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Abstract 

An overview is given of the literature on current approaches to the measurement, 

analysis and interpretation of broadband impedance data and examples of its 

application to Na materials, cells and batteries. Standard 2-terminal measurements on 

full cells are often complemented by both 2- and 3-terminal measurements on a range 

of materials and cell configurations; this should enable identification of the different 

impedance contributions that control full cell operation. Data analysis usually revolves 

around equivalent circuit modelling; strategies to identify the most appropriate circuits 

are reviewed, including increasing use of the distribution of relaxation times 

methodology. Interfacial phenomena are fundamental components of solid electrolyte 

interfaces and composite electrodes in operational batteries; these are reviewed for 

Na-based materials and systems. 

 

Introduction 

Batteries are complex systems that have numerous contributions to their overall 

impedance, many of which change during cycling. Electrochemical impedance 

spectroscopy (EIS) is of growing importance for the characterisation of operando 

electrochemical systems, facilitated by the diversification of measurement and 

analysis procedures. Most methodologies use broadband data collected in the 

frequency domain that routinely, permit measurements over at least ten decades of 

frequency. Equivalent circuit modelling (ECM) of the impedance response depends on 

the availability of high-quality broadband data for two reasons. First, in order to 

deconvolute the contributions of impedances that overlap on the frequency scale, each 

of which consists of broadband data rather than fixed frequency resonances, it is 

necessary to have data that cover several decades of frequency. This is because EIS 

is a relaxation spectroscopy and not one of the many examples of fixed frequency 

resonance spectroscopy. Second, in order to recognise and model non-ideality in 

impedance data that may be linked to diffusion processes, which also have a 

characteristic frequency dependence, data covering several decades of frequency are 

again needed. Here we summarise the state of the art in impedance analysis of 

electrochemical materials and systems in general and then review specifically, current 

advances in Na-based systems. 



 

Experimental methodology of EIS 

The perennial problem in recording, analysing and interpreting 2-terminal impedance 

data from full-cell configurations is overlap on the frequency scale of separate 

contributions from the two electrode-electrolyte interface regions. Approaches to 

separate these components include: (i) measurements on half cells that have been 

prepared to contain either the cathode or the anode interface with the electrolyte, but 

noting also that the impedance of the Na counter electrode / electrolyte interface that 

is also present in the cell may contribute significantly to the overall impedance; (ii) 

measurements of symmetric cells that consist of two identical working electrodes at 

the same state of charge. This often requires recovering two electrodes (either both 

positive side or both negative side) from two cycled cells, and reassembling them as 

a new cell. In principle, the specific electrode impedance in the original half cells should 

equal half of the overall impedance of the symmetric cell [1]. This procedure allows 

the analysis of single electrode impedance interfaces, but involves possible 

complications associated with cell disassembly and reassembly processes that may 

weaken the validity of the resulting impedance data; (iii) less frequently, 3-terminal 

measurements that involve a third, spectator electrode which allows the two electrode-

electrolyte interfaces in a full cell to be studied in separate two terminal measurements.  

 

One of the perceived difficulties involved in 3-terminal measurements is uncertainty 

over the effect of electrode configuration (their geometry, location and separation) on 

the lines of force between different electrode pairs and the subsequent analysis of 

impedance data. In one case using finite-element simulations, it was shown that a 

combination of electrode misalignment and using electrodes of different nature can 

disturb the potential of a reference electrode, especially when the electrolyte 

resistance is large [2]. In an experimental study it was shown that, with the Na metal 

reference electrode sandwiched between two separators and located above the 

electrode stack, the sum of the separate 2-terminal electrode responses was equal to 

that of overall 2-terminal impedance data from the same cell [3,4], Fig.1. The influence 

of surface cracks and voids on impedance data of homogeneous materials has been 

assessed by finite element modelling [5] as well as spreading resistances associated 

with different electrode configurations [6]. Diffusion through porous electrodes leads 

to complications in modelling the electrochemical processes and choice of most 

appropriate ECM; this has been treated by introduction of an electrode tortuosity factor 

[7,8]. 

