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 Lanthanum Strontium Cobalt Ferrite Oxide (LSCF) is a cathode material 
for intermediate-temperature solid oxide fuel cells operating from 500 
to 800 °C. To enhance the cathode's performance, it is essential to 
comprehend the electrochemical behavior, which is frequently analyzed 
using complex nonlinear least-squares (CNLS) analysis. Nevertheless, 
this analysis demonstrates certain constraints in the detailed 
interpretation of the electrochemical processes, particularly at the 
electrode-electrolyte interface. The distribution of relaxation times 
(DRT) is supportive when deconvoluting complex impedance spectra 
and has gained increased attention. Hence, this study is conducted to 
measure the electrochemical impedance data analyses by CNLS and the 
DRT of a fabricated modified 25 mm symmetrical cell, m-
LSCF|BCZY|m-LSCF (m=modified, LSCF = La0.6Sr0.4Co0.2Fe0.8O3 and 
BCZY = BaCe0.54Zr0.36Y0.1O2.95). In a Nyquist plot, the cell shows 
depressed semi-circles, representing a few interface processes occur. 
The DRT analysis reveals the semi-circles consisting of four different 
sub-processes (represented by four peaks) than CNLS (represented by 
four impedance arcs). The results show that the area-specific resistance 
(ASR) values for CNLS were 0.3 Ωcm2 and 0.75 Ωcm2, with 0.25 Ωcm2 
and 0.71 Ω cm2 for DRT analysis. 
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INTRODUCTION  

 

Proton ceramic fuel cells (PCFCs) are a subcategory of solid oxide fuel cells (SOFCs) that have seen 

increased attention in recent years [1]. These fuel cells can turn the hydrogen fuel into hydrogen ions with 

higher efficiency compared to engines and thermal power plants. The oxidation of hydrogen gas into 

hydrogen ions at the anode side and the reduction of oxygen ions at the cathode side, produces water as a 

byproduct. Compared to SOFCs with oxygen ion-conducting electrolytes, PCFCs have two key advantages: 
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first, protons are smaller than oxygen ions and can migrate through the electrolyte more easily at 

intermediate operating temperatures (500-800 °C); second, during operation, water vapors are formed at 

the cathode. This allows for better utilization of the fuel and removal of the product. The performance of 

PCFCs must be enhanced, and one way to do so is by investigating new or modified cathode materials, as 

the operating principles of PCFCs differ from those of oxygen ion SOFCs and the operating temperature is 

generally lower. 

 

 Lanthanum strontium cobalt ferrite (LSCF) is a widely used cathode in SOFC/PCFC technology 

[2]. This material is chosen for its elevated mixed ionic-electronic conductivity (MIEC), excellent ORR 

catalytic activity, compatibility with various electrolytes, and high ionic and electrical conductivity (1x10-2 

and 102 Scm-1 at 800 °C respectively). The comprehension of the reaction sites on the LSCF cathode has 

recently attracted substantial attention to improving the conductivity of the LSCF [3]. However, one of the 

most significant challenges in the development of LSCF is the lack of long-term durability, which is 

essential for commercialization, due to LSCF deterioration induced by strontium (Sr) surface segregation 

[4]. Surface strontium segregation of the A-site, which occurs frequently in Sr-containing perovskite-based 

electrodes such as LSCF and LSC, can reduce electrochemical activity for oxygen reduction reactions 

(ORR). This is due to elastic energy minimization and electrostatic or charge interactions from lattice 

mismatches between the dopant and the host, which causes Sr segregation [5]. As a result, many existing 

studies focus on reducing the negative effects of Sr segregation [6 - 9] by surface decoration using metal 

cations (Hf4+, Ti4+, Zr4+) that may contribute to better surface stability against Sr segregation. This surface 

modification is important in increasing ORR activity and hence minimizing harmful cation segregation [10]. 

 

 Electrochemical impedance spectroscopy (EIS) is a highly effective technique for analyzing 

intricate electrochemical systems in SOFC. This approach exploits the disparity in time constant and 

frequency response of the polarization loss mechanism occurring in an electrochemical system [11], [12]. 

The impedance spectra are evaluated by an equivalent circuit model (ECM) using complex non-linear least-

squares (CNLS) fit model functions [13].  However, impedance data fitting using CNLS becomes 

challenging as some impedance patterns for actual electrochemical responses are almost or partially 

overlayed [14, 15].   

  

 Analyzing the electrode dispersions is not a simple task, in which the ECM must be seen as a 

global approximation of the electrochemical transport and transfer process. Therefore, to overcome these 

limitations, the deconvolution distribution of relaxation time (DRT) has attracted significant attention 

recently for interpreting EIS data or assisting the design of ECMs without a priori assumptions [16, 17]. 

