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Abstract

:

A mixture of lanthanum strontium cobalt ferrite (LSCF) and nickel oxide (NiO) makes for a desirable cathode material for an IT-SOFC due to its excellent oxygen reduction capability. This study investigates the effect of NiO addition into LSCF cathode on its physical and electrochemical properties. To optimise the amount of NiO addition, both electrochemical impedance spectra and bode phase were used to examine various weight ratios of nickel oxide and LSCF cathode. Brunauer-Emmett-Teller (BET) and thermal analyses validated the electrochemical observation that the LSCF:NiO ratio yields sensible oxygen reduction reaction and stoichiometric findings. Initial characterisation, comprising of phase and bonding analyses, indicated that LSCF-NiO was successfully synthesised at 800 °C using an improved modified sol gel technique. The addition of 5% nickel oxide to LSCF results in the lowest area specific resistance (ASR) value overall. The Bode phase implies that the addition of 5% nickel oxide to LSCF reduces the impedance at low frequencies by 64.28 percent, indicating that a greater oxygen reduction process happened at the cathode. After the addition of 5 wt% NiO, a single LSCF-NiO cell may function at temperatures as low as 650 °C and the LSCF cathode power density is increased by 25.35%. The surface morphology of the LSCF-NiO cathode reveals that the average particle size is less than 100 nm, and mapping analysis demonstrated a homogenous NiO distribution over the cathode layer. Consequently, the synthesis of LSCF-NiO at intermediate temperatures (800–600 °C) revealed outstanding chemical compatibility, bonding characteristics, and electrochemical performance.
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1. Introduction


A solid oxide fuel cell (SOFC) is a device that converts chemical energy into electrical energy and typically consists of a cathode, electrolyte, and anode [1]. The process involved in SOFC is oxygen reduction reaction (ORR), and it is believed to be the main contributor to electrode polarization resistance. LaxSr1−xCoyFe1−yO3−ծ (LSCF), a perovskite type cathode, has received a lot of attention due to its ability to create a bulk pathway for oxygen anion transport and high ionic and electronic conductivity compared to other oxide electrocatalysts [2]. However, the ORR of LSCF cathode is only limited to the surface exchange process, and the addition of another material will enable bulk charge transport, which will theoretically improve the ORR process that occurs in the cathode [3]. Nickel oxide (NiO) is one of the possible candidates to be composited towards LSCF. This is due to the fact that infiltration techniques are capable of dispersing nano-sized particles into a porous oxide backbone to improve the electrochemical activity of cathode materials [4]. Although nickel oxide is widely used in the anode section, it is also used in the cathode section due to its ability to resist carbon dioxide reactions [5,6].



In SOFCs standpoints, the addition of nickel oxide to a lanthanum-based cathode improves its ionic and electronic conductivity [7,8,9,10,11]. Nickle oxide has also been reported to have good chemical compatibility with lanthanum and strontium [9,12]. It is also worth mentioning that the addition of nickel oxide towards the cathode side is expected to induce extra interstitial oxygen transfer rates and oxygen permeation properties, which results in an improvement in ionic conductivity and oxygen reduction catalytic activity of the cell itself [7,11,13,14]. There is an article suggesting the oxygen stoichiometry of nickel-based cathodes decreases as operating temperature increases. However, the reduction is significant in oxygen stoichiometry of nickel-based cathodes value (4.12 at 400 °C and 4.09 at 800 °C), which results in a negligible parameter [15].



Research towards the addition of nickel oxide for LSCF cathodes proved that nickel oxide is indeed able to improve the cathode performance due to its capability for carbon dioxide resistance [3]. It was important to highlight that nickel oxide has good chemical compatibility with LSCF and can operate well in IT-SOFCs. The nickel oxide addition was limited to 5 wt% maximum due to the inactive surface area (which is a result of the abundance of nickel oxide on the cathode composition) [3]. However, it was not justified in the article as the cathode performance dropped after the amount of nickel oxide addition exceeded 5%. Therefore, it can be further researched in terms of specific surface area to further prove that 5 wt% is the optimal value for the addition of nickel oxide towards LSCF cathode. It was also reported to have good chemical compatibility with GDC electrolyte at IT-SOFC since no chemical reaction was detected after being heated at 800 °C [16,17]. Therefore, it was concluded that the addition of nickel oxide towards LSCF is possible due to great affinity among all of the elements, and the nickel oxide-based cathode also works well with GDC electrolyte.



