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Abstract 

Electrochemical impedance spectroscopy is a widely used tool to study electrochemical reactions in batteries, fuel cells and other electrochemical energy 

conversion devices. However, conduction processes in the electrolyte of high temperature fuel or electrolysis cells (SOFC / SOEC) are inacessible during 

operation, severely restricting the information that can be obtained about performance and degradation of the electrolyte. Using the distribution function of 

relaxation times (DRT), we study the ionic conduction properties and degradation phenomena in multi-layered solid electrolytes, ex situ and at low 

temperatures. The investigation of full cells in air enables a detailed analysis of the conductivity of supported electrolytes as thin as 1 µm, as well as the 

relative contributions of multilayered electrolytes. Furthermore, three case studies are presented concerning the degradation mechanism in SOFC and SOEC 

operation, showcasing the ability of this technique to distinguish the effects of grain boundary contamination, formation of solid solutions and the formation 

of porosity on the ionic conductivity of thin, supported electrolytes. 
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1. Introduction 

Electrochemical impedance spectroscopy (EIS) is a very popular tool in the field of electrochemistry,[1, 2] and is routinely used to 

investigate the electrochemical properties of electrodes in electrochemical cells.[3, 4] In particular, EIS is the method of choice to analyse 

and model the electrochemical processes in Li-ion batteries,[5-7] or to develop and validate chemo-physical models of electrode reactions 

for solid oxide cells (SOCs) operated in fuel cells mode (SOFC) or electrolysis mode (SOECs).[8-14] While EIS can be used to evaluate the 

electrode performance in SOFC single-cell tests in great detail, the information that can be obtained about the electrolyte is very limited. 

This is due to the fact that at SOFC / SOEC (and also proton-conducting fuel cells, PCFC) operation temperatures (> 500 °C), the ionic 

conduction in the electrolyte membrane appears ohmic (i.e. frequency independent) in the frequency regime accessible by EIS, which is 

typically limited to about 1 MHz.  

As a consequence, information about the conductivity and degradation phenomena of SOC electrolytes is typically obtained via model 

experiments on bulk materials and / or post-test analysis of the microstructure.[15-19] Among the degradation phenomena that can be 

observed for SOECs, increases in ohmic resistance have been observed for electrolyte-supported cells due to materials degradation of Sc-

stabilized zirconia (ScSZ).[19] Significant degradation of the ohmic resistance of fuel electrode-supported cells have been reported by many 

authors.[17, 20, 21] Since impedance spectroscopy can only provide information about the total ohmic resistance of a test setup and a 

distinction between different contributions to the ohmic resistance is not possible, the degradation of the electrolyte conductivity cannot 

usually be attributed to specific processes such as the formation of an insulating grain boundary phase, demixing in the electrolyte or 

formation of insulating secondary phases. In addition, the ohmic resistance of an SOC during operation is strongly influenced by contact 

resistance,[22] or parasitic resistances of a test setup. It is therefore necessary to understand the cause for ohmic resistance degradation in 

great detail in order to develop effective mitigation strategies for such degradation.  

In this paper, we present a technique to analyse the ionic conductivity and degradation phenomena in thin, supported electrolytes in great 

detail. We begin this paper with a brief discussion of the relevant physical mechanism of the impedance characterization of ionic 

conductors, followed by a description of the technique and data analysis, and subsequently present three different case studies 

showcasing the potential of this technique. 

