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Abstract 

Lithium titanium oxides have been studied extensively as potential anode material in lithium-

ion batteries, due to their superior capacity and stability during charging and discharging. 

Among these compounds, ramsdellite Li2Ti3O7 is of particular interest because of its channel-

like structure, which is believed to enable quasi-one-dimensional lithium-ion transport. 

Despite its promising structural features, an in-depth analysis of both long- and short-range 

Li+ transport processes within the material is lacking. Therefore, impedance data of 

ramsdellite Li2Ti3O7 were analysed in this thesis. The measurements covered a frequency 

range from 10 mHz to 3 GHz at temperatures from –100 to 200 °C. Two diffusion processes, 

long-range and short-range, respectively, were identified by analysing conductivity isotherms 

and modulus spectra. Moreover, activation energies for each process were derived from 

Arrhenius plots and Nyquist plots were used to determine the corresponding capacitances. 

Based on the extracted capacitances, the long-range process was attributed to lithium-ion 

diffusion across grain boundaries, while the short-range process was identified as Li+ transport 

within the bulk regions of the sample. In addition, a third process in the high-frequency range 

(0,4 GHz) was detected but could not be clearly attributed to ion diffusion. The signal likely 

results from lattice vibrations or an artefact of the measurement. Although the expected one-

dimensional nature of the bulk process was not confirmed by the applied Jonscher fits, the 

results obtained in the frame of this thesis nevertheless point to low-dimensional diffusion. 

They are consistent with established structural models found in literature and provide a 

conclusive insight into the lithium-ion transport in ramsdellite Li2Ti3O7, serving as a starting 

point for further investigations.   
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1 Introduction 
 

According to their report `World Energy Outlook 2024´, the international energy agency (IEA) 

expects a significant annual increase in the global demand for electricity of 3 %.1 This trend is 

due to both economic and environmental pressure to phase out the reliance on fossil fuels.2,3 

Another important aspect is the surge of new technologies in the digital field such as artificial 

intelligence, which require additional, energy intensive data centres.4 While electricity 

production is vital for this transformation, so is the creation of the related energy 

infrastructure. Amongst other things, advanced energy storage devices are of great 

importance, with the IEA predicting that batteries produced globally in 2030 will have to 

provide 3880 GWh of electrical energy.1 This means a nearly 360 % increase compared to 

2023.  Research teams around the world are determined to contribute to this change. Their 

scientific work has provided a wide range of potential battery components, which is daily 

extended and optimized further in the quest for new battery materials with superior 

properties (vgl.5). While factors like scale-up possibilities and cost efficiency are important at 

a later stage, the investigation of (electro)chemical and physical processes on a macroscopic 

as well as microscopic scale lays the foundation of these efforts. A deeper understanding of 

the link between fundamental interactions in the material and their desired properties is 

essential. It leads the way to both new concepts and targeted optimization in the field of 

energy storage, enabling us quite literally to empower future generations. 

Nowadays, state-of-the-art lithium-ion batteries (LIBs) use graphite as anode material due to 

its low cost and high reversibility.6 However, a major downside of graphite anodes are volume 

changes during the intercalation process of Li ions. These lead to a reduction in capacity over 

the lifetime (charge-discharge cycles) of the battery, caused by cracking of the material.7,8 In 

this regard, lithium titanium oxides (LTOs) are promising alternative anode materials, 

providing a good cycling stability combined with other preferable properties like high thermal 

stability and environmental friendliness.9 Additionally, the formation of metallic lithium 

dendrites, which poses a safety risk in their graphite counterparts, can be avoided in LTOs.10 

A setback are their low electronic conductivities and slow ion diffusion, limiting the practical 

capacity at large charge-discharge rates. Different approaches are currently investigated to 
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solve this problem (e.g. doping, increasing the ion concentration or the number of additional 

defects).8  One of the compounds, Li2Ti3O7, has a metastable form with ramsdellite structure, 

first synthesized in 1957. As the material´s structure contains parallel channels, it has been 

suggested that lithium ions diffuse mainly along these channels, making ramsdellite Li2Ti3O7 a 

quasi-one-dimensional (1D) ion conductor.11–13  

The advantages of understanding lithium-ion diffusion processes in ramsdellite-type Li2Ti3O7 

(hereafter referred to as Li2Ti3O7) are two-fold. On the one hand, it contributes to the research 

field of applied LTO anode materials for energy storage. Li2Ti3O7 has been found to be an 

excellent material for lithium insertion,  showing good cyclability as well as low polarization 

during the charging and discharging process.14,15  On the other hand, it serves as a model 

system for quasi- 1D lithium diffusion, a concept that can be translated to the design of future 

advanced LIBs. While two-dimensional (2D) diffusion processes in materials have been 

extensively studied (e.g. the already mentioned graphite)7,16, significantly fewer examples of 

1D diffusion in materials are known so far.17 The potential benefit of such 1D systems lies in 

the high mobility of intercalated lithium ions, resulting in superior ion conductivity.18 For this 

reason, numerous investigations have been conducted over the last decades. The main 

objective has been to determine the location of the mobile lithium ions inside the titanate 

framework as well as their migration paths through the system. While a variety of experiments 

and calculations were performed on the matter of Li2Ti3O7
11,19, an in-depth analysis of the 

short- and long-range ion transport processes is missing. In the present thesis, datasets 

obtained by impedance spectroscopy measurements of a powder sample of Li2Ti3O7 are 

analysed. The raw data were obtained by former members of this research group.20  
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2 Theoretical Background 
 

2.1 Diffusion processes in solids 
The information for this general overview of diffusion was taken from the first four chapters 

of the book `Diffusion in solids’ by Helmut Mehrer21, if not stated otherwise.  

 

2.1.1 Diffusion in general 
 

In 1855, A. Fick proposed a concept to describe a diffusion process as a linear response acting 

in opposition to a concentration gradient.22 Although his idea was based purely on 

experimental observations, it is still considered valid after over one and a half centuries of 

scientists gathering additional insight into the field of diffusion. The equation 

2-1  𝐽𝑥  = −𝐷  
∂𝐶

∂𝑥
 

 

is known as Fick´s first law. It states that the flux Jx of particles in x-direction is proportional to 

the first derivative of the concentration C of the particles with respect to x, multiplied by the 

diffusion coefficient D, which is not further specified at this point. The negative sign is due to 

the diffusion working against the concentration gradient, as already mentioned. The equation 

can further be extended to describe a three-dimensional model by using the nabla symbol ∇  

to define a time-dependent gradient field C(x, y, z, t). This leaves us with 

2-2 𝐽 = −𝐷 𝛻 𝐶 

 

Fick´s first law defines diffusion as the flux of particles through space, neglecting the time-

dependence of the process. If the concentration within a finite space change over time 

(meaning the particle uptake via diffusion does not match the number of outgoing particles), 

this can be described via a divergence operator ∇, that is applied to the flux in three 

dimensions 

2-3 
− 𝛻 𝐽 =

𝜕𝐶

𝜕𝑡
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When combining equation 2-2 and 2-3, we arrive at Fick´s second law, also named diffusion 

equation, a partial differential equation of the second order 

2-4 
𝜕𝐶

𝜕𝑡
 = 𝛻 (𝐷𝛻𝐶) 

 

In case the diffusion does not depend on the concentration, we get a linear diffusion equation. 

By using the Laplace operator ∆, this can be written as 

2-5 
𝜕𝐶

𝜕𝑡
 = 𝐷 ∆ 𝐶 

 

2.1.2 Random walk theory 
 

The random walk theory considers the diffusion of a particles as a series of consecutive 

movements from one position to another. The overall change in the particles´ position can be 

described as the sum of these individual movements. Within solids, the movements are 

limited to the transition between energetically favourable locations in the structure, which 

atoms therefore predominantly occupy. Within a crystal lattice, there are defined distances λ 

between these sites. The random walk of an atom within a crystal structure is illustrated in 

Figure 1.  