 

For cells with low apparent resistance, such as batteries, inductances frequently occur 

at high frequencies as an extended ‘hook’ in the fourth quadrant of the impedance 

complex plane plots. This behaviour is usually associated with either the instrument 

connection or the sample measuring set-up. Inductive artifacts can also arise in the 

low-frequency region due to nonlinear responses in conductive systems [9]. For 

instance, in an EIS measurement of graphite anode [10] and in a theoretical analysis 



of metal dissolution reactions [11], both performed under oxidation conditions, the low-

frequency inductive loops were consistently ascribed to the combined effects of charge 

transfer and ion diffusion. Notably, the inductive behaviour disappeared when the 

diffusion current density had stabilised, to give a linear response. It is also necessary 

to be aware of stray capacitances in impedance measurements and the importance of 

cell design. An example value of a stray capacitance is 10 pF in a 2032-type coin cell 

[12].  

 

Data analysis strategies 

Data analysis strategies, especially for higher frequency data on individual materials 

components, are frequently based on ECMs that consist of series-connected 

impedances. This is supported by the generation of realistic values of fitted resistance 

and capacitance parameters. The use of either impedance spectroscopy (IS) or 

dielectric spectroscopy (DS) approaches to data analysis can lead to the same 

conclusions. This is because, for a particular ECM, the R-C elements that are identified 

are parallel-connected for IS and series-connected for DS [13], and both types of 

element can be identified in a typical ECM. The time constants, 𝜏, associated with 

each R-C element, given by 𝜏 = 𝑅𝐶, occur at different frequencies, 𝑓, given by 2𝜋𝑓𝜏 =

1 and therefore, different time constants are identified in IS and DS analyses. The data 

collection procedures are in principle the same for IS and DS but the techniques differ 

in the analysis of the datasets and choice of R-C elements that are considered. 

 

 

A widely-used approach to analysis of impedance data involves complex non-linear 

least squares (CNLS) fitting but this relies on the availability of an ECM [14]. The 

fundamental element for conductive materials is taken to be the parallel R-C element, 

usually modified to be a parallel R-C-CPE element, in which the constant phase 

element (CPE) component is added to represent departures from ideality. 

Commercially-available software may simplify the parallel element to R-CPE, but 

exclusion of the limiting high frequency capacitance C∞ of a material component can 

lead to erroneous results, especially at high frequencies [15]. This is because the 

frequency-dependence of a CPE changes continuously unless and until it is 

terminated in an ECM by inclusion of a frequency-independent resistance at low 

frequencies and a frequency-independent capacitance at high frequencies. A further 

practical complication arises if the overall circuit contains more than one CPE, each of 

which makes a significant contribution to the overall impedance over a wide frequency 

range; it may then be impossible to arrive at a unique solution and set of parameter 

values during fitting procedures. 

 

For most ECMs, it is usually assumed that the fundamental parallel elements, whether 

they are R-C, R-C-CPE, or R-CPE, are connected in series, especially for solid 

materials that may have series-connected current pathways through bulk, grain 

boundary and surface layer components. Some ECMs may require additional parallel-



connected components in systems where (i) dielectric processes occur in parallel with 

long range conduction [13], (ii) mixed conductors have independent ionic and 

electronic conduction (MIEC), (iii) electrode processes have different contributing 

impedances to the overall response or (iv) porous electrodes present alternative 

conduction pathways. In the last case, detailed analysis of the impedance may involve 

transmission line models (TLMs) [16,17]. Fig.2(a)(b) shows a TLM of a porous 

insertion battery electrode and its physical origins [16]. Choice of which ECM to use 

may be ambiguous because always, multiple ECMs can fit experimental datasets. 

Insights into the most appropriate ECM can often be obtained by varying experimental 

parameters such as temperature, oxygen partial pressure, applied dc bias, processing 

conditions to control microstructure, electrode materials and dopant type or 

concentration. As yet, there is no a priori method to determine what is the most 

appropriate ECM for a given dataset. 

 

Impedance data that include electrochemical reactions and diffusion elements have 

led to the inclusion of E in the now widely-adopted EIS terminology, although the terms 

EIS and IS are fully interchangeable. The Randles circuit element is commonly used 

for interpretation of electrode processes but complications arise when inclusion of 

frequency-dependent Warburg diffusion elements, W, is necessary [18]. This has led 

to two widely-used circuit components in which the Warburg is either an integral part 

of the charge transfer reaction, as in the Randles circuit, or is a separate diffusion 

impedance that is decoupled from the charge transfer process, Fig.2(c). From Randles’ 

intention to solve the diffusion processes, the Warburg element should not be taken 

as an independent element because the diffusion resistance and charge transfer 

resistance are both influenced by interfacial concentration of reacting species [19]. 

