows the 

central parts of the AFM instrument, including a laser beam pointing at a cantilever (containing 

the small tip) and a detector that registers the reflected light. A sample holder moves the sample 

beneath the cantilever that bends by the height change in the surface. This leads to a change in 

the path of the light that the detector registers. We obtain an image of the sample surface with 

very good resolution, from which we can calculate the roughness and the total surface area.  
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Figure 2.10: Illustration of the working principle behind AFM. The cantilever containing a small tip sweeps over the 

sample and bends according to the topography, while the laser emits light to the backside of the cantilever. The bending 

of the cantilever changes the reflection angle of the laser beam, while the detector detects the change in reflection path. 

Adapted from [67]. 

An AFM has several different operational modes that we can divide into static and dynamic 

modes. In static modes, the tip of the cantilever must be in physical contact with the sample, 

while dynamic modes can be both contact and non-contact. In dynamic modes, the cantilever 

oscillates at a designated frequency and tries to maintain a stable amplitude. When the tip scans 

over the sample the oscillation will change, due to height differences, and the detector picks up 

the changes [68]. We used dynamic non-contact mode in this study.  

2.3.6 Optical profilometry (OP) 

An optical profiler (OP) can measure the height differences on a surface from the nanometer 

scale and up to several millimeters, which gives a good image of the topography of the sample. 

Figure 2.11 shows the basic working principle behind optical profilometry, where light goes to 

both the sample and to a reference mirror. Because of the height difference between the 

reference mirror, the sample and the beam splitter, the recombined beam after the reflection 

leads to constructive and destructive interference. The program can then calculate the height in 

each point of the sample by comparing the interference pattern to the reference. With the proper 

software, we can produce a 3D image of the surface, which holds information about the 

roughness and the total surface area [69]. 
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Figure 2.11: Basic working principle of an optical profiler where the light source sends out light to both the sample and 

the reference mirror. The camera detects constructive and destructive interference, and creates an interference image 

that can be transformed into a 3D image. Adapted from [69]. 

2.3.7 Scanning electron microscopy (SEM) 

A scanning electron microscope (SEM) scans over a sample with an electron beam and creates a 

high-resolution image by detecting the scattered electrons. The instrument can create the image 

from both secondary electrons (SE) and backscattered electrons (BSE), illustrated in Figure 2.12. 

Secondary electrons ejects from the valence shell upon collisions with electrons from the 

incoming electron beam. These electrons only acquire a fraction of the energy from the collision, 

usually less than 50 eV. Because of this, SE generated deeper than approximately 10 nm into the 

sample does not have enough energy to escape the material and reach the detector. This means 

that SE only give information about the surface of the material. On the other hand, BSE are 

scattered back by electric forces from the atomic nuclei. They have higher energy than SE and 

can therefore scan deeper into the material. Heavier atoms scatter the electrons with higher 

intensity compared to lighter atoms. SEM measurements can therefore give information about 

different compositions and distribution of elements in the material, in addition to topography.  
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Figure 2.12: Schematic explanation of the origin of secondary electrons (SE) and backscattered electrons (BSE). SE are 

electrons ejected from the valence shell by the electron beam. BSE are electrons from the electron beam that is scattered 

back from the sample. BSE have higher energy than SE. Adapted from [70]. 

2.3.8 Cyclic voltammetry (CV)  

Cyclic voltammertry (CV) is one of several ways to do electrochemical characterization of 

batteries. We perform CV measurements by varying the voltage over the battery while 

measuring the current. The sweep rate is how fast the voltage is changing and we usually use 

mV/s as unit. Figure 2.13 shows two examples of CV measurements of commercial LiFePO4 as 

cathode with sweep rates of 0.01 and 0.1 mV/s and a voltage range of 2.50-4.25 V.  

 

Figure 2.13: Cyclic voltammogram obtained from the first cycle of CV measurements of batteries with commercial 

LiFePO4 as cathode, Li metal as anode and 1 M LiClO4 in 1:1 DMC:EC as electrolyte. Performed with sweep rates of 0.01 

and 0.1 mV/s, 30 min hold at the endpoints and a voltage range of 2.50-4.25 V. Note different scales on the y-axes. 
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The figure shows clear reaction peaks during charge, starting around 3.50 V for both sweep 

rates. These peaks correspond to extraction of Li from the cathode. During discharge, similar 

peaks appear around 3.30 V, corresponding to intercalation of Li into the cathode. In order for 

these reactions to take place, we must overcome the activation energy by applying an 

overpotential. This is why the charge peak is shifted towards higher voltages compared to the 

discharge peak. We obtain information about the kinetics by considering the broadness of the 

peaks in relation to the applied sweep rate. If the reactions have few kinetic limitations and 

happens very fast, they will finish in a short time and we will observe high and narrow peaks in 

the voltammogram. If the reactions are slow, we obtain broad and short peaks. This also means 

that with a lower sweep rate, the peaks will become narrower because we allow the reactions to 

complete within a smaller voltage range, as we can see in Figure 2.13. Another important aspect 

is that amorphous materials will result in broader peaks independent on the scan rate. This is 

because amorphous materials do not have a well-defined structure, but rather consists of a 

range of sites that have local variations in electrochemical potential.  

As we explained in Subsection 2.2.4, a capacitor relies on storing electrical charge without redox 

reactions. When we perform CV measurements on capacitors, we would have mostly capacitive 

contribution, which will lead to a voltammogram shaped almost like a rectangular box as shown 

in Figure 2.14. This behavior is due to only displacement of charge (electrons, ions and 

alignment of dipoles) and no redox reactions.  

 

Figure 2.14: Cyclic voltammogram of a symmetrical capacitor showing an almost rectangular shape. Adapted from [71]. 

Since there is no such thing as an ideal capacitor or battery, CV measurements will always have 

contributions from both redox reactions and capacitance. If the battery has little capacitive 

behavior, the current signals will be close to zero outside the peaks, as we showed in Figure 
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2.13. Electrochemical capacitors and pseudocapacitors shows capacitive behavior to a much 

larger degree; the voltammograms will therefore look like a combination between Figure 2.13 

and Figure 2.14.  

2.3.9 Galvanostatic cycling (GC) 

Galvanostatic cycling (GC) is another method of electrochemical characterization. Here we 

charge and discharge the battery by applying constant currents while we measure the voltage. 

By multiplying the current with the discharge time, we can determine the capacity of the 

batteries. We obtain information about the cycle life by cycling the battery and observe the 

change in capacity. Figure 2.15 shows an example of charge/discharge curves and dQ/dV plot, 

derived from the GC measurement of the first cycle of a battery with commercial LiFePO4 as 

cathode. The charge/discharge curves shows the capacity of the battery on the x-axis, while the 

dQ/dV plot shows the amount of transferred charge at each voltage step.  

 

Figure 2.15: Example of charge/discharge curves and dQ/dV plot obtained from the first cycle of a GC measurement with 

commercial LiFePO4 as cathode, Li metal as anode and 1 M LiClO4 in 1:1 DMC:EC as electrolyte, measured with a current 

of 200 µA.  

The figure shows that plateaus in the charge/discharge curves corresponds to peaks in the 

dQ/dV plot. We mostly use dQ/dV plots to determine at which voltages reactions occur, just like 

cyclic voltammograms. The difference is that we derive dQ/dV plots from GC measurements 

where a constant current drives the reactions, while a constant voltage change is the driving 

force in CV measurements. The dQ/dV peaks are narrower, because the voltage is at the 

minimum level for the reaction to take place (and still deliver the specific current) until the 

reaction is finished. This will correspond to a CV measurement with a very low sweep rate.  
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2.3.10 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a characterization technique where we apply 

an alternating current, changes its frequency and measure the impedance of a sample. 

Impedance is a complex value consisting of resistance (real part) and reactance (imaginary 

part), where all have the unit ohm (Ω). Equation 7 shows the relation between the three values, 

where Z is impedance, R is resistance, X is reactance and j is the imaginary unit.  

 𝒁 = 𝑅 + 𝑗𝑋 Equation 7 

Resistance is a measure of how strongly a component resists a current. In an ideal resistor, the 

reactance will be zero and the impedance will be equal to the resistance. For more complex 

systems, for example batteries, we have to include reactance. There are two different types of 

reactance, capacitive and inductive. Simplified, we can say that inductive reactance (positive 

reactance) resists change in current while capacitive reactance (negative reactance) resists the 

change of voltage. Capacitive reactance is not the same as capacitance, but they are closely 

linked; the same goes for inductive reactance and inductance. Both capacitive reactance and 

inductive reactance have the unit ohm (Ω) while we measure capacitance in Farad (F) and 

inductance in Henry (H). Equation 8 shows the relation between capacitive reactance and 

capacitance, while Equation 9 shows the relation between inductive reactance and inductance.  

 
𝑋𝐶 =

1

2𝜋𝑓𝐶
→ 𝐶 =

1

2𝜋𝑓𝑋𝐶
 Equation 8 

 
𝑋𝐿 = 2𝜋𝑓𝐿 → 𝐿 =

𝑋𝐿

2𝜋𝑓
 Equation 9 

In these reactions, XC is capacitive reactance, XL is inductive reactance, C is capacitance, L is 

inductance and f is frequency. When performing EIS on a battery there are many different 

contributions to the result. Different signals appear on different frequencies dependent on the 

charge carriers, materials and interfaces involved. Small and light particles, for example 

electrons, show contribution at high frequencies. Larger, heavier and slower species need more 

time to orient themselves and therefore need lower frequencies to influence the result. There 

are also different signals for when the species orients themselves to the field, and when they 

diffuse through a material or a liquid. All these signals differ for different batteries, and the 

signals will often overlap. This makes it difficult to interpret the results in detail. Figure 2.16 

shows an example of a typical graph from a battery sweep, with suggestions on which parts 

corresponds to which contribution. By detailed analysis of several systems, it is possible to 

interpret the results in this way. However, because of the complexity, we have decided not to 

perform detailed analysis of the impedance results in this thesis.   
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Figure 2.16: Schematic representation of a typical Nyquist plot obtained from an EIS measurement of a battery. The 

different boxes represents the different types of contributions to the results. Adapted from [72]. 
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3. Experimental  

This chapter gives an overview of the instruments, software and methods used in this thesis. It 

contains information about how we performed ALD, coin cell assembly and characterization. 

The characterization section deals with both material and electrochemical characterization.  

3.1 Atomic layer deposition (ALD) 

We performed depositions with an ALD reactor (named ALD2) constructed at the workshop of 

the Department of Chemistry, UIO, which is based on an F-120 Satellite ALD reactor from ASM 

Microchemistry. Figure 3.1 shows a schematic of the reactor containing eight different 

temperature zones, where we used zone 2 for the solid precursor (Fe(thd)3) and zone 7 for the 

reaction chamber. The temperature in zone 2 is the sublimation temperature while the 

temperature in zone 7 is the deposition temperature. We used 100 °C as sublimation 

temperature for the iron precursor (Fe(thd)3) and 250 °C as deposition temperature, as this led 

to stable depositions with moderate consumption of the Fe(thd)3. We kept the nitrogen gas flow 

at 200 cm3/minute inside the outer tube and 300 cm3/minute inside the reaction chamber. The 

pressure inside the reactor was kept between 3.0 and 3.5 mBar during depositions. As Figure 3.1 

shows, we placed Fe(thd)3 in a precursor boat in temperature zone 2 inside the ALD reactor, 

while Me3PO4, Al(CH3)3 and H2O were attached to the outside of the reactor. We introduced O3 

and N2 through gas lines from the O3 generator and the N2 gas bottles, respectively. Me3PO4 had 

an extra gas line for N2 push gas because of its low vapor pressure.  

 

Figure 3.1: Schematic representation of an F-120 ALD reactor, showing the tubes and the reaction chamber from the side 

(right) and the front with external precursors (left). Solid precursors are kept inside the tubes in the reactor while liquid 

and gas precursors are attached to the outside. Inspired from [34]. 
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3.1.1 Precursors  

Table 3.1 shows a list containing information about the precursors used for ALD depositions in 

this study. In addition to the iron phosphate thin films, we deposited Al2O3 films using Al(CH3)3 

and H2O to verify that the reactor was working and as an internal standard in the QCM 

measurements. For depositions of films in the Fe-P-O system, we used Me3PO4, Fe(thd)3, H2O and 

O3 as precursors, N2 as purging gas while we used O2 gas to create O3 in the ozone generator. 

