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1. INTRODUCTION 

Long ago renewable energy sources play an important role in the global energy 

transition. Their operations depend on the atmospheric condition as such they are 

known as AC power. To meet the demand in the network, it is, therefore, necessary to 

store and use surpluses during a period of scarcity. Lithium-ion batteries are used in 

portable electronic devices and electric vehicles. Their main advantages are an 

operating voltage of 3.2 to 4.0 V and an energy density of up to 250 Wh/kg. Scientists 

are struggling to find a cheap/widely available alternative to lithium. One of these can 

be sodium, which is also an alkali metal. Sodium batteries usually have a lower 

capacity and a lower operating voltage. Despite this, the energy density is still quite 

high, making them good candidates for long-term and economical large-scale energy 

storage [1]. For the battery, we need an electrode with mixed conductivity 

nanostructure. Nanostructured glass-ceramic materials with significantly improved 

electrical conductivity (ionic or electronic) or an extended temperature stability range 

of highly conductive high-temperature crystalline phases. Such materials have been 

synthesized by thermal nanocrystallization of selected electrically conductive oxide 

glasses [2]. An effective method for obtaining nanostructured material is the thermal 

nanocrystallization of glasses. These kind of materials has already found many 

practical applications in fiber optic devices, heat-resistant materials, hard disk 

substrates, dental materials, and many others [3]. The key to performance in a wide 

range of applications is the transportation of mobile ions in ionic conductors, including 

portable power supplies with primary and secondary batteries, chemical sensors, power 

generators, fuel cells, instrument electronics, and electric vehicle technology. 

This research work aims to investigate experimentally the dynamic response of mobile 

ions in NASICON base glass (Na3VTi(PO4)2F3 )during the crystallization. The 

impedance spectroscopy(IS) was used for the purpose. It is based on the interaction of 

the electric charge of the species inside the sample with an applied electric field and 

measuring the magnitude of this interaction and its properties over a period of 17 hours. 



4 

 

 

 

2. LITERATURE REVIEW 

 NASICON‐LIKE PHOSPHATE GLASSES 

    The acronym NASICON (NAtrium‐SuperIonic‐CONductor) was given to fast Na+ 

ionic conductors eg Na3Ti(PO4)3 which do not conduct electrons. These compounds are 

a class of structurally isomorphic 3D framework compounds with high ionic 

conductivity, often comparable to those of liquid electrolytes at higher temperatures. 

This unique property gives the possibility to synthesize compounds that exhibit mixed 

electronic-ionic conductivity, for example, Na3VTi(PO4)2F3. Therefore, materials of 

this family can be used in both cathodes and electrolytes in Na‐ion batteries. Thus, the 

concept of NASICON solid-state electrochemical cells was born. In this approach, a 

sodium-ion battery could be composed of NASICON-type mixed (electronic ionic) 

conductors as a cathode and an anode, and a "traditional" ionic conductor as an 

electrolyte/separator. Na3V2(PO4)3 and Na3V2(PO4)2F3 with the NASICON structure 

are among the most promising materials for the Na‐ion battery cathodes. A replacement 

of one phosphate group by three fluorine ions results in a compound with a tetragonal 

structure[4] and can be extra beneficial for several reasons: First, it decreases the molar 

mass of the compound, increasing theoretical gravimetric capacity; Second, it increases 

the electrochemical potential versus metallic sodium; Third, it can introduce a more 

ionic character of sodium bonds and thereby increase mobility. Na3V2(PO4)2F3 with a 

tetragonal structure shows rich chemistry and attractive lithium/sodium insertion 

properties and therefore offers promising electrochemical properties. It was prior 

reported by Meins [5] to have a space group of P42/nm for materials synthesized by 

solid-state sintering. As of now, the interest in Na3V2(PO4)2F3 (or isostructural) 

polycrystalline cathode materials has increased significantly, leading to many scientific 

papers.  
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3. IMPEDANCE SPECTROSCOPY 

Impedance spectroscopy (IS) is a powerful technique used in applications such as 

electrochemistry, materials science, biology and medicine, the semiconductor industry, 

and sensors[6]. To date, this is the most commonly used method for experimental 

investigation of the dynamic response of mobile ions in ionic conductors which makes 

this method an ideal tool for studying the dynamics of particles with an electric charge 

in materials[6]. It is based on the interaction of the electric charge of particles inside 

the sample with an applied electric field and essentially consists in measuring the 

magnitude of this interaction and its characteristic frequency or time scale. We will pay 

more attention to the use of IS and its application to the measurement of the electric 

response of ionically conducting materials. 