 

 

Figure 1: The random walk theory in the case of solids describes the diffusion of an atom (green) as sequence of individual 

jumps to neighbouring crystal sites (black arrow). The overall movement of the atom (green arrow) can be seen as 

the sum of these jumps. Figure inspired by reference 21. 
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Movements of an atom or ions from one crystal site to another are called jump processes and 

the frequency with which they occur is defined as jump rate Γ (alternatively τ -1). Consequently, 

the diffusion in a crystalline material depends on these parameters. As mentioned earlier, the 

flux J is defined as sum of the incoming and outgoing particles. For an individual crystal site, it 

is therefore composed of jump processes towards and away from the position.  The number 

of diffusing atoms in the flux depends on the jump rate (frequency of transitions) and the 

concentration (number of atoms in a position to reach the site).  As the concentration for its 

part is related to the distance between the sites, some substitutions and a Taylor series allows 

the definition of the flux for one dimension as 

2-6  𝐽𝑥  = −  𝜆2𝛤
𝜕𝐶

𝜕𝑥
 

 

In connection with Fick´s first law (2-1), the relation between the diffusion coefficient and the 

jump parameter can be formulated as 

2-7 𝐷 =  𝜆2𝛤 

 

It is important to note that these assumptions are valid for uncorrelated jump processes. In 

case of correlations (i) between the jumping atom/ions and (ii) the jumping atom and its 

surroundings (e.g. vacancies left by a jumping atom would enhance the probability of a return 

jump), it is necessary to add a correlation factor f to account for such interactions.   

 

2.1.3 Jumping theory 
 

The jumping theory suggests that an atom is located at a crystal site A and separated from the 

neighbouring site B by a potential barrier, which is due to repulsive forces from surrounding 

atoms. They create a field potential that needs to be overcome for a transition from A to B (or 

vice versa). During the transition phase, the least favourable position for the diffusing atom in 

terms of its potential energy is marked as saddle point. In the energy diagram, it defines the 

energy required for the jump process. The potential difference between the equilibrium 

position A and the saddle point is the activation energy (Ea). This is depicted in Figure 2. 
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Figure 2: The jump process of an atom (green) between two - in this case energetically equal - sites A and B can be seen in the 

upper part of the figure. Below, the potential landscape in jumping direction is depicted. To perform a successful 

jump, an atom has to overcome the energy barrier Ea. Its peaks (saddle point) is the energetically least favourite 

position from the atom closest to the surrounding matrix atoms. Figure inspired by reference 21. 

 

The atom at site A in our model possesses a thermal energy kBT, (kB being the Boltzmann 

constant in Joule per Kelvin and T the temperature in Kelvin) and is therefore vibrating around 

its equilibrium position. At finite temperatures, the mean kinetic energy of the atom is lower 

than the energy barrier, which means that most of the vibrations do not lead to a transition. 

The jump rate Γ is therefore much smaller than the vibration frequency ν0. For our model, we 

consider the vibrations in the direction of the saddle point and can also refer to it as the 

attempt frequency (as in attempts to overcome the energy barrier). With the jump rate 

depending on the height of the energy barrier (the activation energy) and the temperature, 

we can formulate an Arrhenius law for the jump rate Γ: 

 

2-8 𝛤 = 𝜈0exp (− 
𝐸𝑎

kB𝑇
) 
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2.2 Li2Ti3O7 with ramsdellite structure 
 

With a high theoretical specific capacity of 235 mAh g−1 in combination with a low average 

insertion voltage of 1.5 V, Li2Ti3O7 with ramsdellite-structure shows promising properties for 

a use as anode material in lithium-ion batteries.14,15 According to electrochemical studies by 

Garnier et al.23, the electronic contribution to the overall conductivity is negligible, hence, 

Li2Ti3O7 can be viewed as a purely ionic conductor. The ramsdellite structure of Li2Ti3O7 was 

first described by Morison and Mikelsen.24 It crystallises in the space group Pbnm and consists 

of edge- and corner-sharing TiO6 octahedra, with lithium ions (Li+) occupying the tetrahedral 

voids, as depicted in Figure 3. Within these voids, positions of Li+ can be further separated into 

4c and 8d sites.11 While the exact location of Li+ is important for a deeper understanding of 

the diffusion mechanism, a detailed discussion lies beyond the scope of this thesis.  

 

Figure 3: Unit cell of ramsdellite Li2Ti3O7. The structure consists of a TiO6 framework (green octahedra) with lithium ions 

located in the tetrahedral voids in between. The crystallographic data for the illustration were taken from 

reference 25. 
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Ever since the structure was defined, exact distribution of lithium in the framework was 

subject to multiple studies. While Abrahams et al.12 proposed a structure where lithium can 

occupy both tetrahedral and octahedral sites, giving the formula [Li1.5□5.5]i[Li0.5Ti3]fO7. In more 

recent studies, it was shown that the octahedral positions might not be occupied, suggesting 

a [Li2□5]i[(Ti3□0.5)fO7 structure.18,19 As Li+ ions are limited to tetrahedral sites according to this 

model, it follows that the lithium diffusion occurs via jump processes between these sites. The 

tetrahedral sites are forming channels within the material along the b-axis, as illustrated in 

Figure 4. It is therefore assumed that Li+ predominantly move through these channels, making 

Li2Ti3O7 a quasi-1D ionic conductor. 

 

 

Figure 4: Cross-section of the ramsdellite structure along the ac-plane illustrating the channels along the b-axis, allowing for 
quasi- 1D lithium diffusion in Li2Ti3O7. Structural data taken from reference 25. 

 

Theoretical calculations by Islam et al.11 suggest that while diffusion is preferably happening 

along the b-axis, Li+ ions can also migrate between neighbouring tunnel structures via 

octahedral vacancies. Although this jump process is possible, it is not (energetically) 

favourable. Consequently, detecting Li+ in octahedral positions in experimental setups is 

challenging, as the occupation is very short lived and is infrequent compared to diffusion along 

the channels.  
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2.3 Methods 
 

2.3.1 X-ray powder diffraction (XRPD) 
 

X-ray diffraction is an analytical method that uses the scattering of X-ray radiation on a sample 

to derive information about its molecular structure from the reflections. In the case of X-ray 

powder diffraction (XRPD) measurements, X-rays are directed on a powder sample and the 

scattered X-ray radiation is detected. Due to variations in path lengths of the beam, scattering 

at different crystal planes of in the sample results in phase shifts of the X-rays which vary with 

the distance between these planes, depicted in Figure 5. This leads to characteristic reflection 

patterns, arising from constructive and destructive interference, depending on the scattering 

angle θ.26 

 

 

 

Figure 5: The principle of X-ray diffraction (XRD) is based on differences in the path lengths of X-rays - directed at as sample 

at an angle θ - which are scattered on atoms within a crystal structure. These differences (Δp; orange) induce a 

phase shift of the X-rays that varies with the distance d between the crystal planes. Figure inspired by reference 26. 

 

From the characteristic reflection patterns at the detector, it is possible to deduce information 

about the crystal structure. The principle is based on Braggs law, which relates the reflection´s 

intensity maxima to the spacing between crystal planes in the sample  

 

2-9 𝑛𝜆 =  2𝑑sin𝜃 
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where n is a positive integer, λ is the wavelength of the X-ray beam, d is the distance between 

the lattice planes and θ is the angle between the incoming (as well as scattered) X-rays and 

the lattice plane.26   

The diffraction pattern depends on a variety of aspects, such as crystal structure, atom sizes, 

stoichiometric composition and the presents of impurities. It is characteristic for a given 

material and can be used for identification by comparing the measured pattern to a reference 

diffractogram. The intensity of the reflection gives insights into the sample’s morphology. A 

higher crystallinity leads to enhanced reflections, as more crystal planes are well-aligned 

within the sample. However, the specific relations will not be discussed further here. Detailed 

information can be found for example in the book on X-ray crystallography by M. Woolfson.26 

 

2.3.2 Impedance spectroscopy 
 

Electrochemical impedance spectroscopy (EIS) probes the impedance of a sample to get 

information on sample specific properties like conductivity. This can be used to get insights 

into the long-range transport of charge carriers within the sample. For the measurement, an 

alternating voltage U is applied to a sample and the answering alternating current I of the so 

formed circuit is recorded. The setup of the measurement can be seen in Figure 6.  

 

 

Figure 6: The sample is placed inside an electrical circuit, to which an alternating voltage U is applied. The current I of the 

circuit is then measured. From the difference between U and I, one can deduce information about the impedance of 

the material. Figure inspired by reference 21. 
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Both voltage and current can be defined by their amplitudes and the angular frequency. 

Additionally, the recorded answering current may exhibit a phase shift φ relative to the 

applied voltage.27 

2-10 𝑈(𝑡) = 𝑈0 sin(𝜔𝑡) 

2-11 𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 − 𝜑) 

 

Consequently, the deviation of the current from the applied voltage can be two-fold: On the 

one hand, a change in amplitude (ΔA) is caused by the resistance R of the sample material. 

One the other hand, its capacitance C leads to a phase shift by an angle φ. This is illustrated in 

Figure 7 A.  