However, there is an increasing trend in the battery literature to decouple the Warburg 

diffusion element from the charge transfer process, especially when the frequency 

domains are well separated [18]. 

 

The semi-infinite Warburg is a special case of a CPE with a power order, ‘n’ or ‘𝛼’, of 

0.5. CPEs with different orders are also a ubiquitous presence in high frequency bulk 

IS data, especially for many well-studied ionic conductors. Ideal, Debye-like behaviour 

with single relaxation times is rarely observed in practice since cooperative 

interactions between conducting species are invariably present. These lead to R and 

C components that are frequency-dependent. Earlier studies of departures from 

ideality were often fitted to empirical distributions of relaxation times (DRTs), or 

especially and more recently, to Jonscher’s law of Universal Dielectric Response (UDR) 

[20]. Quantitative interpretation of the non-ideality and significance of the Jonscher ‘n’ 

parameter was not part of accepted wisdom until Almond and coworkers [21] made 

the link between Jonscher power law behaviour, the value of the ‘n’ parameter and 

ECMs. They showed that ‘n’ was a direct measure of the number of series- and 

parallel-connected R-C elements that were modelled in network circuits containing a 



very large number of R and C components, and was supported by experimental data 

from two-phase composites of dielectrics and ionic conductors [22]. 

 

An alternative approach to IS data analysis that makes no a priori assumptions about 

equivalent circuits, involves deconvolution of data sets into a number of individual 

relaxation times. The resulting DRT profile can, in principle, be related to individual 

electrochemical processes [23,24]. In one case, it was suggested that DRT peaks, and 

how they evolve during cycling of Lithium-ion batteries (LIBs), can be related to ageing 

mechanisms and performance decline [25]. However, it has also been shown that 

DRTs may give extra peaks and incorrect R values when compared with the results of 

CNLS, especially if inductances are present in the ECM [26].  

 

The term DRT now has two meanings in the literature. There is a vital difference 

between the concepts of (i) a collection of non-interacting, individual, ideal relaxation 

times, as in current use of DRT terminology for the analysis of electrochemical 

impedance data and (ii) the more historical use of a distribution of relaxation times, 

represented by various functions such as Cole-Davidson or Jonscher power law to 

include non-ideality, within a single electrochemical process, such as ionic conduction 

in alkali silicate glasses. It remains to be seen whether the unavoidable non-ideality in 

experimental datasets, represented by CPEs in ECMs can be treated by DRTs in which 

each DRT is made up of a number of separate ideal RC elements. This new approach 

to DRTs is certainly an interesting development, but as yet, is not poised to replace 

more traditional ECM analysis which can in principle give quantitative data fitting and 

interpretation based on Almond’s analysis.  

 

Another approach to non-ideality in EIS, which is regarded as an integral characteristic 

of electrochemical systems, is to consider effects associated with dynamical 

processes, especially in operational batteries [27]. These include (i) solid-state 

diffusion, (ii) intercalation processes, (iii) surface reactions and (iv) degradation 

processes. It remains to be seen whether such non-linear effects can be treated 

effectively in terms of frequency-dependent Warburg diffusion phenomena which, 

themselves, may be a special case of exponential or power law behaviour that can be 

represented by inclusion of CPEs in ECMs. At present, the research themes of non-

linearity, diffusion phenomena, TLMs and CPEs are usually pursued separately but 

they may have a common origin. 

 

An important point, irrespective of the data analysis procedure that is adopted, is to 

assess whether EIS data change during measurements and if so, because of either 

non-linearity or non-stationarity [9,28]. These effects may show up as either non-

reproducibility of current-voltage Lissajous plots as breakdown of Kramers-Kronig 

compatibility between real and imaginary impedance components over a range of 

frequencies or as evidence of irreversible changes to the nature of a sample or cell as 

a result of EIS measurements. 