The electrical properties of materials have been characterized for many years using 

Impedance spectroscopy(IS). Due to its widespread use, scientists have made more 

efforts to improve it. The most common experimental setup allows to determine the 

impedance of the test sample by applying a sinusoidal (alternating) voltage (current) 

signal with known amplitude and frequency, as well as measured amplitude and phase 

shift. Assuming a linear characteristic, if a sinusoidal time-dependent voltage 

V(t)=V0sin (wt) is applied, the current will be a sinusoidal signal with the same 

frequency, but phase-shifted, I(t)=I0sin (wt-ϕt). The angular frequency ω (measured in 

rad/s) is related to the frequency f (in Hz) by the ratio ω=2πf. (see figure 1)[14] 

 

Figure 1: Current response to a sinusoidal voltage excitation in a linear system 
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       In the time domain, the analysis of the periodic excitation by current or voltage is 

very complex. it requires solutions to differential equations. In this case, the use of the 

Fourier transform of the signal to the time domain helps simplify the problem. Using 

the ratio: 

𝑒𝑖𝜔𝑡 = cos(ωt) + 𝑖sin(ωt)   (1) 

The impedance can be expressed as a complex function of frequency. The voltage is 

the real part of the complex function (equation 1), 

𝑉 = 𝑉0𝑒𝑖𝜔𝑡    (a) 

 and similarly, the current is the real part 

𝑉 = 𝐼0𝑒𝑖(𝜔𝑡−ϕ)     (b) 

The impedance is defined as a complex function  

𝑍 =
𝑉

𝐼
= 𝑍0𝑒𝑖ϕ = 𝑍0 cos ϕ + 𝑖𝑍 sin ϕ    (2) 

linearity, causality, and stationarity of the system is the only condition that the Fourier 

transform can reduce a differential equation to algebraic equations[7].  

We can represent the impedance  

𝑍 = 𝑍′ + 𝑖𝑍′′    (2a) 

as a vector on the complex plane (Figure 2) with rectangular coordinates  

𝑍′ = 𝑍0 cos ϕ  &  𝑍′′ = 𝑍 sin ϕ     (2b) 

Equation (2) is the real and imaginary parts of the impedance. Impedance is the 

function of the frequency and the polar coordinates of the impedance can be expressed 

as its phase[8].  

ϕ = tan−1(
𝑍′′

𝑍′ ) (2c) 
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|𝑍| = 𝑍0 = [(𝑍′)2 + (𝑍′′)2]
1

2  (2d) 

 

Figure 2: Impedance Z in the complex plane[14] 

The IS consists in determining the frequency dependence of Z(ω) by 

measuring its value for different frequencies in a given experimental frequency range. 

It is by this frequency dependence of the impedance that we could characterize the 

physical (or chemical) properties of the material or the interface of the material-

electrode. 

Impedance Spectroscopy (IS) allows us to measure the complex impedance Z of the 

available sample, as well as any other immittance function such as the complex 

admittance  

Y=Z-1       (i) 

the complex capacitance 

𝐶∗ =
𝑌

iω
   (ii) 

and from them, by using a geometrical factor C0, one can determine the dielectric 

permittivity 

   ε∗ =
𝐶∗

𝐶0
   (iii) 

the complex conductivity  
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σ∗ = iωε∗   (iv) 

 the electric modulus  𝑀∗ =
1

ε∗
𝐶 (v) 

From the table, we can relate several impedance functions and correlate the relation 

between them. 