Fe(thd)3 pulsing was followed by O3 pulsing, while Me3PO4 was followed by a combined pulse of 

O3 and H2O.  

Table 3.1: A list of all the ALD precursors used in this study. The table contains name, abbreviation, chemical formula, 

purity, supplier, cas number and batch/lot number for the precursors. * symbolizes unavailable information.  

Name Chemical 

formula 

Purity  Supplier Cas nr Batch/Lot nr 

Trimethyl 

aluminium (TMA) 

Al(CH3)3 97 % Sigma 

Aldrich 

75-24-1 SHBC4275V 

Trimethyl 

phosphate (TMP) 

Me3PO4 ≥98 % Merck 512-56-1 S6497584222 

Iron(III)tris(2,2,6,6-

tetramethyl-3,5-

heptanedionate 

Fe(thd)3 Sublimed 

grade 

Volatec 14876-47-2 * 

Water (type 2) H2O Resistivity 

(MΩ.cm) > 

1. 

Generated 

at UIO 

* * 

Ozone O3 < 12 % in 

O2  

In USA AC-2025 

Ozonegenerator 

* 

Nitrogen gas N2 99.999 % Praxiar 7727-37-9 Several 

Oxygen gas O2 99,5 % Praxiar  7782-44-7 Several 

 

3.1.2 Substrates  

When depositing films for electrochemical characterization we used polished and cleaned 

stainless steel spacers, specified in Table 3.4 in Section 3.2. We polished the spacers by hand 

with sandpapers (p1200 and p2400) for approximately 5 minutes, with water as lubricant. Then 

we cleaned the polished spacers in an Ultra Clean ultrasound bath from HBO Nordica in two 

steps. First step was 10 seconds in acetone (purity ≥99.9 %) followed by 10 seconds in tap 

water. After cleaning, we dried the spacers using pressured air and stored them in plastic bags, 

until deposition. For all depositions, we used three Si substrates to control the thickness of the 
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deposited films. Figure 3.2 shows the layout in the reaction chamber for a typical ALD 

deposition, containing all the different substrates. We placed all substrates, except the A 

substrate, on a glass plate to prevent deposition on the backside. 

 

 

Figure 3.2: Illustration of the substrates inside the reaction chamber, seen from the top, showing the placement of Si 

substrates, steel spacers and soot substrates. We placed a glass plate below all substrates, except the A substrate, to avoid 

depositions on the backside.   

 

Figure 3.3: Illustration of the experimental setup for the sooting process, showing a steel spacer in contact with the flame 

1 cm above the kerosene. 
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To produce the soot substrates, we used a kerosene candle to coat steel spacers with a thin layer 

of soot. A rig kept the steel substrates approximately 1 cm above the kerosene and we made sure 

it was in contact with the flame, as shown in Figure 3.3, until we obtained an even black coating. 

This process took 15-20 seconds for each deposition.  

3.1.3 Pulsing parameters and pulsing ratios  

During film depositions for characterization, we used the parameters listed under normal 

pulsing in Table 3.2. We varied the pulsing ratios between Fe(thd)3/O3 and Me3PO4/(O3+H2O) to 

control the deposited composition of the films. To study the completely saturated growth during 

the QCM measurements we performed an experiment with the long pulsing parameters called 

excessive pulsing in Table 3.2. We also tested one precursor at the time, by varying the 

parameters between 0.5-10 s, to study the effect on the growth rate.  

Table 3.2: Pulse and purge times used for depositions of iron phosphate thin films for normal pulsing and excessive 

pulsing (QCM). The parameters for the normal pulsing are inspired from [34]. 

 Normal pulsing Excessive pulsing  

Precursors  Pulse time (s) Purge time (s) Pulse time (s) Purge time (s) 

Fe(thd)3 1.5 1.5 7.5 7.5 

O3 4.0 5.0 20.0 25.0 

Me3PO4 4.0 3.0 20.0 15.0 

O3 + H2O 6.0 8.0 30.0 40.0 

 

To obtain different compositions in the films, we varied the pulsing ratios according to Table 3.3. 

These pulsing ratios corresponds to a pulsing percentage, with respect to iron, between 60-

80 %. We wanted to examine this area because it is around the sweet spot where we obtained 

the composition corresponding to FePO4.  

Table 3.3: Pulsing scheme for depositing thin films in the Fe-P-O system with different compositions, showing the 

programs for different pulsing ratios (Fe:P). 

Pulsing ratio (Fe:P) 

3:2 2:1 3:1 4:1 

Fe(thd)3 + O3 Fe(thd)3 + O3 Fe(thd)3 + O3 Fe(thd)3 + O3 

TMP + (H2O+O3) Fe(thd)3 + O3 Fe(thd)3 + O3 Fe(thd)3 + O3 

Fe(thd)3 + O3 TMP + (H2O+O3) Fe(thd)3 + O3 Fe(thd)3 + O3 

TMP + (H2O+O3)  TMP + (H2O+O3) Fe(thd)3 + O3 

Fe(thd)3 + O3   TMP + (H2O+O3) 
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3.2 Coin cell battery assembly 

We assembled coin cell batteries in a LABmaster SP glovebox from MBRAUN with Argon 

atmosphere of purity ≥ 99,999 % (Ar 5.0), by using the recipe shown in Figure 3.4.  

 

Figure 3.4: Schematics for assembly of a coin cell battery, showing the order of components inside the battery. Cathodes 

are usually steel spacers with thin films of iron phosphates. See Table 3.4 and Table 3.5 for detailed information about the 

components and the chemicals. 

The cathode used in most of the tested batteries in this thesis consisted of a steel spacer with a 

deposited thin film on the side facing the separator. In the LS batteries, we exchanged the 

cathodes with uncoated steel spacers, while we used soot substrates in soot batteries. We used 

80 µl of electrolyte measured with a pipette from VWR in the assembly. Table 3.4 shows a list of 

the remaining parts we used in the assembly of coin cell batteries, while Table 3.5 shows a list of 

the chemicals. We used steel caps of type 304, containing iron, chromium, nickel and carbon. 

While we used steel spacers of type 316 that is more corrosion resistant because they also 

contain molybdenum [73]. We used two types of electrolyte salts, LiPF6 and LiClO4 both mixed in 

a 1:1 mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC), with a salt 

concentration of 1 M. The suppliers mixed the LiPF6 mixture, while we made the LiClO4 mixture 

by hand in the glovebox.  
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Table 3.4: List of parts used in coin cell assembly including type of material, size/specifications, supplier and batch/lot 

number. * symbolizes unavailable information. 

Coin cell part Material  Size/Specification  Supplier Batch/Lot nr 

Spacer Stainless steel, 

316 

Diameter: 15.8 mm 

Thickness: 0.5 mm 

Pi-Kem * 

Cathode cap  Stainless steel, 

304 

CR2032 Pi-Kem 11801 

Anode cap Stainless steel, 

304 

CR2032 Pi-Kem 11801 

Spring Stainless steel, 

304 

* Pi-Kem * 

Separator Glass filter Whatman paper 

grade GF/C 

GE 9675832 

 

Table 3.5: List of chemicals used in the batteries, with purity, supplier, cas number and batch/lot number. 

Compound Abbreviation/Formula Purity  Supplier CAS nr Batch/Lot nr 

Li 

hexafluoride  

LiPF6 H2O ≤ 20 ppm 

HF ≤ 50 ppm 

(battery grade) 

Merck 21324-

40-3 

D010036828 

Li 

perchlorate 

LiClO4  99.99 % 

(battery grade, 

dry) 

Sigma-

Aldrich 

7791-

03-9 

33960 

Ethylene 

carbonate 

EC/C3H4O3  99 % 

(anhydrous) 

Sigma-

Aldrich 

96-49-

1 

SHBB0563V 

Dimethyl 

carbonate 

DMC/(CH3O)2CO ≥99 % 

(anhydrous) 

Sigma-

Aldrich 

616-

38-6 

SHBK0923 

Li metal Li (discs) 

Diameter: 15.5 mm  

Thickness: 0.4 mm 

≥99.9 % China 

Energy Li 

CO 

7439-

93-2 

201501041 
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3.3 Characterization 
This section provides information on the instruments, software and parameters used for 

characterization of the iron phosphate thin films. We start by describing the instruments used 

for physical and structural characterization before going into the electrochemical 

characterization.  

3.3.1 Quartz crystal microbalance (QCM) 

For studying the ALD growth in situ, we used a specialized QCM setup constructed at the 

workshop of the Department of Chemistry, UIO. Figure 3.5 shows the setup containing a reaction 

chamber with quartz crystals placed in holders connected to a wire. The crystals are gold-coated 

6 MHz α-quartz crystals from INFICON. The electric wires exits the reactor through coaxial 

electric feedthroughs.  

 

Figure 3.5: Setup for QCM measurement with ALD, showing the inside of the reaction chamber with quartz crystals, 

holders and electric wires. Homebuilt configuration. 

3.3.2 Spectroscopic ellipsometry 

To measure the thickness of the thin films, we used a Woollam alpha-SE with a tungsten light 

bulb as light source. We analyzed the results with CompleteEase software. The instrument used 

a static incident angle of 70 °C with the range of 380-900 nm and recorded the refractive index 

at 632.8 nm. We used a Cauchy function optimized for transparent thin films on Si substrates to 

fit the data.  

3.3.3 X-ray characterization (XRF and XRD) 

Researcher Michael Getz performed XRF measurements on an Axios Minerals instrument from 

Panalytical. He used the Stratos method for modelling the relative composition of the elements 

in the samples.  
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We used a D8 Discover X-ray diffractometer from Bruker with a Cu K-α1 source for XRD 

characterization of the thin films to confirm that they were amorphous. For the measurements, 

we used 2θ values between 10-90° with a timescale of 10 s/step. 

3.3.4 Atomic force microscopy (AFM) 

We used a Park Systems XE-70 atomic force microscope for AFM measurements. An anechoic 

box concealed the whole instrument and an anti-vibration sample holder reduced background 

vibrations during the measurements. We performed the measurements in non-contact mode 

using a non-contact high-resolution tip from Park Systems, a scan size of 10⋅10 µm and a scan 

rate of 0.50 Hz. XEP software controlled the AFM, and we used Gwyddion for data analysis. We 

performed three measurements on separate points for each sample.  

3.3.5 Optical profilometry (OP) 

With the help from the Department of Odontology at UIO, we performed OP measurements with 

an S Neox non-contact optical profiler from Sensofar (Spain), which can measure height 

differences between 0.1 nm and 25 mm. The software SensoSCAN 6.3, also from Sensofar, 

controlled the optical profiler. The instrument used an EPI 150x objective, and bright field mode, 

to create images of five random non-overlapping positions per sample. Each measurement was 

performed by scanning an area of 116.96 ⋅ 88.06 µm (1360 ⋅ 1024 px). The software SesoMap 

Standard 7.3 (Sensofar, Digital Surf’s Mountains Technology ®, Spain) flattened out the images 

by subtraction, reconstructed and numerically processed the measurements into 3D 

topographical parameters. We used Gwyddion to analyze Sur-files from SesoMap to obtain RMS 

roughness and total surface area.  

3.3.6 Scanning electron microscopy (SEM) 

We used a scanning electron microscope of the type Hitachi SU8230 Ultra High Resolution Cold 

FE-SEM to study the structure of both uncoated and coated soot substrates. For imaging, we 

used 5 mm working distance, 10 µA emission current and 10 kV acceleration voltage.  

3.3.7 Electrochemical characterization (CV, GC and EIS) 

We performed CV and GC measurements on an MPG 2 research grade battery tester and EIS 

measurements on a VSP; both instruments are from Bio-Logic. The instruments have a current 

resolution of 760 pA and a voltage resolution of 5 µV. For simplicity, we only report the voltages 

with one or two decimals and the currents with no decimals. For CV measurements, we used 

voltage ranges of 2.50-4.25 V for characterizing Fe4(P2O7)3 and 2.00-4.00 V for FePO4 with a 

sweep rate of 0.1 mV/s and a 30 min hold at each of the endpoints. 

