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Abstract: Solid oxide fuel cells typically operate at temperatures near 800°C. One obstacle to reducing this temperature is finding a high-performance cathode for lower temperatures. La2NiO4+δ (LNO) has shown promise as a good material as a cathode being a well-known mixed electronic and ionic conductor. However, increasing the surface exchange in LNO is important for high performance applications. Mn substitution has been shown to increase the surface exchange of LNO with Sr required to stabilize the structure. Changing the ratio of Mn:Sr will change the oxidation state of Mn and Ni and the fundamental properties of the material. Changing the Sr content in (La1-xSrx)2(Ni0.9Mn0.1)O4+δ was investigated with x=0.1-0.5. The XRD patterns shows a single phase K2NiF4 structures. Above 35% Sr the ‘a’ parameter of the unit cell starts increasing and the ‘c’ parameter starts to decrease. Increasing Sr content showed increased electrical conductivity from 40 S·cm-1 to 261 S·cm-1. Impedance data of the 10% Sr sample showed behavior similar to LNO sample with slightly increased area specific resistance (ASR); any further increase in Sr content further increases ASR of the electrode.
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1 Introduction
One of the greatest challenges of the last decade has been large scale power production at high efficiency with low CO2 emission. Solid oxide fuel cells (SOFCs) are one of the technologies at the forefront of the alternative energy industry. SOFCs have the unique advantage of high efficiency and high fuel flexibility [1] allowing for the use of both H2 and complex hydrocarbons as a fuel source. SOFCs require fast oxygen diffusion in a solid oxide to obtain a low resistance across a ceramic membrane, as such these systems are associated with high temperature operation in the temperature range 800-1000°C [1]. While the high temperatures allow for good performance of the electrolyte in oxygen diffusion and to high catalytic activity without the use of precious metals, it makes all other properties much more stringent, including thermomechanical stress, material selection, corrosion of cell components and more. Finding materials which perform well at a lower temperature regime, also referred to as intermediate temperature SOFC (IT-SOFC), will allow for the use of more common steels, more frequent and more rapid on-off cycles and an overall reduction of degradation and production cost and complexity.
One of the biggest obstacles to lowering the operation temperature of these devices is the kinetics of the cathode of the SOFC. Oxygen reduction is the rate limiting step of many fuel cells [2-4]. As such a high-performance cathode with good chemical and thermomechanical stability is difficult to produce. A good cathode should exhibit high activation towards oxygen reduction, high electronic conductivity and high oxygen ion conductivity and in addition requires, mechanical and chemical stability, an appropriate thermal expansion coefficient matched to the other components leading to long term stability. Most of the common IT-SOFC cathodes are based on perovskite cathodes such as La1-xSrxFe1-yCoyO3 [5-7] and La1-xSrxCoO3 [7-8]. Such cathodes show high performance but lack the thermal expansion matching to most electrolytes. In addition, such cathodes tend to degrade under operating conditions [9-10]. One of the most promising material classes to replace such perovskite structured materials are Ruddlesden-Popper phase materials.
Ruddlesden-Popper (R-P) phases are based on a combination of perovskite and rock-salt structures [11]. The formula for RP phases is An+1BnX3n+1 where A is an alkaline, alkaline earth or rare earth metal, B is a transition metal and X is an anion, commonly oxygen. The simplest form of an RP phase is termed the K2NiF4 structure with a 1:1 alternation of a rock salt layer after every perovskite layer. R-P phases are very promising in this regard allowing for a variety of properties including fast oxygen ion transport, high electronic conductivity and high oxygen reduction. So far, the most studied R-P phase has been La2NiO4 (LNO).
LNO possesses all the relevant properties at 500-700°C [12-14], however some further improvement is needed to increase the performance to reach the high efficiency required for economic viability. In the past many studies have focused on doping LNO with different cations including Sr [15-18], Fe [19], Cu [20], and Co [21]. However, no significant improvement has been shown with these dopants. One of the most promising recent studies [22] showed that 10% Mn on the Ni site, accompanied by a similar amount of Sr on the La site for charge compensation, slightly increased the performance of LNO-type cathodes. While using the same content of Mn and Sr produced a charge balanced compound, modulating the Sr content over a consistent Mn doping level should allow for a variety of charge compensation mechanisms such as interstitial oxygen or oxygen vacancy formation. This study aims to understand the effect of such modulations on the behavior of (La1-xSrx)2(Ni0.9Mn0.1)O4+δ based cathodes. 