 

Several recent papers discuss EIS presentation using both ECMs [29-31] and DRT 

[25]. A simple ECM that represents an ideal cell system with electrolyte resistance RΩ, 

two electrode-electrolyte interfaces and an electrode diffusion Warburg is shown in 

Fig.3 (a), together with the ideal impedance representation in (b), the spectroscopic 

capacitance plot C’ in (c) and the calculated DRT in (d). The Warburg is connected in 

series with the charge transfer component shown in Fig.2(c), bottom. An alternative 

ECM may be chosen in which the Warburg is connected as shown in Randles’ circuit, 

Fig.2(c), top. The specific parameter values used in Fig.(3) simulation give very similar 

results in both models. Thus, with decreasing frequency, or increasing time constants, 

the main features that appear in a LIB are suggested to be: ohmic resistance; solid-

electrolyte interphases (SEIs); charge transfer (CT); bulk Li diffusion through the 

electrode(s) [25,29,30]. The different phenomena in LIBs or sodium-ion batteries (SIBs) 

are therefore separated according to their time constants which, in many cell 

construction conditions, may be related directly to their associated capacitances. A 

good correlation between DRT peaks and the ECM is seen for the higher frequency 

components, Fig.3(b),(d), but the DRT is unable to simulate the frequency 

dependence of the low frequency Warburg element and instead, gives multiple peaks.  

 

This illustrates the risk that DRT analysis may give separate peaks that do not 

correspond to elements of the ECM and may be an artefact of the DRT procedure.  

 

EIS studies are not usually carried out in isolation, but together with other 

electrochemical or materials characterisation techniques, give improved 

understanding of the factors that influence battery performance [32-34]. 

 

Na ion batteries and cell components 

 

i) Na solid electrolytes  

Na batteries have been under development for over 60 years following the discovery 

of high levels of Na+ ion conductivity in Na beta alumina [35]. This forms as a by-

product of the glass industry and is found in the refractory alumina bricks used to line 

glass melting furnaces. The Na beta-alumina, of approximate composition Na2O∙(5-

11)Al2O3, developed by reaction of Na+ ions from the glass melt with the alumina lining 

and was found to exhibit very high levels of Na+ ion conductivity, ~ 30 mS cm-1 at 25 °C 

with activation energy 0.16(1) eV.  

There are two well-established polymorphs of beta-alumina, β and β’’, both have 

layered structures but differ in their layer stacking sequence and details of the Na+ ion 

conduction pathway. The β’’ form has the highest conductivity above room temperature 

and is usually preferred for applications as a solid electrolyte. It shows a disordering 

transition of the Na+ ions and a curved conductivity Arrhenius plot whereas the β form 

shows remarkably linear Arrhenius behaviour over the entire temperature range -180 

to 1000 °C. Na beta-aluminas still have the highest conductivity of Na+ ions reported 



in a ceramic at room temperature. Their ionic conduction is only two dimensional 

because the mobile Na+ ions reside in open layers, or ‘conduction planes’, that are 

separated by impermeable ‘spinel blocks’. Ceramics have somewhat lower ionic 

conductivity than single crystals because the tortuous conduction pathway through a 

ceramic with randomly-oriented grains leads to a significant increase in effective 

conduction pathlength. Fortunately, grain boundary impedances are not usually 

significant in well-sintered beta-alumina ceramics.  

This discovery of high ionic conduction at room temperature in beta-alumina ceramic, 

together with discovery of similar levels of Ag+ ion conductivity in AgI at high 

temperatures and RbAg4I5  at room temperature, created great interest in novel battery 

designs that used solid electrolytes instead of the conventional liquid electrolytes. It 

also led to creation of the Solid State Ionics research discipline. Around the same time, 

conductivity measurements evolved from fixed frequency measurements using 

manual bridges into the now-familiar broadband IS technique, illustrated by the stand-

out publication of Bauerle on admittance spectroscopy of stabilised zirconia oxide ion 

conductors [36]. 

Impedance measurements on single crystal Na beta-alumina with solid Au electrodes 

showed an example of a perfect double layer blocking capacitance with a 90° electrode 

spike in impedance complex plane plots [37], thereby confirming the absence of any 

electronic conductivity.  It was subsequently shown that the surface of the crystal had 

very low conductivity and contained no mobile Na+ ions [38]. This was an early 

indication of potential additional impedances that may arise at solid-solid interfaces in 

all-solid-state batteries (ASBs).  