1.1. Background 

Using impedance spectroscopy to separate grain and grain boundary contributions to the ionic conductivity of oxide ion conductors is a 

state-of-the-art method that has been applied to many systems.[23-26] To better understand the frequency dispersion of the current 

response to an AC voltage applied to an ionic conductor, we will briefly summarize the interaction between charged particles localized in a 

potential and an AC electric field. A comprehensive review of the topic is beyond the scope of this paper. The acceleration  induced 

by an electric field E exerting a force F on a charged particle with mass m is proportional to the strength of the electric field, and the charge 

of the particle z: 

                               (1) 

A charge carrier in an ionic solid that is subjected to a weak electric field of the form E = E0 

damped harmonic oscillator, as discussed by Bisquert, Halpern and Henn.[27] In this model, a charge carrier is bound in a localized 

potential  and the force exerted by the electric field is balanced by the harmonic potential with a spring constant k and a 

friction coefficient : 



 

                               (2) 

From this ansatz, they derive a frequency  ) the ac conductivity is constant, and below which the 

displacement of the ion by the electric field is slowed down by the restoring force is the 

decay time that the particle needs to return to the equilibrium position. While Bisquert, Halpern and Henn add a relaxation of the electrical 

potential around the ion to describe long range motion, it , the ionic charge carriers cannot 

follow the high frequency of the excitation voltage and the ac impedance becomes constant, while the behaviou is governed by 

the potential around the ion. 

, we turn to the typical interpretation of the ac impedance of an ionic conductor as a series 

of resistor-capacitor elements, each with resistance R and capacitance C (RC-elements) and a time constant 

                                  (3) 

defining the frequency of maximum loss as .[23] Since the capacitance is mainly determined by the geometrical 

capacitance  0 r the permittivity of free space and the relative permittivity of the material, respectively, A the 

geometrical area and d the thickness of the sample), it is almost temperature-independent in the absence of a structural phase transition. 

The temperature dependence of  can therefore be traced to that of the sample resistance,  . The conductivity of a pure 

 

                               (4) 

where ion is the ionic conductivity, n the charge carrier concentration, z the ionic charge, and µion the ionic mobility. In oxide ion 

conductors, it is advantageous to analyse ionic conduction in the framework of oxygen vacancies  as the mobile species, yielding: 

                               (5) 

with  being the oxygen vacancy concentration, and µV the mobility of the oxygen vacancies. In principle, both  and µV are 

temperature activated processes. However, in highly-doped systems such as Y0.148Zr0.852O1.926 (8YSZ) or Gd0.1Ce0.9O1.95 (10GDC), the oxygen 

vacancy concentration is determined by the dopant concentration through the electroneutrality condition: 

2*[ ] =                                 (6) 

where [ ] denotes the concentration of negatively charged acceptors (such as Y3+ or Gd3+) substituting the host cations (such as Zr4+ or 

Ce4+). In the temperature range relevant for SOC applications (< 1000°C), such high dopant concentrations ensure that  is essentially 

constant. The temperature dependence of the conductivity is therefore reduced to that of the mobility, 

                              (7) 

where µV,0 is the pre-exponential term, and Hm,V is the migration enthalpy of the oxygen vacancy. We note that while from equation (7), an 

erimentally. As was 

recently expertly discussed by Ahamer et al.,[28] the common interpretation of an additional exponential term describing defect 

association is highly controversial from a theoretical point of view for non-dilute systems, and the curvature can be explained by multiple 

available diffusion paths for the oxygen vacancies with different migration barriers as well.  

From these considerations, we can conclude that the temperature dependence of the RC time constant  is related to 

the temperature dependence of the ionic mobility. Next to the differences in the capacitance of grain and grain boundary contributions, 

the value and temperature dependence of the characteristic frequency  can be used to identify conduction processes in a 

complex ceramic structure, e.g. a bilayer electrolyte consisting of a YSZ ion conductor and a GDC diffusion barrier layer. 

A popular technique to improve the frequency resolution of impedance spectroscopy is to calculate the distribution function of relaxation 

times (DRT).[29, 30] The relation between the impedance spectrum Z( ) and the DRT ( ) is given as:  

                            (8) 

where R0 is the frequency-invariant (ohmic) resistance of the system and g( ) is a suitable function that represents the distribution of 

relaxation times with , as long as the system fulfils the fundamental criteria of linearity (within the investigated 

voltage amplitude), causality and time invariance.[30] We note that in this notation, the polarisation resistance Rpol is included in the 

function . We use this notation since it is implemented into the DRTtools program. A slightly different (but synonymous) notation that 

is often used defines  and writes Rpol as a factor into equation (9) in front of the integral.[29, 31, 32] 

Since impedance data is typically displayed on a semi-logarithmic scale, it is more convenient to write: 

                          (9) 

with  and .  