Analog to Ohm’s law, the impedance Z of a material can be calculated by dividing the voltage 

by the current  

 

2-12 𝑍 =
𝑈0sin (𝜔𝑡)

𝐼0sin (𝜔𝑡 − 𝜑)
= |𝑍|

sin(𝜔𝑡)

sin(𝜔𝑡 − 𝜑)
  with  

𝑈0

𝐼0
= |𝑍| 

 

In contrast to the resistance for direct current (DC), the impedance can also be depicted as a 

complex number, due to its frequency-dependence. In combination with Euler´s relationship 

𝑒𝑥𝑝(𝑖𝜑) =  𝑐𝑜𝑠𝜑 + 𝑖 ∗ 𝑠𝑖𝑛𝜑 , we get Z* as the sum of a real part Z´ and an imaginary part Z´´ 

 

2-13 𝑍∗ = |𝑍|
𝑒𝑖(𝜔𝑡)

𝑒𝑖(𝜔𝑡−𝜑)
= |𝑍|𝑒𝑖𝜑 = |𝑍|(cos𝜑 + 𝑖sin𝜑) = 𝑍´ + 𝑖𝑍´´   

 

Z´ is hereby representing the resistance of the material, analogue to R for DC. Z´´ represents 

capacitive contributions. By plotting the imaginary part of the impedance against its real part, 

one can visualize changes of the current with respect to the applied voltage. The real part 

depicts the resistance in the sample, while the imaginary part represents the capacitive 

contributions. The angle δ, complementary to the phase shift φ, is called dissipation or loss 

angle and indicates the loss of current due to resistance, compared to its temporary reduction 

via capacitive effects (Figure 7 B).28 
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Figure 7: Principle of impedance measurement. A The deviation of the current from the applied voltage can result in the change 

in amplitude (ΔA) or a phase shift by an angle φ. B By plotting the imaginary part of the impedance (b) against its 

real part (a), one can visualize changes of the answering current. Figure inspired by reference 27.   

A 

B 
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2.3.2.1 Conductivity isotherms  

 

The complex conductivity σ* of a material is indirectly proportional to the impedance and 

takes the geometry of the sample into account, with A as the cross-section area and h as the 

sample height (thickness). 

 

2-14 𝜎∗ =
1

𝑍∗
 
ℎ

𝐴
   

 

 

To depict the conductivity isotherms, the logarithm of the real part σ´ of the conductivity is 

plotted against the frequency on a double logarithmic scale, as shown in Figure 8. While the 

conductivity increases with temperature, its dependence on frequency is more complex. It can 

be divided into three general regimes:  

 

I. Electrode polarization:  

At lower frequencies, the time frame is sufficiently long for ions to migrate toward 

the electrode before the direction of the voltage switches. As the ions cannot 

penetrate the electrode material, they accumulate at the interface. The charge 

transfer is limited to electronic contributions of the current, which leads to a 

decrease in conductivity. This is referred to as electrode polarization. 

 

II. DC plateau: 

At intermediate frequencies, the conductivity of the sample becomes independent 

of frequency. This causes the movement of electrons and ions without a capacitive 

component, showing the purely resistive behaviour of the direct current. The so 

formed frequency-independent region in the plot is called DC plateau. Its 

conductivity σDC is derived from long-range transport of ions in the sample, taking 

their successful ion jumps into account. Each plateau observed in the conductivity 

isotherm can correspond to a distinct diffusion process in the material. 
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III. Dispersive regime: 

At higher frequencies, the time frame is too short for ions to complete jump 

processes between two crystal sites. As a result, all ionic motions —including both 

successful and unsuccessful forward and backward jumps— contribute to the 

measured conductivity. Unlike the DC plateau, where only long-range, successful 

ion jumps are reflected. Consequently, the conductivity increases in the dispersive 

regime, as short-range localized motions dominate this region.  

 

In addition, the regimes shift towards higher frequencies with rising temperature. This can be 

relevant for temperatures significantly higher or lower than those depicted in Figure 8, as DC 

plateaus might not be visible in the measured frequency range. 

 

 

Figure 8: The conductivity isotherms show the real part of the conductivity at three different temperatures in the frequency 

range from 10 mHz to 1 MHz. They can be separated into three regimes, the electrode polarization (I), defined by 

the polarization effect of the electrode, the DC plateau (II), where the conductivity is frequency-independent and a 

dispersive regime (III) which is governed by localized motion of the ions. 
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The activation energy (Ea) can be derived from the conductivities σDC at the DC-plateaus. This 

is possible via the Arrhenius law for the conductivity 

 

2-15 𝜎DC =
𝜎0

𝑇
exp (

−𝐸𝑎

𝑘𝐵𝑇
)  

 

When the product of temperature and σDC is plotted on a logarithmic scale against the inverse 

temperature, Ea can be determined via the slope of a linear fit from the data points in the so 

formed Arrhenius plot: 

To calculate the activation energy, equation 2-15 transformed, resulting in 

 

2-16 log(𝜎𝐷𝐶𝑇) = log(𝜎0) −  log(𝑒) 𝐸a  
1

kB𝑇
 

 

and further in 

2-17 

 
log(𝜎𝐷𝐶𝑇) = log (𝜎0) − log(𝑒) 𝐸a  

1

1000kB
 
1000

𝑇
 

 

which can be depicted in an Arrhenius plot. The data points are then fitted with a linear 

function of the form 

2-18 𝑦 = 𝑘𝑥 + 𝑑  with 𝑥 =  
1000

𝑇
 

 

According to this, one can write the slope k of the line as 

2-19 𝑘 =  − log(𝑒)  𝐸a  
1

1000 kB
  

 

Solving for the activation energy, one finally arrives at  

2-20 𝐸a =  −1000 𝑘 kB
1

log(𝑒)
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2.3.2.2 Jonscher fits 

 

In 1977, A. Jonscher proposed an `universal power law’ to describe the dielectric response of 

solid materials to an applied AC current.29 His observations are based on empirical data and 

allow a fit (Jonscher fit) for the conductivity of the DC plateaus and in the dispersive regimes, 

using an power law equation. In case of ionic conductors, the law can be approximated to 

 

2-21 𝜎´ = 𝜎DC [1 + (
𝜈

𝜈𝑐
)

𝑛

]  with  𝜈𝑐 = 𝜈  at 2𝜎DC   

 

with νc being the crossover frequency, the transition frequency from the DC plateau to the 

dispersive regime, and n being the power law exponent. By fitting the conductivity isotherms 

with the power law function as depicted in Figure 9, it is possible to derive νc ꟷ  the frequency 

at which the conductivity is two times σDC  ꟷ  and n for each temperature. 

 

 

Figure 9: Isotherms fitted by Jonscher´s power law. The crossover frequency νc is the frequency at which the conductivity is 

two times σDC. 
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It could be shown that the power law exponent n has an empirical dependence on the 

dimensionality of conductivity dispersion in ionic materials.30 Isotherms of 3D conductors can 

be fitted using exponents between 0.9 and 0.6, while fits for 2D and 1D conductors have 

exponents in the range of 0.6 to 0.4 and below 0.4, respectively.31 

Analog to the product σDC T for isotherms, crossover frequencies νc derived from the Jonscher 

fits can be used to determine the Ea of processes via an Arrhenius plot, using  

 

2-22 𝜈𝑐 = 𝜈𝑐0exp (−
𝐸𝑎

𝑘𝐵𝑇
)  

 

2.3.2.3 Modulus  
 

The modulus is another, unitless form to describe the data gathered by impedance 

measurements. In contrast to conductivity isotherms, which are sensitive to processes with a 

high resistance, the imaginary modulus highlights processes with low capacitance. It is 

calculated via the equation 

 

2-23 𝑀∗ =
𝑖𝜔ε0

𝜎∗
  

 

with ω as the angular frequency and ε0 = 8,854·10-12 F/m being the vacuum permittivity. When 

the imaginary part of the modulus (M´´) is plotted against the frequency, the number of peaks 

(M´´max) for each temperature indicates the number of ion transfer processes in the material. 

Moreover, the height of a peak in the plot is depending on the type of process.32 From the 

peak height it is possible to derive the capacitance C of the respective process via the equation 

 

2-24 𝐶 =
ε0

2𝑀´´𝑚𝑎𝑥
  

 

The equation is based on having an ideal capacitor. Therefore, values for the capacitance 

derived from the modulus are approximations, but sufficient to identify the type of process.  