Measurements on single crystal Na beta-alumina showed very strong departures from 

ideal Debye-like behaviour of the bulk impedance and were characterised by Jonscher 

power law response at high frequencies. This indicated that non-ideality of impedance 

data, and its possible representation by a CPE, is likely to be a common feature of 

homogeneous, single phase, ionically-conducting materials [39]. It is attributable to 

details of the conduction mechanism and specifically to co-operative interactions 

between mobile charge carriers. In the case of Debye-like behaviour, the mobile 

species move independently of their surroundings and should exhibit a resistance that 

is frequency-independent. With a high concentration of mobile carriers, however, as in 

beta-alumina, ionic interactions between Na+ ions, and with the lattice oxide ions lead 

to creation of ion atmospheres, a well-known feature of liquid electrolytes, that act as 

a drag on long range conduction and give rise to frequency-dependent resistances. 

Na beta-alumina ceramics formed the basis for development of Na-S high temperature 

(300 to 350 °C) batteries which had the inverse design of a solid electrolyte between 

molten sodium and sulfur electrodes [40]. These batteries reached the level of 

commercialisation for megawatt power station load levelling in Japan and prototype 

electric vehicles in various other countries. A similar battery configuration using beta-

alumina solid electrolyte is the Zebra cell, Na/beta-alumina/NaAlCl4 [41].  



Alternative Na+ solid electrolytes to beta-alumina have been developed, particularly, 

the ‘Nasicon’ family based on Na3Zr2Si2PO12 [42,43]. High Na+ ion conductivity arises 

in e.g. Na3.1Zr1.55Si2.3P0.7O11 by varying the Si:P ratio, and reducing Zr content to avoid 

precipitation of zirconia, together with changes of Na+ content to maintain charge 

balance [44]. Research into new NASICONs continues, with e.g. a room temperature 

conductivity of 2.74×10-3 S∙cm-1 reported for a Zn-doped composition [45] and with 

their potential use as the electrolyte in ASBs [44,45]. Recent progress in NASICONs 

as well as other inorganic electrolytes for ASBs is reviewed in [46]. 

 

ii) SEI and CEI 

One of the most important, but probably least-well understood, contributions to the 

operation, cycling and lifetimes of batteries concerns the solid electrolyte interfaces 

and interphases SEI, that form on contact between the electrolyte and electrodes [47]. 

In almost all publications, the term SEI refers to the anode SEI and unless stated 

specifically, it refers to the region that may include either, or both, interface and 

interphase. The anode SEI appears to be a protective layer that inhibits further reaction 

between anode and electrolyte but is also an ionically conductive membrane that 

facilitates charge transfer between them. The role of any cathode SEI is less well 

understood and may arise from reaction of electrolyte with the cathode when it is in a 

high state of charge. 

 

It is expected that SEIs would contribute to overall cell impedances but as yet, 

definitive EIS studies of their development and significance appear not to have been 

made for Na batteries. The decoupling of SEI resistance from ionic diffusion 

associated with electrode porosity in Li batteries has been demonstrated and 

simulated using a transmission line model [48]. The spatial arrangement of the 

constituent material phases that form a porous electrode affect correlation between 

electrochemical behaviour and ionic transport within the electrode [49]. The use of EIS 

to show the influence of layer-by-layer SEI in battery performance has been shown 

[50]. It was suggested that the solubility of an Na-based SEI in NaPF6, EC/DEC 

electrolyte is a major factor leading to self-discharge compared with that of the less 

soluble Li analogue [51]. The trade-off between formation of a thin SEI film and 

desolvation of Na at the carbon interface, both of which impact on battery performance, 

has been demonstrated [33]. Na dendrite growth resulting from side reactions with 

electrolyte was shown to reduce in the presence of a thin Ag layer at the sodium metal 

surface [52]. Monte Carlo modelling has been used to gain molecular-scale insight into 

the phenomena that influence SEI growth, its subsequent behaviour and dissolution, 

in support of experimental results and general understanding of SEIs [53].  An 

alternative approach to study SEIs has been to deliberately fabricate them; a range of 

artificial SEI interfaces has been reviewed [54].   