Table 3: Tabular  relationships between several impedance functions 

 Z Y δ* ℇ* M* 

Z=       - Y-1 (C0 δ*)-1 (iωC0 ℇ*)-1 M*/ iωC0 

Y= Z-1        - C0 δ* iωC0 ℇ* iωC0 /M* 

δ Z-1/C0 Y/ C0        - iωℇ* Iω/ M* 

ℇ= Z-1/iωC0 Y/iω C0 δ/iω         - (M*)-1 

M* iωC0 Z iωC0/Y iω /δ* (ℇ*)-1     - 

 

  



9 

 

3.1  EXPERIMENTAL  

This material (Na3VTi(PO4)2F3 glass) is held in position with the electrode. The 

spectrometer provides the electric field through the material and is heated at a high 

temperature to nanocrystalise. For nanocrystallization we use temp(466.85 degrees 

Celcius) 740K, we maintain this temperature for 17 hours and we use Na3VTi(PO4)2F3   

glass as initial sample. During this time nanocrystallization was happening and we 

were measuring every half an hour impedance of the material, This process is called 

in-situ. The data was collected(33 points) and every half an hour and a Bode and 

Nyquist plot were drawn we see that they are quite complicated and we can obtain 3 

responses, which are at high(1), middle(2), and low(3) frequencies respectively. 

       From Figure 4, we can see that we neglected the two other peaks(middle(2) and 

low(3) frequency) respectively, and considered only the highest frequency(broad 

peak). We try to analyze this broad peak, by assuming that the other peaks (2,3 and 1b 

=1.98806, respectively) do not or have a small effect on the far away chosen 

section(1a=0.3527). The values 1.98806 and 0.3527 are coordinates of the selected 

portion to be investigated.  We take this small portion 1a=0.3527 which is far away as 

possible in the highest frequency side of the peak from the other side and draw an 

equivalent circuit which is done using the software called Zview. We take the most 

simple circuit which is R and CPE(not ideal capacitor) 

 

 

 

 

 

 

 

Figure 4: selected range far away from the other points 

1 

2 3 
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Figure 5: Equivalent circuit for the selected range on the Nyquist plot 

Another way to analyze the result of electrochemical impedance spectroscopy data 

other than using the equivalent circuit is using the distribution of relaxation 

time(DRT)method. The well-known equivalent circuit method could be used for the 

analysis [9], but in some cases, the calculation of the  so-called distribution function of 

relaxation times (DRT) yields better resolution [10]. The Namely DRT method will be 

used in this work. The method implies that the impedance spectrum of a conductive 

system can be presented as a sum of elements with individual relaxation times 

expressed by Fredholm integral equation of the first kind: 

𝑧̃(𝜔) = ∫ 𝑓(𝜏)
1−𝑖𝜔𝜏

1+𝜔2𝜏2
𝑑𝑙𝑛(𝜏)

+∞

−∞
   (6) 

Where  𝑧∞−  high frequency limit impedance, (𝑧∞ → 0 in the case of sufficiently 

broadband data), 𝑓(𝜏) > 0 is the DRT function to be found, τ – relaxation time,  

i–imaginary unit. The solution of Eq. (6) is known as an ill-posed problem but still, 

𝑓(𝜏) can be numerically found with a system of linear equations. 

 We used Python app for calculating the DRT. Its options panel  allows users to import 

EIS data and select DRT calculation settings. The application was optimized for 

relaxation processes in solid electrolytes and this app is capable of finding 

nonparametric DRT by the Tikhonov regularization method. In principle, it is difficult 

to determine from Nyquist or Bode plots if two or more processes are overlapping or 

is just a single broad process. The main options of this tool include discretization 

methods, inductive data processing, data computation component, regularization 

parameter. This option of this tool allows us to measure the dynamics of different 

phases. 
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4. METHOD1: EQUIVALENT CIRCUIT 

RESULTS AND DISCUSSION 

From the figures below which is at the beginning of the glass phase (heat-

treat period), looking at the Bode and Nyguist plot, it was just one process which was 

noticed by the overlapping of the(fit) red and black plot(Figure 8) and this process 

lasted for 1(one) hour and was later assumed to change into two semicircles with time. 

  

Figure 6&7: Bode plot of impedance spectra measurement and the fit of the selected region after 1 

hour of heat treatment. 

 
Figure 8: The Nyquist plot of impedance spectra within an hour of measurement 

Figure 6 Figure 7 
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In the second phase after 4.4 hours of Looking at the Nyquist plot(Figure 11), we can 

see that the high frequency is overlapping, we assume it contains two processes that 

are not so clear on the bode plot(Figure 9&10) according to the deformation of the 

semicircle. 