The main problem associated to the DRT is that solving the Fredholm integral in equation 9 -

many solutions that satisfy the equation. Different approaches to calculate the DRT have been suggested and compared, such as Tikhonov 

(ridge) regularization,[33, 34], Fourier transform,[31] multi-RQ CNLS fits,[29] or genetic programming.[32, 35] The approach used in this 

work is the Tikhonov regularization, using Gaussians as discretization functions. The approach of the Tikhonov regularization (as 



 

 

implemented in the DRTtools software tool) uses only a single variable, the regularization parameter , to generate the DRT. High values of 

have a smoothing effect on the DRT and can obfuscate spectral features, whereas small values of  can lead to oscillatory behaviour in 

the DRT.  

 

2. Materials and methods 

Anode-supported SOFCs discussed in this studies were fabricated on tape-cast NiO - 8 mol-% Y2O3 doped ZrO2 (Y0.148Zr0.852O1.926, 8YSZ) 

supports.[36] NiO-8YSZ anode layers, 8YSZ electrolytes, Gd0.2Ce0.8O1.9 (GDC20) diffusion barrier layers and La0.58Sr0.4Co0.2Fe0.8O3-  (LSCF) 

cathode layers were made via screen-printing. For selected cells (as indicated in the text), thin 8YSZ electrolytes were fabricated by spin-

coating, and the GDC20 diffusion barrier layers were made by physical vapour deposition (PVD).[37] Cells that had been operated in SOFC / 

SOEC stacks were removed during post-mortem analysis as fragments. 

Impedance spectra in the frequency range of 106-10-1 Hz were recorded using a Novocontrol spectrometer in a tube furnace in air in the 

temperature range between 200°C and 400°C. Spectra were recorded during heating and cooling cycles to ensure that the experiment had 

not led to an appreciable oxidation of the Ni electrode. The spectra were checked for quality with the Kramers-Kronig transformation, using 

the Lin-KK software tool.[38-40] The surface area of each cell fragment was determined via optical image analysis using the ImageJ 

software tool.[41] The distribution function of relaxation times (DRT) was calculated using the DRttools software tool, which uses the 

Tikhonov regularization to calculate the DRT.[34] The choice of 

-2 in this work, unless noted otherwise. Note, however, that 

neither the area nor the center of gravity of 

peak.[33] 

The polarization resistance of a certain part of the impedance spectrum can be calculated from the integral of the DRT via 

. For convoluted spectra with several peaks that overlap in their respective -range, integration is not straightforward and a 

fit to the DRT is more convenient. Since we investigate ionic conduction processes exclusively, the corresponding impedance responses are 

best described by RQ-elements in an equivalent circuit analysis. The DRT of an RQ-element is given by:[29] 

                          (10) 

with . The admittance of the RQ-element is . 

Instead of using the above exact function in this paper, we apply a generic fit using Gaussians to the extract information about the area and 

center of gravity of the relevant peaks in the DRT. The reason for this is that when using a small enough value of  for the transformation so 

that the typical shape of the RQ-DRT emerges, the DRT shows oscillatory behaviour induced by the small value of  We therefore use 

larger values of , with the result that the peaks in the DRT assume Gaussian shapes since Gaussians are used as discretization functions.  

As we show in section 3.1.1, this does not affect the peak area or position in a significant way.  

Fitting of the DRT spectra can in principle be done with any fitting software that allows the controlled selection of Gaussian profiles and 

their numerical fitting. For the present work, we utilized the software tool CasaXPS, which is developed and used for the fitting of X-ray 

photoelectron spectroscopy data. However, CasaXPS provides essential control of the fitting procedure through restraints on the peak 

positions and widths, which is important to obtain a fit that corresponds to the physical origin of the DRT. CasaXPS also offers a batch-

fitting routine and data export opportunity, greatly facilitating the analysis. To control the results obtained through DRT fitting, a 

conventional software to fit impedance spectra with complex non-linear least squares (CNLS) fitting of an equivalent circuit model was 

used (Zview) for the reference samples.  