DRT is a well-established method for deconvoluting EIS data from a fuel cell, in which it provides a deeper 

insight into electrode reactions and supports the identification of the most accurate ECM. The number of 

electrochemical processes and their characteristic relaxation times can be ascertained from the DRT 

spectrum. Moreover, DRT helps to identify an equivalent circuit that should be used to fit impedance data. 

 

EXPERIMENTAL  

 

Sample preparation 

 

The respective BaCe0.54Zr0.36Y0.1O2.95 (BCZY) and La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) powders were prepared 

using a sol-gel method dissolving nitrate salts of barium, (Ba(NO3)2) (99% purity, ACROS); cerium (III) 

nitrate hexahydrate, Ce(NO3)3.6H2O (99.5% purity, ACROS); Zirconyl (IV) nitrate hydrate, 

Zr(NO3)2O.xH2O (99.5% purity, ACROS); Yttrium (III) nitrate hexahydrate, Y(NO3)3.6H2O (99.9% 

ACROS) and Lanthanum (III) nitrate hexahydrate, La(NO3)3.6H2O (99.95% purity, ACROS);  Strontium 

nitrate, Sr(NO3)2, (99% purity, ACROS); Cobalt (II) nitrate hexahydrate, Co(NO3)2.6H2O (99% purity, 

ACROS) and Iron (III) nitrate nanohydrate Fe(NO3)3.9H2) (99% purity, ACROS) in aqueous solution at 
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room temperature with the addition of complexing agents like EDTA (C10H16N2O8: 99% purity, ACROS), 

citric acid (C6H8O7.H2O): 99.5% purity, MERCK), and ethylene glycol (ACROS). The mixture went 

through a few steps of different heat profiles in which a calcination temperature of 900 °C for LSCF and 

1100 °C for BCZY was utilized to produce the single-phase cathode and electrolyte powders, as previously 

stated [18]. A 25-mm diameter and 1.3-mm thick BCZY pellet was produced using a dry pressing process 

with a pressure of 9 tons and a pressing period of 7 minutes. To densify the pellet, 4wt% of NiO was added 

to BCZY as a sintering aid [19]. The addition of the sintering aid was found to be very effective, yielding 

a relative density of 95% for the BCZY electrolyte.  

 

 The following describes the fabrication of a modified and unmodified 25 mm symmetrical cell 

with the configuration of m-LSCF/BCZY/m-LSCF (Cell A) and LSCF/BCZY/LSCF (Cell B) respectively. 

The cathode slurry was prepared by mixing the single-phase LSCF cathode powder with a binder solution 

at a ratio of 50:50. To remove organic binders and to generate close electrode-electrolyte attachment, the 

slurry was heated at 600 and 900 °C.  

 

 0.324 g of zirconium chloride (ZrCl4) was dissolved in deionized water, stirred, and heated to 80 

°C in order to modify the surface of Cell A. The LSCF thin film was submerged into the prepared solution 

and dried for 2 minutes. The Pt was manually pasted on both sides of the cells and utilized as a current 

collector. 

 

 The ZIVE SP2 Electrochemical Workstation (ZIVE LAB WonATech) was employed to 

investigate the electrochemical performance of the cell in stagnant air. The perturbation amplitude was set 

to 10 mV, and the frequency range was 10 mHz–1 MHz. Both cells were stabilized at 800 °C to preserve 

stability at the electrochemical impedance spectroscopy (EIS) setpoint before applying the sinusoidal 

signals. After 34 hours of stabilization period, the impedance data were further collected at 750 °C. The 

ZMANTM 2.2 f3 (ZIVE LAB) software was used to perform fitting and modeling of the impedance data. 

The distribution of relaxation times (DRT) functions was determined using self-software packages that 

were compiled in MATLAB code and based on the Tikhonov regulation [20]. This DRT is plotted against 

the time constant, with the peaks representing the major time constant of the electrochemical system and 

the area under each peak representing the polarization resistance (Rp) of a sub-process in the 

electrochemical response. 