2 Experimental Section
Samples were prepared using the Pechini method [23] in the following compositions: (La1-xSrx)2(Ni0.9Mn0.1)O4+δ where x=0.1-0.5 in 0.05 steps. Pellets were milled and sieved to under 53 microns and pressed at 300 MPa in a 10mm die uniaxially followed by 300 MPa in a cold isostatic press. The green pellets were sintered at 1450°C for all samples except for 40, 45, 50% Sr which where sintered at 1350°C due to reaction with the alumina crucible. Total conductivity of the samples was measured using the van der Pauw technique with a 0.101 Amp current applied in 4 directions and the voltage measured. (La0.9Sr0.1)0.98(Ga0.8Mg0.2)O3 (LSGM) supplied by Praxair (USA) was pressed into pellets for use as an electrolyte using a uniaxial press followed by isostatic pressure (300 MPa). These pellets were sintered at 1450°C for 12 hours reaching >98% of theoretical density. An electrode ink was prepared by milling the prepared electrode powders with zirconia balls in an ethanol solution for 24 hours and then adding commercial Fuel Cell Materials Inc. ink vehicle solution. The ink was triple roll milled to prevent agglomeration before being screen printed onto both sides of the electrolyte pellet and sintered at 1100°C for 6 hours to produce symmetrical half-cell samples. The half-cells were coated with Au to ensure good electrical contact was achieved. The samples were measured for impedance response (Solartron 1260 Frequency Response Analyser, Solartron, UK) in the temperature range 600-800°C over the 13Mhz to 0.1Hz range with an AC amplitude of 100mV. The XRD patterns of the material were collected using a PANalytical X'Pert Pro MPD with a Cu Kα source.
3 Results and Discussion
X-ray diffraction (XRD) of the powders, as can be seen in Figure 1a-b, revealed the expected K2NiF4-type structure was obtained for all samples in the 10-50% Sr content regime. A change from single phase to multiple phases commonly shown in (La1-xSrx)2NiO4+δ at Sr contents greater than 35% [24-26], can be seen through the change in the peak shapes of some peaks such as the (004) and (006) near 28° and 43° two theta respectively. There is clear broadening and asymmetry in this family of reflections, indicating structural changes were occurring. While this has been ascribed to changes in the Sr/La ratio throughout the sample [26] the fact that the c-axis is most affected suggests that the changes are related to the oxygen content as any interstitial species are located in the rock-salt AO planes. The loss of oxygen from these planes has been shown to have a significant effect on the c-axis dimension while the a/b-axis of the Ruddlesden-Popper phase remains unaffected.
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Figure 1: (a) XRD results of La2NiO4 and its analogous (La1-xSrx)2(Ni0.9Mn0.1)O4 samples. The same peaks can be seen throughout, with slightly different peak shapes above 40% Sr content. (b) Zoomed in portion of the (004) and overlap of (105) and (006) peaks. (c) Lattice parameters of the Mn containing samples and of samples with no Mn reported by Millburn et. al. [16] All errors are within the data markers size.
Using Le-Bail fitting with the GSASII package [27] the lattice parameters of the samples were calculated. In Figure 1c The lattice parameters and their dependence on the Sr concentration is seen with the full circle symbols. This is contrasted with similar results reported by Milliburn et. al. [16] for samples containing no Mn based on the (La1-xSrx)2NiO4 compositions. Similar trends are seen in the samples with Mn and with no Mn, with a change in the type of distortion happening at around 35% Sr in both [26]. It was shown that this shift in the trend of the lattice parameters happens with the change from excess oxygen (interstitial containing) to oxygen deficient compounds. This might indicate that a similar process is occurring in the Mn doped compounds at contents above 35% Sr.