The goal of this study was to see how adding nickel oxide to the LSCF cathode affected chemical compatibility, specific surface area, electrochemical performance, single cell applicability, and surface morphology. This study is a continuation of Rosli et al. [18] with the addition of optimization value for nickel oxide addition that can improve the LSCF cathode that operates in IT-SOFCs (600 °C–800 °C) and further elaboration toward low frequency impedance and high frequency impedance. Thus, a series of cathode materials with varying nickel oxide addition percentages were manufactured.




2. Materials and Methods


2.1. Sample Preparation and Cell Fabrication


The electrode powder La0.6Sr0.4Co0.2Fe0.8 (LSCF) was synthesized via the enhanced modified sol gel (EM-SG) method and was calcined at 800 °C [19]. The Pechini method was used to synthesize Ge0.1Ce0.9O1.95 (GDC) electrolyte, LSCF powder (for XRD comparison method only) and nickel oxide (NiO) powders, followed by calcining the precursor at 600 °C and 800 °C for 3 h, respectively [20]. LSCF and NiO powder were mixed with a weight ratio of 1:1 followed by calcination at 1100 °C for 2 h for chemical compatibility analysis. A fine powder of GDC was pressed at 300 MPa and sintered at 1500 °C for 6 h. LSCF ink was prepared by amalgamation with vehicle ink (95% terpineol as solvent and 5% ethyl cellulose as binder). The LSCF ink was applied to both electrolyte surfaces (1 cm diameter) using a screen-printing technique, and the resulting cell was sintered at 1100 °C for 2 h to form a symmetric cell. To produce a composite LSCF-NiO cathode, the LSCF electrode was mixed with 3 wt%, 5 wt%, 7 wt%, and 9 wt% of nickel oxide, followed by calcination at 1100 °C [21]. The fabrication of the symmetric cell of LSCF-NiO was followed in a similar manner to the LSCF symmetric cell. Single cells of LSCF-NiO were evaluated via electrolyte-supported single cells with NiO-GDC as anode. Screen printing was used to apply a NiO-GDC (40:60 ratio) slurry on one side of the GDC electrolyte surface with a diameter of approximately 1 cm and sintered at 1200 °C for 2 h. The cathode was made in the same way as the symmetric cell.




2.2. Characterization


The phase composition was determined using AXS Bruker GmbH’s X-ray diffraction (XRD) using Cu K radiation from 10° to 90° for the entire sample. After the sintering procedure, Braggs law was used to verify the structure of the composite cathode. Lattice constants a, b, and c were compared to the respective JCPDS card that yielded the highest score during search and match in Xpert-Highscore plus®. Swarts and Shrout’s equation was used to calculate the percentage of perovskite phase [22].



The LSCF-NiO specific surface area was determined using Brunauer-Emmett-Teller (BET) with an average mass of 0.3 gramme per sample. The samples were subjected to a pycnometer test to determine their true density. Equation (1) was used to calculate theoretical particle size [23]. SBET refer to specific surface area, p refers to actual density of material, and dBET is the mean theoretical particle size.


   d  B E T   =  6  ρ ×  S  B E T        



(1)







The thermal decomposition behaviour of LSCF-NiO was investigated using a TGA analyser model Pelkin Elmer STA 600® from room temperature to 900 °C with an air flow rate of 50 cm3/min and a heating rate of 5 °C/min in air. The oxygen stoichiometric value of calcined composited cathode powder was calculated using Equation (2) [24].   Δ m /  m s    refers to weight loss of the material, Msample represent the molecular weight of the sample, Moxygen refers to molecular weight of oxygen.