Grain boundary capacitances are in the range of 10-11 to 10-8 F, bulk capacitances are in the 

range of 10-12 F.32 
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Analogous to the conductivity, the modulus can be used to determine the activation energy 

of a process. The peak maxima shown in the M´´ spectra occur at certain frequencies νM, which 

are in the same order of magnitudes as the hopping frequencies νhop of the respective process. 

Therefore, the frequency vhop, which is related to the activation energy of the process via the 

Arrhenius law 

2-25 𝜈ℎ𝑜𝑝 = 𝜈0exp (−
𝐸𝑎

kB𝑇
)  

 

can be substituted with νM in an approximation. By plotting the logarithm of νM against the 

inverse temperature, once again an Arrhenius plot is formed that allows the determination of 

Ea for a process. 
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2.3.2.4 Impedance of an electrical circuit and the Nyquist plot 

 

Information for this chapter was taken from the book  `Impedance Spectroscopy Theory, 

Experiment, and Applications´ by Barsoukov and Macdonald33, unless stated otherwise. 

The impedance of an electrical circuit depends on resistive, capacitive and inductive elements. 

For solid ionic conductors we do not expect induction and hence it is omitted from further 

analysis.  If there are only resistive contributions to the impedance, the measured current and 

the applied voltage differ in their amplitudes but are in phase. This can be represented by a 

resistor R as electronic building block. Purely capacitive contributions, represented by the 

circuit element of a capacitor C, lead to a current response that is out of phase with the applied 

voltage. This is illustrated in Figure 10.   

 

 

Figure 10: The impedance of a sample is a combination of resistance and capacitance. A Purely resistive contributions, 

represented by the circuit element of a resistor R. B Purely capacitative contributions, represented by the circuit 

element of a capacitor C. Figure inspired by reference 27. 
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 The real and imaginary part of the impedance can hence be formulated as  

2-26 𝑍´ ≡ 𝑅 and 2-27 𝑍´´ ≡ −
1

𝜔𝐶
 

 

Resistive and capacitive contributions to the impedance can be visualized using a Nyquist plot, 

where the negative imaginary part of Z*, Z´´, is plotted against its real part Z´. Hereby Z´ 

depends on the resistance R and − Z´´ on the capacitance C. In case of a purely capacitive 

process, the corresponding Nyquist plot shows a straight line parallel to the y-axis (Figure 11 

A), while a purely resistive response yields a straight line parallel to the x-axis (Figure 11 B). If 

both resistance and capacitance contribute to the current response of a process, the Nyquist 

plot depicts a semi-circle. One model to explain this behaviour is considering a resistor R and 

a capacitor C arranged in parallel. (Figure 11 C). The complex impedance of this model can be 

formulated as 

2-28 𝑍∗ =
𝑅

1
𝑅 + 𝑗𝜔𝑅𝐶

 
 

 

 

 

 

Figure 11: Nyquist plots of different electronic building blocks. A The plot for a capacitor shows a straight line parallel to the 

y-axis. B The plot of a resistor shows a line parallel to the x-axis. C If these two elements are combined in parallel, 

the plot shows a semi-circle. Figure inspired by reference 27. 
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At very high frequencies, the impedance of the capacitor is close to 0. The current is going 

through the capacitor (choosing the way of least opposition), hence the resistor does not 

influence the impedance and Z´ in the Nyquist plot is close to 0. For the other extreme case 

(ω = 0), the response signal is similar to the one of DC, which cannot pass the capacitor. 

Consequently, the total current flows through the resistor R and we arrive at the maximum of 

the resistance. Within the intermediate frequency range, starting at ω close to zero, the 

capacitive contributions increase towards higher frequencies. The flow is split between R and 

C, as the latter is increasingly easier to pass through. At some point, the contributions of 

resistance and capacitance are identical, and the current is “split” in half. In the Nyquist plot 

the semi-circle reaches its peak, at which we have the relation 

 

2-29 𝑅𝐶𝜔 =  1  

 

At high frequencies, all current passes through the capacitor, bypassing the resistor. As the 

capacitance is proportional to 1/ω, it goes to 0 at very high ω. 

To derive values for individual contributions of a diffusion process from the impedance data, 

it is possible to simulate the process by creating an equivalent circuit out of electronic building 

blocks. Elements like resistors and capacitors are connected in a way that the Nyquist plot of 

the equivalent circuit fits the Nyquist plot of the sample.  

A resistor and a capacitor arranged in parallel, as described in the previous model, can be used 

to simulate each individual process in the material. A singular capacitor can model the 

electrode polarization. Building blocks for several diffusion processes and the electrode 

polarization can then be connected in series to give the complete Nyquist plot for the 

constructed circuit and compare it to the measured one. Via a fitting program, it is possible to 

obtained exact values for, in the described case, the resistance R and capacitance C. 

The assumption of an ideal capacitor C is only valid in the case of electrodes with a 

microscopically flat surface are used. Most impedance setups do not provide such specific 

electrodes and therefore the impedance spectra will differ from an equivalent circuit with an 

ideal capacitor. To take this into account, the ideal capacitor can be substituted with a 

constant-phase element (CPE). This element introduces an additional resistive effect. As 
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illustrated in Figure 12, the use of a CPE building block results in a “tilt to the right” of the 

signal in the Nyquist plot by a certain angle θ. For a purely capacitive influence on the 

impedance this means tilting the straight line. In case of both reactant and resistant 

influences, represented by a resistor and a CPE arranged in parallel (ZARC element), the 

semicircle is depressed. The angle θ is related to an ideal capacitor via the equation  

2-30 𝜃 = 90° (1 − 𝑛) 

 

This means that the impedance of the CPE (ZCPE) now depends on a capacitance Y0 and a factor 

n, defining the deviation from an ideal capacitor, for which n would be 1. It can be written as 

2-31 𝑍𝐶𝑃𝐸 =
1

 𝑌0 (𝑗𝜔)𝑛
 

 

 

 

Figure 12: The constant phase element (CPE) adds a component of resistance to the capacitor. The factor n discloses how close 

the capacitor is to an ideal one, with n = 1 representing the perfect case. When n decreases, the straight line of a 

capacitor (red area) tilts to the right as there is additional resistance. In the case of a ZARC-element (green area), 

the semi-circle is also tilted, leading to its flattening in the Nyquist plot. Figure inspired by reference 27. 
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2.3.3 Solid-state nuclear magnetic resonance measurements 
 

Solid-state nuclear magnetic resonance (NMR) spectroscopy is a method used for analysing 

structure of and dynamics within a sample, using the magnetic properties of nuclei inside the 

material. When nuclei with a magnetic moment different from zero (e.g. 7Li in our case) is 

placed in an external magnetic field B0, they align themselves establishing an equilibrium 

distribution of spin populations. When exposed to an external perturbation in the form of 

radio frequency pulse, this equilibrium is disturbed. The resulting changes in the magnetic 

field induce an electrical signal, which can be detected via inductive coupling. After the pulse 

is switched off, the nuclei return to their equilibrium state (relaxation).  The magnitude of the 

recorded signal as well as the time required for relaxation provides information about the 

nuclei and their local electromagnetic environment.21 

NMR relaxation methods are used to investigate dynamic properties of materials by 

monitoring the net magnetization over time, allowing the extraction of relaxation times. In so-

called spin-lattice relaxation measurements, relaxation occurs through energy exchange 

between the nuclear spins and their surrounding environment (the lattice). The according 

relaxation time is denoted as T1. An energy transfer from the spin to another one is defined 

as spin-spin relaxation, with the relaxation time T2. In the case of T1ρ measurements, the spin 

is “locked”, using an additional magnetic field B1. Its relaxation time lies between T1 und T2 

and depends on the applied locking frequency.  The inverse relaxation times (Tx
−1 with (x=1,2); 

relaxation rates) are then used to estimate the jump rates of the observed processes 

(illustrated in Figure 13).34 A shorter relaxation time means that an atom performs more 

successful jumps during which their kinetic energy is transferred to the environment. In 

contrast to the long-range transport processes analysed by DC conductivity measurement, 

NMR relaxation methods only detect motion in the kHz to GHz range and are therefore more 

sensitive to both localized jump processes and long range transport, depending on 

temperature.21,35 
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Figure 13: NMR relaxation methods can detect jumps in kHz and GHz range, compared to a wider frequency range probed by 

impedance spectroscopy measurement in this thesis. Their relaxation rates T1
−1, T1ρ

−1 and T2
−1 are in the frequency 

range of the jump rate of an ion in the material. Figure inspired by reference 36. 