It is common to use specific C-rates or currents relative to mass (mA/g) when testing electrode 

materials. This is because the capacity of a material and the ability to handle large currents, 
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usually increases with increasing mass. This is however not the case for iron phosphate thin 

films. Therefore, we found it more reasonable to use the same currents for all GC measurements 

and not differentiate according to thickness and mass. We performed two types of GC 

measurements that we call standard GC measurement and cycle life measurement. A standard 

GC measurement consists of three series of currents, shown in Table 3.6. The first and the third 

series are the same, while the second series consists of higher currents. We performed 20 

charge/discharge cycles at each current and used the same voltage ranges as in CV 

measurements. We designed the program in this way to both study the materials’ behavior at 

different currents and to see how the behavior changed after cycling at high currents. We 

performed cycle life measurements at both 2 and 80 µA, where we cycled the material many 

times with the same current.  

Table 3.6: Currents used in the standard GC measurement program, divided into three series where the first and the third 

are the same. Each series have six different current steps where the first and last current are the same. 

First series/Third series Second series 

20 µA 320 µA 

40 µA 640 µA 

80 µA 1280 µA 

160 µA 2560 µA 

320 µA 5120 µA 

20 µA 320 µA 

 

For EIS measurements, we used a frequency range of 1 MHz-500 mHz and an amplitude of 10 

mV. We measured impedance in the batteries at specific voltages during stepwise charging and 

discharging. At each voltage step, we controlled that the current through the battery was less 

than 0.5 µA before performing the impedance measurement. The voltage steps we used were 

2.0, 2.5, 3.0, 3.5 and 4.0 V. We performed all EIS measurements on batteries that had undergone 

a standard GC measurement in advance. 
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4. Results 

In this chapter, we present the results obtained during this study, starting with the results from 

the depositions of the iron phosphates and the material characterization, before we present the 

results from the electrochemical characterization. We discuss the results shortly as they are 

introduced, while we present a more complete discussion in Chapter 5.  

4.1 Deposition of iron phosphates 

In the beginning of this section, we determine the pulsing parameters and investigate the ALD 

growth in situ with QMC. We then continue with deposition and characterization of iron 

phosphates with different compositions, where we select FePO4 and Fe4(P2O7)3 for further 

studies. Furthermore, we analyze the roughness of the thin films and look for crystallinity, 

before we bring the results together and calculate the mass of the deposited thin films. In the 

end, we study FePO4 films deposited on soot substrates.      

4.1.1 Pulsing parameters and growth saturation 

We used QCM to study the ALD process in more detail and to confirm the choice of pulsing 

parameters. Figure 4.1 and Figure 4.2 shows the key results extracted from the QCM 

measurements with respect to variations in pulse and purge times with basis in the parameters 

determined by Pettersen as starting point [34]. Figure 4.1 shows the growth rate of the film as a 

function of pulse/purge time for each precursor and gives clear signs of saturated ALD type of 

growth with little variation in growth rate. The growth appears very similar to the one reported 

by Pettersen [34] and we continued to use the same parameters as Pettersen, listed under 

normal pulsing in Table 3.2 in Subsection 3.1.3. In this way, it became easier to compare our 

results with Gandrud et al. and Pettersen.  
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Figure 4.1: Growth rate vs pulse/purge time for the different precursors used in deposition of iron phosphate with added 

trend lines, obtained from QCM measurements: (a) Fe(thd)3, (b) Me3PO4, (c) O3 and (d) H2O + O3. One specific parameter 

was changed at a time while the other parameters were kept constant and equal to those listed under normal pulsing in 

Table 3.2 in Subsection 3.1.3. Note that Me3PO4 has a different scale on the x-axis. 

Figure 4.2 shows the average QCM response as a function of time. The left figure shows the 

growth for excessive pulsing while the right figure shows the growth with normal pulsing 

parameters (Table 3.2 in Subsection 3.1.3). The experiment with excessive pulsing has larger 

signals for each pulse and purge compared to the measurement with normal parameters, but 

they both show a total growth rate of approximately 50 ng/cm2 per cycle. During the excessive 

pulsing, we exposed the surface to large amounts of precursor to ensure saturation in each step. 

However, such overexposure also requires long purging times, and the parameters are not fully 

independent. We reach a more optimal situation with respect to time consumption during 

normal pulsing. Ideally, only the change in mass should affect the QCM signal, but in reality, it is 

also affected by variations in temperature, gas flow and pressure. Such impact is most noticeable 

when we use ozone as reactant since it will influence the temperature of the sensor by its own 

decomposition reaction. Nevertheless, the results are useful to approximate the reaction 

mechanisms, as we will discuss in Section 5.1.  
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Figure 4.2: Growth rate vs time plot obtained from QCM measurements of the iron phosphate ALD process, with a 1:1 

pulsing ratio. Left figure shows the average response from 20 cycles of excess pulsing and the right figure shows the same 

for normal pulsing parameters. The individual pulses and purges for each precursor are marked in the figure. 

4.1.2 Film compositions and growth rates  

After determining the pulsing parameters, we began investigating effects of different pulsing 

ratios to obtain control of the compositions in the thin films. We used four different pulsing 

ratios: 3:2, 2:1, 3:1 and 4:1 as shown in Table 3.3 in Subsection 3.1.3. These ratios corresponds 

to pulsing percentages, with respect to Fe, of 60, 67, 75 and 80 %, respectively. We used XRF to 

measure the composition of the thin films and the results are shown in Figure 4.3 (a). The figure 

shows that we obtained a film with equal amounts of Fe and P, corresponding to FePO4, with a 

pulsing ratio of 3:1. With a pulsing ratio of 3:2 we obtained films with 40 % Fe and 60 % P, 

corresponding to Fe4(P2O7)3. These compositions differs from Pettersen’s results who obtained 

the FePO4 composition with a 3:2 pulsing ratio [34]. We recognize the FePO4 and Fe4(P2O7)3 

phases from the Fe2O3-P2O5 phase diagram introduced in Section 1.4. Since we manage to obtain 

the compositions corresponding to these two phases, we continued to use them in further 

depositions.  

By using spectroscopic ellipsometry, we determined the growth rate per subcycle for the films 

deposited with different pulsing ratios. As shown in Figure 4.3 (b), we obtained the highest 

growth rate of 37.8 pm per subcycle with a pulsing ratio of 3:2, while a pulsing ratio of 4:1 lead 

to the lowest growth of 20.1 pm per subcycle. For the FePO4 and the Fe4(P2O7)3 films, we 

obtained average growth rates of 26.3 and 34.8 pm per subcycle, respectively. These growth 

rates are higher than those Pettersen obtained who reported approximately 22 pm per subcycle 

for FePO4 and 27 pm per subcycle for Fe4(P2O7)3.  



43 
 

 

Figure 4.3: (a) composition vs pulsing percentage of Fe(thd)3 + O3 of iron phosphate thin films, obtained from XRF 

measurements. (b) growth rate vs pulsing percentage of Fe(thd)3 + O3, measured with  spectroscopic ellipsometry. 

During this study, we deposited several different thicknesses of thin film FePO4 and Fe4(P2O7)3, 

as shown in Figure 4.4. Both FePO4 and Fe4(P2O7)3 shows a linear correlation between thickness 

and number of supercycles for all three substrates, which means that the process is stable. We 

placed the A substrate outside the glass plate, around 1-2 cm from the battery samples, and it is 

therefore less representative for the thickness and the growth rate. Therefore, we used the 

average thickness of the B and C substrate to calculate the average growth rate of the processes. 

In this way, we determined average growth rates of 105 pm per supercycle for FePO4 and 174 

pm per supercycle for Fe4(P2O7)3.  
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Figure 4.4: Thickness of deposited films as a function of number of supercycles, measured with spectroscopic ellipsometry. 

We deposited FePO4 with a pulsing ratio of 3:1 and Fe4(P2O7)3 with a pulsing ratio of 3:2. The graphs contain thicknesses 

of the three substrates placed in different positions in the reaction chamber, corresponding to Figure 3.2 in Subsection 

3.1.2. 

4.1.3 Crystallinity and roughness 

We used XRD to search for crystallinity in the Fe4(P2O7)3 and FePO4 thin films. As we can see 

from Figure 4.5, there are no visible signals apart from Si (marked with *), even with a 

logarithmic scale. This leads to the conclusion that both the thin films are amorphous.  

 

Figure 4.5: Results from XRD measurements of a 180 nm Fe4(P2O7)3 film and a 135 nm FePO4 film, both deposited on Si 

substrate with 250 °C as deposition temperature. The peaks at 2θ = 33 and 2θ = 69, marked with *, corresponds to the Si 

200-plane and the Si 400-plane. The scale is logarithmic to enhance small features. 
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By using AFM, we determined the roughness of the surface of the amorphous thin films. Figure 

4.6 shows an example of the topography of a 135 nm FePO4 thin film. By analyzing the results 

from the AFM measurements in Gwyddion we obtained RMS roughnesses ranging from 0.5-1.0 

nm. This is very flat and comparable to the 0.6 nm RMS roughness obtained by Gandrud et al. [2].  

 

 

Figure 4.6: Topography of a 135 nm thin film of FePO4 measured with AFM with a scan area of 10·10 µm and 0.50 Hz as 

scan rate. 

4.1.4 Area factor of steel spacers 

AFM is a good technique for analyzing small features in the nanometer scale, but has limited 

possibilities for measurements in the µm scale. Therefore, we used an optical profiler to 

measure the roughness of the steel spacers used as cathode substrates. The measurements 

showed that unpolished spacers had an average RMS roughness of 0.27±0.03 µm and an area 

factor of 2.1±0.2. The polished spacers on the other hand had an RMS roughness of 0.20±0.03 

µm and an area factor of 1.8±0.1. Figure 4.7 shows examples of 3D images created from OP 

measurements, showing the surface topography of a segment from an unpolished spacer and 

from a polished spacer. There is a clear difference in the surface topography, where the polished 

spacer has lower surface roughness.  
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Figure 4.7: 3D images created from measurements with an optical profiler, showing the surfaces of an unpolished- and a 

polished spacer. 

We also used the optical profiler to find the area factors of different thicknesses of Fe4(P2O7)3 

deposited on polished steel spacers and compared them to the average area factor of unpolished 

(blue) and polished (red) spacers without depositions, shown in Figure 4.8. There is no clear 

correlation between thickness of the deposited films and the area factor, but the deposited films 

have significantly higher area factor than the polished reference, with an average of 2.3±0.3. We 

can assume that the results would be similar for FePO4 films.  

 

Figure 4.8: Area factor vs thickness of Fe4(P2O7)3 thin films deposited on polished steel spacers (black dots), compared to 

the average area factor of polished (red) and unpolished (blue) reference spacers. The gradients represents the 

uncertainties with basis in the standard deviation of the area factor for the polished and unpolished spacer.  
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4.1.5 Cathode mass calculation  

We usually evaluate battery properties compared to the mass of the electrodes; determination of 

the mass of our thin film cathodes is therefore essential. The thin films have too little mass for 

measurements on a regular balance. Hence, we needed to calculate the mass by using density, 

thickness and surface area of the films. XRF measurements provided us densities of 3.2 g/cm2 

for FePO4 and 2.8 g/cm2 for Fe4(P2O7)3, which is close to literature values of similar films [2]. We 

measured the thicknesses by ellipsometry (Subsection 4.1.2). We further assumed that the films 

cover the steel spacers uniformly, as they cover the Si substrates. In Subsection 4.1.3, we showed 

that the polished steel spacers had an average area factor of 1.8. By multiplying this factor with 

the projected area for the spacers, 1.96 cm2, we calculated that the total surface area of the 

spacers was 3.5 cm2. We then calculated the masses of all the thin films by multiplying the total 

surface area with the density and the film thickness. As an example, the mass of a 50 nm film on 

a polished steel spacer was 49 µg for Fe4(P2O7)3 and 56 µg for FePO4. In Section 4.2, we will use 

these results to calculate the specific capacity for the different thin films.  