  Δ δ = Δ m    M  S a m p l e      m s   M  O x y g e n        



(2)







LSCF-NiO symmetrical cell scanning electron microscopy (SEM) analysis was performed using Regulus 8220®. The acceleration voltage was 5 kV and the magnification was 30 k using backscattering electron and scattering electron (BSE + SE). For 70 readings, the particle size was measured using the software included with the Regulus 8220®. The same machine was used for energy dispersive x-ray analysis (EDX), but with 500 magnifications for mapping analysis.




2.3. Electrochemical Properties of the Symmetric Cell and Single Cell


The Electrochemical impedance spectra (EIS) analysis was used in conjunction with the furnace system (PGSTAT302N, Metrohm Autolab®, Utrecht, The Netherlands). To measure the cathode resistance, silver wires were attached to the electrode surfaces coated with silver paste. The symmetric cell was measured with a type-K thermocouple and recorded with a Digi-Sense digital thermocouple metre (Eutech Instrument, Paisley, UK). The EIS has a temperature range of 600 °C to 800 °C, a frequency range of 0.1Hz to 1MHz, and a signal amplitude of 10 mV. NOVA®-software (Version 1.10) was used to fit the experimental data to the equivalent circuit, and each data set was plotted using Origin software. The analysis was conducted in open air. The performance of a single cell was evaluated using 10% hydrogen/90% nitrogen as the fuel at the anode side with a flow rate of 25 mL min, while the cathode side was supplied with air at the same flowrate. All single cell impedance spectra were recorded in open circuit with a 10 mV AC signal perturbation. It took one hour to stabilise. Area specific resistance (ASR) for symmetric cells was calculated using Equation (3), where Rp denotes polarisation resistance and S denotes cathode working area [25].


  A S R =    R p  · S  2     



(3)









3. Results and Discussions


3.1. Powder Characterizations


Figure 1a,b described the Rietveld refinement analysis of LSCF and NiO. Figure 1a shows a single-phase perovskite LSCF with cells factor a = 0.5475 nm, b = 0.5360 nm, c = 0.7848 nm which is orthorhombic structure (JCPDS = 01-089-1268). Figure 1b revealed cubic structure of nickel oxide which bears a cell factor a = b = c = 0.4179 nm (JCPDS = 01-078-0423).



Based on Rietveld refinement analysis described in Figure 1a,b, a comparison peak was taken between LSCF-NiO synthesized with the enhanced modified sol gel method and LSCF-NiO synthesized via the Pechini method from previous research [18]. Previously, Rosli et al. [18] claimed LSCF-NiO was successfully synthesized via the Pechini method at 800 °C. Figure 1c revealed a comparison peak between LSCF-NiO (EM-SG method) and LSCF-NiO (Pechini method) with LSCF (JCPDS = 01-089-1268) and NiO (JCPDS = 01-078-0423). Except for the LSCF and NiO peaks, no tertiary phase is detected using either method. Based on the comparison with the respective Rietveld refinement toward LSCF and nickel oxide, peak position shows no shifting, indicating good compatibility between LSCF and nickel oxide for the EM-SG method under operating conditions. However, the Pechini method shows slight peak shifting at 22.80°, 32.56°, and 46.76°, which can be potentially denoted as insufficient calcination temperature [26].



Further analysis was conducted towards LSCF-NiO (EM-SG method) on the percentage of perovskite phase and average crystal size. The crystal size calculated from Scherrer’s equation showed that LSCF was slightly increased from 28.35 nm to 28.58 nm and the perovskite phase from Swarts and Shrout equation revealed that LSCF-NiO was able to achieve 99.297% perovskite phase. It was expected since nickel has a much smaller ionic size than LSCF, resulting in almost no change in overall crystal size (Nickel = 0.69 Å, LSCF = 1.4 Å) [27]. Further characterization on phase analysis also in-line with XRD result which illustrated in Figure S1. Therefore, it is wise to continue further analysis via LSCF-NiO synthesized with the EM-SG method.