 

When the temperature-dependence of the relaxation rates is presented in an Arrhenius plot, 

it is possible to deduce activation energies for the jump processes by using a certain fit 

function. The relaxation rate of a process increases with rising temperature up to a certain 

maximum (rate peak, at the temperature where the jump rate is in the order of the correlation 

rate). After that it declines when the temperature is further increased. This divides the plot 

into two areas, namely, the high-temperature and low-temperature flank.35 
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3 Experimental part 

 

All experimental work has been conducted by Sarah Lunghammer, a former co-worker at the 

Institute for Chemistry and Technology of Materials (ICTM). A more detailed description can 

be found in her master thesis.20 

 

3.1 Synthesis  
 

Li2Ti3O7 was synthesised according to the solid-phase synthesis described by De Dompablo et 

al.14,15, following the stochiometric equation   

 

3 𝑇𝑖𝑂2 + 𝐿𝑖2𝐶𝑂3 → 𝐿𝑖2𝑇𝑖3𝑂7 + 𝐶𝑂2 

 

The educts TiO2 and Li2CO3 were mixed in a Fritsch Pulverisette 7 premium line planetary mill 

(using a 45 ml ZrO2 beaker and 180 ZrO2 balls of 5 mm diameter) in the stoichiometric ratio 

3:1 and milled at 500 rpm for 13 hours. Afterwards, the obtained powder was heated up to 

1000 °C at a rate of 7 °C per minute. After holding the temperature for two hours, the product 

was quenched on air down to room temperature (RT; 20 °C), in order to preserve the 

ramsdellite structure. XRPD was used to confirm the ramsdellite structure and to determine 

the purity of the sample. 

 

3.2 Impedance measurement 
 

The synthesized powder was pressed into pellets with a diameter of 5 mm and a thickness of 

about 1.5 mm, by applying uniaxial pressure of 10 kN for 15 minutes. The samples were then 

sputtered with a gold layer (100 nm on each side) under argon atmosphere, using a Leica EM 

SCDO50 sputter coater. Impedance measurements were conducted using a Novocontrol 

Concept 80 broadband dielectric spectrometer. For measurements in the conventional 
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(standard) frequency range from 10 mHz to 10 MHz, the sample was placed inside a 

Novocontrol active ZGS sample cell. Complex impedance data were recorded using an Alpha A 

frequency analyser from Novocontrol. In order to increase the frequency further, 

measurements required an Agilent E4991 A high-frequency analyser and the use of a specially 

designed high-frequency cell as sample holder (both from Novocontrol). With this second 

setup, impedance data in a frequency range from 1 MHz to 3 GHz were collected. 

The temperature inside the sample chamber was controlled via a QUATRO Cryosystem from 

Novocontrol, regulated by freshly evaporated N2 - stream. The temperature program is shown 

in Figure 14: All temperature steps, whether heating or cooling, were in 20 °C increments. For 

measurements in the standard frequency range, the sample was heated up from RT to 100 °C, 

then cooled down to −120 °C and subsequently heated up to 200 °C. After confirming that no 

changes occurred during the measurement due to thermal treatment - by comparing data 

from the initial heating and cooling runs - the data from the last heating sequence were used 

for the analysis, covering a temperature range from 153 to 473 K. Afterwards, the sample was 

cooled down to RT. The temperature program for the high-frequency measurements was 

identical, except that the cooling steps only reached down to −100 °C instead of −120 °C, 

resulting in an analysed temperature range from 173 to 473 K.  

 

Figure 14: Temperature program for the impedance measurements of Li2Ti3O7 at standard frequencies (red) and high 

frequencies (blue). Data from the second heating sequence (grey area) were used for the analysis of the material 

after ruling out any changes during initial heating and cooling.    
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4 Results and Discussion 
 

All raw data on impedance and NMR we present and analyze in this thesis were originally 

collected by Sarah Lunghammer during her work as master and PhD student and subsequently 

analyzed extensively here. XRPD measurements as well as their analysis were conducted by 

B. Bitschnau, F. Mautner and their respective groups from the Institute of Physical and 

Theoretical Chemistry at the TU Graz. 

 

4.1 XRPD 
 

The successful synthesis of Li2Ti3O7 was confirmed by XRPD measurements. A reference 

pattern from a database (ICSD 169864) was used to determine the structural purity of the 

sample, which was found to be 100%, ruling out potential LTO side phases (Figure 15). The 

ramsdellite structure is additionally confirmed by comparing it with data from literature. The 

XRPD diffractogram shows all the reflections related to ramsdellite-structured Li2Ti3O7.37  

 

 

Figure 15: XRPD diffractogram of the sample. The comparison with a databank confirms the complete transformation of the 

educts into the desired ramsdellite Li2Ti3O7. Image taken from the master thesis of Lunghammer, reference 20.  
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4.2 Impedance spectroscopy 
 

Impedance measurements were conducted at conventional frequencies (10−2 to 107 Hz) and 

high frequencies (106 to 109 Hz). Throughout this thesis, measurements in the conventional 

frequency range will be referred to as low-frequency (LF) measurements with respect to those 

conducted at higher frequencies (HF). For all following spectra, the results of both 

measurements are combined in one plot. Hereby, data points from LF measurements are 

depicted as circles, those from HF measurements as triangles, unless stated otherwise. 

 

4.2.1 Conductivity 
 

By plotting the logarithm of the real part σ´ of the complex conductivity at different 

temperatures against the frequency ν of the applied alternating voltage, the conductivity 

isotherms of the material can be depicted. Figure 16 shows the conductivity isotherms of 

Li2Ti3O7. The conductivity increases with temperature and applied AC frequency. 

 

 

Figure 16: Conductivity isotherms of Li2Ti3O7 in a temperature range from −100 to 200 °C, in steps of 20 °C. The plot combines 

spectra obtained from both low-frequency (LF, circles) and high-frequency (HF, triangles) measurements. 
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As depicted in Figure 17, the conductivity spectra of Li2Ti3O7 indicate that three ion diffusion 

processes contribute to the overall conductivity (from now on referred to as A, B and C). Each 

process is connected to a so-called DC plateau of the isotherm, where the conductivity (σDC) 

is frequency-independent because it originates from successful long-range transport of Li+ 

ions. Towards higher frequencies, local jump processes start to contribute to the conductivity, 

leading to a transition into a dispersive regime. The decrease in conductivity towards low 

frequencies at high temperatures is due to charge carriers accumulating at the electrodes 

(electrode polarization). These conductivity regimes are discussed in more detail in the 

theoretical part on conductivity isotherms (section 2.3.2.1). To determine the frequency of 

the DC plateaus, the dissipation factor tan(δ), can be used. If the imaginary part Z´´ of the 

complex impedance approaches 0, as it is the case for frequency-independent conductivity 

plateaus, tan(δ) goes towards infinity. Therefore, the frequency at the maximum of tan(δ) 

equals that of σDC. For process A, DC plateaus (σDC) occur in a frequency range from 10 mHz to 

0.1 kHz. The DC plateaus of process B lie between frequencies of 10 Hz and 10 MHz. These 

plateaus are not distinctly visible in the conductivity spectra in Figure 17 because of an 

overlapping capacitive contribution, but they can be localized via the maximum of tan(δ). The 

third process (C) exhibits DC plateaus at frequencies around 0.4 GHz. 

 

Figure 17: Conductivity isotherms showing the DC plateaus of the three distinct processes (A, B and C), indicated by solid black 

lines. The DC plateaus shift towards higher frequencies with rising temperature (dashed lines). The inset shows a 

magnification of the DC plateaus of process B and C. 
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To determine the dimensionality of Li2Ti3O7, we use the empirical model of Jonscher, 

described in section 2.3.2.2. The DC plateau and the dispersive regime were fitted according 

to equation 2-21. As depicted in Figure 18, in three different areas of the plot have been 

chosen for the fits. For process A, fits were applied for temperatures from 80 to 200 °C in the 

LF region. DC plateaus for process B were fitted twice, one time in the LF region for 

temperatures from −100 to −20 °C and one time in the HF region for temperatures between 

140 and 200 °C. The obtained values for n from the respective fits are therefore analysed 

separately.  

 

 

Figure 18: Jonscher fits in different areas of the conductivity spectra. In the low frequency area have one fit for the first process 

A (blue) and one for process B at low temperatures (red), while for high temperatures we have fitted in the high 

frequency area for B (green). In addition, we performed a corrected Jonscher fit for B in the LF area (orange). 