4.1.6 Soot substrates 

In an attempt to increase the mass of the thin films without increasing the projected area, we 

deposited FePO4 thin films on soot substrates, described in Subsection 3.1.2. Figure 4.9 shows 

SEM images of four different soot samples, where (a) is an uncoated soot substrate, (b) is coated 

with 30 nm FePO4 film, (c) with 40 nm FePO4 and (d) is a sample with both 30 and 40 nm film 

including an additional layer of soot in between. We observe that the soot has a very porous 3D 

structure with high surface area. It is built up by a network of nanoparticles with diameters 

around 20 nm. The structure is preserved during the depositions, and the FePO4 films are nicely 

coated around the carbon structure. We observe that the 40 nm deposition (c) gives thicker 

coating than the 30 nm (b). The substrate coated in two rounds (d) looks very much like the 30 

nm film and we can assume that only the second coating (30 nm) is visible on the surface. It is 

likely that we still have the 40 nm coating well preserved below this layer. 
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Figure 4.9: Sem images of sooted steel spacers taken with 6 mm work distance and 50.0k magnification. (a) uncoated soot 

substrate, (b) soot substrate coated with 30 nm FePO4, (c) soot substrate coated with 40 nm FePO4, (d) soot substrate 

coated with 40 nm FePO4 followed by a new soot layer and 30 nm FePO4. 

4.2 Electrochemical characterization  

In this section, we present the results from the electrochemical characterization. In the first 

three subsections, we present results and discoveries linked to creating a good baseline for 

testing the iron phosphate thin films. It contains choice of electrolyte, voltage range 

determination and results from measurements on reference batteries. The three last subsections 

present the results from testing of Fe4(P2O7), FePO4 and coated soot batteries.  

4.2.1 Choosing electrolyte (LiFP6 vs LiClO4)  

Since we are measuring thin film cathodes with limited amount of mass, we are very vulnerable 

for side reactions in the battery. The electrolyte is the component most likely to be included in 

such side reactions, since liquids are generally more reactive than solids. Therefore, it is 

essential to choose a good electrolyte. Since we usually use LiPF6 for battery testing, we included 

this in our experiment. We also tested LiClO4, which according to literature show no significant 

side reactions with the steel parts (spacers and casings) in the battery [35]. To study the side 
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reactions, we used LS batteries without any electrochemically active cathode. Apart from that, 

the batteries are identical to those used later in this thesis.  

During CV measurements of the LS batteries, Figure 4.10, we discovered that LiPF6 (red graph) 

induced severe side reactions, especially during the first charge. The main reaction during the 

first charge is probably the formation of SEI, as this is an irreversible reaction. The signals for 

the following cycles probably corresponds to corrosion reactions between the electrolyte and 

the steel parts in the battery [35]. LiClO4 based electrolyte (black graph) showed almost no 

signals in comparison. This makes LiClO4 a good candidate for further characterization. We 

tested the batteries with two different voltage ranges, 2.00-4.50 V (Figure 4.10 (a)) and 2.50-

4.25 V (Figure 4.10 (b)), to study changes in the reactions. For LiClO4, we observe some 

significant signals, around 3.00 V and above 4.25 V, with the voltage range of 2.00-4.50 V. These 

reactions are not present with the voltage range of 2.50-4.25 V. We will describe this in more 

detail in Subsection 4.2.2. 

 

Figure 4.10: Cyclic voltammograms obtained from CV measurements of LS batteries with voltage ranges of (a) 2.00-4.50 

V and (b) 2.50-4.25 V and a sweep rate of 0.1 mV/s. Red curve is with LiPF6 as electrolyte and black curve is with LiClO4 as 

electrolyte, both mixed in a 1:1 solution of EC:DMC with a salt concentration of 1 M. 

We also performed GC measurements of the LS batteries with LiPF6 and LiClO4 as electrolytes. 

We recognize the large response during the first charge from the CV measurements, which in 

Figure 4.11 extends outside the range of the x-axis. Apart from this, the LiPF6 induces some 

reactions above 4.00 V and below 3.00 V, which leads to a significant area capacity. The LiClO4 

electrolytes induces significantly less signals and is therefore a better baseline for further 

testing. 
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Figure 4.11: Charge/discharge curves (left) and dQ/dV plots (right) of LS batteries with LiPF6 (top) and LiClO4 (bottom) 

as electrolyte, obtained from GC measurements with a voltage range of 2.50-4.25 V and currents ranging from 20-320 µA. 

4.2.2 Determination of voltage range  

As we touched upon in the previous subsection, different voltage ranges may induce different 

reactions in a battery. Even with LiClO4 as electrolyte, we observed some side reactions when 

testing the battery in a wide enough voltage range. To avoid these side reactions when 

characterizing the iron phosphate cathodes, we searched for optimal conditions by performing 

CV measurements with different voltage ranges, as shown in Figure 4.12.  

It is clear that the battery tested with the widest voltage range, 2.00-4.50 V (Figure 4.12 (b)), has 

the largest signal from side reactions. There is significant contribution between 4.25-4.50 V as 

well as a clear peak around 3.15 V. This peak is in the same area as we expect a charge peak from 

iron phosphate, and it will therefore create too much background noise for reliable results. In 

the voltage range of 2.50-4.50 V, Figure 4.12 (d), the peak at 3.15 V is still there, but it is a lot 

smaller. Furthermore, with voltage range of 2.00-4.25 V, Figure 4.12 (c), the peak is completely 

gone. It seems like when charging the battery above 4.25 V we induce the peak, while 

discharging below 2.50 V enhances the reaction. It is not clear what type of reaction the peak 

represents, but it is an unwanted side reaction.  

As the voltage range of 2.50-4.25 V showed close to zero signals from side reactions, Figure 4.12 

(a), we used this range for characterizing Fe4(P2O7)3 films. With this voltage range, we do not 

experience significant disruptive reactions while it is still a wide enough voltage range to 

observe the wanted reactions. Later in the study, we discovered that the FePO4 showed reactions 

at lower voltages than Fe4(P2O7)3, and that it was sufficient to go to 4.00 V. We therefore tested 

the FePO4 thin films with the voltage range of 2.00-4.00 V.  
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Figure 4.12: Cyclic voltammograms obtained from CV measurements of LS batteries with LiClO4 as electrolyte with a 

sweep rate of 0.1 mV/s and different voltage ranges: (a) 2.50-4.25 V, (b) 2.00-4.50 V, (c) 2.00-4.25 V, (d) 2.50-4.50 V. 

4.2.3 References 

After choosing voltage ranges for further testing, we performed control measurements on the 

reference batteries (LS and soot). Here, we have performed exactly the same measurements and 

preparations as for the deposited samples (Subsections 4.2.4-4.2.6). In this way, it will be easier 

to see what impact the iron phosphate coating has on the results. Figure 4.13 shows cyclic 

voltammograms of LS batteries measured with voltage ranges of 2.50-4.25 V (a) and 2.00-4.00 V 

(b), which we used as a baseline for testing Fe4(P2O7)3 and FePO4, respectively. The graphs show 

close to zero signals at voltages lower than 3.50 V, but some significant signals at higher 

voltages. We experienced a larger response at high voltages in Figure 4.13 (b) than we expected. 

One explanation can be that we tested the battery 4 weeks after the assembly. This indicates that 

we get more side reactions in older batteries.  
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Figure 4.13: Cyclic voltammograms obtained from CV measurements of LS batteries with a sweep rate of 0.1 mV/s and 

different voltage ranges: (a) 2.50-4.25 V for comparison with Fe4(P2O7)3 and (b) 2.00-4.00 V for comparison with FePO4. 

We also performed GC measurements on LS batteries with the standard program defined in 

Table 3.6 in Subsection 3.3.7, and the same voltage ranges as the CV measurements above. The 

measurements resulted in Figure 4.14 as baseline for Fe4(P2O7)3 and Figure 4.15 as baseline for 

FePO4. For the charge/discharge curves and the dQ/dV plots, (a) and (b) in the figures, we have 

only included the first series from the standard program. As we observe from the figures, there 

are almost no signals that will disrupt the measurements of the iron phosphates.  

 

Figure 4.14: Results from a standard GC measurement of an LS battery with a voltage range of 2.50-4.25 V, used as a 

baseline for Fe4(P2O7)3. (a) charge/discharge curves, (b) dQ/dV plot and (c) area capacity per cycle at different currents 

between 20-5120 µA. We adjusted the axes to the same scale as corresponding results in this thesis for easier comparison. 
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Figure 4.15: Results from a standard GC measurement of an LS battery with a voltage range of 2.00-4.00 V used as a 

baseline for FePO4. (a) charge/discharge curves, (b) dQ/dV plot and (c) area capacity per cycle at different currents 

between 20-5120 µA. We adjusted the axes to the same scale as corresponding results in this thesis for easier comparison. 

Figure 4.16 shows a Nyquist plot obtained from EIS measurements of an LS battery after we had 

cycled it through a standard GC measurement program. We consequently did the same for the 

rest of the EIS measurements in this study. It is difficult to analyze the graph quantitatively, but 

we can assume that the large linear increase in impedance, on the right side of the plot (at low 

frequencies) is due to the capacitive behavior of the Helmholtz double layer formed on the steel 

surface. We can either way compare the impedance curves to each other and to the 

measurements performed later in this thesis, to obtain some information about the conduction 

in the batteries. In this plot, the curves have similar shapes and only small differences when we 

change the applied voltage. From this, we can conclude that there are no reactions occurring, for 

example intercalation reactions, that drastically changes the impedance in the battery, within 

the voltage range.  
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Figure 4.16: Nyquist plot obtained from EIS measurements of an LS battery with a frequency range of 1 MHz-500 mHz. 

We performed measurements at five different voltages (potential vs Li electrode, specified in the figure) during charging 

followed by measurements at the same voltages during discharging. 

When it comes to the soot substrates, our curiosity extends beyond creating a base line for the 

iron phosphate testing. As soot has shown acceptable properties as anode material in LIBs [39], 

we wanted to briefly look at the redox reactions in a cyclic voltammogram. For this reason, we 

performed CV measurements of a soot battery and an LS battery (as reference) in the voltage 

range of 0.00-4.00 V. As we can see from Figure 4.17, the soot battery shows significant redox 

signals in the voltage range of 0.00-1.50 V, which is where we expect redox signals from anode 

materials. However, the capacity is rapidly decreasing upon cycling, resulting in short lifetime.   

The y-axis in this figure is several orders of magnitude larger than similar figures in this study. 

This is because the deposited soot has much higher mass and surface area than the deposited 

thin films. When we study the CV plot of the soot battery between 2.00-4.00 V, we observe no 

significant redox reaction but some capacitive contribution.  
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Figure 4.17: Cyclic voltammogram obtained from CV measurements of an LS battery (left) and a soot battery (right), 

performed with a sweep rate of 0.1 mV/s and a voltage range of 0.00-4.00 V.  

We further performed standard GC measurements on a soot battery in the voltage range of 2.00-

4.00 V. From Figure 4.18, we observe significant signals within the voltage range, but they are 

mostly close to the endpoints and we can assume that this is pure capacitive behavior. This 

makes it possible to distinguish between the contributions from soot and FePO4. The soot 

battery shows an area capacity of around 1.5 µAh/cm2 at 20 µA and 0.4 µAh/cm2 at 5120 µA.  

 

Figure 4.18: Results from a standard GC measurement of a soot battery, performed with a voltage range of 2.00-4.00 V.  

(a) charge discharge curves, (b) dQ/dV and (c) area capacity per cycle at different currents between 20-5120 µA. 

We also performed EIS measurements of the soot battery, which resulted in the Nyquist plot in 

Figure 4.19. Just like for the LS battery, we observe only small variations in the impedance 

between the different voltages. In addition, we notice a linear increase that probably is a result 
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of the Helmholtz double layer, but the impedance is much lower compared to the LS battery. We 

may explain this by the large surface area of the soot substrates that enables more pathways for 

the particles to move, and hence lower impedance.  

 

Figure 4.19: Nyquist plot, obtained from EIS measurements of a soot battery with a frequency range of 1 MHz-500 mHz. 