[bookmark: _Hlk44248501]The electrical conductivity, seen in Figure 2a, shows two different trends depending on the Sr content, with the transition occurring at the same point as the change in the lattice parameter trends identified from the XRD patterns. The low Sr content samples, up to 35% content, show a low conductivity (<100 S·cm-1), much lower than LNO. While Sr2MnO4 has much lower conductivity than LNO [24], this is not a simple reduction due to introducing a secondary phase with a lower conductivity but is more complex suggesting a change in valency as can be expected. It is important to note that any increase in the Sr content does cause an increase in the electrical conductivity however, in all samples up to 35% Sr content the conductivity is much lower than the equivalent no Mn sample seen in Figure 2b and taken from the literature [15,25]. The temperature of the peak conductivity significantly increases as the Sr content approaches 35%. This is also a significant divergence from the samples with no Mn. This peak conductivity can arise from either the semiconducting behavior or from changing of the oxygen content with temperature or both. However, the 40-50% Sr samples show a much higher conductivity (> 200 S·cm-1) with a peak conductivity of 261 S·cm-1 at 400°C for the LaSrNi0.9Mn0.1O4 composition, and a very low transition temperature (~200°C). These samples behave very similarly to their Mn free counterparts with both showing a very steady conductivity at high temperatures. 
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Figure 2: The electrical conductivity of all samples (b) Literature data for samples with no Mn [15] [25]. (c) Electrode microstructure for the 30% Sr samples. Gold plating layer on the top, ~15 microns cathode thickness and electrolyte.
An example of the microstructure of the electrode after analysis can be seen in Figure 2c. It can be seen that the cathode is very thin (~15µm), and the inter-connectivity needed to allow for percolation is limited. This explains the need for the Au contact. While some improvement on the production parameters can be undertaken to further improve the microstructure this has been the consistent microstructure for all samples and therefore allows for a reliable comparison between the samples. 
Impedance spectroscopy results for the half-cell samples can be seen in Figure 3a-e. It is clear that the samples containing 40-50% Sr behave very differently than the low Sr content samples. This agrees with the XRD and DC conductivity results. However, it is interesting to note that all samples behave in the exact opposite way than expected by the increase in electrical conductivity. This means that while the electrical conductivity is important, in these samples another factor is limiting the performance, either the ionic conductivity, or more likely the oxygen reduction reaction. It is interesting that the 10% sample behaves very similarly to the LNO sample, about 1.5 times the ASR, despite having about 35% of the electrical conductivity at this temperature.
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Figure 3: Impedance results for the half-cells measured at (a) 800°C (b) 700°C (c) 600°C (d) 500°C (e) 450°C. All datasets have been normalized, removing the ohmic resistance and setting the electrode high frequency intercept as 0 Ohm. (f) Area specific resistance of the half-cell samples on a log scale with activation energy calculated.
In contrast to Li et. al. [22] the performance of the material did not increase with the addition of 10% Mn and Sr. This is not surprising as with three competing properties, the increase of the surface exchange coefficient, k, as suggested by Li et. al [22] and the decrease in electrical conductivity as seen here as well as an unknown effect on the oxygen diffusion could mean that the performance would either increase or decrease depending on the exact microstructure.
The activation energy of all the samples has been calculated with results shown in Figure 3f. The samples with up to 30% Sr showed two different regimes, at temperatures lower than 650°C and higher than 650°C. These two regimes have been shown before for LNO [17]. The activation energy at the higher temperatures is about 1.08 eV for LNO which is similar to the literature [16] growing slightly higher with Sr content. However, the low temperature activation energy is quite different than shown in the literature [16] and might be related to blocking from the gold layer.
4 Conclusion
Sr and Mn doped samples of La2NiO4 based on a (La1-xSrx)2(Ni0.9Mn0.1)O4+δ formula have been produced showing very similar structural trends to the Sr doped La2NiO4 analog containing no Mn. A clear structural transition was observed from the XRD data at a Sr content of 35%. The Mn doped samples showed relatively low total electrical conductivity (< 100 S·cm-1) within the low Sr doping (< 35%) regime and high conductivity above 35% Sr, (> 200 S·cm-1) with Sr = 35% having total conductivity in the same range as the La2NiO4+δ samples. Despite the relatively low electrical conductivity, the 10% Sr sample showed only slightly worse impedance than LNO, whilst the highly conducting samples (40, 50% Sr content) demonstrated high ASR values, suggesting that the system is more complex and further study is needed on the ionic conductivity and surface exchange of these samples.
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