 

The model of Jonscher29 suggests that the dimensionality of a diffusion process is connected 

to the power law exponent obtained from the fit. In the case of the fits for process A, power 

law exponents from 0.67 to 0.75 were obtained. This would define A as a 3D diffusion process, 

which is expected for grain boundary diffusion. Fits for process B at LF yield values for n 

between 0.62 and 0.69. Though they are smaller than those for process A, the dimensionality 

of diffusion is still considered 3D according to the model. Fits for process B at HF yield power 

law exponents even larger than those for process A, ranging from 0.74 to 0.84. Regarding 
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these fits, Jonscher`s universal power law would predict a 3D diffusion process, contradicting 

the assumption of Li2Ti3O7 being a quasi-1D ion conductor. The reason for this deviation could 

lie in the limitations of the applied fit as well as in the purely empirical nature of the Jonscher 

model. Moreover, the plateaus of process B are  ꟷ as already mentioned above ꟷ  

superimposed by an additional capacitive effect. This is particularly apparent at low 

frequencies, where the exact position of the DC plateaus cannot be determined by considering 

the conductivity isotherms alone. To take the superposition into consideration, the resistance 

R of the bulk process has been approximated using Nyquist plots (theoretical background can 

be found in section 2.3.2.4). The exact method is described in the appendix. With this 

approximation, corrected Jonscher fits (Jonscher fitcorr) are obtained for process B at LF (BLFcorr.; 

as depicted in Figure 18). The related power law exponents ncorr range from 0.69 to 0.55. They 

are generally smaller than those obtained from the initial Jonscher fits, in some cases fulfilling 

the requirements of the universal power law for 2D, but not for the anticipated quasi-1D 

diffusion with an exponent smaller than 0.4.  

In the case of process C it is not possible to perform a Jonscher fit, as the obtained values for 

σDC would be lower than the conductivities of the DC plateaus in the spectra. Possible fits 

correctly depicting the conductivity isotherms would have had exponents larger than 1, which 

does not comply with Jonschers model.  
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4.2.2 Modulus 
 

Modulus spectra, that is, when the imaginary part M'' of the complex modulus is plotted 

against frequency, are used to confirm the three diffusion processes derived from analysing 

the conductivity isotherms. In addition, it provides information on the type of diffusion 

process, because M´´ at the peak maxima is inversely proportional to the capacitance. As first 

approximation, peaks with a magnitude of 10−2 arbitrary units (arb.u.) are attributed to bulk 

processes in the material, while those between 10−3 to 10−5 arb.u. are assigned to grain 

boundary (g.b) processes.  Subsequently, specific values for the capacitance of each process 

can be derived from the peaks in the M´´ spectrum via equation 2-24.  For the analysis of the 

modulus, it must be noted that the values for M´´ obtained from the HF measurements are 

larger than those from LF measurements. By plotting M´´ for LF and HF on opposite axes 

against the frequency, the axes can be adjusted so that the data points form coherent spectra 

as it is shown in Figure 19. A direct comparison reveals that values gathered from HF 

measurements are approximately 1.4 times larger than those from LF, which might be related 

to the different sample geometries as well as the measurements itself. As the differences do 

not have a significant impact on the results in terms of process identification, it has been 

decided to use the M´´ values from the LF measurements to discuss the results, though there 

is no reason to prefer one measurement over the other. 

Modulus spectra of Li2Ti3O7 exhibit three distinct peaks for each temperature, as is shown in 

Figure 19. One peak at low frequencies can be related to the first DC plateau (process A) of 

the conductivity isotherms and has an amplitude of about 2∙10−3, which is within the range of 

a grain boundary process. The second peak at higher frequencies shows amplitudes ranging 

from 7∙10−3 to 12∙10−3 arb.u., hence they lie between the typical values observed for bulk and 

grain boundary processes. The amplitudes hereby increase with higher temperature. The third 

peak occurs within a constant frequency range of 2.5 to 3.8∙108 Hz, similar to the respective 

DC plateaus of the conductivity isotherms. The frequency of the peak maximum is therefore 

seemingly temperature-independent. Its intensities are almost constant up to 0 °C and then 

increase rapidly with temperature, approaching the amplitudes of a bulk process.  

Interestingly, at −100 °C a shoulder in the peak of process B can be seen, which is indicated in 

a red circle in Figure 19. The peak disappears at higher temperatures and is considered an 

artefact of the measurement. 
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Figure 19: The imaginary part M´´ of the complex modulus, plotted against the frequency. The spectra show three peaks (A,B 

and C) for each temperature. In addition to the three main peaks, a small shoulder  around a frequency of 1 Hz at -

100 °C (red circle) is detected, which vanishes at higher temperatures. The plot contains the values from the LF 

mesaurements on the left y-axis and the ones for the HF measurements on the right y-axis. 

 

Taking a closer look into the temperature-dependence of the peaks, the spectra for 0, 100 and 

200 °C are outlined in Figure 20. The g.b. peak (process A) is shifting towards higher 

frequencies when the temperature increases. This leads to an overlap with the peak 

representing the bulk processes. The intensity of the latter does also increase when the 

material is heated up, and its maximum shifts towards higher frequencies as well, but not as 

significantly as the grain boundary peak. The intensity of the third (process C) peak remains 

nearly constant below 0 °C (as already seen in Figure 19), but increases noticeably towards 

higher temperatures - from 6.1∙10−3 arb.u. at 0 °C, over 6.8∙10−3 at 100 °C to 10.2∙10−3 arb.u. 

at 200 °C. An explanation for this strong change in intensity could be the overlap with peaks 

from the bulk process B (see Figure 20). In that case, one would assume that the intensity has 

an initial value of around 6∙10−3 arb.u., derived from peaks at lower temperatures where there 

is no overlap. While the peaks of A and B shift toward higher frequencies with rising 

temperature, peaks of  process C appear at an almost constant frequency. This frequency-

independence sets C apart from the other two processes. It could point to lattice vibrations 

within the material or an artefact of the HF measurement. 
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Figure 20: Imaginary part of the complex modulus (M´´)  for 0, 100 and 200 °C plotted against frequency, depicting the 

temperature-dependence of the peaks for all three processes A, B and C. Data from the LF measurments refere to 

the right y-axis, data from the HF measurements to the left one.  

 

For the first peak, representing process A, capacitances are in the range of 20 to 27 pF (24 pF 

at 100 °C), which is at the lower end of the typical range for grain boundary processes (10−11 

to 10−8 F). Capacitances of the second peak (process B) are decreasing from 7 to 6 pF with 

rising temperature (6 pF at 100 °C), confirming the assignment to a bulk process. For process 

C, capacitances are in a similar range, from 7 to 10 pF (8 pF at 100 °C). The capacitances of the 

highest temperatures (140 to 200 °C) for the processes B and C are excluded, as the 

overlapping of their peaks in the modulus spectra is expected to cause an underestimation of 

the capacitance. It should be noted that all peaks of the modulus for process C appear at high 

frequencies. Therefore, the capacitances are calculated from the exact HF values and then 

multiplied with 1.4. Although this is an approximation, it is considered sufficient to 

characterize the process.  
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4.2.3 Nyquist plot and equivalent circuits 

 

Because equation 2-24 is based on the use of an ideal capacitor, values for the capacitance of 

a process derived from modulus spectra are an approximation. To get more precise 

information on the capacitances, Nyquist plots of Li2Ti3O7 were simulated using an equivalent 

circuit, following the model presented in section 2.3.2.4: 

Nyquist plots are formed by plotting the negative imaginary part of the complex impedance 

(−Z´´) against its real part Z´. They provide information about the resistance R and the 

capacitance C within the sample, as well as on the interfaces. For Li2Ti3O7, the Nyquist plot, 

which is illustrated exemplary for 100 °C in Figure 21, exhibits two overlapping semi-circles, 

each one representing an ion diffusion process. At low frequencies, the electrode polarization 

leads to a straight, ascending line. 

 

 

Figure 21: Nyquist plot of Li2Ti3O7 at 100 °C shows two overlapping semi-circles. A smaller one at higher frequencies (on the 

left side of the plot, visible in the zoomed-in region) is mostly superimposed by a larger one. Each semicircle stems 

from an individual ion diffusion process. At lower frequencies (right side of the plot), the polarization of the 

electrodes used for the measurement causes a straight line. 
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The equivalent circuit used for the fit of the Nyquist plot consists of two ZARC elements using 

CPEs as capacitors to simulate both resistive and capacitive behaviour of the two processes 

found in previous analyses. After the elements for the bulk (R1; CPE1) and grain boundary (R2; 

CPE2) ion diffusion in the material, an additional CPE is introduced in series to represent the 

electrode polarization (Figure 22).  