3.2. Electrochemical Properties of the Symmetrical Composite Cathode Pellets


The electrochemical analysis of the LCF-NiO modified electrode was performed using a symmetric cell GDC electrolyte at an operating temperature of 800 °C, as shown in Figure 2a. In the circuit, Ro represents the cathode’s ohmic resistance. R1 indicates the high frequency arc connected with the process of charge transfer, whereas R2 represents the low frequency arc related to the cathode’s oxygen absorption. CPE1 and CPE2 are constant phase elements for the respective arcs. Rp is the sum of the arc at high frequency and the arc at low frequency (Rp = R1 + R2). To facilitate comparison, Ro was subtracted from each arc, and the explanation was provided in terms of the ASR derived by Equation (3).



Area specific resistance (ASR) of LSCF-NiO shows that the addition of 5 wt% nickel oxide can reduce the ASR of the LSCF cathode from 0.09 Ω cm2 to 0.06 Ω cm2. Further addition of nickel oxide up to 7 wt% revealed an increase of ASR up to 0.11 Ω cm2 while it continuously increases to 0.16 Ω cm2 when the nickel oxide content reaches 9 wt%. This result was supported by BET analysis in Figure 2b, where the specific surface area increased from 7.51 m2/g to 10.28 m2/g after the addition of 5 wt% of nickel oxide. A similar trend was observed towards the addition of 7 wt% and 9 wt% of nickel oxide, where the specific surface area decreases by up to 9.46 m2/g and 9.05 m2/g, respectively. This result is coherent with Mubashar et al. [3], which also acquired a similar trend where ASR of LSCF-NiO increased after nickel oxide content at 10 wt% of nickel oxide loading content. The specific surface area of LSCF + 3% NiO is slightly greater than that of bare LSCF. Consequently, it was incorporated to improve the resolution of the trend graph.



Further investigation was carried out at an intermediate temperature range (800 °C–600 °C), as shown in Figure 3a. In detail ASR value was tabulated in Table S1. It was obvious that adding up to 5 wt% nickel oxide to the LSCF cathode reduced the ASR at operating temperatures ranging from 800 °C to 600 °C, showing that nickel oxide particles increased the oxygen reduction rate. Observation towards lower operating temperatures (650 °C and 600 °C) suggested that a major increase in ASR occurred after the addition of 9 wt% nickel oxide, where the ASR of LSCF with 9 wt% of nickel oxide is higher than bare LSCF cathode. Although previous EIS analysis showed the ASR of LSCF with 7 wt% nickel oxide content is higher than bare LSCF, it was observed that the ASR is still lower than bare LSCF when operated at a lower temperature, suggesting the oxygen reduction rate (ORR) of LSCF-NiO is still higher than bare LSCF. Despite this observation, LSCF with 5 wt% NiO outperforms bare LSCF cathode and LSCF (+7 wt% and 9 wt% NiO) for the entire intermediate temperature range, implying that the 5 wt% is an optimized amount of nickel oxide addition to the LSCF cathode.



The TGA experiment was carried out using air flow to replicate fill and empty the oxygen content as shown in Figure 3b toward bare LSCF and LSCF with 5 wt% of nickel oxide powder. The study was conducted at temperatures ranging from room temperature to 800 °C to simulate the oxygen filling and emptying capabilities of the device when utilized at an intermediate temperature range [28,29]. According to the graph’s trend between 30 and 300 °C, the weight loss indicated the evacuation of absorbed water from the surrounding environment [24]. A slight weight increase was observed above 300 °C, implying that Co3+/Fe3+ is thermally oxidized to Co4+/Fe4+. Ionized Co3+/Fe3+ ions are frequently difficult to convert to air, resulting in just a minor weight gain and mass shift. [30]. As a result, the weight reduction from both parts was utilized for the calculation of oxygen nonstoichiometric value. Table 1 summarizes the oxygen nonstoichiometric of LSCF and LSCF-NiO. The oxygen nonstoichiometric value of LSCF-NiO was found to be significantly higher than LSCF, suggesting that more oxygen reduction processes take place on the LSCF-NiO cathode [31]. Further heating of LSCF-NiO at 550 °C shows a reducing weight loss trend, indicating complete oxidation of Co4+/Fe4+, which contributes to suitableness for cathode operation.