We performed measurements at five different voltages (potential vs Li electrode, specified in the figure) during charging 

followed by measurements at the same voltages during discharging. 

4.2.4 Fe4(P2O7)3 

We started the investigation of Fe4(P2O7)3 as cathode material with CV measurement, as shown 

in Figure 4.20. We performed measurements of films with four different thicknesses where we 

identified different behaviors. The 40, 150 and 200 nm films shows significant redox reactions, 

where the 40 nm films has the highest peaks and shows steady cycling. Both the 150 and 200 nm 

film has shallow peaks in the beginning, but they are increasing severely during the first cycles 

until they stabilize and then decrease again. The 10 nm film shows some shallow redox peaks, 

but mostly capacitive behavior except for the first discharge and the reactions above 4.00 V 

(from steel-electrolyte reactions). The other thicknesses also show some capacitive behavior, 

but in combination with redox peaks. We measured the ten last cycles for the 150 nm film one 

month later than the rest of the measurement. This extra shelf time seems to have induced a 

significant increase in signals above 4.00 V, which probably comes from reactions between the 

electrolyte and the steel casings, as we also mentioned in Subsection 4.2.3.  
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Figure 4.20: Cyclic voltammograms obtained from CV measurements of batteries with thin film Fe4(P2O7)3 at different 

thicknesses (given as insert in the figure) as cathode, performed with a sweep rate of 0.1 mV/s and a voltage range of 

2.50-4.25 V.  

We further investigated Fe4(P2O7)3 thin films with GC measurements. Figure 4.21 shows 

charge/discharge curves and dQ/dV plots of 10, 150 and 200 nm Fe4(P2O7)3 films. We observe 

that the 10 nm film has some clear redox peaks in the dQ/dV plot as well as significant capacity 

in the charge/discharge curves, compared to the thicker films and the LS battery (Subsection 

4.2.3). The plots for the 150 and 200 nm films show similar behavior to each other and obtain 

only slightly better capacity than the reference. However, we can see from the dQ/dV plot that 

the Fe4(P2O7)3 films have some signals between 3.00-3.50 V, while the LS battery has more 

signals towards the endpoints. This means that there are different reactions occurring, even 

though the capacities are similar.  
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Figure 4.21: Charge/discharge curves and dQ/dV plots of different thicknesses of Fe4(P2O7)3 films. Obtained from GC 

measurements in the voltage range of 2.50-4.25 V and currents 20-320 µA. 

Figure 4.22 shows area capacity and specific capacity of 10 and 150 nm thick Fe4(P2O7)3, derived 

from standard GC measurements. We notice that the 10 nm film has an area capacity around 0.5 

µAh/cm2 at 20 µA, which is significantly higher than the 150 nm film despite the difference in 

cathode mass. The 10 nm film obtained a specific capacity of more than 100 mAh/g, while the 

150 nm is below 25 mAh/g. At higher currents the 150 nm film loose almost all its capacity, 

while the capacity of the 10 nm film is only reduced by 30 % at 320 µA compared to 20 µA. 

However, at 2560 µA we can only extract 17 mAh/g, while at 5120 µA the capacity is close to 

zero. Both films experience an increase in capacity from the second to the last cycle, were the 

150 nm film experience a 15 % increase and the 10 nm film has an increase of 60 %.  
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Figure 4.22: (a) area capacity and (b) specific capacity as a function of cycle number at different currents. From standard 

GC measurements of 10 nm and 150 nm Fe4(P2O7)3 films with a voltage range of 2.50-4.25 and currents in the range of 

20-5120 µA. 

4.2.5 FePO4  

This subsection shows the results from the electrochemical characterization of FePO4 thin films 

in batteries. From CV measurements, Figure 4.23, we can see that there is an increase in capacity 

for all thicknesses throughout the first 50 cycles, indicating a self-enhancing mechanism. Both 

the 10, 30 and 50 nm thin films exhibit approximately the same behavior and has almost 

symmetrical redox peaks around 3.00 V. The peaks are broad, and there are clear signs of 

capacitive behavior combined with redox reactions. The 230 nm film has a more well defined 

oxidation peak than reduction peak and it has a larger difference between the 1st and the 50th 

cycle compared to the other samples. By thorough investigation of the discharge peaks, we 

discovered that they are moving towards higher voltages during cycling. This indicates better 

kinetics for the discharge reactions.  
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Figure 4.23: Cyclic voltammograms of batteries with different thicknesses, of thin film FePO4 as cathode. Obtained from 

CV measurements with a sweeprate of 0.1 mV/s and a voltage range of 2.00-4.00 V. 

We performed standard GC measurements of eight different thicknesses of FePO4 in this thesis. 

A selection of thicknesses are shown in Figure 4.24, while we refer to Figure 9.1 in Appendix 9.1 

for the full set. From the charge/discharge curves, we notice that 10 and 40 nm thick films have 

significant capacity and clear redox reactions, while the 230 nm film is just a little bit better than 

the LS battery (Subsection 4.2.3). The 40 nm film has a larger capacity than the 10 nm film at low 

currents (20-40 µA), but has approximately the same at higher currents. From the dQ/dV plot, 

we observe clear redox peaks for both the 10 and 40 nm films.  
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Figure 4.24: Charge/discharge curves and dQ/dV plots of FePO4 thin films at different thicknesses. Obtained from GC 

measurements with a voltage range of 2.00-4.00 V and currents between 20-320 µA. This figure shows the results for 10, 

40 and 230 nm; see Figure 9.1 in Appendix 9.1 for all thicknesses. 

From the discharge curves, we extracted the area capacity and calculated the specific capacity 

for five different thicknesses at currents in the range of 20-5120 µA. We observe from Figure 

4.25 (b) that 10 nm film is by far the best when it comes to specific capacity. It is also the best at 

high currents (640-5120 µA) when considering area capacity, Figure 4.25 (a). However, at lower 

currents, films between 20-40 nm shows the highest area capacity, while the 230 nm thin film 

has close to zero capacity for all currents. All the films shows a higher discharge capacity during 

the first cycle compared to the second. Another common feature is the self-enhancing 

mechanism where the capacity increases after the second cycle. This increase is most significant 

for the 40 nm film, which has approximately 80 % increase in capacity after 180 cycles. The most 

important thing to notice from these measurements is the ability of the 10 nm film to handle 

large currents. While the other thin films show close to zero capacity at 5120 µA, the 10 nm film 

maintains a specific capacity above 30 mAh/g. This current corresponds to a C-rate of 

approximately 2560C and a specific power above 1 MW/kg. 
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Figure 4.25: (a) area capacity and (b) specific capacity as a function of cycle number of FePO4 films at currents in the 

range of 20-5120 µA. Obtained from standard GC measurements in the voltage range of 2.00-4.00 V. 

To further study the thickness dependency of the capacity, we performed GC cycle life 

measurements at 2 µA. During these measurements, we encountered some problems that we 

will explain in Appendix 9.2. Despite the problems, we manage to extract the average capacity of 

all thicknesses from a stable part of the measurements, which resulted in Figure 4.26. We can 

observe that the area capacity, shown in Figure 4.26 (a), increases almost linearly with thickness 

up to 40 nm before it stabilizes. At higher thicknesses, the area capacity seems to be more or less 

constant, indicating a lot of inactive material. This may be due to the poor electronic 

conductivity of FePO4 [19]. When considering the specific capacity, it is very clear that the 

thinner the film, the better it is. The 10 nm film shows the highest specific capacity with an 

average of 185 mAh/g. This value is higher than the theoretical capacity of FePO4 at 178 mAh/g. 

There are several possible reasons for this behavior, which we will discuss in Subsection 5.2.2.  
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Figure 4.26: (a) area capacity and (b) specific capacity vs film thickness obtained from GC cycle life measurements with a 

voltage range of 2.00-4.00 V and a current of 2 µA. The capacities presented are the average capacities of the new current 

range area in Figure 9.7 and Figure 9.8 in Appendix 9.2.  Both graphs include standard deviations and trend lines. 

We also wanted to test the cycling stability of FePO4 at elevated currents. Therefore, we 

performed cycle life measurements at 80 µA of four different thicknesses, shown in Figure 4.27. 

We recognize the increase in capacity during the early cycling stages, as we discovered in earlier 

measurements, which we here can analyze in more detail. All films experience a significant 

increase, but the thickest film (150 nm) shows by far the largest increase, with a 3400 % 

increase during the first 6500 cycles, before leveling out. The 40, 20 and 10 nm experiences 

increases of 240, 150 and 90 %, respectively. We also observe that all thicknesses has good 

stability, were the 10 nm film shows the best stability, apart from the 150 nm sample, and 

retains almost 70 % of peak capacity after 8000 cycles. Another interesting trend is the shift in 

peak of capacity, where the thicker films reach peak capacity at much higher cycle numbers. The 

150, 40, 20 and 10 nm film reaches the peak capacity after 6500, 1000, 450 and 100 cycles, 

respectively. 
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Figure 4.27: GC cycle life measurements performed with a current of 80 µA, and a voltage range of 2.00-4.00 V, showing 

(a) area capacity and (b) specific capacity for 10, 20, 40 and 150 nm FePO4. 

To obtain a deeper understanding of the conduction through the battery we performed EIS 

measurements at different voltages that resulted in the Nyquist plots in Figure 4.28. At 3.0 V, we 

observe rather low impedance for the thin batteries (10, 20 and 40 nm), while the thick batteries 

(100 and 230 nm) have high impedance. At 3.0 V, we expect the depth of discharge to be 

approximately 50 %, where we have a combination of intercalated Li ions and Li vacancies in the 

cathode. This should be ideal conditions for Li-ion conduction and it is at this point we see that 

the impedance is at its minimum. Hence, we can assume that the Li-ion conductivity is highest at 

this voltage and that it might explain the effect we observe in the Nyquist plot. However, the 

electronic conductivity can also change as a function of the Li content in the material. Therefore, 

we cannot conclude which of the conductivities are rate limiting, based on this measurement 

alone. At 3.0 V, we notice that both 10 and 40 nm creates nice half circles in the Nyquist plot, 

were 10 nm creates the smallest half circle. We would expect the 20 nm film to show similar 

behavior, and have responses between 10 and 40 nm. The reason why it shows a plateau instead 

of a half circle is not known, but we assume that it is a defect in that particular battery.   
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Figure 4.28: Nyquist plot obtained from EIS measurements with a frequency range of 1 MHz-500 mHz and a 10 mV 

amplitude, performed by discharging the batteries from 4.0 V to 2.5 V and hold the voltage during the measurements. The 

figure shows results from five different thicknesses of FePO4; see Figure 9.3 in Appendix 9.1 for impedance results of all 

thicknesses. 

4.2.6 Coated soot batteries 

As we have shown, thin film FePO4 is a good cathode material with high specific capacity and 

excellent power capabilities, as long as the thickness is close to 10 nm. The thickness limitation 

is a challenge since we need a lot of mass to obtain high absolute capacity. We have therefore 

used soot substrates with very high surface area, to increase the amount of FePO4 without 

increasing the thickness. We also performed experiments on two cathodes containing double 

FePO4 coating, with an additional soot layer in between, to study whether a lamellar approach is 

able to increase the capacity.  

Figure 4.29 shows charge/discharge curves and dQ/dV plots of a selection of film thicknesses. 

The results for all thicknesses are reported in Figure 9.2 in Appendix 9.1. We can observe that 

we have clear redox peaks for 10 and 40 nm in the dQ/dV plot, even though the capacity is 

smaller than the reference soot battery (Subsection 4.2.3). The 230 nm shows little activity as it 
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also did without soot substrates. At low currents, 10 and 40 nm films have approximately the 

same capacity, while the 10 nm film has larger capacity at higher currents.   

 

Figure 4.29: Charge/discharge curves and dQ/dV plots of coated soot batteries with FePO4 thin films at different 

thicknesses. Obtained from GC measurements with a voltage range of 2.00-4.00 V and currents between 20-320 µA. This 

figure shows the results for 10, 40 and 230 nm; see Figure 9.2 in Appendix 9.1 for all thicknesses. 

