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Abstract: 
Solid oxide fuel cells have been one of the most promising alternatives to fossil-fuel based energy in the past few years. One of the most important challenges is increasing the performance of mixed ionic-electronic conducting cathodes at lower temperatures. One such cathode which has been studied lately is based on the Ruddlesden-Popper phase La2NiO4 with Sr and Mn replacements on the A and B sites respectively. Using electrochemical impedance spectroscopy and distribution of relaxation time analysis this paper attempts to separate the different processes in such cathodes. Three different processes were identified with a low, medium, and high frequency. The three processes were related to three different processes respectively: oxygen diffusion, oxygen surface exchange and charge transfer, and finally oxygen transfer through the electrode/electrolyte interface. 
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1 Introduction
In the past few years, the need for clean energy has increased due to climate change and the need for carbon free fuel sources. One such option is the solid oxide fuel cell (SOFC) based on solid oxide phases for energy production combined with the solid oxide electrolysis cell (SOEC) for fuel production. SOFCs are fuel cells which allow for direct conversion of both conventional fuels (methane, liquid petroleum gas - LPG, syngas) and clean (H2, NH3) fuels [1-2] and as such they allow for a transitional step from carbon-based fuels to clean fuels. In addition, SOFCs are highly efficient fuel cells with high stability and long operation times [1-2]. One factor that will accelerate SOFC market penetration is to lower the working temperatures of the cells. By lowering the operating temperature, the cost of manufacturing and the cost of the materials can be lowered which will also decrease the degradation, and thus the lifetime, of many of the parts. The SOEC uses the reverse operation of the fuel cell, with steam as an input to produce hydrogen fuel, and as such both devices require an air electrode (SOFC cathode, SOEC anode).
Oxygen reduction and conduction in the SOFC cathode is one of the limiting factors in fuel cell operation and in reducing the temperature of operation. One of the most promising candidates as an intermediate temperature cathode is lanthanum nickelate La2NiO4+δ [3-5] commonly abbreviated to LNO. LNO is a good oxygen ion conductor, a good electronic conductor and a decent catalyst for oxygen reduction [3-5]. However, attempts to increase one of these properties by doping on either the La site or the Ni site have shown little to no improvement [6-8]. Lately some conflicting reports showed that manganese on the nickel site with appropriate strontium replacements on the lanthanum site can have interesting effects on the properties of LNO. Some reports showed decreased overall area specific resistance (ASR) [9] whilst an alternative report suggested an increased ASR [10]. This difference is probably due to the microstructural differences accentuating a different parameter of the three factors important for cathode operation. In order resolve these differences this study will go in-depth into the electrochemical impedance spectroscopy (EIS) results of one previous study [10] to attempt to elucidate the different processes in Mn and Sr co-doped LNO. Whilst the primary focus of the study is on SOFC cathodes the phases of interest may also be applicable in the SOEC application as the oxygen transfer requirements are similar.
When looking at the electrochemical behavior of SOFC and SOEC air electrodes many processes can impact the behavior of such electrodes:
1) diffusion of the O2 gas which is related to the overall electrode microstructure.
2) oxygen surface exchange with the following sub-reactions: 2a) adsorption of the O2 molecules on the electrode surface, 2b) dissociation of the O2 molecules into Oads, 2c) charge transfer to the molecules for the oxygen reduction rection (ORR), 2d) incorporation of the O2- species into the matrix.
3) oxygen ion diffusion in the electrode which can be defined as three related processes: 3a) oxygen ion diffusion at the surface, 3b) oxygen ion diffusion in the bulk 3c) oxygen ion diffusion across barriers such as grain boundaries.
4) oxygen transfer through the electrode/electrolyte interface.
In impedance spectra cathode processes are usually fitted with two different types of elements, with a RQ circuit (resistor-capacitor) which is the common way to fit a double layer capacitance and a Gerischer impedance which is the common way to fit a reaction at the surface of a mixed ionic/electronic conductor [11]. It is important to note that more than one of each element can be used to describe several different processes. Two more processes that are usually discounted are the induction at very high frequency which is associated with the measurement equipment and the ohmic resistance which is mostly contributed by the rig and the electrolyte, both of which can be accounted for by calculations knowing the electrolyte type and geometry and the testing rig residual ohmic resistance.