Aside from expanding the triple boundary phase, the ORR process was enhanced by adding enough nickel oxide, which in this case was 5 wt% nickel oxide. It is conceivable since the ionic size of nickel is substantially smaller than that of LSCF, allowing nickel to fill up huge blank spots in the LSCF cathode. (Ionic radii nickel = 0.69 Å, LSCF = 1.4 Å) [27,28,32]. To support this assertion, the tolerance factors (t) of LSCF-NiO were assessed via (Equations (4) and (5)) [27,28].


  t =    r a  +  r o     2   (   r b  +  r o   )       



(4)






   t  t o t a l   = 0.95    t  L S C F   + 0.05    t  N i O      



(5)




where ra is the ionic radii of an A-site, rb is the ionic radii of a B-site, and ro is the ionic radii of oxygen. It has been claimed that LSCF tolerance factors should be in the range of 0.97–0.98, corresponding to a good orthorhombic structure, whereas the NiO tolerance factor is 0.80 [27]. As a result, the tolerance factor of LSCF-NiO is 0.96, indicating that the structure is still orthorhombic. As a result, the addition of nickel oxide has no effect on the structural behavior of the LSCF cathode since the structure remains orthorhombic, which is desirable for LSCF-based cathodes [33].



To explain the degradation of ASR which occurred at LSCF with 7 wt% and 9 wt% of NiO, it could be summarized as the abundance of NiO particle presence in the LSCF cathode structure that blocked LSCF pores. The ORR process will be hampered, raising the ASR value. In addition, it was said that optimum cathode porosity should be between 40% and 20% for the ORR process to take place [34,35]. As a result, adding nickel oxide above 7% may potentially inhibit the ORR process due to pore obstruction caused by an excess of nickel oxide particles.



Further research was carried out on the low impedance resistance and high impedance resistance of bare LSCF and LSCF with 5% NiO at an operating temperature of 800 °C. Plot in Figure 4a revealed the polarization resistance with a deduction of resistance related to electrolyte and silver wire for clearer comparison. At an operating temperature of 800 °C, the addition of NiO toward the LSCF cathode can reduce the ASR from 0.09 Ω cm2 to 0.06 Ω cm2. In correlation, the bode phase plot in Figure 4b showed the position peak with the corresponding frequency of bare LSCF and LSCF-NiO. There are two peaks (P1 and P2) in the curve fit that correlate to the frequency of the Nyquist plots. The oxygen reduction reaction is represented by P1 (low frequency) and the charge transfer is represented by P2 (high frequency) during the triple boundary phase of the cathode [21,36,37]. It was observed that P1 (low frequency) reveals a substantial reduction of ASR from 0.07 Ω cm2 to 0.03 Ω cm2, which proves that the addition of 5 wt% nickel oxide improved the oxygen reduction reaction process and the triple boundary phase of the LSCF electrode [21]. In conjunction with this study, the ASR of P2 (high frequency) marginally increased from 0.019 Ω cm2 to 0.025 Ω cm2 after the addition of 5% nickel oxide due to the LSCF pore structure being obstructed by nickel oxide, which hindered charge transfer speed and bulk transport of oxide-ions at the cathode [38]. Despite a modest rise in the high frequency ASR (P2), the addition of nickel oxide massively enhances the ORR process, which reduces the ASR significantly from 0.09 Ω cm2 to 0.06 Ω cm2.