 

RESULTS AND DISCUSSION  

 

The EIS spectra of Cell A and Cell B were acquired at 750 °C in the air with platinum (Pt) as a current 

collector and are presented in the form of a Nyquist plot as shown in Figure 1.  The spectrum that consists 

of four depressed semicircles was then fitted with an equivalent circuit of  Ls-Rs-R1|Q1-R2|Q2-R3|Q3-R4|Q4, 

in which Ls and Rs are the inductor and total ohmic resistance respectively, and R1Q1 (high frequency) – 

R2Q2 (medium frequency) – R3Q3 to R4Q4 (low frequency) correspond to electrolyte contribution (high 

frequency) and the cathode processes (medium to low frequency) as accordingly based on the Adler-Lane-

Steele (ASL) [18]. The data indicate the equivalent circuit reflects four ORR contributions, which 

ultimately results in the overall cathodic resistance of the system. A cathode sample’s performance is often 

assessed by measuring its polarization resistance, which is then reported in terms of area specific resistance 

(ASR). According to [20], the difference between the high-medium (1 MHz-1Hz) and low frequency (1 

Hz-10 mHz) intercepts indicates polarization resistance, Rp, in which the Cell A spectrum is significantly 

smaller than Cell B, indicating a decrease in the Rp as the Rp represent the cathodic polarization resistance, 

calculated as the sum of R1,R2,R3 and R4 [21, 22].  

 

The symmetrical cell of Cell A has an ASR of 0.3 Ωcm2, which is significantly lower than Cell 

B's 0.75 Ωcm2, as determined by the equivalent circuit and CNLS fitting. It can be noted that as a 
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consequence of the surface decoration, the total cathode polarization is reduced by 60 %. The ASR obtained 

for Cell A is remarkably lower than pristine LSCF value of 0.61 Ωcm2 as reported by Ismail et al. [23, 24]. 

The resistance of the cathode was significantly decreased by suppressing Sr segregation using the surface 

modification procedure. According to Tsvetkov et al. [25, 26] , surface modification by metal cations has 

decreased the negatively charged point defects of Sr that are caused by oxygen vacancies and a net positive 

charge at the perovskite surface. Details on the segregation and suppression of Sr segregation have been 

previously reported [27] . 

 

Figure 1. A Nyquist plot of Cell A and Cell B at 750 °C  

 

  

 Particularly, to understand the underlying reaction mechanism responses, the DRT functions are 

plotted as shown in Figure 2. The resultant DRT plots confirm that the cathodic process consists of four 

sub-processes (P1, P2, P3, and P4) ranging from high-medium to low frequency as reported previously [20]. 

Based on the high resolution of DRT curves, each deconvolution and the region under the peak represent 

the simulated resistance corresponding to the sub-process peak expressed in one certain reaction step for 

the cell’s electrode reaction [17]. In other words, the smaller the peak area, the easier chemical processes 

will take place. The DRT analysis has confirmed the ASR of Cell A and B to be 0.25 and 0.71 Ωcm2, 

respectively. 
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Figure 2. Corresponding DRT plots where four sub-processes (denoted as P1, P2, P3 and P4) for (a) Cell A 

and (b) Cell B 

 

 Additionally, the fundamental reaction mechanism and related responses are understood through the 

usage of the DRT functions [28]. As for LSCF cathode, P1 sub-process is attributed to the electron transfer 

between the current collector and the cathode as mentioned previously by [29]. The P2 and P3 sub-process 

is reported associated with the oxygen ion transfer across the interface of cathode-electrolyte and the oxygen 

surface exchange process which comprises O2 adsorption, dissociation an incorporation at cathode surface 

respectively. P4, which can be observed at low frequencies, are indicative of the diffusion of oxygen gas 

throughout the whole cathode surface [30]. Therefore, the cathodic process in the respective frequencies 

can be identified through the use of DRT analyses, as the impedance arcs have been recognized for a long 

time as a result of a distribution of the time constant of electrical changes in the materials  [31]. 

 

CONCLUSION  

 

The electrochemical processes of LSCF|BCZY|LSCF symmetrical cells were investigated utilizing both 

CNLS and DRT analysis. The difficulty in distinguishing the processes through CNLS analysis is resolved 

using the DRT technique, in which the DRT analysis is more precise and easily reveals the semi-circles 

consisting of four different sub-processes that contribute to the cathode polarization resistance with cell A 

 

P1 
P2 P3 

P4 

 

P1 

P2 

P3 

P4 

(b) 

(a) 

https://doi.org/10.24191/scl.v19i2.6868
https://doi.org/10.24191/scl.v19i2.6868


42 Safian et al. / Science Letters, June (2025) Vol. 19, No. 2 

https://doi.org/10.24191/scl.v19i2.6868

 

 ©Safian, 2025 

and cell B's ASR values from CNLS and DRT studies are nearly identical. Thus, the corroborated DRT 

with CNLS analysis properly defines PCFC-relevant EIS data. 
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