 

Figure 9&10: Bode plot of impedance spectra measurement and the fit of the selected region after 4 

hours of heat treatmentment. 

 

Figure 11: The Nyquist plot of impedance spectra within 4 hours of measurement 
 

Figure 9 Figure 10 
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In the third phase(crystalized phase) which is at the end of the heat treatment, the body 

and the Nyguist plot seem to stay the same and this process began at the 8 hour. 

 

 

Figure 12&13: Bode plot of impedance spectra measurement and the fit of the selected region after 

8 hours heatheat treatment. 

 
Figure 14: Nyquist plot of the impedance spectra after the heat treatment after 8 hours 

f=
1

2 𝜋 (RQ)1/n
   [6]  

Q= CPE coefficient,  

f=frequency,  

R= resistance 

The equation above represents the relationship between the frequency  and resistance 

of the impedance spectra. 

 

Figure 12 Figure13 
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6.1 CONDUCTIVITY 

        This calculation is done for the 33 points throughout the process(first, 

second and third phase) and the conductivity is calculated (σ (t) =1/R). After calculating 

the conductivity and data collected, a graph of conductivity against time is drawn. 

 

                       Figure 15: Conductivity dependent on time during heat treatment at 740k 

From the graph of Figure 15, from the red point, we assume that the glass begins to 

nanochristalize with time,  and at the point with blue, the material takes some time to 

nanocrystallize and at the point with green, it is assumed that the process stops and 

remain unchanged. The conductivity the glass phase is roughly five times higher than 

the one of the crystaline phase. 
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Figure 16: Representation of the frequency maxima and time(hour) 

From figure 16,  the graph of characteristic frequency and time, the red plot represents 

the maxima of the broad peak and the spectra and the black represents the fit of the 

equivalent circuit(see figure 9 to 11). In the beginning, it was just one process as this 

is confirmed by the overlapping of the red and black graph, they start to differ and 

power our assumption that two processes start to appear. 
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4. METHOD2: DRT ANALYSIS 

During the experimental implementation of impedance spectroscopy and 

equivalent circuit, it was quite impossible to determine the two processes because they 

were overlapping with each other, this tool sort the best possible way to clearly show 

that two processes exist.  

 RESULT AND DISCUSSION  

Using DRT involves importing electrochemical impedance spectroscopy 

data into the DRT application from stored EIS data. The first column corresponds to 

the frequency data, the second and third corresponds to the real and imaginary parts of 

the EIS data. It is important to note that the frequency data is equally spaced in the 

logarithm scale to reduce computational effort. After importing, the EIS data was 

plotted in a complex plot using the DRT tool. This process lasted for a period of 4.4 

hours. 

 

Figure 17: complex plot of EIS DATA 
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After the importation of the EIS data the regularisation parameter is set to an 

appropriate scale of 1E-2 and the simple run button is pressed. The regularisation 

parameter helps to smoothen the DRT profile and stronger the DRT oscillation profile. 

This can be seen in Figure 18 below. 

 

 

 

Figure 17 above is the result of the electrochemical impedance spectroscopy data after 

the 4.4 hours of crystallisation and its corresponding DRT result (figure 18). 

From Figure 18 we can see 2peaks(A and B) and our forward task will be to fit one 

Gaussian curve for every DRT peak 

 

 

 

 

 

 

Figure 18: DRT result of the EIS DATA for a period of 4.4 hours. 
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5. GAUSSIAN FIT OF DRT 

It is defined as a contineous fit that calculates the distribution of binomial events in 

such a way that the values over the distribution gives a probability of [17]. 

5.1 MULTIPEAK FITTING OF DRT  

The graphs obtained, is fitted with one gaussian curve for every  DRT peak. 