3.3. Microstructure Characterization and Single Cell Performance


Figure 5a,b depict the performance of single-cell bare LSCF and LSCF with 5 wt% NiO at operating temperatures of 650 °C and 600 °C, respectively. Prior ASR research graphs previously demonstrated a significant increase in ASR value between 650 °C and 600 °C, while thermal analysis also confirmed the possibility of operating LSCF-NiO at 600 °C. Therefore, the performance analysis was performed at 650 °C and 600 °C to determine the power density at the lowest operating temperature for the intermediate temperature range. The power density of the LSCF rose from 0.22 Wcm−2 to 0.26 Wcm−2 after the addition of 5% nickel oxide. Single cells of bare LSCF and LSCF with 5 wt% nickel oxide were also conducted at an operating temperature of 600 °C for the purpose of temperature-based performance comparisons. The power density of bare LSCF fell from 0.22 Wcm−2 to 0.09 Wcm−2, resulting in a 59% fall in performance, whereas the LSCF-NiO single cell was reduced from 0.26 Wcm−2 to 0.15 Wcm−2, indicating a 47% performance reduction. This was consistent with the electrochemical data given previously, in which the ASR of bare LSCF increased dramatically at an operating temperature of 600 °C, while LSCF-NiO showed a slight drop in ASR at the same temperature. This demonstrates that LSCF-NiO is capable of operating at temperatures as low as 600 °C and that the addition of nickel oxide to the LSCF structure boosted the ORR process.



The fact that the LSCF-NiO cathode shown an improvement in single cell performance suggests that the inclusion of nickel oxide does, in fact, improve the ORR kinetics of the LSCF cathode. Figure 5c concludes the electrochemical performance investigation in which the activation energy of LSCF without nickel oxide was compared to LSCF with additions of nickel oxide (5 wt%, 7 wt% and 9 wt%). It has been established that the ideal composition for constructing an LSCF-NiO cathode utilizes LSCF that contains 5 wt% of NiO. ASR value of LSCF-NiO (7 wt%) at 600 °C is significantly higher than that of LSCF-NiO (5 wt%), making LSCF-NiO (5 wt%) the optimal choice for this investigation.



Figure 6a,b depict SEM micrographs of LSCF and LSCF-NiO on pellet surfaces. It was observed that LSCF and LSCF-NiO sintered at 1100 °C formed spherical particles that were well coupled to one another, resulting in a porous network [22,33]. It also exhibited a honeycomb-like structure, which is fundamental to the ORR process in a manner similar to that of other articles [39,40]. The concept behind the inclusion of metal oxide is that it will lessen the agglomeration effect, as shown in Figure 6b. Several articles related to the addition of metal oxide to the cathode also published these findings [3,41,42]. As O2− ions travel between the LSCF and NiO without traversing an air gap, the metal oxide will cover the gap and drive the ORR process [43]. It was demonstrated that the particle size distribution of LSCF-NiO is significantly more uniform in the range of 50 nm to 90 nm than that of LSCF, which ranges from 85 nm to 105 nm. This is due to the fact that nickel oxide ionic radii are substantially less than LSCF ionic radii, resulting in a smaller overall particle size (Ionic radii nickel = 0.69 Å, LSCF = 1.4 Å). Table 2 compares the crystal and particle size of bare LSCF and LSCF including 5 wt% nickel oxide.



Further study was conducted towards cross-sectional image on LSCF-NiO/GDC/NiO-GDC single cell. Figure 6c depicts a well separated section of cathode, electrolyte, and anode. There is no delamination occurring between the cathode and electrolyte layer, indicating a sufficient sintering temperature (1100 °C) between the electrolyte and anode layer as well (1200 °C). In depth, the porosity of the cathode has been identified to be 25.81% in Figure 6d, which concludes a good amount of porosity subjected towards the nominal SOFC cathode [34]. As illustrated in Figure 6e, the existence of the element was confirmed by EDX and mapping analysis. The presence of lanthanum, strontium, cobalt, ferrite, nickel, and oxygen peaks on the pellet surface suggested that LSCF-NiO was manufactured using an enhanced modified process that produced a high purity sample. EDX mapping revealed that the element distribution on the cathode surface is uniform across the cathode layer. Platinum is present due to platinum coating for enhancing SEM/EDX resolution. It was also determined that no reaction between the cathode and electrolyte occurred after 1100 °C sintering, indicating that LSCF-NiO is chemically compatible with the GDC electrolyte.