When we consider the capacity vs cycle plot at different currents, Figure 4.30, we observe that 

the reference battery, with bare soot, has higher capacity than the best coated films. 

Furthermore, all batteries have similar or lower capacities compared to the corresponding 

unsooted batteries. Upon closer inspection, we notice that the best of the coated batteries is the 

one with thin double coating (20+10 nm). It shows a capacity that approximately is the sum of 

the capacities of the 20 nm and the 10 nm coated batteries. This gives hope for increasing the 

capacity by adding more layers. We also observe that thinner batteries behave better at higher 

discharge currents. We do not know the surface area of the soot and therefore not the mass of 

the FePO4 coating. That is the reason why we do not present any of the results as specific 

capacity in this subsection. 
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Figure 4.30: Area capacity per cycle at currents ranging from 20-5120 µA of coated soot batteries with different 

thicknesses of FePO4 coating. Obtained from standard GC measurements with a voltage range of 2.00-4.00 V. 

The EIS measurements gives us an indication of why the capacity did not increase as we 

expected. From the Nyquist plot in Figure 4.31, we can see that there is much higher impedance 

compared to the reference soot battery. We also observe higher impedance than the 

corresponding unsooted batteries, but we still see generally lower impedance at 3.0 V. Here, we 

notice that the 10 and 10+20 nm coated batteries have the lowest impedance, while the 20 nm 

film is the third best. This indicates that batteries with lower impedance shows better 

performance, as 10, 20 and 20+10 nm are among the best batteries with regards to capacity at 

higher currents.   
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Figure 4.31: Nyquist plot of coated soot batteries with different thicknesses of FePO4, obtained from EIS measurements 

with a frequency range of 1 MHz-500 mHz and a 10 mV amplitude, performed by discharging the batteries from 4.0 V to 

2.5 V and holding the voltage during the measurements. The figure shows results from five different thicknesses of FePO4; 

see Figure 9.4 in Appendix 9.1 for Nyquist plots of all thicknesses. 
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5. Discussion 

In this chapter, we relate the results to each other and to relevant results from literature. We 

have divided the chapter into two sections where we first discuss the deposition of iron 

phosphates before we present a discussion on electrochemical characterization.  

5.1 Deposition of iron phosphates  

The QCM response from the excessive pulsing provides detailed information about the reaction. 

In this paragraph, we will explain each step by taking basis in the numbers and the arrows in 

Figure 5.1. We obtain a large mass increase during the Fe(thd)3 pulse (1), which is as expected 

since Fe(thd)3 is a large and heavy molecule. When it reacts with the surface, we assume that it 

releases one or two of the thd groups. The pulsing time does not seem to be sufficient to obtain 

complete saturation as the curve is still increasing at the end of the pulse. We observe a small 

decrease in mass during Fe(thd)3 purge (2), which probably represents the removal of 

physisorbed Fe(thd)3. During the O3 pulse, we expect a mass reduction corresponding to oxygen 

atoms replacing thd groups. However, the QCM response indicates a much larger mass decrease 

(3) as it drops to 50 ng/cm2 lower than the starting point (0). We assume that this is a 

consequence of the exothermal decomposition reaction of ozone. The temperature change 

affects the QCM response, and we obtain a larger negative signal. During the O3 purge, we would 

expect a flat curve, since there should ideally not be any mass change. However, we observe that 

the decrease due to thermal response from the O3 pulse continues into the first half of the O3 

purging area (3). During the second half of the purge, we observe a signal corresponding to mass 

increase (4) that probably comes from stabilization of the temperature. During the following 

pulse, Me3PO4 releases one or two methyl groups, attaches to the surface and we obtain a mass 

increase (5). From the QCM data, we observe that the curve begins to flatten out, but it does not 

reach complete saturation. During the purge, we obtain a flat curve as expected (6). When 

pulsing H2O+O3, we expect a small mass decrease, as oxygen replace methyl groups. However, 

we obtain a signal indicating a large mass increase (7). H2O combined with O3 pulse, is known to 

mitigate the thermal effect from O3, influencing the QCM results. It can also affect the actual 

growth rate as Diskus et al. has shown [74]. These effects can still not explain the observed 

increase in mass. Thus, we assume that the increase is due to absorption of H2O into the 

material. During purge, we experience a similar decrease in mass (8), probably corresponding to 

release of H2O. At the end of the cycle (9), we observe that we have obtained a growth of 57 

ng/cm2.     
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Figure 5.1: The average QCM signal from 20 cycles with deposition of iron phosphate with excessive pulsing. The figure 

contains arrows and numbers corresponding to features discussed in the text on the previous page. Pulses are marked 

with red and purges with blue.  

Our main goal was to deposit FePO4 films similar to Gandrud et al. and Pettersen [3, 34], but we 

also wanted to investigate thin films with slightly different compositions. When studying the 

pulsing parameters and their effect on the growth rate, we obtained similar results as Pettersen 

[34]. From our results, it seems like we could use shorter pulse and purge times for some of the 

precursors compared to those parameters Pettersen used, given in Table 3.2 in Subsection 3.1.3. 

However, the uncertainties in the measurements are too large for exact determination of the 

saturation point. Looking at the individual pulsing in more detail, Figure 4.2, we observed that 

not all pulses are completely saturated even with excessive pulsing. As time consumption is an 

important factor in ALD, it would not be practical to use that long pulsing times. With this in 

mind, we decided to use Pettersen’s parameters, as they have resulted in high quality iron 

phosphate films.    

Despite using the same pulsing parameters, we obtained higher concentration of phosphorus 

and higher growth rates compared to Pettersen, as described in Subsection 4.1.2. There are 

many possible reasons for these differences and it is difficult to determine their impact. We used 

a different reactor that probably behaves slightly different, even though it is the same design. 

The reactor might measure and control the temperatures a little bit different, which means that 

the actual temperature might be divergent. There are several years between the depositions, and 
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we do not use the same batch of Fe(thd)3. We currently get our Nitrogen from gas bottles, while 

Gandrud et al. and Pettersen got their gas from nitrogen generators. Despite these differences, 

we managed to deposit amorphous films with approximately the same composition and 

roughness, suitable for direct comparison.  

While silicon substrates has a sub nanometer RMS roughness, unpolished steel spacers have an 

average RMS roughness of 0.27±0.03, and an average area factor of 2.1±0.2. By polishing the 

spacers, we managed to reduce the RMS roughness to 0.20±0.03 and the area factor to 1.8±0.1. 

We used this factor when calculating the mass of the cathode that was required to calculate the 

specific capacity from the GC measurements. However, this approach has a weakness, since the 

area factor for the deposited film is 2.3 on average compared to 1.8 the uncoated spacers. Even 

though there are some uncertainties in these measurements, they differ so much that the 

uncertainty areas do not overlap. Since the FePO4 in itself has sub nanometer RMS roughness, 

the extra roughness is likely due to larger a growth rate at the peaks of the steel surface 

compared to the growth rate in the valleys. This can affect the amount of mass of the films in two 

different ways. If the valleys have normal growth and the peaks have larger growth, we will get 

more mass than calculated, but if the peaks have normal growth and the valleys have smaller 

growth, we get less mass than we calculated. We cannot know which of these scenarios happens; 

therefore, we assumed that the masses of the thin films are the same as they would be if the 

films were a uniform coating. 

Gandrud et al. deposited FePO4 films on unpolished steel spacers and did not take surface 

roughness of the spacers into consideration when calculating the specific capacity. We do not 

have the particular spacers that they used in the measurements, but can assume the reported 

specific capacities are inaccurate. The reported capacities might be twice as large as they should 

if the area factor of 2.1 also is representative for the spacers used by Gandrud et al.  

We managed to deposit soot structures similar to those obtained in literature [37-39], proving 

that the deposition method, of soot from candles, is reproducible. The method is easy and gives a 

very porous structure with even features. In his master thesis, Louison used soot as a framework 

for other materials; he deposited films with both ALD and CVD without destroying the structure 

[37]. This can be useful for creating as much surface area as possible per projected area. Both for 

enhancing surface kinetics, and for obtaining more mass per area without increasing the film 

thickness, as we have done in this work.  
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5.2 Electrochemical characterization  

In this section, we will discuss the results from the electrochemical characterization. First, we 

will discuss all the results regarding the reference batteries and discuss their suitability as 

baseline. Then we will discuss the results from the iron phosphates and the coated soot 

batteries, before we end with a discussion on capacitive contribution in the batteries.    

5.2.1 References 

We tested both LiPF6 and LiClO4 as electrolytes, and chose LiClO4 because of notably less signals 

from side reactions. Gandrud et al. also used LiClO4 in their work [2]. Despite the observed side 

reactions, LiPF6 is more commonly used in large-scale batteries due to safety issues with LiClO4 

[36]. The use of different electrolytes can change the behavior of the batteries, and can make it 

difficult to compare results. It is therefore important to carefully consider the choice of 

electrolyte, and perform reference measurements. Generally, we cannot use LiPF6 and steel 

parts when testing thin film cathode, as we showed in Subsection 4.2.1. We must either choose a 

different electrolyte, or change the material for the coin cell parts. According to Sauvage et al., 

we could use both titanium or aluminum together with LiPF6 without experiencing corrosion 

reactions [35]. While this may be true, we chose to change the electrolyte to LiClO4 instead, to 

ease comparison with the results of Gandrud et al. When working with bulk batteries, the side 

reactions induced from LiPF6 are negligible because of the high signal intensity due to 

comparatively large amounts of active material.    

Even with LiClO4 as electrolyte and voltages below 4.25 V, we observed significant side reactions 

in the LS batteries between 3.75-4.25 V. These reactions resulted in a peak signal around 4 µA in 

CV measurements, which is higher than the largest peaks we obtained from the iron phosphates. 

Since the side reactions occur in the range of 3.75-4.25 V, and the iron phosphate reactions occur 

at lower voltages we can easily separate them. In most of the CV measurements of the iron 

phosphate batteries, we could not detect the signal from the LS batteries at all. This is probably 

because the cathode coating prohibit the steel from reacting with the electrolyte. In these 

measurements, we can neglect the side reactions altogether. However, in Figure 4.20, we 

discovered significant signals at high voltages, similar to those from the LS batteries. This might 

be due to pinholes or insufficient coating of the steel spacers, allowing the electrolyte to react 

with the steel. We also observed that the signal grows larger as the battery ages, as we saw from 

the CV measurements of the LS batteries (Figure 4.13) and the 150 nm Fe4(P2O7)3 thin film 

(Figure 4.20). This may be a sign of deterioration of the cathode over time.  

The Nyquist plot obtained from impedance measurements of the LS battery showed similar 

curves at the different voltages. This indicates that the material do not undergo significant 

changes during charging and discharging. Together with the CV and GC measurements, this gives 
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us a strong basis to assume that there is minimal intercalation of Li ions into the steel spacer in 

the given voltage range. Considering all this, we can conclude that LS batteries with LiClO4 as 

electrolyte only has capacitive contribution and is a good reference for electrochemical 

characterization of thin film iron phosphates.  

CV measurements of the soot battery showed large signals between 0.00-1.50 V, indicating Li-

ion intercalation. This is similar to earlier research on carbon based anode materials [41]. The 

signals are several orders of magnitude larger than the results for the thin film batteries. This is 

as expected since the soot depositions resulted in a much larger amount of material than what 

we obtained by ALD. The soot battery showed significantly less signals in the range of 2.00-4.00 

V, were it showed close to pure capacitive behavior from the Helmholtz double layer. From GC 

measurements, we observed that the soot had significant capacity even though it is just 

capacitive behavior. This is due to the large surface area of the soot, which also results in low 

impedance.  

5.2.2 FePO4 and Fe4(P2O7)3 

It became quite clear in CV and GC measurements that FePO4 has significantly higher capacity 

than Fe4(P2O7)3; for GC measurements of 10 nm film, the FePO4 has almost twice as high specific 

capacity as Fe4(P2O7)3 at most currents. Apart from this, the films seems to follow the same 

trends concerning self-enhancing mechanism, thickness dependency of capacity and behavior at 

higher currents. Since FePO4 is significantly better than Fe4(P2O7)3, we focus on FePO4 in the 

following discussion.  