This process is done using multiple peak fit in origin with the implimentation of the 

equation below 

y=𝑌0 + (
𝐴

𝑊∗√
𝜋

2

))) ∗ 𝑒
(−2∗(

𝑋−𝑋𝐶
𝑊

)
2

)
.........................formula 6.1 

where : 𝑌0=base, 𝑋𝐶=center, A= Area,  

In the beginning of the heat treatment, from the 0 hour, it was just one 

process which lasted for some time and later assume to become two peaks 

 

Figure 19: DRT graph from  the 0hour and Gaussian fit 

From the second phase, ie from 3.5 hours and 4.4 hours of the DRT graph, we noticed 

two Gaussian fit starts to appear which was confirmed with two different centers as 

seen in Figure 20&21 below. 
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Figure 20: The DRT plot and the Gaussian fit for 3.76h 

 

From the graph above we(Figure 20&21) we can see the appearance of multiple peaks 

which were not visible in Figure 11(The Nyquist plot of impedance spectra within 3.76 

and 4.4 hours of measurement) using the equivalent circuit method. 

From the 5.67hours, one of the processes began to fade away leaving just one big peak, 

this is seen in the figures below(Figure 22&23) 
 

   

Figure 22: The DRT plot and the Gaussian fit for 5.6h 

Figure 21: The DRT plot and the Gaussian fit 

for 4.4h 

 

Figure 23: The DRT plot and the Gaussian fit 

for 7.61h 
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5.2 FITTING IMPEDANCE SPECTRA IN Zview 

 In order to show that the other side of the graph(far away peaks) does not 

have any influence on the selected section, the center(Xc) obtained from the multipeak 

fitting(Figure 19 to 23) , and other parameters such as the distribution element(DE1 & 

DE2)(see appendix). Two element of Type-5 in series were used in the Zview 

application and an equivalent circuit and fitting are done as shown below for all times. 

The fitting gives the value of the resistance (R1 & R2). The graphs below represent a 

Nyquist plot of the crystallization process and the fit from the  0hour of the process. 

 

 

 

 

 

Figure 25: The Nyguist plot and the equivalent circuit fit 

for the 4.4h 

Figure 27: A Nyguest plot and the equivalent circuit fit 

after 16hours 

Figure 24: The Nyguest plot and the equivalent 

circuit fit for the 3.67h 

Figure 26:A Nyguest plot and the equivalent 

circuit fit after 5.67hours 
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 RESULTS AND DISCUSSION  

The resistances (R1 & R2) obtained in the equivalent circuit fitting are plotted against 

time and the ratio (
𝑅2

𝑅1
) matched and compared with the area under the Gaussian fit (

𝐴2

𝐴1
). 

From the graphs in Figure 29 below, the value of the( 
𝑹𝟐

𝑹𝟏
)  & ( 

𝑨𝟐

𝑨𝟏
) are compared. As it 

was established, we try to match the ratio of the area under the graph corresponding to 

the ratio of the resistance. 

 

 

 

  

Figure 28: A graph of R1&R2 against time 

Figure 29: A graph of ratio of R1 and R2 against time 
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CONCLUSION 

We analyze the highest-frequency range in the vicinity of 1GHz and we use 

the fit of a simple circuit. From our results, we assumed that for glass there is one 

process and during nanocrystallization, another process appears which is not visible on 

the bode plots. This issue brings about the introduction of a DRTtool which provides a 

better resolution of distinct charge relaxation processes than the conventional 

equivalent circuit(Zview). Fiting one Gaussian curve for every DRT peak gave us a 

clearer view of the number of peaks present in the process. From the result of the 

guassian graphs, we can see the appearance of multiple peaks which were not visible 

in the Nyquist plot of impedance spectra within 3.76 and 4.4 hours of measurement 

using the equivalent circuit method. The ratio of resistance uptained from the Zview 

corresponded to the ratio of  area under the guassian curve. 
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SUMMARY 