 

The formation, stability and nature of cathode-electrolyte interfaces (CEI) for SIBs has 

been reviewed [55]. As yet, an overall picture of CEI formation and analysis 



methodology is absent in the literature but future developments are anticipated with 

increasing interest in high energy battery technologies [56,57]. 

 

iii) Anode 

The preferred anode for many SIBs is based on ‘hard carbon’ because graphitic 

carbons that work well with Li batteries give only limited intercalation possibilities with 

Na; for solid state Na batteries, alloy anodes may be advantageous [58]. EIS 

measurements on Na storage in hard carbon-like materials were processed to give 

DRT profiles [59]. During initial Na intercalation characterised by a sloping voltage 

dependence, the change in DRT profile was attributed to the dominant effect of mass 

diffusion on overall resistance. In the subsequent voltage plateau region, mass 

diffusion was no longer rate controlling and the DRT profile was unchanged; finally, at 

the latest stage of charge, the profile changed again and was attributed to Na 

electroplating. The structural features of hard carbon and its sodium storage 

capabilities have been reviewed [60,61] and two key factors identified, the pore 

structure and the presence of surface functional groups [61]. Biomass-derived carbons 

showed correlations between the microcrystalline structure, electrochemical 

performance and the biomass carbonization temperature [62]. It was shown by 23Na 

NMR and other studies that Na ions store initially at defects within interlayers and at 

pore surfaces of hard carbons; subsequently, sodium clusters with some evidence of 

metallicity form during a low voltage plateau region [63]. 

 

iv) Cathode 

The layered transition metal oxides, NaxTMO2 are currently a preferred option for 

rechargeable Na batteries due to their high specific capacity and high voltage, but 

several phase transitions occur during cycling leading to poor understanding of the 

mechanistic details during cell operation. Impedance studies fall into two groups, 

involving measurements of the conductivity of the materials in isolation and electrode 

studies containing a composite cathode with conducting carbon additive. Improved 

transport properties of a P2-type transition metal oxide led to enhanced interfacial 

kinetics of sodium ion transfer at the interface, thereby exhibiting better rate 

performance in cells [64]. A combined study of EIS using 3-terminal measurements, 

ECM and DRT enabled separation of impedance of a O3-type layered transition metal 

cathode at different frequencies and potentials and identified a significant influence of 

phase transitions during cycling on CT processes [65].  

 

Summary 

EIS of electrochemical systems continues to be a rapidly expanding topic with a 

combination of new materials, improved data analysis procedures that include 

modelling or simulations and greater understanding of correlations between cell 

design, materials microstructure and impedance response. Use of DRT analysis to 

complement equivalent circuit modelling may have a useful role to play but as yet, the 



non-ideal behaviour of real impedance data represents a barrier to its successful 

implementation. 
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Fig.1(a)(b). Three-electrode pouch cell design for an in-house constructed sodium-

ion battery. Three-electrode EIS data: (c) impedance complex plane plots, (d,e) 

spectroscopic plots of Z’ and Z’’. Full cell data match very well the summed data of 

cathode and anode components. Adapted from [4].  

 



 

 

Fig.2. (a) Schematics showing the movement of electrons and mobile ions in a typical 

Li-ion insertion positive electrode. (b) Transmission line model applicable to the 

processes in (a). Adapted from [16]. (c) Top: Randles circuit where the series-

connected Warburg element and the charge transfer resistance are in parallel with the 

double layer capacitance. Bottom: The parallel-connected charge transfer resistance 

and double layer capacitance are in series with the Warburg element. Rs represents 

the electrolyte resistance. Adapted from [18].  

 

 

 

 

  

 

 



Fig.3. (a) ECM showing four series-connected circuit elements with simulated (b) 

impedance complex plane, (c) capacitance, C’ spectroscopic plot, (d) DRT. The 

different features labelled in (b-d) correspond to the circuit elements in (a). Data used 

for the simulations were RΩ = 10 Ω, RSEI/CEI = 150 Ω, CSEI/CEI = 20 μF, RCT = 100 Ω, CCT 

= 1.5 mF, σW = 17.68 Ωs-1/2, frequency range from 10 mHz to 100 kHz, produced by 

Zview software. A Matlab toolbox DRTtools was used for computing DRT [66]; A 

Gaussian basic function was used for discretization; the regularization parameter λ 

was set to 0.001, the FWHM parameter was set to 0.2. 
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