 

 

Figure 22: The equivalent circuit for two diffusion processes (1 and 2) and the electrode polarization (3). 

 

Attempts to find an electronic building block for simulate the third process C were not 

successful, as the measurements do not provide enough data points in the HF region to 

identify a potential third semi-circle. Fits were performed using the program Z-View. 

At 100 °C, the fit of the Nyquist plot yields capacitances of 86 pF and 9 pF to the grain boundary 

and bulk process, respectively, as depicted in Figure 23. These values are in agreement with 

results presented in the dissertation of Heine38, with capacitances of 70 pF and 7 pF derived 

from the permittivity. Moreover, the fit yields a capacitance of 0.28 μF for the electrode 

polarization, which is lower than that observed in the dissertation, 7 μF. The line representing 

electrode polarization is bent in the plot, therefore, only the initial slope from the end of the 

semi-circle was fitted. The lower frequency limit of the measurement could provide an 

explanation for this behaviour: When considering the conductivity spectra in Figure 16 (page 

28), it can be noted that the measured frequency range does not include a visible regime of 

the electrode polarization at 100 °C. The resistance of the bulk process is 27 kΩ, the one of 

the g.b. process 69 MΩ. The latter is three orders of magnitudes larger than values in the 

dissertation, which could be related to variations in the synthesis. For instance, reduction in 

particle size can significantly increase the resistance, as reported by Gadermaier et al.39  
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Figure 23: Fit of the Nyquist plot at 100 °C to identify two diffusion processes and the electrode polarization. Tthe plot depicts 

a bulk (green) and grain boundary process (blue) as well as the electrode polarization (purple) at low frequencies. 

 

At 200 °C, the Nyquist plot shows two overlapping semi-circles as well (Figure 24). The 

resistance for the g. b. process is 7 MΩ, compared to 1.5 kΩ for the bulk one. A decrease in 

resistance with rising temperature is expected, as there is more thermal energy available for 

jump processes and hence diffusion of lithium ions. While a capacitance of 9 pF from the fit 

for the bulk process is identical to the one at 100 °C, the capacitance obtained for the grain 

boundary process is about twice as high (184 instead of 86 pF).  This is surprising, as the 

capacitive values derived from the modulus show a decrease with rising temperature. A 

possible reason for the deviation might be the overlap of LF and HF data points, which 

influences the fit. At 200 °C, a larger part of the grain boundary process lies within this 

overlapping area.  

The capacitance of the CPE element attributed to the electrode polarization at 200 °C is 6 μF, 

which is closer to the value from Heine of 7 μF (in comparison to 0.28 μF at 100 °C). This is 

expected, because a rise in temperature shifts the effect of the electrode polarization towards 

higher frequencies. At 200 °C, the process may already be fully captured in the Nyquist plot.  
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Figure 24: Fit of the Nyquist plot at 200 °C, showing the same two diffusion processes as for the one at 100 °C. As the influence 

of the electrode polarization increases with higher temperature, the straight line representing it is more pronounced.  

 

The factor n of the CPE elements in the fit, which denotes their proximity to an ideal capacitor, 

is similar for both 100 and 200 °C. It yields about 0.99 for bulk, 0.80 for grain boundary and 

0.56 for the electrode polarization. This is in accordance with the theory that n depends on 

the electrodes used in the measurement and is therefore temperature-independent. In case 

of the electrode polarization, the factor is very close to the theoretical value of 0.5.40   
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4.2.4 Activation energies 

 

The activation energies of processes are determined in three different ways, via the 

DC conductivities, the peak positions from the modulus spectra and the crossover frequency 

(νc) derived from the Jonscher fits. In all three cases, the Arrhenius plot allows linear fits of the 

data points. The slopes of these fits provide the activation energies (Ea) of the individual 

processes as described in the theory part (section 2.3.2.1). The Arrhenius plot derived from 

the DC conductivities σDC depicts the three different processes A, B and C, as illustrated in 

Figure 25. The activation energies of the grain boundary and bulk process are 0.72 and 0.49 eV, 

respectively. Heine deduced similar Ea for Li2Ti3O7 in her dissertation, namely 0.55 and 0.48 

eV. Boyce and Mikkelsen found the activation energies ranging from 0.44 to 0.47 eV when 

they studied single crystal Li2Ti3O7.41 This further confirms the characterisation of process B as 

bulk process. For the unidentified process C, we do get an Ea of 0.03 eV.  

 

 

Figure 25: Arrhenius plot deduced from the conductivity plateaus σDC, yielding activation energies for the processes A, B and 

C (blue, green and orange respectively) by linear fits of the data points. For A, data points are obtained LF 

measurements ( ), for B and C they came from HF measuremnts ( ). 
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The Arrhenius plot depicted in Figure 26 combines data points gathered from the modulus 

spectra and the Jonscher fits, showing the two processes A and B. Both the frequencies at the 

modulus peak maxima (νM) and crossover frequency (νc) are considered to be in the order of 

magnitude of the hopping frequency νhop, which is described in section 2.1.3. They can 

therefore be viewed as interchangeable for the scope of the thesis and fitted together. The fit 

for process A yields an activation energy of 0.67 eV, the one for process B 0.43 eV. These 

values are in accordance with those obtained from the Arrhenius plot of the conductivity (0.72 

and 0.49 eV; see Figure 25). In general, activation energies derived from the modulus are 

smaller than those derived from the conductivity spectra, as the modulus reflects localized 

motion and does not account for the energy needed for long-range ion transport. Deviations 

from the linear fit are due to the discrete frequency values of the measurement, not depicting 

the exact maxima of M´´ peaks, as well as the fact that vc is obtained from a fit and is therefore 

regarded as an approximation. The latter is apparent especially in the case of vc values at 

−100 °C (Figure 26; red circle), which were excluded from the fit as outliers.  

 

 

Figure 26: Arrhenius plot of the frequencies gatherd from M´´ peaks (filled symbols) and the Jonscher fits (open symbols). For 

the grain boundary process (blue), this includes νM and νC rates from LF measurements, while the bulk process (green) 

has additional values from high frequency measurement (HF) and those of a corrected Jonscher fit (Jonscher fitcorr). 

Frequencies derived from Jonscher fits of the bulk process at −100 °C (red circle) were not considered for the linear 

fit.   
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As already discussed above, the frequencies at which the modulus peaks and the DC plateaus 

occur for process C are seemingly temperature-independent. Consequently, plotting them 

against the inverse temperature results in a straight line of data points parallel to the x-axis 

with an activation energy of about zero. Therefore, the data from this process are not included 

in Figure 26. 
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In summary, we were able to identify three potential ion diffusion processes using impedance 

spectroscopy in a frequency range from 10 mHz to 3 GHz. The process at the lowest 

frequencies (10 mHz to 10 kHz) represents long-range diffusion within the material. Its peaks 

in the modulus spectra with intensities of about 2∙10−3 suggest a grain boundary process. From 

these peaks we deduced a capacitance of 24 pF at 100 °C, assuming an ideal capacitor. This is 

significantly lower than the capacitance deduced from the Nyquist plot fits, which gave 86 pF 

at 100 °C and 184 pF at 200 °C. The difference between the capacitances of the two fits is 

significant and might be a result of the overlap in frequency ranges of HF and LF 

measurements. The capacitances of both Nyquist-fits can be assigned to a grain boundary 

process as well. The activation energy of the process is 0.72 eV and 0.67 eV, according to the 

Arrhenius plots derived from conductivity and modulus spectra, respectively. The latter also 

includes values from the Jonscher fits of the conductivity isotherms. The second process B 

appears in a frequency range from 0.1 Hz to 10 MHz. The intensities of the peaks from the 

modulus and hence the resulting capacitance lie in the range of bulk processes (0.01 and 6 pF, 

respectively at 100 °C), which was confirmed by fitting the Nyquist plots at 100 °C and 200 °C, 

both yielding 9 pF. The activation energy of the process is 0.49 eV derived from the 

DC conductivity and 0.43 eV derived from the hopping frequencies. These values are in 

accordance with activation energies for bulk processes of Li2Ti3O7 found in literature for both 

single-crystal and polycrystal samples. Jonscher fits for the process yield exponents between 

0.62 and 0.69. This means that the empirical Jonscher model does not indicate a 1D ion-

diffusion process. 