Impedance spectroscopy (IS) is a powerful technique used in applications 

such as electrochemistry, materials science, biology, medicine, and the semiconductor 

industry. This technique is based on the interaction of the electric charge of particles 

inside the sample with an applied electric field and essentially consists in measuring 

the magnitude of this interaction and its characteristic frequency or time scale. For this 

experiment, Na3VTi(PO4)2F3 glass as the initial sample is held in position with the 

electrode and the spectrometer was used to provide the electric field through the 

material and heated at a high temperature of (466.85 degrees Celcius) 740K to 

nanocrystalise and temperature maintained for 17 hours. During this time 

nanocrystallization was happening and we were measuring every half an hour 

impedance of the material, This process is called in-situ. The data was 

collected(33points) and every ½ an hour and a Bode and Nyquist plot were drawn. A 

small portion of the graph was considered which is far away as possible in the highest 

frequency side of the peak from the other side and draw an equivalent circuit.We take 

the most simple circuit which is R and CPE(not ideal capacitor). During the 

experimental implementation of impedance spectroscopy using  equivalent circuit to 

analyse the results, it was quite impossible to determine the two processes because they 

were overlapping with each other. This brought about the DRT(Distribution relaxation 

time) which  sorted the best possible way to clearly show that two processes exist since 

this method yields a better resolution. To recomfirm that actually two processes 

occured we performed gaussian fit of DRT using multipeak fitting and the results 

obtained clearly showed showed that two processes occured. 

 Further more we fitted the impedance spectra in Zview using the 

center(Xc) obtained  from the multipeak fitting(Figure 19 to 23) , and other parameters 

such as the distribution element(DE1 & DE2)(see appendix).  This was to show that 

the other side of the graph(far away peaks) does not have any influence on the selected 

section. Values of the resistances were obtained for all times and The ratio of 

resistance( 
𝑹𝟐

𝑹𝟏
)  obtained from the Zview corresponded to the ratio of  area ( 

𝑨𝟐

𝑨𝟏
)  under 

the Gaussian curve(Figure 29 to 31).  
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APPENDIX: DISTRIBUTED ELEMENT(DE) 

A Distributed element (DE) can be inserted anywhere in a circuit model. Each 

Distributed Element (DE) is defined by 5 main parameters; R, DE-Type, T, U, and P. The Extended 

Distributed Elements (DX) are distributed elements that require more than 5 parameters to define 

their values. In addition to the Type,  DX-Type, R, T, U, and P values, A and B parameters are also 

used. The DE-Type value selects which distributed element type is to be used.  In the following pages, 

each element is listed according to its DE-Type value. If DE-Type=0 the DE is not used, independent 

of the values for the other DE parameters. R, T, U, and P are free parameters that have different values 

for each type of DE. They usually use the following convention[18]: 

               R        -        Usually resistance 

               T        -        A time constant or capacitance. 

               U        -        Usually a resistance or an exponent 

               P        -        An exponent 

Note: When DE-Type is set to negative, a special option is available. In this case, DE returns the 

resistance of the dielectric element, calculated from the calculated value of the function (where R is 

taken as 𝐶𝑧𝑒𝑟𝑜 − 𝐶𝑖𝑛𝑓) as a complex dielectric constant (or capacitance) and converted to resistance. 

Specifically, if this option is selected, the function takes the calculated "impedance" of the element, 

then takes the return value and divides it by 

I*𝐶𝑧𝑒𝑟𝑜*w. 

𝑍𝑑𝑖𝑒𝑙= ( 1

I∗𝐶𝑧𝑒𝑟𝑜∗w∗Z
) 

See the discussion in the paper by MacDonald and Potter--Solid State Ionics. In addition to the various 

distributed elements, there are two simple varieties of discrete circuits (DE-Type = 1 and 17).  These 

allow more flexibility in the model circuits. 

Select a DE-Type from the following list: 

Type 0        - Short Circuit==DE_0} 

Type 1        - RC Parallel Combination==DE_1} 

Type 2,3        - Constant Phase Element (CPE) and/or Series RC==DE_2} 

Type 4,5        - ZARC-Cole Element==DE_4} 

Type 6,7,8        - Havriliak-Nagami Element==DE_6} 

Type 9        - Generalized Finite Warburg Element==DE_9} 

Type 10        - Williams-Watts Fractional Exponential==DE_10} 

Type 11        - Jonsher Response==DE_11} 

Type 12        - Exponential Distribution of Activation Energies (Form1)==DE_12} 

Type 13        - Exponential Distribution of Activation Energies (Form2)==DE_13} 

Type 14        - Gaussian Distribution of Activation Energies==DE_14} 

Type 15,16        - General Diffusion DCE==DE_15} 
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Type 17        - Ideal RCL Elements==DE_17} 

  

 