All batteries tested showed a self-enhancing mechanism during cycling, in both CV and GC 

measurements. This is probably because more and more of the material becomes active during 

cycling, up to a certain point. We believe that this is a consequence of Li ions creating new 

channels and utilizing more of the amorphous material, during cycling. This effect unfolds 

differently for different thicknesses. From the cycle life measurements, we observed that the 10 

nm film experienced an increase of approximately 90 % and peaked after 100 cycles while the 

150 nm film increased with 3400 % and peaked after 6500 cycles. Although the increase in 

capacity of the 150 nm film was large, it was not that surprising. Initially, the 10 nm film shows 

higher area capacity and much higher specific capacity than the 150 nm film. We calculated that 

the 10 nm film obtained 44 % of the theoretical capacity during the second discharge and 82 % 

at the peak capacity, while the 150 nm film obtained 0.3 % and 12 %, respectively. By looking at 

these numbers, we understand that the 150 nm has a lot more potential material to activate, and 

can therefore experience a much larger increase in capacity. When it comes to the different rates 

of increase in capacity, we observed that the 10 nm film activates the material much quicker 
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than the 150 nm film. This is probably because the kinetics of the activation process is better for 

thinner films, which might be related to the poor electronic conductivity of FePO4.   

As we touched upon in the last paragraph, thinner FePO4 films can utilize a larger percentage of 

the available material and will therefore have higher specific capacity than thicker films. From 

the standard GC measurements, we also observed that the thinner films showed higher area 

capacity at elevated currents than thicker films. As an example, we can compare 10 and 40 nm 

FePO4. At 20 µA, the 40 nm thin film had approximately 70 % higher area capacity than 10 nm. 

However, at 2560 µA the 10 nm film obtained twice as much area capacity compared to the 40 

nm film and it had almost ten times as much at 5120 µA. We gathered these data from the 

standard GC measurements that only included 180 cycles. As we observed from the cycle life 

measurements at 80 µA, the thicker films need much more cycling to reach their peak capacity. 

While the 10 nm film peaked after 100 cycles, the 40 nm film needed 1000 cycles and the 150 

nm needed 6500 cycles. If we had measured the peak area capacity at very high currents, the 

results might have been different.  

The different capacity increase rates for different thicknesses are also a huge uncertainty in 

Figure 4.26 in Subsection 4.2.5, concerning thickness dependencies of area and specific capacity. 

The points in these graphs are obtained from GC cycle life measurements at 2 µA during early 

stages of cycling, explained in Appendix 9.2. This means that the thinner films have reached, or 

almost reached, their peak capacity, while the capacities of the thicker films are still increasing. 

The correlation between the points will change upon cycling and we can therefore not derive a 

reliable correlation from the results, without longer cycle life measurements.  

Another thing to notice about Figure 4.26 is the reported specific capacity of 185 mAh/g for 10 

nm. This is an average value of a set were the peak capacity was 240 mAh/g (Appendix 9.2), 

which is 35 % higher than the theoretical capacity of 178 mAh/g. There might be several 

explanations for this phenomenon. One possible explanation is that our assumptions regarding 

the area factor and the ALD growth in Subsection 4.1.5 are wrong, and therefore also the 

calculated mass. Another reason might be that the amorphous FePO4 actually managed to 

receive more Li ions than the theoretical capacity indicates, for example through reduction of O2- 

to O1-. Nevertheless, what we find most likely is that the extra capacity comes from capacitive 

contribution, as we will come back to in Subsection 5.2.4. 

No matter how we look at it, the 10 nm film possess the best properties compared to mass. It 

shows an incredible ability to handle large currents as it manage to retain a specific capacity 

above 30 mAh/g at 5120 µA. This corresponds to a C-rate of approximately 2560C and a specific 

power above 1 MW/kg. Gandrud et al. reported the same C-rate and specific power for 12 nm 

thick FePO4 [4], but a higher specific capacity of 90 mAh/g. However, Gandrud et al. had not 
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considered effects from roughness of the steel spacers during mass calculations. If we assume 

that they used an unpolished steel spacer with an area factor around 2, then both the C-rate and 

the capacity should be reduced accordingly. Their results would then be 45 mAh/g at 1280C 

(2560 µA), which is comparable to the 58 mAh/g that we obtained. There are many 

uncertainties concerning depositions, sample/substrate preparation, calculations and 

measurements. With this in mind, we assume that we obtained similar results as Gandrud et al. 

and that the ultra-high power capabilities of thin film FePO4 are confirmed.  

The first discharge of the iron phosphate films usually obtain higher capacity than the following 

discharges. There are two possible explanations for this: formation of SEI (or other type of 

surface reaction) and irreversible intercalation of Li into the cathode. We observed that there 

are large variations in how large the capacity of the first discharge is, compared to the second 

discharge. The films with thicknesses 20-50 nm obtain between 90-160 % higher capacities on 

the first discharge compared to the second. The 10 nm film obtained 40 % higher capacity on the 

first cycle, while 100 and 230 nm obtained 10 %. If the extra capacity was due to SEI formation, 

we would expect the contribution to be independent of the cathode thickness. Therefore, we find 

it more likely that it is irreversible intercalation of Li into the cathode. Since the 10 nm film has a 

smaller capacity loss compared to 20-50 nm films, we can assume that reversible intercalation 

occurs in a larger part of the material in the 10 nm film. The self-enhancing mechanism gives an 

increase in capacity to a peak capacity that is higher than the first discharge capacity. This leads 

us to believe that the seemingly irreversible intercalated Li, during the first discharge, later 

becomes active and reversible again. We can only speculate in why the 100 and 230 nm film has 

lower capacity loss than the other films, but it might be because of too much resistance in the 

batteries that prohibits one large discharge intercalation.  

5.2.3 Coated soot batteries 

When we compare the coated soot batteries with the uncoated soot battery, we discover that the 

reference has higher capacity than the coated batteries, at all currents. However, from the dQ/dV 

plots, we discovered that the coated batteries have clear redox peaks, while the uncoated battery 

has pure capacitive behavior. The impedance in the uncoated battery is also much lower than 

the coated batteries, even with only 10 nm film. From this, we can interpret that the FePO4 film 

blocks the soot, and has poorer double layer capacitive behavior.  

The coated soot batteries also have less capacity than unsooted batteries, despite the difference 

in mass of FePO4. Since the uncoated soot battery had low impedance, we can assume that 

conduction through the soot is not a rate-limiting step. The FePO4 film in itself should be the 

same as in the batteries without the soot, only with larger surface area, and cannot explain the 

capacity loss. The increase in surface area should rather lead to lower impedance than higher 
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impedance. This leads us to believe that there is poor conductivity through the interface 

between the soot and the FePO4 that leads to the poor performance. Maybe the soot reacts with 

the FePO4 and forms an insulating phase between the two compounds. There might also be some 

reactions occuring with the soot during FePO4 depositions, for example with O3 [75].  

The results also show that the batteries with double coating showed better performance than 

the single layered samples. This means that we could use a similar method for scaling up the 

mass of cathode material, without increasing the thickness of the film. To be able to do this in an 

effective way, we need to use a compound that has both good electric and ionic conductivity 

between the FePO4 films. In this way, we could get good conduction through the whole film, and 

use all the FePO4 for intercalation.   

5.2.4 Capacitive contribution  

As we have mentioned several times in this thesis, the FePO4 thin films show both capacitive and 

redox behavior as cathode. These two behaviors will both contribute to the capacity in the 

battery, and this is probably how we obtained capacities higher than the theoretical value for the 

10 nm FePO4 film. In this subsection we will try to isolate the capacitive contribution. Ideally, the 

capacity of a capacitor should be independent on the charge/discharge current. However, in the 

real world, there is always some internal resistiance in the components that leads to capacity 

loss at elevated currents.  

We discovered a linear correlation between capacity and thickness for the thinnest films (10-40 

nm) from cyclelife measurements at 80 and 2 µA, Figure 5.2. By following the linear trendlines to 

the intersection with the y-axids, we obtained the capacitive contribution to the capacity. As we 

can see, the peak capacity and capacity from the 2. cycle of 80 µA, result in approximately the 

same capacitive behavior, around 0.35 µAh/cm2, even though the have very different slopes. 

However, they differ from both peak capacity at 2 µA (0.79 µAh/cm2) and average capacity at 2 

µA (0.49 µAh/cm2), which also differs from each other. This indicates that the capacitive 

contribution changes with applied current, and that we must choose our data points carefully. 

The peak capacities and the second discharge capacities are well defined points were we should 

have a clear correlation between the different thicknesses. On the other hand, we calculated the 

average capacity of the 2 µA cycle life measurement from areas showing different behavior for 

the different thicknesses. Therefore, we can expect a less clear correlation for these points. This 

is probably the reason why the average capacity does not show the same capacitve contribution 

as the peak capacity. We also observe that the average data points deviate more from the 

trendline than the other points.  
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Figure 5.2: Area capacity vs thickness from cycle life measurements of FePO4 thin films. The points at 0 nm, are generated 

as an extension of the linear fit. The points in the figure are retrieved from Figure 9.7 (peak 2 µA), Figure 4.26 (average 2 

µA) and Figure 4.27 (80 µA).   

To understand the current dependency of the capacitive behavior, we analyse the GC standard 

measurments of the soot and the LS battery, as both of them showed almost pure capacitive 

behavior without redox reactions. We obtained a linear correlation between the area capacity 

and the logaritm of the currents, as shown in Figure 5.3, while we found no such relation for the 

40 nm FePO4 thin film. The reason why there is no linear correlation for the FePO4 film, is that it 

shows a combination of both capacitive behavior (that should give a linear correlation) and 

redox reactions (that changes the battery over time). The LS battery and the soot battery shows 

different slopes that might be due to difference in surface area and difference in surface 

chemistry of the materials. We tried to model the current dependency of the capacitive 

contribution of FePO4 by using the correlation of both the soot and the LS battery, but neither 

resulted in a good fit. Since the LS battery and the FePO4 has approximately the same cathode 

surface area, the difference in surface chemistry must be significant. We can assume that the 

capacitve contribution in FePO4 shows a similar behavior as the steel and the soot, but with a 

different slope. To find this correlation we could perform measurements and calculations on a 

thin FePO4 film (approximately 1 nm, corresponding to only the surface), but because of limited 

time we must consider this as future work.  
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Figure 5.3: Area capacity vs applied current (logarithmic scale), obtained from standard GC measurements of soot 

battery, LS battery and 40 nm FePO4. 
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6. Conclusion  

The main objective in this thesis was to synthesize thin films from the Fe-P-O system and study 

their electrochemical properties for possible battery applications. We reproduced the ALD 

process presented by Pettersen and deposited flat, amorphous iron phosphate thin films [34]. 

After depositing films with different compositions, by varying the pulsing ratio, we chose 

Fe4(P2O7)3 and FePO4 for further studies. The ALD process was stable and we obtained a linear 

correlation between film thickness and number of cycles for both compositions.   

A significant part of the work focused on establishing a good baseline for electrochemical 

characterization, including determination of cathode mass calculation (taking surface roughness 

of substrates into consideration), choosing a good electrolyte (LiClO4 over LiPF6) and testing 

reference batteries.  

During the electrochemical characterization, we discovered that FePO4 and Fe4(P2O7)3 showed 

similar trends in variations of capacity vs thickness. However, FePO4 showed almost twice as 

much capacity and generally better performance; hence, we focused on this composition. A 

general trend for the materials was that thinner films showed significantly better performance 

than thicker films compared to mass, especially at higher currents. The thinner films can utilize 

more of the material quicker, resulting some times in higher area capacity compared to thicker 

films. However, all films showed an increase in capacity during cycling, due to a self-enhancing 

mechanism, where thicker films generally experience a larger increase than thinner films. The 

10 nm film experienced an increase of 90 % and peaked after 100 cycles while the 40 nm film 

increased 240 % and peak after 1000 cycles. These variations make it difficult to establish a 

fixed correlation between capacity and thickness.  