Microstructural characterization of ceramics and supported electrolytes was performed using a Hitachi SU 8000 scanning electron 

microscope (SEM) equipped with a field-emission gun and in-lens detector. The polished ceramics were thermally etched before imaging in 

order to highlight the grain boundaries. Energy-dispersive X-ray spectroscopy (EDX) was recorded using an acceleration voltage of 20 kV 

and a solid-state detector. 

3. Results 

Electrochemical characterization of supported electrolytes is challenging due to the co-sintering process necessary to fabricate the thin, 

supported ceramic membrane. The anode-supported SOFCs used in this work are fabricated using a NiO-YSZ support and anode layer, 

which only become electrochemically active upon chemical reduction of NiO to Ni in reducing atmosphere. As a consequence, it is not 

possible to use a dense electrode on at least one side of the electrolyte, since the activated Ni electrode is designed to be porous. 

However, Ni is stable against re-oxidation at moderate temperatures, which makes it possible to use the reduced cell in a standard 

impedance measurement in air with Ni acting as one electrode.[42] The percolating Ni network creates a short-circuit around the YSZ 

particles in support and anode, which means the reduced full cell is treated as an electrochemical cell Ni|YSZ|GDC|LSCF. 





















 

 

with  and  being the effective (measured) conductivity and the bulk conductivity of dense YSZ, respectively, and P the porosity. 

This formula predicts that a porosity of 45% results in a 5-fold increase in ASR relative to the dense material. In a simple approach, the area 

specific ohmic resistance of the electrolyte and the degraded, porous anode can be described as a serial connection of two resistors, with 

, where l is the thickness of each layer. The 

thickness of the anode layer, in this case, refers to the thickness of the layer from which Ni has migrated away completely, or where the 

degradation is sufficiently advanced to disrupt the percolated network of Ni grains which would otherwise provide an electrical short 

circuit of the porous anode. Using Figure 10 a) as a guide, the thickness of the depletion layer is approximately 5 µm in the area of the fuel 

inlet.  

Figure 11 shows the conductivity of grains and grain boundaries for the degraded SOEC and SOFC (see section 3.3.2) cells, calculated using 

the information about the layer thickness and porosity. For the grain boundary conductivity, the layer thickness used for calculation is the 

equal to the thickness of the dense electrolyte, while the grain conductivity is calculated using the sum of dense electrolyte and porous 

anode layer. Using this geometrical correction, the calculated ionic conductivity of the SOEC and SOFC cells are essentially identical. While 

the grain conductivity is very close to that expected from the bulk reference, the grain boundary conductivity is decreased due to Mn 

impurities. This calculation demonstrates that the increase in ohmic resistance during SOEC operation is entirely due to the increase in 

effective electrolyte thickness. From this finding, a possible mitigation for this type of degradation would be an increase of the ceramic 

content of the fuel electrode in order to decrease the porosity of the degraded layer. 

4. Conclusions 

We have demonstrated a novel technique to investigate the ionic conductivity of thin, supported ion conductors via a combination of 

impedance spectroscopy and fitting of DRT spectra. Using this technique, it is possible to examine the ionic conductivity of supported 

electrolytes in detail and free of the influence of parasitic ohmic resistances (such as contact resistance). Giving three examples relevant to 

SOFC and SOEC operation, we have shown that this technique can be applied to understand degradation effects in supported electrolytes 

affecting both grain and grain boundary conductivity. The ability to analyse the actual component after or during operation is indispensable 

to understand degradation effects caused by the cell fabrication or stack operation. We expect that the same analysis can be applied to 

other types of supported, ceramic membranes such as proton conductors, gas separation membranes and Li- or Na-conductors. 
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