The results for LNO based cathodes often resembles a suppressed semicircle with or without a kink in the middle hinting that there are several underlying processes, and the data should be fitted with 2-3 circuits including RQ circuits and Gerischer elements. However, in most cases due to the high overlap several different models can be attributed to the results.
Escudero et. al [3] and Lou et. al. [12] used 3 RQ circuits to fit the data, with Escudero giving the following interpretation: The low frequency component being associated with oxygen dissociation phenomena with an activation energy in air of 0.96eV. The middle frequency component was associated with oxygen diffusion and charge transfer at the ORR (2c) with an activation energy in air of 1.16eV. The high frequency component was associated with charge transfer through the electrode/electrolyte interface with an activation energy of 1.26eV. This is relevant mainly to yttria stabilized zirconia (YSZ) electrolytes and might be different with different electrolytes. Lou et. al. [12] assumed a similar interpretation to Escudero et. al. with a similar overall activation energy of 1.13-1.26eV. 
Boukamp et. al. [13] fitted the results with 1 RQ circuit and 1 Gerischer for data recorded at 600°C. Guan et. al. [14] used only a single Gerischer to explain the EIS results of LNO operating at 700°C, however with Sr doping on the La site this reverted to a RQ circuit followed by a Gerischer as used by Boukamp. The difference could be from the RQ circuit being very small at 700°C with no Sr addition or the use of gadolinium doped ceria (GDC) instead of YSZ as the electrolyte. The RQ circuit was interpreted as related to electrolyte – electrode interface charge transfer with the Gerischer explaining the chemical processes at the interface of the cathode. Here again, the limiting step for the oxygen exchange was determined to be process (2c) as reported by Escudero et. al [3]. Hildenbrand et. al. [5] used different sintering temperatures, resulting in a different microstructure which showed a RQ circuit – Gerischer for lower sintering temperature (900-1000°C) and a RQ circuit – Gerischer – RQ circuit for a higher sintering temperature (1100°C). The high frequency RQ circuit was reported at a frequency of around 100 Hz and has not been explained, whereas the additional RQ circuit at around 10Hz was described as a combination of bulk diffusion and surface exchange due to the extra thickness of the cathode at higher sintering temperatures.
It is important to note that even though all researchers used the same material and similar temperatures and oxygen gas pressures, different microstructures of the electrodes can greatly affect the importance of each process. For example, the less surface area in the electrode, the more resistance would be seen from the ORR.
Another relevant piece of analysis is the oxygen incorporation kinetics for LNO tested by methods other than EIS, mainly isotope exchange. Two major parameters describe the oxygen incorporation kinetics, the activation energy for diffusion (D*) and surface exchange (k*). For bulk polycrystalline samples Ea for D* was found as 0.85eV for 640-842°C [15], 0.60eV for 450-785°C [16] and 0.54eV for 350-700°C [17] and Ea for K* was found as 1.61,1.29 and 0.63eV for the same samples respectively.
Taking all of this information together we attempt to further explain the electrochemical processes in (La1-xSrx)2(Ni0.9Mn0.1)O4+δ based materials using analysis of the impedance spectra.
2 Experimental Section
[bookmark: _Hlk100404121](La1-xSrx)2(Ni0.9Mn0.1)O4+δ samples with x=(0.1-0.5) were synthesized using the Pechini method [18]. The samples were annealed at 1000°C for 12 hours then milled in a ball mill for 48 hours. 10 mm diameter pellets of LSGM (La0.9Sr0.1)0.98Ga0.8Mg0.2O3 (LSGM) supplied by Praxair (USA) where prepared by uniaxial and isostatic pressing at 300 MPa. The pellets were than sintered at 1450°C for 12 hours reaching 98% relative density.
An electrode ink was prepared by adding commercial ink vehicle solution from Fuel Cell Materials at a 2:1 ratio of synthesized powder to ink by weight. The ink was triple roll milled and screen printed on both sides to create a symmetric half-cell. The ink was then allowed to dry before being sintered at 1100°C for 6 hours to ensure good adhesion.
The impedance measurements were performed on a homemade rig using a Solartron 1260 Frequency Response Analyzer, Solartron, UK in the temperature range 450-800°C over the 13Mhz to 0.1Hz range with an AC amplitude of 100mV. Pt wires and mesh on the rig and a gold coating on the sample were used as contacts to ensure good current collection.
Distribution of Relaxation Times (DRT) analysis was performed using DRT tools freeware [19] using Gaussian discretization, 1st order derivative and a 10-3 regularization parameter.