4. Conclusions


It has been demonstrated that the addition of nickel oxide to the LSCF cathode improves the ORR catalytic activity. No solid-state reaction occurred between the two phases during the synthesis of LSCF-NiO using the modified sol gel technique. Then, it was discovered that the addition of 5 wt% nickel oxide to LSCF was able to reduce the ASR value from 0.09 Ω cm2 to 0.05 Ω cm2, and 5 wt% of nickel oxide to LSCF gave the lowest ASR value during the intermediate temperature operation (800 °C–600 °C). Additional investigation demonstrated that the SBet of LSCF-NiO is greater than that of LSCF alone. The bode phase confirms that the ASR value of LSCF-NiO substantially decreased for low frequency resistance, indicating a significant improvement in the ORR process, which in turn improved the triple boundary phase of the cathode. At an operating temperature of 650 °C, the performance of a single LSCF cell containing 5% nickel oxide increased from 0.22 W cm−2 to 0.26 W cm−2. The specific surface area of the LSCF cathode increased from 7.51 m2/g to 10.28 m2/g with the addition of 5% NiO. In accordance with the characterization reported in this article, the cathode’s Bode phase electrochemical analysis revealed a significant decrease in the low frequency ASR (P1) from 0.07 Ω cm2 to 0.03 Ω cm2, proving that nickel oxide can enhance the ORR process.
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Figure 1. Rietveld refinement analysis of (a) LSCF powder heated at 800 °C for 6 h (b) Nickel oxide powder formed by heating Ni (NO3)2 at 800 °C for 3 h. (c) XRD pattern for the powder of LSCF-NiO composite powder (EM-SG method) in comparison with LSCF, nickel oxide, and LSCF-NiO (Pechini method from Rosli et al. [18]) pattern. 
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Figure 2. (a) Polarization resistance of bare LSCF and LSCF-NiO with various NiO loading content at operating temperature 800 °C. (b) Specific surface area of various nickel oxide loading towards LSCF powder. 






Figure 2. (a) Polarization resistance of bare LSCF and LSCF-NiO with various NiO loading content at operating temperature 800 °C. (b) Specific surface area of various nickel oxide loading towards LSCF powder.



[image: Energies 15 05188 g002]







[image: Energies 15 05188 g003 550] 





Figure 3. (a) Effect of varies nickel oxide loading content on LSCF cathode towards the area specific resistance (ASR) of the symmetric cell. (b) Thermal analysis of bare LSCF vs. LSCF with 5 wt% NiO powder from room temperature to 800 °C. 
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Figure 4. (a) Electrochemical impedance spectra measured at 800 °C for a bare LSCF symmetric cell and LSCF with 5 wt% NiO symmetric cell and their respective bode phase results are shown in (b). 
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Figure 5. Cell voltage and power density for a single cell (a) bare LSCF cathode; (b) LSCF cathode with 5 wt% addition of NiO; and (c) activation energy of LSCF and LSCF with varies NiO loading content at intermediate operating temperature. 
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Figure 6. SEM images for the surface microstructure of (a) surface of bare LSCF cathode; (b) surface of LSCF with 5 wt% of NiO cathode; (c) cross-sectional image of LSCF-NiO single cell; (d) close-up cross-sectional image between LSCF-NiO cathode and GDC electrolyte with the presence of porosity presented in the screen-printed layers (red colour); (e) EDX analysis and mapping of LSCF with 5 wt% of NiO cathode surface. 
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Table 1. Oxygen stoichiometric for LSCF and LSCF-NiO.
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	Sample
	Mspeciment (g/mol)
	Moxygen (g/mol)
	Δm/ms
	Δδ





	LSCF
	222.86
	0.16
	0.0075
	0.104



	LSCF-NiO
	290.53
	0.16
	0.0126
	0.229
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Table 2. Crystallite size, specific surface area, mean BET particle size and average particle size from SEM analysis for bare LSCF and LSCF with 5 wt% of NiO, respectively.
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	Sample
	Scherrer Equation (nm)
	Specific Surface Area (m2/g)
	Mean BET Based Sized (nm)
	Particle Size from FESEM (nm)





	LSCF
	28.35
	7.51
	131.95
	89.66



	LSCF-NiO
	28.58
	10.28
	93.39
	78.61
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