The third process at high frequencies (around 0.38 GHz) yields DC conductivities in the range 

of 0.41 to 0.69 mS cm−1. With values around 6∙10−3 arb.u., the peaks of the modulus spectra 

between the ranges assigned to grain boundary and bulk processes. At temperatures above 

100 °C, the intensities of the maxima increase significantly, which is attributed to an overlap 

of the peaks with those from process B. The capacitance derived from the modulus is 11 pF at 

100 °C (estimated based on the deviation between LF and HF values). We were not able to 

identify process C in the Nyquist plot. Interestingly, the frequencies of both the DC plateaus 

and modulus peaks appear to be temperature-independent. This may point to the process 

being an artefact of the measurement. Alternatively, frequency resolution of the 

measurements might not be high enough to detect the temperature-dependence, though this 

option seems less likely, as the frequencies of the modulus peaks slightly decrease at high 
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temperatures. While Ea can be derived from the DC conductivity (0.03 eV), another effect of 

the frequency-independence is that an Arrhenius plot from the hopping frequencies yield an 

activation energy of zero, or, in case of the mentioned frequency trend at high temperatures, 

even a negative one.  

Electrode polarization is visible in the conductivity spectra of temperatures above 100 °C. 

While it can be identified using the Nyquist plot at 100 °C, the capacitance derived by the fit 

(0.3 μF) is about 20 times smaller than those of the fully depicted form at 200 °C (6 μF, which 

fully captures the electrode polarization process), as well as values found in literature.  
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4.3 Comparison to results from solid-state NMR 
 

In a final step, we compare our results with data from NMR measurements on Li2Ti3O7 

conducted and analysed by Sarah Lunghammer in her master thesis.20 While a wide variety of 

NMR methods was used, we focus on 7Li relaxation measurements. All three methods, that is 

T1, T1ρ and T2, yield a single relaxation rate, implying a single jump process of Li+ in the material. 

As NMR methods are more sensitive to bulk processes  ꟷ due to their relative abundance in 

the sample compared to grain boundary diffusion ꟷ , Lunghammer concluded that the signal 

represents a Li+ transport process in the bulk of the sample. Consequently, we suggest that it 

represents process B from the impedance measurements. This is another indicator that 

process A might be a grain boundary instead of a bulk process, otherwise we would expect to 

see two processes in the NMR results. In addition, a single ion transport process in the bulk is 

another reason to classify process C as an artefact. Regarding the activation energies, 

Lunghammer has deduced a value of 0.26 eV from the high-temperature flank of the T1ρ 

measurements. As it is less influenced by non-diffusive effects, the high-temperature flank 

provides the most reliable estimate for the activation energy. It deviates from the activation 

energy determined for the bulk process in the impedance measurement (0.43 and 0.49 eV). A 

reason for this could be that NMR relaxation measurements, even in this temperature range, 

probe local jumps while impedance measurements are sensitive to long-range transport. Once 

more, there is neither an activation energy derived from the NMR measurements comparable 

to the one assigned to process A (0.67 and 0.72 eV) nor one similar to the activation energy 

of a potential process C (0.03 eV), indicating that there is only one bulk process. 
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4.4 Comparison with previous studies 
 

After determining the diffusion processes in our sample and their respective activation 

energies, we are interested in possible connections to the lithium diffusion models for Li2Ti3O7 

discussed in literature (section 2.2). In 2016, Islam et al.11 published a study in which they 

calculated DFT (Density Functional Theory) models of ramsdellite Li2Ti3O7. Focusing on the 

most energetically favourable ones, they compared the energy difference ΔE between 

neighbouring sites and calculated the theoretical activation energy Ea necessary for jump 

processes between them. Islam et al. found significant differences in the energy landscape in 

the ac-plane compared to the b-axis, the direction of the tunnels. Energy levels of crystal sites 

along migration paths in the plane vary more strongly, as schematically depicted in Figure 27. 

Consequently, the energetically favourable sites, once occupied, do impede further jumps of 

an atom and hereby hamper its migration. Islam et al. concluded that a diffusion along the 

plane is kinetically unfavourable, indicating that Li2Ti3O7 is in fact a quasi-1D ion conductor.11 

This assumption is supported by experiments conducted by Wiedemann et al.19, who used 

neutron diffraction to determine the position of lithium atoms in the Li2Ti3O7 framework and 

found that they predominantly occupy sites inside the channels. 

 

 

Figure 27: Energy landscape between two distinct crystal sites A and B. The probability of an atom transfer from one to the 
other is defined by the needed activation energy Ea as well as the energy difference ΔE between the sites. The transition from 
site A to site B is energetically less favorable than the reverse one. Figure inspired by reference 21.  
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When we compare our experimental results to the theoretical ones of Islam et al., in terms of 

activation energy the bulk process of our sample (0.43 and 0.49 eV, consistent with 

experimental literature values of 0.47 eV for bulk diffusion along the b-axis41) would fit the 

calculated activation energies of the lithium migration via unoccupied sites of the channels 

(0.20 − 0.92 eV). The low energy differences between the sites (0.10 – 0.35 eV) do imply that 

this is the preferred migration pathway. Migration along the ac-plane, according to their 

models, would require a similar activation energy (0.58 – 0.85 eV). Though this might be close 

to the Ea of the bulk and even includes the range of our assumed grain boundary process 

around 0.7 eV, ΔE is larger (0.56 – 0.73 eV), hereby decreasing the probability of consecutive 

jumps in the plane. The presence of Li defects in the material reduces ΔE, down to a range 

where the bulk process could be a result of migrations along the ac-plane via defects. 

However, the quantity of these defects inside the material is expected to be low, especially 

because of the annealing step after milling of the sample in our synthesis. The unidentified 

process C has no counterpart in the proposed pathways. It´s comparably small activation 

energy of 0.03 eV and the high frequency range on which it occurs might point to attempted 

jump processes or some localized jumps, for example an exchange between the 4c and 8d 

positions in the channels. More likely, they could represent lattice vibrations or artefacts of 

the high frequency measurement. 
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5 Conclusions 
 

In this thesis, the analysis of EIS measurements points to two distinct Li+ diffusion processes 

in ramsdellite Li2Ti3O7, observed at temperatures ranging from −100 °C to 200 °C. On the one 

hand, we have a process in the mHz to kHz range that we characterise as a grain boundary 

process, although some investigated properties are close to those of a bulk process. 

Therefore, a definite classification would require additional analyses. On the other hand, we 

observed a bulk process in a frequency range from 10 Hz to 10 MHz. As lithium-ion diffusion 

through the bulk is of special importance for understanding the transport mechanism within 

the channel structure of ramsdellite Li2Ti3O7, we put our emphasis on this type of process. 

7Li NMR relaxation measurements point to a single transport process in the bulk of the sample. 

While the activation energies derived from these measurements deviate from our findings 

(presumably based on the different methods used), a comparison with other literature 

references shows that multiple studies have found similar activation energies for a bulk 

process. In order to characterise the dimensionality of the bulk process, we used the universal 

power law proposed by A. Jonscher. However, the power law exponents n derived from our 

fits do not fulfil the criteria of a 1D (below 0.4) or 2D (below 0.6) ion conductor. We attribute 

this deviation to the fact that the power law is based on empirical observation and might 

therefore not apply to our material, therefore not giving more insights into the dimensionality. 

At high frequencies, around 0.4 GHz, we detect a potential third process (C). We derive a small 

activation energy (0.03 eV) from the DC conductivities, but none from the modulus spectra as 

we do not observe a frequency-dependence. The low activation energy combined with the 

high frequency at which process C occurs suggests a fast, local jump process, maybe between 

energetically similar lithium positions within the channels. It could also originate from lattice 

vibrations or unsuccessful jumps. In addition, we must also consider the possibility of an 

artefact from the high-frequency impedance measurement.  
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8  Appendix 
 

8.1 Jonscher fit correction 
 

By extending the semi-circle of process A with a linear fit, as depicted in Figure 28 A, the 

resistive contribution of process B can be estimated, as the point of intersection of the fit with 

the x-axis yields its maximum resistance R. The frequency at which it occurs is identical to that 

of the DC plateau but may differ from the frequency at which the maximum of tan(δ) is located 

(Δν; Figure 28 B). As the conductivity at this frequency could differ from the σDC value derived 

from tan(δ)max and can be used as an alternative starting point for σDC in a Jonscher fit 

(Jonscher fitcorr). 

 

               

 

Figure 28: A linear fit of the investigated process in the Nyquist plot is used to distinguish it from an overlapping additional 

process (green) and identify the data point at which the process of interest would start without the overlap (A). This 

data point is then used to find σDC of the process in the corresponding conductivity isotherm (B). As the conductivity 

σDC for the original Jonscher fits is taken at the frequency where the tan(δ) has its maxima, the correction can lead 

to different values for σDC, depending on the plateau.
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