We confirmed the results reported by Gandrud et al. regarding ultra-high power capabilities in 

FePO4, were 10 nm film exhibited a specific capacity above 30 mAh/g at 5120 µA. This 

corresponds to a C-rate at approximately 2560C and a specific power above 1 MW/kg. In 

addition to the power capabilities, the 10 nm film obtained a specific capacity of 240 mAh/g 

while cycling at 2 µA. This is 35 % higher than the theoretical capacity of 178 mAh/g, which we 

attribute to capacitive surface reactions. The 10 nm film also shows very good cycling stability at 

80 µA (corresponding to 40C), were it retains a specific capacity above 100 mAh/g after 8000 

cycles, which is 70 % of the peak capacity at that current rate. 

We created soot substrates with high surface area, which we coated with FePO4 in an attempt to 

increase the area capacity without increasing the film thickness. From SEM images, we observed 

an even coating of FePO4 on the soot structure. However, this did not result in higher capacity, 

and the performance of the coated soot batteries was worse than both the reference and the 
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unsooted batteries. At the same time, the double-coated soot batteries showed an increase in 

capacity, compared to the single-coated soot batteries.  

To conclude, we have showed that amorphous thin film FePO4 is an impressive battery material 

with good cycling stability and ultra-high power capabilities. These properties combined with 

the flat and uniform topography makes it a good candidate as substrate for investigating solid-

state electrolytes.  
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7. Future Work 

In this work, we have continued and confirmed the work of Pettersen and Gandrud et al. on thin 

film FePO4 as cathode material. We have managed to deposit similar, flat and amorphous FePO4 

thin films that show comparable battery properties. We had to use a slightly different pulsing 

ratio to obtain the same deposited composition 1:1 (Fe:P). Apart from that, we have showed that 

the process is reproducible. We have focused a lot on reference batteries to make sure that we 

separate the results from the FePO4 from the other components in the battery. We discovered 

that the steel substrates that we used in batteries have around twice as high total surface area as 

projected area and are not flat as Gandrud et al. assumed in his calculations. This means that 

both the capacity and the C-rates Gandrud reported are too high. Nevertheless, we have 

confirmed that thin film FePO4 still has ultra-high power capacity, for films around 10 nm.  

Even though we have obtained a lot of information about the cathode properties of thin film 

FePO4, there is still a lot of work left to obtain full control over the electrochemical properties. In 

this study, we performed impedance measurements on complete batteries with several 

components and interfaces. Therefore, the results are very complex and difficult to interpret in 

detail. To obtain better control over the conduction phenomena in a battery, one could measure 

the impedance of one component at a time. One could also vary temperature, voltage and state of 

charge when performing the EIS measurements. 

Since the FePO4 is amorphous, it is difficult to obtain detailed structural information about the 

material. However, what we are most interested in is where the Li intercalates into the material 

during cycling. The thicker films does not utilize the whole material during cycling, and it would 

be interesting to see if the active material is close to the electrolyte or close to the current 

collector. We can obtain information about this by depth profiling with TOF-ERDA (time-of-flight 

elastic recoil detection analysis).  

When it comes to applications for thin film FePO4 the most relevant, at this point, is to use it as a 

reference cathode for testing thin film electrolytes. We already have good control over its 

electrochemical properties, and the thinnest films have good kinetics and will not be rate 

limiting when testing solid-state electrolytes. It is also very flat, which should be beneficial for 

deposition of the electrolytes. At the present time, we have already started depositions and 

electrochemical characterization of solid-state electrolytes on top of the FePO4 cathodes. 

Hopefully, we will deposit all solid-state thin film batteries within a short time. One big challenge 

remaining is to introduce Li into the electrodes during ALD depositions. Pettersen tested 

deposition LiFePO4, without great success [34]. However, Liu et al. managed to do it in 2014 

[76], so it should be possible.  
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One huge obstacle for using thin film FePO4 as a cathode in commercial batteries, is obtaining 

enough mass. 10 nm thin film is the best when it comes to capacity and power capabilities 

compared to thickness. Thicker films shows poorer performance, probably because of poor 

conduction through the material. To increase the mass without increasing the thickness, we can 

increase the surface area of the film by creating a 3D structure, as we did for soot in this work. 

By coating the soot with a different material, which has good electric conductivity and creates a 

conducting interface with FePO4, we can obtain more mass and higher capacity.  

In this thesis, we presented a method for determining the capacitive contribution of the FePO4 

thin films. We experienced that there is a dependency with the applied current. By looking at the 

current dependency for our capacitive reference batteries (LS and soot batteries), we found a 

linear correlation between the capacity and the logarithm of the current. There is probably a 

similar correlation for the capacitive contribution in FePO4, but with another slope. To 

accurately determine this we need to measure the capacity of an isolated FePO4 surface, for 

example by depositing a very thin film around 1 nm. By doing this, we might be able to 

accurately model the capacitive contribution of FePO4 at different currents, and then calculate 

the redox contribution. 
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9. Appendix 
In this chapter, we present complete data sets of charge/discharge curves and dQ/dV plots for 

all thicknesses of FePO4 thin films, deposited on both steel spacers and soot substrates. In 

addition, we present impedance measurements of the same batteries. We also present a section 

with unintended results concerning cycle life measurements at 2 µA.  

9.1 Charge/discharge curves, dQ/dV plots and Nyquist plots 

Figure 9.1 shows charge/discharge curves and dQ/dV plots obtained from first series of 

standard GC measurements of different thicknesses of FePO4 thin films and of LS battery as 

reference. We can see that thinner films below 100 nm have significant capacity and redox 

reactions, while the thicker films are almost electrochemically dead.  

Figure 9.2 shows charge/discharge curves and dQ/dV plots obtained from first series of 

standard GC measurements of different thicknesses of coated soot batteries. We observe that the 

films between 10-100 nm shows rather similar behavior, but the films with double coating 

(20+10 nm and 40+30 nm) shows higher capacity. While the 40+30 nm sample has highest 

capacity at lower currents, the 20+10 nm sample shows highest capacity at higher currents.  

Figure 9.3 shows Nyquist plots from impedance measurements of the FePO4 thin films after a 

standard GC measurement program. We generally observe that there is lower impedance for all 

batteries at 3.0 V, as the material is half full of ions, which is optimal for conduction. Another 

trend is that thinner batteries have lower impedance than thicker batteries, which is correlated 

to the capacity and the performance of the battery. One good example is the 150 nm film, which 

probably has a defect leading to poor performance. It has the lowest capacity of all the samples 

and the highest impedance. As we can see from the inserted figure, we need to zoom out so the 

axes go to 15000 Ω instead of 2000 Ω to see some characteristic features.   

Figure 9.4 shows Nyquist plots from impedance measurements of the FePO4 thin films on soot 

substrates. We see the same trends here as for the unsooted batteries, but with generally higher 

impedance. As we discussed in the discussion part, this is probably do to formation of an 

insulating layer between the soot and the FePO4. We also see that the batteries with the best 

performance, 10, 20 and 20+10 nm, generally has the lowest impedance.  
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Figure 9.1: Charge/discharge curves and dQ/dV plots obtained from GC measurements of batteries with different 

thicknesses of FePO4 as cathode. Compared to an LS battery without coating. 
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Figure 9.2: Charge/discharge curves and dQ/dV plots obtained from GC measurements of soot batteries with different 

thicknesses of FePO4 as cathode. 
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Figure 9.3: Nyquist plots of batteries with different thicknesses of FePO4 as cathode, obtained from EIS measurements at 

different voltages between 2.0-4.0 V and a frequency range of 1 MHz-500 mHz. An extra figure of 150 nm is added where 

the Nyquist plot is zoomed out with axes going to 15000. 
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Figure 9.4: Nyquist plots of soot batteries, coated with different thicknesses of FePO4 as cathode, obtained from EIS 

measurements at different voltages between 2.0-4.0 V and a frequency range of 1 MHz-500 mHz. 
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9.2 Unintended results (2 µA cycle life)  

During the cycle life measurements at 2 µA, we encountered several unexpected challenges. We 

began all the measurements by using the wrong parameter for the current range (I-range) in our 

computer software, EC-lab. As a result, the program could not control the applied current 

accurately, and ended up varying the current with ±2 µA (0-4 µA). For most measurements, this 

lead to a much higher charge current than discharge current which resulted in very different 

capacities, as shown in Figure 9.5. This might also have affected the further cycling.  

When we discovered our mistake, we restarted the measurement with the correct current range 

(marked New I-range in Figure 9.5). Then we obtained an area of the measurement that we 

assumed was representative, and used this to calculate the average capacity reported in Figure 

4.26. During further cycling, we occasionally experienced software problems with some specific 

channels. This forced us to cancel the affected measurements and restart them in another 

channel. Apparently, the channels measures capacity slightly different, as we for 230 nm 

experienced an increase in capacity after the change of channel. Another possible explanation 

for the capacity increase is that the battery changes behavior after a short break from 

measurements. However, since the break was maximum a few minutes, we find this unlikely.  

 

Figure 9.5: Charge/discharge curves and area capacity vs cycle number obtained from GC cycle life measurements at 2 µA 

with a voltage range of 2.00-4.00 V. During the measurement, several unintended events occurred including using wrong 

I-range, changing channel and a blackout. 

We experienced one more problem, with the measurements, when the whole battery lab 

experience a blackout due to electrical work in the building. The blackout quickly discharged the 

battery to almost 0 V, which affected the following cycles. As we can see from the 

charge/discharge curves in Figure 9.5, an extra charge response emerged after the blackout, and 



93 
 

it remained during the following cycling. We also obtained more capacity during the first cycles 

after the blackout, before it stabilized again. The extra response during charge is a big 

uncertainty for further measurements. Apart from this, the battery seems unaffected by the 

blackout and retains a stable (or in this case increasing) capacity. This indicates that the battery 

has good safety.  

Figure 9.6 shows area and specific capacity from 2 µA cycle life measurements of 10 nm FePO4. 

We have here marked the area with new current range (I-range) and the point where the 

blackout occurred. The 10 nm film shows a decrease in capacity during the new current-range 

area, while we observed an increase for the 230 nm film. The different behaviors induces large 

uncertainties that makes it impossible to find a fixed correlation between the thicknesses by 

using the average capacity from this area, as we discussed in Subsection 5.2.2 and 5.2.4. Another 

thing to notice is the high specific capacity around 240 mAh/g during the first cycles with the 

correct current range. This capacity is approximately 35 % higher than the theoretical capacity 

of 178 mAh/g, and we tried to explain it with capacitive contribution in Subsection 5.2.4. 

 

Figure 9.6: Area capacity and specific capacity vs cycle number, obtained from GC cycle life measurements of a 10 nm 

FePO4 thin film, performed at 2 µA with a voltage range of 2.00-4.00 V. The area with new I-range and the blackout is 

marked in the figure. 

Figure 9.7 and Figure 9.8 shows area capacity vs cycle number for all deposited thicknesses of 

FePO4, obtained from the GC cycle life measurements at 2 µA. Just like the previous figures, we 

have marked the areas of new current range, new channel and the point of blackout. The most 

important thing concerning these figures is to show the areas of new current range and the 

different behavior for the different thicknesses. Thicker films experience an increase in capacity, 

while the thinner films tend to decrease. The medium thick films (30 and 40 nm) experience an 

increase in the beginning before they reach peak capacity followed by a decrease. We reported 
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the average capacities from these areas in Figure 4.26, and the different slopes for the different 

thicknesses prevent us from finding a fixed correlation between the capacity and thickness. In 

Figure 9.7, we have also marked the points were we extracted the peak capacity for the 

determination of capacitive contribution in Subsection 5.2.4. These points are probably more 

reliable in search of a thickness dependency, compared to the average capacity.  

 

Figure 9.7: Area capacity vs cycle number, obtained from GC cycle life measurements of different thicknesses of FePO4 

thin film, performed at 2 µA with a voltage range of 2.00-4.00 V. The area with new I-range, the blackout and the point 

where we extracted the peak capacity are marked in the figure. Note different scales on the x-axes. 
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Figure 9.8: Area capacity vs cycle number, obtained from GC cycle life measurements of different thicknesses of FePO4 

thin film, performed at 2 µA with a voltage range of 2.00-4.00 V. The area with new I-range, new channel and the 

blackout is marked in the figure. Note different scales on the x-axes. 