3 Results and Discussion
3.1 Elecrochemical Impedance Spectroscopy data
In Figure 1a-d the impedance of the samples is shown for temperatures of 750°C and 650°C (out of 450-800°C) in two different scales as examples. The resistance of the electrolyte subtracted to help guide the eyes. While from these results it can be seen that the ASR increases with increasing Sr content it is hard to separate these into specific elements as is usually done using a circuit diagram. This is due to a high overlap in the processes. One thing that can be obtained from this is the overall activation energy of the processes. In Table 1 below the activation energies of the whole process are summarized, having been derived from the ASR by finding the slope of the log-based graph. However due to 2 different slopes existing, a high temperature and low temperature activation energy have been calculated and separated for all samples with 30% Sr content or below.
[image: ]
Figure 1: The Nyquist plot of the impedance data obtained for (La1-xSrx)2(Ni0.9Mn0.1)O4 samples measured in air at (a and c) 750°C (b and d) 650°C with two different scales to accommodate higher resistancesamples.
3.2 DRT analysis
One way to separate different processes in the EIS is by using distribution of relaxation times (DRT) analysis. By running DRT analysis peaks are separated from the original Bode plot. In Figure 2 a DRT analysis of the EIS data presented in Figure 1 can be seen. Significantly it can be observed that the DRT analysis allows the EIS spectra to be resolved as 3 main peaks. In the DRT analysis the peak area is an indication of how much of the impedance is due to this specific process. In addition, the peak location indicates the relaxation time for the specific process. 
[bookmark: _Hlk119754283]While several peaks can be seen in the DRT, 3 major peaks can be distinguished in most samples and at all temperatures. A peak at around 0.05-0.5 Hz which we will mark as P1, one at around 0.5-5 Hz which we will mark as P2 and a peak at around 5-50 Hz which we will mark as P3. Those three peaks differ in many ways for all samples.  It is worth noting that by zooming in or using a logarithmic scale additional processes are found, however they were not analyzed as they where not found in all samples and they were much smaller than the 3 main processes.
[bookmark: _Hlk59279100]Figure 2a shows the peaks observed at 750°C with the low frequency process marked in orange (P1), the median frequency process has been marked in yellow (P2) and the high frequency process highlighted as P3 in light blue. Additional peaks are small and therefore disregarded as main processes. Several initial observations can be made, with the initial being that in LNO, and LNMO with 10-30% Sr the main process changes from P2 at high temperatures (above 600-650°C) to P1, whereas LNMO with 40-50% Sr content it is always P1, irrespective of measurement temperature. The relaxation frequency in P2 increased between LNO and 10%Sr whereas any further increase in Sr content decreased the frequency. All peaks were found to increase in area with increasing the strontium content with the smallest increase being in the 10% Sr. 
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Figure 2: The DRT analysis for the results shown in Figure 1. In order to keep to scale (a) 750°C (b) 650°C and (c) 550°C describe the LNO and LNMO with 10-30% samples and (d) 750°C (e) 650°C and (f) 550°C, with the first process in orange as P1 the second in yellow as P2 and the third in light blue as P3.
[bookmark: _Hlk119686857]In Figure 3(a-f) the DRT of all samples is shown with arrow marks to as a guide for the eyes The results are shown with a linear scale under the break and a logarithmic scale above the break so as to show both the high temperature and low temperature peaks. These were further marked for the first 4 peaks with a blue arrow if the frequency decreases with decreasing temperature as expected for thermally dependent processes and a red arrow for processes which are limited by something other than thermal activation energy. Some peaks switch behavior in the middle of this temperature range (550-650°C) and are marked with both blue and red arrows. It is important to note that the microstructure is consistent between samples and has been shown in [10] 
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Figure 3: the frequency function g(f) in Hz using DRT analysis. All graphs are separated with a linear scale up-to 1 Ω*sec and a logarithmic scale above 1. (a) LNO (b) 10% (c) 20% (d) 30% (e) 40% and (f) 50%. Blue arrows showing an expected shift to lower frequency at lower temperatures and red arrows showing frequencies are either not affected by temperature or increasing with temperature.
3.3 Activation energy analysis
One way to analyze the peaks is to compare either their magnitude or frequency on a log scale to find the activation energy. Such approaches have been taken by many works before [13, 20] with each having its merits. It is important to note that using frequency to assess the activation energy only works on the processes where this is the rate limiting step (marked in blue in Figure 3) which is why not all samples have this calculated for all processes (such as processes marked in red in Figure 3). It is clear that both approaches don’t completely agree, mainly when looking at the first process (P1) which is the most important process at low temperature and at high Sr content. 
Table 1: The activation energy in eV for different samples using different methods for calculations: using the Area of a peak or the frequency (Frq) of a peak and standard ASR results split into low temperature (LT) and high temperature (HT). 
	 % Sr content
	Area P1
LF (eV)
	Area P2
MF (eV)
	Area P3
HF (eV)
	Frq P1 LF (eV)
	Frq P2 MF (eV)
	LT ASR
	HT ASR

	LNO
	2.04
	1.33
	0.92
	0.34
	1.20
	1.08
	1.43

	10%
	1.83
	1.45
	0.44
	0.31
	1.41
	1.18
	1.49

	20%
	1.92
	1.19
	1.01
	0.40
	1.32
	1.23
	1.68

	30%
	1.91
	1.55
	0.69
	0.42
	1.40
	1.22
	1.73

	40%
	1.37
	0.72
	0.70
	0.43
	-
	-
	1.46

	50%
	1.00
	0.67
	0.60
	0.36
	-
	-
	1.21



Analyzing the results with reference to the previous literature data we can attribute an explanation to each process.
1)	The low frequency (0.05-0.5 Hz) peak marked as P1 is assigned to the main mechanism at low temperatures but is the second process at high temperatures. It is the only peak that is temperature limited at all temperatures, hinting at it being activation controlled and not diffusion controlled. Processes in this range tend to be either gas diffusion in the cathode, or oxygen surface exchange and kinetics [21-22]. However, with the high temperature dependance of this feature gas diffusion is an unlikely candidate as it not highly temperature dependent [21]. It is also the main peak in the 40-50% Sr content samples at all temperatures. Its activation energy is around 0.4eV when extracted by the relaxation time analysis and about 1-2eV when calculated from the integrated area. Such high activation for peak area analysis and such a large difference between the results could mean that 2 or more processes are occurring, or a two-step process is at play such as the surface exchange being limited by oxygen diffusion away from the surface. This process has very high resistance for the 40-50% Sr containing samples and is an indication that these samples do not conduct oxygen well. Due to the high sintering temperature used and a similar result which is shown by Hildenbrand et. al. [5] this can be related to bulk diffusion and surface exchange. Escudero et. al. also showed a mechanism of surface exchange due to oxygen dissociation. In addition, looking at k* and D* data from [15-17] this fits much better with the activation energy of diffusion D* (0.54-0.85eV) than of surface exchange k*. 
2)	The middle frequency (0.5-5 Hz) peak represents the main process at high temperatures for all samples at/or under 30% Sr content.  At lower temperatures it is the second largest peak for these samples. The activation energy for this process is about 1.3eV for LNO and LNMO with the 10-30% Sr content samples using either the area or the relaxation frequency. This agrees with the previous literature for oxygen exchange. It seems that this is limited by the oxygen availability as seen in process 1. This explains why when the oxygen limit is high, with impedance higher than process 2, process 2 is no longer temperature dependent, as it is limited by oxygen availability. This fits well with k* and with most of the ASR data reported in the literature with activation energies of 1-1.3eV in most papers [15-17].
3)	The high frequency (5-50 Hz) peak represents the slowest mechanism and also the least impactful in all samples. The activation energies are 0.44-1.01eV using the area of the peaks. This is limited mainly by the oxygen exchange in process 2 and is less significant at all temperatures for all samples. This might be explained as oxygen transfer through the electrode/electrolyte surface however there is not enough evidence to conclude this exclusively.
4 Conclusion
Electrochemical impedance spectroscopy was performed on half cell samples of (La1-xSrx)2(Ni0.9Mn0.1)O4+δ based cathodes. Three main processes were identified using DRT for the samples: The low frequency (0.05-0.5Hz) peak was most prevalent the more Sr was in the sample with a jump to it being the main peak above 30%. It is possible that this could be further optimized using a more refined microstructure. However, it is a good indication of slower oxygen ion diffusion with the increase in Sr content. A second process was identified as related to surface exchange and is the limiting factor for samples with lower Sr content at high temperatures. Adding both Mn and Sr increased the rate of this surface exchange at high temperatures but not the overall resistance to exchange this again might be related to lower oxygen diffusion providing a “bottleneck” to further exchange. Any increase in the Sr content only further decreased both the oxygen diffusion and exchange. Both processes should be decreased with a more refined microstructure for the electrode. The third process is the least major and a clear activation energy could not be identified. However due to the frequency and past data it might be related to the oxide ion transfer through the electrode/electrolyte surface. 
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